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RMSE - Root mean square error

SST — Shear stress transport

T — Conical pin fins
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NOMENCLATURE

Notation
A

Clll ClZI Cl3l Cl4' C15
Cle CZZ' C23' C24-l C25
CDy
p

Cu
D
E
e
F
Fy, F,
f
g

GCI?Y,GCI3?
H
h

b

i

J
KE

KE (fluc

Kn

k

L

Units

[-]

[-]

[-]
[kg/(m’s?)]
[J/(kg K)]
[-]
[m]
[J/kg]
[J/kg]
N/kg
[-]

[-]
[m/s’]
[%

[m]
[W/(m?
K)]
[-]
[-]
[-]
[J]
[J]

[m?%/s?]

[m]

Definition
Area
Symmetric velocity tensor

Internal area of microchannel (pins,
upper/lower wall)

Frobenius term of the symmetric velocity
tensor

Anti-symmetric velocity tensor

Frobenius term of the anti-symmetric velocity
tensor

Constant for eq. 6 [91]

Constant for eq. 7 [92]
Turbulence cross-diffusion term
Specific heat at constant pressure
Constant (0.09)

Diameter

Total energy

Internal energy

Body force per unit mass

k- SST model blending functions
Friction factor

Gravitational acceleration

Grid Convergence Index (fine-medium)
(medium-coarse)

Height
Convective heat transfer coefficient

Identity matrix

Time index (from 1 to N)

Cell index (from 1 to M)

Total kinetic energy

Fluctuating kinetic energy
Knudsen number

Turbulent kinetic energy
Characteristic length or pipe length
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Notation Units Definition

N [-] Number of time steps
Nu [-] Nusselt number
n [-] Unit normal vector
M [-] Number of cells
P [m] Pin pitch
p [Pa] Pressure
Pr [-] Prandtl number
Py [m?/s’] Production term of turbulent kinetic energy
Ap [Pa] Pressure drop
q [W/m?]  Heat flux
Q [m?/s] Volumetric flow rate
R [N/m?] Reynolds stress tensor
R? [-] Coefficient of determination
Re [-] Reynolds number
r [-] Grid refinement ratio
Tp [-] Pearson correlation coefficient
r21 [-] Grid refinement ratio (fine to medium)
r32 [-] Grid refinement ratio (medium to coarse)
T [K] Temperature
t [s] Time
TPI [-] Thermal performance index
Tef [-] Thermohydraulic efficiency index
u [m/s] Velocity
Vu [s Velocity tensor
|4 [m?] Volume
y [m] Distance to wall
y+ [-] Nondimensional distance to wall
a [m?/s] Thermal diffusivity
ay [-] Void fraction
a,B, B, 0k, 0w, 002 [-] Model coefficients (Section 2.1.2)
y [-] Specific heat
ot K] Temperature non-uniformity
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Notation Units Definition

€ [-] Pin fin effectiveness (1.5)
€ [m] Pipe roughness height
g21, 532 (%] é;)gg;);{l;n-l:é;rszl)ative error (fine-medium)
g2l £32 (%] Extrapolated relative error (fine-medium)

(medium-coarse)

n [-] Thermal-hydraulic performance index

0 [°] Angle of conicity

K [W/(m K)] Thermal conductivity

A [Pas] Second viscosity coefficient

A2 [s] Vortex identification method

A [m] Mean free path for gases

u [kg/(ms)] Dynamic viscosity

v [m?/s] Kinematic viscosity

13 [-] Apparent order of accuracy (Section 3.3)

13 [-] Small positive number

I [m] Perimeter

r [-] Boundary

p [kg/m®]  Density

Ds [-] Spearman coefficient

o [-] Uncertainty

T [N/m?] Viscous stress tensor

O [Ks%ﬁm Viscous dissipation function

¢ [-] variable

b, by s [depends] fg;l;stie())n variable at each mesh (fine, medium,
21 432 ] Extrgpolated sglution to zero grid size (fine-

medium) (medium-coarse)

0 ] Omega criterion (Scalgr function measuring the
balance between rotation and strain)

) [1/s] Specific dissipation rate

Subscripts
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Notation

Definition
0 Flat channel
ave average
atm atmospheric
cell cell
d Based on the pin fin thickness
dm Domain
eff effective
exp experiment
inr inner
i i-th measurement in time
in inlet
int internal
f bulk
fluc fluctuating
fluid  fluid

fixed  fixed
h hydraulic

ht Heat transfer
j Component index
jet jet
jtj Jet to jet
lon longitudinal
lam laminar
left left

log log-layer

lon longitudinal
map mapped

max maximum
mean  mean

mid middle height
min minimum
mod modelling

n n-th time sample
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Notation

Definition
(0] outer
out outlet
ov Overall
Q Volumetric flow rate

Re Reynolds
right  right

t turbulent
trg target
tr transverse
src source
S Surface area
vis viscous
w Near wall
v vortex
x x-direction component
z z-direction component

Vortical
v Kinematic viscosity

Ap Pressure drop

T Shear stress
Superscripts
Notation Definition

T Transposed

Pin fin array geometry notation

Notation Definition

Renfer et al. (Renfer et al., 2011, 2013) based staggered pin fin channel,
R with height of 200 pm, P =200 um and D = 100 pm, unless otherwise
stated.
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Notation

18

K

C

)
a

— »nn U W I 1 m

Definition

Kosar et al. (Kosar et al., 2011) based a staggered pin fin channel, with
height of 243 um, P =250 pm, and D = 100 um, unless otherwise
stated.

Cylindrical pin fins

Double-cylinder pin fins

Elliptical pin fins

Tapered conical pin fins
Hourglass-shaped pin fins
Unidirectional conicity of conical pins
Bidirectional conicity of conical pins

The pitch between pins, when differing from that of R-based or K-based
configurations

Staggered arrangement

Inline arrangement



INTRODUCTION

Heat dissipation has become an increasingly important and complex engineering
challenge as electronic components continue to shrink rapidly in size. The growing
functionality of electronic systems and accelerating technological advancement lead
to greater heat generation — even in compact devices. Although advanced integrated
circuits offer improved energy efficiency, the heat density generated by energy losses
increases with each new generation. This creates a critical need to efficiently remove
more heat from increasingly smaller volumes to ensure system reliability, longevity,
and stable operation.

Traditional heat-removal methods, such as natural convection and conventional
heat exchangers, are no longer sufficient to meet the demands of modern electronic
systems. As a result, there is a growing interest in advanced, alternative solutions that
can deliver higher thermal management efficiency. One of the most promising
approaches is microchannel cooling, where cooling structures are integrated directly
into the chip. This technology enables effective heat removal from minimal volumes
by leveraging a high surface-area-to-volume ratio and unique flow characteristics.

The flow structure within microchannels is one of key factors in determining the
heat transfer intensity and the heat exchanger’s overall performance. In such systems,
liquids or gases flow through densely packed arrays of cylinder-shaped or other
obstacles. Due to this geometry, the flow is forced to continuously change direction
as it meanders around the obstacles, forming complex vortices. In laminar flow
conditions, recirculating zones with stationary vortices form behind each obstacle —
these are thermal stagnation regions that can cause localised overheating and reduce
overall cooling efficiency. When the flow becomes unstable, vortices begin to detach
from the obstacles, interact with one another, and merge, creating a more complex
flow pattern. While this enhances heat transfer, it also increases pressure losses.

An optimally designed obstacle array configuration should generate unsteady
flow to ensure effective heat transfer while minimising hydraulic losses. Flow
instabilities enhance fluid mixing, thereby increasing convective heat exchange and
improving overall cooling efficiency. The thermohydraulic performance index (7P/
combines both the friction factor and the Nusselt number, providing a balanced
assessment of thermal efficiency relative to flow resistance. However, the TP/ formula
does not directly incorporate any unsteadiness parameter, even though it is a key
mechanism for both friction losses and enhanced heat transfer.

Computations can be highly resource-intensive when simulating flow and heat
transfer processes using numerical methods (CFD), especially with high-resolution
models, demanding substantial time and computational power. As a result, heat

transfer modelling may be omitted to enable faster design iterations and optimisation,
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particularly when analysing a wide range of microchannel or other cooling-structure
configurations.

When analysing heat transfer systems, flow parameters can be used as an
alternative to Nu for performance evaluation. Parameters such as turbulent kinetic
energy and dissipation rate — or, even better, the £ criterion — can be used to develop
an alternative formula for estimating ‘virtual’ or approximate thermohydraulic
performance.

The object of the research
Fluid flow in a microchannel array featuring pin fins of different geometries.
The aim of the doctoral dissertation

This doctoral research, based on the investigation of flow structures in
microchannels, aimed to develop a coherent structure-based method for assessing
thermo-hydraulic efficiency.

Tasks of the doctoral dissertation
To achieve the aim of the work, the following tasks were raised:

1. Research the influence of the shape of pin fins on pressure losses and thermal
performance.

2. Research the characteristics of coherent structures depending on the flow
stability.

3. Research the characterising pattern of coherent structures depending on the
shape of pin fins and flow stability.

4. Create a method based on a quantitative coherent structures analysis for
predicting thermohydraulic efficiency.

Statements for the defence

1. A small variation in the pins’ cross-sectional profile along their axis enhances
thermohydraulic performance. While greater variations may shift the onset of
unsteady flow to lower Reynolds numbers or leave the flow regime
unchanged, they simultaneously increase or decrease both pressure drop and
heat transfer.

2. Within the steady regime, an increase in the Re is accompanied by a consistent
enlargement of the coherent structures' area while their volume decreases.
However, at the onset of unsteady flow, the structures’ volume increases
significantly, after which it gradually declines.
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3. A pin’s cross-sectional profile that changes along its axis reduces the
magnitude of dimensional variation of coherent structures during the
transition between flow regimes.

4. The developed thermohydraulic efficiency assessment method quantifies the
interaction surface of coherent vortices. It evaluates the coupling between
their intensity and transverse flow motion to predict the flow's potential for
heat transport and dissipation without solving the energy equation.

Scientific novelty

For the first time, the analysis of coherent € structures is applied to
microchannel studies, which allowed us to determine a direct quantitative relationship
between the flow topology and thermohydraulic efficiency. This approach enables us
to predict heat-removal characteristics solely from hydrodynamic data (without
solving the energy equation). Based on the research, a method based on flow structural
analysis is proposed for the design and optimisation of cooling systems operating
under high-heat-flux conditions.

Practical value

Based on the analysed flow characteristics and the geometric parameters of the
obstacles, the proposed thermohydraulic efficiency assessment methodology enables
the preliminary evaluation, comparison, and optimisation of microchannels. This will
facilitate the design and application of various obstacle shapes and configurations,
allowing microchannel optimisation using computational fluid dynamics (CFD).

Scientific approval

The results presented in this dissertation were published in three scientific
journal articles and one book chapter with an impact factor referenced in the
“Clarivate Analytics “Web of Science database. The results were also presented at six
international conferences.

Structure and contents

This dissertation is structured to guide the reader through the research in a
logical way. It begins with an Introduction defining the research problem and
objectives. The Literature Review then situates the study within current scientific
understanding and introduces the principles of the advanced Q coherent structure
analysis method relevant to this work. The Methodology chapter subsequently details
the specific numerical simulation approach employed for the microchannel analysis.

Subsequent chapters systematically present the core research: beginning with an
analysis of hydraulic characteristics (friction factor) and flow topology for various pin
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fin geometries; this is followed by the application of the 2 method to identify coherent
flow structures and explore their relationship with flow unsteadiness metrics (7KE,
KFE). The investigation then covers thermal properties and overall thermohydraulic
performance, culminating in a performance evaluation approach that leverages
insights from the Q-identified structures, alongside a discussion of optimisation
strategies derived from these findings.

The dissertation concludes with a Summary of Findings, Conclusions, and a list
of Referenced Literature.

22



1. LITERATURE REVIEW

Electronic devices are rapidly progressing, providing enhanced computing
power in increasingly smaller sizes. However, this miniaturisation has led to a greater
concentration of heat generation. The amount of heat produced per unit area can
approach 1000 W/cm? (Joshi et al., 2023). While humidity, vibration and dust may
cause electronics to fail, as power and heat levels rise, the issue of overheating
electronic components is becoming a growing concern, causing more than half of
failures (Khattak & Ali, 2019). The higher heat densities can negatively impact
performance, reliability, and longevity. Excessive heat can cause electronic circuits to
malfunction, degrade materials, and, in extreme cases, cause complete failure.
Traditional cooling methods often struggle to keep up with the increasing thermal
demands of modern microelectronics, requiring advanced cooling solutions. New
micro cooling systems include, but are not limited to, spray cooling, microchannel
heat sinks, heat pipes, and jet impingement (Sadique et al., 2022).

Moore’s Law states that transistor density doubles every eighteen months,
increasing the need for greater heat dissipation. Early microprocessors had ~ 2.3k
transistors, while modern CPUs (e.g. Intel Core 19-13900K, AMD Ryzen 7950X) have
~ 20-30 billion transistors, high-end GPUs (e.g., NVIDIA RTX 4090) have ~ 76
billion transistors, Apple M3 Max ~ 92 billion transistors, Al chips (e.g., NVIDIA
H100, Google TPU v5) ~ 80-100 billion transistors, and memory chips (e.g. Samsung
1Tb V-NAND SSD storage chip) over 1 trillion transistors. While Moore’s law
predicted that the number of transistors would double every ~2 years, advances in chip
design, 3D stacking, and new architectures continue to push the limits (Kim et al.,
2024).

Passive flow perturbation is a method to alter fluid flow without requiring
additional energy. This approach has been explored using pin fins, ribs, and dimples,
which help disturb boundary layers and enhance turbulence (irregular fluid motion)
in microchannels(Coskun & Cetkin, 2020; Deshmukh et al., 2023; Z. Wang et al.,
2022). Due to their high heat transfer capabilities and compact design, microchannels
have attracted significant attention in thermal management applications (Bhandari et
al., 2024; Joshi et al., 2023; Khattak & Ali, 2019; Rahman et al., 2024; Sadique et al.,
2022; Yu et al., 2024). Microchannels are tiny, narrow channels that allow coolant to
flow through them, efficiently removing heat from electronic components. Due to
their small size, microchannels provide a large heat exchange surface area, enabling
faster and more effective cooling than conventional methods. The rapid movement of
liquid through these channels absorbs heat and carries it away, preventing hot spots
from forming on delicate electronic parts. Additionally, advancements in microfluidic
technology have enabled the development of optimised microchannel designs,
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including variations in channel geometry, flow patterns, and coolants, further
improving thermal regulation, which will be discussed below.

The microchannel cooling method is not only valuable for electronics cooling
but also can be used in the cooling of fusion energy (Zhou et al., 2025), automobile
radiator enhancement (Amol Dhumal et al., 2024), micro heat sinks for hydrogen
storage (Keshari & Maiya, 2018), gas turbine blade cooling (Ahn, 2025), and for
thermoelectric generators (Lin & Kiflemariam, 2019) and more (He et al., 2021).

1.1.Microchannel thermohydraulic efficiency

Microchannel-based cooling systems have gained significant attention among
cooling techniques due to their ability to dissipate high heat loads while maintaining
a compact design. The thermohydraulic efficiency of microchannels, defined by their
ability to transfer heat while effectively reducing pressure drop (4p) and energy
consumption, plays a key role in optimising cooling performance.

1.2.Impact of geometric parameters

The performance of microchannel cooling systems is greatly influenced by their
geometric design. Parameters such as channel width, height, aspect ratio, shape, and
spacing directly affect heat transfer efficiency, fluid flow characteristics, and Ap.
Furthermore, microchannels have different configurations: some are rectangular,
others have wavy or corrugated paths, and some contain pin fin arrays, ribs, cavities,
bifurcations, and other features. Design matters, especially in optimising thermal
performance and minimising 4p. Geometry selection plays a crucial role in balancing
heat dissipation and fluid flow resistance. For instance, wavy or corrugated channels
enhance mixing and turbulence, improving heat transfer (Ghorbani et al., 2022), while
pin fin arrays and ribs disrupt boundary layers to increase cooling efficiency (Yu et
al., 2024). Similarly, bifurcations and cavities can influence flow distribution and
thermal uniformity (Sadique et al., 2022). A well-designed microchannel system
ensures efficient heat removal while maintaining manageable pressure losses, making
it essential in electronics cooling, biomedical devices, and high-performance thermal
management systems.

The main design parameters are shown in Fig. 1. Regarding pin fin arrays, the
key parameters for them are pin fin density, arrangement, pitch, and shape. They may
have some other variables, such as tip clearance. All those parameters will be
discussed further.
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Fig. 1. Classification of microchannel design features

The pin fin density is affected by the pin pitch and the spatial arrangement. Over
four decades of research on cylindrical pin fin arrays have shown that the
configuration significantly impacts thermal properties. Early studies have revealed
that a staggered pin fin arrangement enhances heat transfer efficiency compared to an
inline arrangement, although it increases 4p (Sparrow et al., 1980). This suggests that
a smaller surface area is needed when the heat flux and flow rate are fixed.

Jeng et al. (2007) investigated square and cylinder pin fin arrays in inline and
staggered arrangements having different pitches (697 < Re;< 10960, Reynolds based
on pin fin thickness, coolant — air). They found that inline cylinder pins with high
pitch have a higher 4p than square pins, but with low pitch, the opposite holds, or at
least Ap is equivalent. In addition, the heat transfer of inline square pin fin arrays is
usually lower than that of inline cylinder pin fin arrays. Furthermore, when the
Reynolds number (Re) is high, the Nusselt number (Nu) of the staggered square pin
fin array may be up to 20% larger than that of the inline cylinder pin fin array.

Bhandari et al. (2023) comprehensively explored the influence of prism pin fin
sides on thermohydraulic performance (56 < Re < 280, coolant — water). The sides of
the prism varied from 3 (triangle) to 9. They concluded that the triangular pin fin has
the lowest thermal performance, while the square has the highest. Thus, the 4-sided
prism is considered the most effective. The further change on the prism side is
negligible.

Polat et al. (2022) evaluated circular, square and diamond-shaped pin fin arrays
(100 < Re < 350, coolant — water). They pointed out that the best heat transfer
performance and least favourable Ap are achieved by diamond-shaped pin fins,
followed by square and circular-shaped pin fins.
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The numerical work by Aguirre et al. (2022) dealt with cylindrical and
hexagonal pin fin arrays. Unlike others, they stated that hexagonal pin fins increase
Ap without increasing heat transfer; therefore, they are ineffective.

Al-Abboodi et al. (2022) explored circular, elliptical, square and drop-shaped
pin fin arrays in inline and staggered arrangements. They discovered that elliptical pin
fins had the highest Nu, while square pin fins had the highest 4p.

Various pin fin shapes, including circular, rectangular, square, triangular,
rhombic, hexagonal, trapezoidal, and semicircular (100 < Re < 900, coolant—air), were
thoroughly studied by Khoshvaght-Aliabadi et al. (2018). The highest heat transfer
and 4p values were found for half-circular pin fins. However, the circular and
hexagonal pin fins are the best overall. Another important finding is that the pin fin
shape gradually loses its advantages because the effect of Re on 4p is more
pronounced than the effect on heat transfer as Re increases.

Parlak et al. (2024) researched the thermohydraulic efficiency of inline and
staggered arrangements of cylindrical, square, triangular and elliptical pin fin arrays
(6000 < Re < 44000, coolant — air). All configurations had the same surface area.
Despite the pin fin shape, the staggered arrangement yielded a higher friction factor
(f) and a lower temperature difference between the coolant and the ambient, leading
to a higher Nu. When comparing shapes, triangular and square pin fins outperform
others in Nu.

Lv et al. (2022) conducted research on longitudinal spacings in staggered pin
fin arrays, where spacings were 2-4 pin fin diameters (100 < Re < 800, coolant —
water). They found that small spacing delays vortex shedding, but the fluid mixing is
more intense. However, a large spacing has flow characteristics similar to a single pin
fin.

Sakanova et al. ( 2018) studied various streamlined pin fin designs, including
cone and hydrofoil shapes, and compared their performance with cylindrical fins
under both laminar and turbulent flow conditions using air and water as coolants
(31250 < Re < 156250, coolant — air, fuel). The numerical analysis revealed that the
cone-shaped pin fins achieved the highest heat transfer coefficient due to the flow
separation effect. In contrast, the hydrofoil heat sink exhibited the lowest heat transfer
coefficient and 4p out of all streamlined shapes, attributed to the absence of flow
separation.

The study by Gijoy et al. (2025) examined an asymmetric elliptical-cylindrical
pin fin array (2500 < Re < 6250, turbulent flow, coolant — air). The updated geometry
features a halved, elliptical front section designed to enhance interaction with the
incoming airflow. The results showed reduced 4p and improved heat transfer, and the
efficiency of the pin fin array was optimised by 2.25 times compared to cylinders.
Other researchers have also concluded that streamlined shapes yield the best heat
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transfer performance (izci et al., 2015; Saravanan & Umesh, 2018; Serkan Sahin et
al., 2023; P. Wang & Chen, 2019).

A study done by Ates et al. (2022) investigated elliptical pins and their
distribution and the effect of tip clearance on performance (125-325 kg/(m?s), coolant
— water). They concluded that tip clearance does not improve heat transfer, and
elliptical pin fins can enhance heat transfer by 35% compared to a plain channel.
Several studies have concluded that a large tip clearance does not contribute to a
notable improvement in thermohydraulic performance, but a relatively small tip
clearance may be beneficial (Bhandari & Prajapati, 2022; Mei et al., 2014; Moores et
al., 2009). However, the improvement is observed only in the laminar regime at low
Re, and no effect is observed at high Re.

Most studies consider changing the pin fin’s shape, but few consider changing
its vertical cross-section. However, some studies use perforations to enhance fluid
mixing and heat transfer. Zohora et al. (2023) proposed a hyperbolic, wavy and
crinkled pin with and without perforations (8500 < Re < 44502, coolant—air). The
hyperbolic pin with elliptical perforation had the highest hydrothermal performance;
even without perforation, it increased Nu by 16.8% compared to the cylindrical pin.

Pati et al. (2018) investigated the thermal behaviour of pin fins with different
arrangements, including cylindrical and conical pin shapes (3400 < Re < 34000,
coolant — air). A lower 4p and Nu were observed in staggered arrangements. This is
primarily because staggered arrangements have half as many pins as inline
arrangements. More space between the staggered pins creates more space for vortex
formation, making this arrangement better. Besides, when comparing cylindrical pins
with conical ones, the latter enhances thermal performance and reduces 4p.

Yang et al. (2025) modified cylindrical pin fins by incorporating a central
sphere, forming a lantern-shaped design, and conducted numerical simulations at high
Re (5000 < Re < 30,000). Their findings indicated that the lantern-shaped pin fins
increased the thermal performance index by approximately 4%.

Another experimental investigation examined twisted-tape pin fins with a Re
range of 5000-15,000 (Chang et al., 2021). The results demonstrated that the twisting
effect induced the formation of vortices, significantly enhancing heat transfer.
Consequently, the Nu increased almost five times. However, this improvement was
due to a significant increase in the Fanning friction factor, which rose by
approximately 39. As a result, the overall thermal performance factor increased on
average from 1.39 to 1.55 times.

Mesgarpour et al. (2019) conducted numerical simulations of rigid and porous
tapered pin fins, revealing that porous pin fins improve heat transfer under laminar
flow conditions. In another study, tapered pin fins were compared with cylindrical
ones, analysing the impact of the taper ratio (the ratio of tip diameter to base diameter)
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(Ahmadian-Elmi et al., 2021). While the tapered pin fins exhibited a slight reduction
in convective heat transfer, they also significantly reduced 4p, improving overall
performance.

Similarly, Abuska and Corumlu (2023) conducted experimental research on
conical pin fin heat sinks, focusing on pin arrangement (2000 < Re < 16 000). They
found that a modified staggered arrangement of conical pin fins provided the highest
thermohydraulic performance compared to a conventional staggered layout.

Further extending this research, Corumlu (2024) explored the effects of input
power and ambient temperature on the thermal performance of conical pin fins. A
comparative study of conical, cross-cut, and flat heat sinks demonstrated that conical
pin fin arrays achieved superior thermal efficiency, reducing thermal resistance by up
to 27.78% compared to cross-cut pin fins. Another investigation assessed various pin
fin geometries (Huang & Wu, 2021) and concluded that tapered pin fins had the lowest
thermal resistance, 18.7% lower than cylindrical pin fins. Lv et al. (2023) also
conducted numerical simulations on cylindrical, conical, truncated, and bullet-shaped
pin fins, finding that truncated cones were the most effective design due to the
combination of minimal 4p and low thermal resistance.

Another important finding from Souida et al. (2022) is that thermal resistance
can be reduced by 83.52-192.3% compared to cylindrical pin fins, and significantly
reduce 4p by 100.38-343.32%. The same trends of better thermal and hydraulic
performance of the cone pin fins were reported by Tahsin et al. (2024), Al-Karooshi
et al. (2024). Moreover, the data reported by Naphon et al. (2007) showed that tapered
pin fins' heat transfer performance increases when arranged staggered.

On the other hand, another experimental study showed that truncated cones’
performance evaluation criterion values were lower than those of cylinders, squares,
or hexagons (Zhang et al., 2021). Compared to squares, the truncated cones’
performance evaluation criterion value may be lower by 38.5%.

There are more exotic pin fin array designs, such as double-cross pin fins
(Ismail, 2024), rectangular fork shape (Hossain et al., 2025), piranha pin fins (Kishore
et al., 2024), Kagome and body-centred cubic lattice arrays (Liang et al., 2021) which
leads to improved heat transfer and fluid-flow dynamics. Even though these intricate
designs significantly improve thermal management and are highly effective in many
engineering applications, their main limitation is their manufacturing complexity.
Their complex geometry and unconventional designs make them challenging to
fabricate using standard production techniques, making them less practical for
widespread industrial use.

The reviewed studies consistently indicate that pin fin geometry significantly
impacts heat transfer and fluid flow characteristics. The comparison between
streamlined and sharp-edged pin fins reveals that cylindrical and elliptical pins
28



experience lower heat transfer due to smoother flow patterns, resulting in reduced 4p.
In contrast, sharp-edged designs such as triangular and square pin fins enhance heat
transfer by increasing turbulence, but at the cost of higher pressure losses. Tapered
cone pin fins enhance heat dissipation by disrupting the thermal boundary layer and
reducing stagnant zones, thereby lowering surface temperatures. These designs
exhibit superior thermohydraulic performance by promoting more favourable flow
dynamics and turbulence structures than cylindrical pin fins. Additionally, the
staggered pin fin arrangement further improves heat transfer by forcing the fluid flow
to meander, accelerating the transition to turbulence, and enhancing thermal
performance. These findings highlight the importance of geometric optimisation in
designing efficient pin fin cooling systems.

1.3. Coherent structures

Coherent flow structures play a vital role in pin fin arrays’ thermal and
hydrodynamic performances, which are widely used in heat exchangers (Qin et al.,
2023), gas turbine blade cooling (Ahn, 2025), and electronics thermal management.
These structures, formed by the interaction between the flow and the pin fin
geometries, significantly influence heat transfer and Ap characteristics.

Coherent fluid flow structures refer to spatially and temporally organised
patterns of vorticity, velocity, or turbulence that persist for significant durations and
influence the overall flow dynamics (Hussain, 1983). A coherent structure can be
defined as a region of turbulent or laminar flow in which the motion of fluid elements
is correlated over a particular spatial and temporal scale (Fiedler, 1988). These
structures are responsible for energy and momentum transport in turbulent flows and
often exhibit periodic or quasi-periodic behaviour.

The spatial scale of a coherent structure refers to the physical size over which
the flow shows correlated behaviour. These can range from small vortices to large,
organised vortex structures. For example, the alternating vortices in the wake of a
cylinder remain spatially organised at certain intervals downstream (Lewis & Radko,
2020).

The temporal scale of a coherent structure indicates how long it remains
correlated before breaking down or evolving. For instance, vortex shedding occurs at
a characteristic Strouhal number that remains consistent over time (Spedding, 2002).
Large vortices tend to persist longer and decay more slowly, whereas small vortices
break down quickly due to energy cascading towards smaller scales. Nonetheless,
these features can still be considered coherent structures, with their coherence
depending on their lifetime, spatial extent (i.e., the width, length, or volume over
which the flow pattern maintains some form of organised behaviour), and level of
organisation. Although turbulence is often associated with randomness, it still exhibits
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recurring patterns in which energy, momentum, and vorticity are transported in an
organised manner. When coherent structures are correlated in both space and time,
they extend over a characteristic distance and persist for a particular time before
evolving or dissipating.

Examples of coherent structures in pin fin arrays include, but are not limited to,
shear layers and vortices (Jiang et al., 2022), Foppl vortices (Protas, 2004), horseshoe
vortices (Jiang et al., 2022), wake structures (Pereira et al., 2018), recirculation zones
(Bauri, 2022), hairpin vortices (Dennis, 2015), rolls and streaks (Dennis, 2015), jets
and plumes (Amor et al., 2024). As the flow encounters the leading edges of the pin
fins, shear layers are formed that later shed into vortices. These vortices enhance
turbulence, thereby increasing local heat transfer. Furthermore, coherent structures
form around pin fins as the boundary layer wraps around the leading edge, creating a
vortex system that affects both local and downstream heat transfer. Moreover,
periodic vortex shedding (similar to von Karman vortex streets) influences turbulence
and mixing downstream behind the pin fins.

Coherent structures emerge due to various fluid dynamic instabilities, such as
Kelvin-Helmbholtz instability, Rayleigh-Taylor instability, Taylor-Gortler vortices,
the Orr mechanism, and nonlinear interactions (Fiedler, 1988; Jiao et al., 2021;
Mercier et al., 2020).

Coherent structures play a significant role in energy transfer, transporting
energy from larger to smaller scales. They also affect boundary-layer flow resistance
and enhance scalar transport in combustion processes, atmospheric flows, and ocean
currents. Moreover, coherent structures contribute to the initiation and maintenance
of boundary-layer turbulence and free-shear flows.

Although coherent structures are often associated with turbulent flows, they are
not exclusive to turbulence. They also appear in laminar flows, including cases with
steady vortices, for example, Foppl vortices, where the flow remains organised and
does not undergo chaotic mixing (Cao et al., 2021). In laminar flow, coherent
structures arise due to shear layer instability (before transitioning to turbulence),
boundary layer separation, and vortex formation in closed and open flows.

Table 1. Coherent structure features in laminar and turbulent flows

Feature Laminar flow structures | Turbulent flow structures
Stability Stable, persistent Highly dynamic, evolving
Predictability Deterministic patterns Stochastic behavior
Shape Smooth vortex formations Irregular, rpultl—scale
vortices
Scale Large, well-defined regions Wide range of scales
High energy/momentum
Energy transport Low energy transport transport
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Coherent structures do not have to be exactly the same over space and time, but

they must have some degree of correlation at some spatial and temporal scale (Adrian,
2007; Tong et al., 2025). The key idea behind coherence in fluid dynamics is that
these structures maintain a recognisable pattern even as they evolve, deform, or

interact with other structures. The level of similarity can vary depending on the
following factors:

Self-similarity (scaling behaviour), where structures can grow or shrink while
maintaining a self-similar shape (Tsuruhashi et al., 2022). For instance, vortex
rings in a jet expand as they move downstream but retain their characteristic form.
Evolution without loss of identity occurs when structures stretch, tilt, or deform
but remain correlated over time. For instance, hairpin vortices in boundary layers
can merge or elongate while maintaining their basic structure (Adrian, 2007).
Intermittency and partial coherence occur when some structures are partially
coherent, meaning they appear intermittently rather than continuously present
(Pan & Banerjee, 1995). For instance, turbulent bursts in the boundary layer occur
sporadically but show repeated patterns.

Large-scale and small-scale coherence: while large-scale structures persist for
more extended periods and have stronger coherence, small-scale vortices break
down quickly and lose coherence due to turbulent energy cascades (H. Wang et
al., 2021).

Coherent structures are identified using experimental and numerical methods:

e Flow Visualisation (e.g., dye injection, schlieren imaging).

e Particle Image Velocimetry (PIV) — measures velocity fields.

e Proper Orthogonal Decomposition (POD) — decomposes flow into
dominant modes.

e Dynamic Mode Decomposition (DMD) — identifies coherent structures
from time-resolved data.

e Wavelet Transform Analysis — detects localised flow structures.

e Vorticity and Q-Criterion — mathematical indicators for vortex
detection.

Experimental methods for identifying coherent structures rely on physical

measurements and observations of fluid flow. Techniques such as flow visualisation

(e.g., dye injection, schlieren imaging) provide qualitative insights into flow

behaviour, whereas PIV offers quantitative velocity-field measurements. These

methods are crucial for validating numerical simulations, understanding turbulence,
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and studying real-world fluid dynamics. However, resolution, optical access, and
measurement noise often limit experimental methods.

Numerical methods for identifying coherent structures are based on
computational analysis of flow data obtained from simulations or experiments.
Techniques such as proper orthogonal decomposition (POD) and dynamic mode
decomposition (DMD) extract dominant flow patterns and time-dependent structures,
while wavelet transform analysis helps detect localised turbulent features.
Additionally, mathematical criteria such as vorticity and Q-Criterion are widely used
to identify vortices and coherent structures directly from computational fluid
dynamics (CFD) simulations. These methods enable a high-resolution, cost-effective
analysis of complex flows and are essential for turbulence modelling, aerodynamic
optimisation, and flow control strategies.

The Q method was chosen for use in combination with critical points theory for
vortex detection because it provides an accurate, objective, and theoretically grounded
approach to identifying vortical structures in fluid flows. These methods complement
each other by combining a robust quantitative vortex criterion with a topological
classification framework for analysing flow structures.

The Q method is particularly well-suited for vortex detection as it provides a
normalised measure of the rotational dominance in a flow field. Unlike other vortex
identification criteria, such as Q-Criterion and A2, this method effectively highlights
vortex structures in laminar and turbulent flows. It captures weak and strong vortices,
making it useful for various fluid dynamics applications (Belkacem, 2021; Y. Zhang
etal., 2019). Itis also less sensitive to noise and computational grid resolution, making
it a more stable and reliable choice for CFD-based vortex detection.

By integrating critical points theory, the 2 method gains further theoretical
strength. Critical points theory analyses singularities in the velocity field, such as
stagnation points, saddle points, and vortex cores, which define the topological
behaviour of flow structures. This theory systematically classifies flow regions based
on their local velocity gradient tensors, enabling precise identification and
differentiation of vortex structures from other coherent flow features. The methods
used will be described in Section 1.4.

The investigation of vortical structures is gaining increased significance, as
Sreenivasa (Sreenivasan, 2019) emphasises their critical role in understanding heat
transfer mechanisms. Consequently, to understand the flow dynamics and thermal
transport processes, it is necessary to study their formation during flow through pin
arrays. The study of low Re flows is facilitated by the universality of small-scale
turbulence (Schumacher et al., 2014), which suggests that specific turbulent
characteristics remain consistent across various flow configurations. This concept is
particularly relevant to analysing the behaviour of vortical structures in pin fin arrays.
32



Some researchers have already investigated the flow behaviour in different pin
fin configurations. For instance, Raza et al. (2024) performed a numerical analysis to
evaluate the influence of various pin fin shapes, including cylindrical, pentagonal,
hexagonal, square, and triangular configurations and their twisted counterparts. Their
findings of streamlines demonstrated that twisted pin fins create three-dimensional
secondary flows and vortex structures, leading to improved thermal performance.
Similarly, Chang et al. (2021) examined the impact of twisted pin fins on thermal and
hydraulic characteristics, specifically analysing the vortical flows induced by these
structures. The study revealed that complex vortex formations contributed to
significant velocity nonuniformities and high-gradient variations. Yan et al. (2021)
evaluated the heat transfer performance by comparing the streamline distribution
between different pin fin geometries. Their investigation focused on curved and
inclined pin fins, revealing that the interaction and balance between jet-like flow and
longitudinal secondary flow are key factors influencing heat transfer efficiency. In pin
fin arrays, secondary flow refers to the organised cross-stream motion and vortex
structures that arise perpendicular to the primary flow direction as a result of
geometric modifications such as twisting, curving, or inclining the fins. Unlike
turbulence, which is chaotic and broadband, secondary flows are deterministic and
strongly governed by the pin fin shape and arrangement. Studies have shown that these
flows manifest as vortices and jet-like motions that redistribute momentum and
enhance mixing, thereby playing a critical role in improving heat transfer performance
in complex pin fin configurations.

1.4. Analytical methods and modelling

Critical points theory in fluid mechanics refers to analysing points in a flow field
where key flow properties, such as velocity, pressure, or vorticity, exhibit significant
changes or singular behaviour (Perry & Fairlie, 1975). In fluid mechanics, saddle
points, nodes, and foci are critical points in a flow field where the velocity gradients
exhibit distinct behaviours, influencing fluid motion patterns (see Table 2).

A saddle point is a location in the flow where streamlines diverge in one
direction and converge in another, resembling a saddle shape in a vector field. These
points indicate unstable equilibrium, often occurring in flow separation and
recirculation regions. Saddle points are crucial in turbulence studies and boundary-
layer flow analysis because they help determine flow instability and vortex formation.
Saddle points appear where streamlines diverge in one direction and converge along
another, forming an X-shaped pattern. These are regions of unstable equilibrium,
often occurring in flow separations or recirculation zones.

Nodes are critical points where streamlines converge (attractive/stable node) or
diverge (repulsive/unstable node). Stable nodes occur when both eigenvalues are
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negative, meaning that the fluid elements move towards the point, often representing
sinks in the flow. Unstable nodes occur when both eigenvalues are positive, indicating
that the fluid moves outward from the point, often representing sources in the flow.
Nodes are fundamental in studying stagnation flows, where fluid accumulates or
disperses, as seen near impinging jets or flow stagnation regions on airfoils.

Foci are points in a flow field where streamlines exhibit a spiralling motion
around the point rather than moving directly toward or away from it. This occurs when
the eigenvalues of the velocity gradient tensor are complex conjugates, resulting in
rotational and swirling effects. Stable foci appear when the real parts of the
eigenvalues are negative, meaning that streamlines spiral inward, indicating energy
dissipation in viscous flows. Unstable foci occur when the real parts of the eigenvalues
are positive, leading to outward spiralling streamlines, which are common in vortex
shedding and turbulence generation.

Table 2. Classification of critical points in fluid fields with associated streamline
patterns and description

Critical point Visual pattern Description
Saddle points appear where streamlines
diverge in one direction and converge
along another, forming an X-shaped
Saddle point IS pattern. . -
N These are regions of unstable equilibrium,
often occurring in flow separations or
\ & recirculation zones.
Stable (sink) Stable nodes (sink): all streamlines
converge to a single point, indicating a
flow accumulation or stagnation.
Unstable nodes (source): streamlines
diverge outward, indicating a flow
expansion or source region. Nodes
Nodes Unstable (source) commonly appear in stagnation flows or
near boundary layers where the flow
decelerates or accelerates.
Stable (sink) Stable foci (spiral sink): streamlines spiral
inward towards the centre, often indicating
Foci @ energy dissipation in a vortex or turbulent
region.
Unstable (source) U1.1stab1e foci (spiral sour?e): streamlines
spiral outward, suggesting rotational-
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motion amplification, often observed in
vortex shedding and turbulence formation.

There are several methods for studying flow structures, which can be divided
into different generations. The first-generation methods include streamlines (Lotfi &
Sundén, 2020; Raza et al., 2024) and vorticity (Bai et al., 2019; Chang et al., 2021;
Liuetal., 2019) and are based on vorticity, while second-generation methods include,
but are not limited to, the Q criterion (Bai et al., 2019; Kadiyala & Chattopadhyay,
2018; Liu et al., 2019; Y. Zhang et al., 2019) and the A2 criterion (Liu et al., 2019),
which is based on the velocity gradient tensor. They decompose the gradient into
symmetric (strain rate) and antisymmetric (rotation rate) parts. Third-generation
methods include newer approaches such as @ (Bai et al., 2019; Liu et al., 2019; Y.
Zhang et al., 2019), Liutex (Liu et al., 2016, 2019), and Rortex (Bai et al., 2019). They
are designed to provide more unambiguous identification of vortical structures by
isolating the ‘true’ swirling motion even in flows with high shear or complex
deformations. It is important to highlight that these methods are objective and do not
rely on subjective assessment. A comparison of these methods reveals that while the
Q criterion struggles to detect weaker structures, third-generation methods can
identify them (Belkacem, 2021; Y. Zhang et al., 2019). Furthermore, the Q is
unaffected by the threshold values and can identify strong, medium and weak vortices
equally.

Using a delayed detached-eddy simulation, Chen et al. (1993) conducted a
numerical study of the flow around a cylinder at Re = 27000. They identified vortical
structures using the Omega-Liutex method, which revealed complex vortex
interactions with significant three-dimensional characteristics. Recent studies have
also applied the 2 to study vortical structures in a scroll pump (Song et al., 2023), a
multi-stage double-suction centrifugal pump (Zhao et al., 2024), and the flow around
a hydrofoil (‘Application of Omega Identification Method in the Ventilated Cavities
Around a Surface-Piercing Hydrofoil’, 2023). All these studies confirm that the Q
method is a highly reliable and effective tool for analysing vortical structures.

The Q method is used to identify vortical structures in a fluid flow by analysing
the flow’s rotational characteristics. It is based on the vorticity tensor and is
particularly effective in detecting complex vortex dynamics in three-dimensional
flows. The 2 is defined using the second invariant of the velocity gradient tensor,
which helps identify regions of the flow where rotation dominates. The € basically
tells where rotation dominates over strain. In many turbulent and complex flows,
relying solely on the vorticity magnitude can be misleading because high shear can
produce large vorticity even in the absence of a true vortex (Jeong & Hussain, 1995).
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The 2 addresses this by comparing the rotational (or antisymmetric) and strain (or
symmetric) components of the local velocity gradient.
The Q formula is defined as the ratio of the norm of the rotation rate tensor to

the sum of the norms of the rotation and strain rate tensors (Liu et al., 2016, 2019):
b

0= (1)

a+b+&
here 2 — Omega criterion (Scalar function measuring the balance
between rotation and strain);

b — Frobenius term of anti-symmetric velocity tensor;
a — Frobenius term of symmetric velocity tensor;
& — represents a small positive value added to prevent division by zero.
Where the strain rate tensor (Symmetric part):
a = trace(ATA) = Y3, Z?zl(Aij)z (2)
A= %(Vu + vuT) 3)
here A — symmetric velocity tensor;
Vu — velocity tensor.

The rotation rate tensor (antisymmetric part):

b = trace(B"B) = ¥}, Z?=1(Bij)2 (4)
B= %(Vu —vu’) (5)
Vu =2 (Vu+ V') +5(Vu—-Vu') =A+B ©)

here B — Anti-symmetric velocity tensor.

The value of Q lies between 0 and 1. A value of 0 indicates a purely strain-
dominant region, while a value of 1 corresponds to a purely rotational region. In
practical applications, a threshold of 0.52 is often selected (Liu et al., 2016). Regions
with Q > 0.52 are typically identified as vortical regions. This threshold effectively
distinguishes areas where the rotation is sufficiently strong relative to the strain,
thereby indicating the presence of a vortex.

1.5.Pin fin thermohydraulic efficiency

Pin fin effectiveness is a critical parameter in evaluating the thermal
performance of pin fin arrays in heat exchangers. It quantifies the ability of a pin fin
array to enhance heat transfer relative to a reference surface without fins. The
effectiveness of a pin fin array depends on multiple factors, including pin geometry,
material properties, flow conditions, and thermal conductivity.

36



The most commonly known parameter is the thermohydraulic performance
index, often referred to as TPl (Webb, 1981; Y. Xu et al., 2023). It is defined as the

ratio between the actual heat transfer, 4p, or f:

Nu Nu

TPl = Mo g N0, U 7)

& G

Here TPI- thermal performance index;

Nu — Nusselt number;

Nug — flat channel Nusselt number
f — friction factor;

fo — flat channel friction factor;

Ap — pressure drop.

Nu is representing the ratio of convective to conductive heat transfer, is

defined as:
Nu="> (8)
Where the convective heat transfer coefficient (%) is defined as:
h=its ©)

Sundaram et al. (Sundaram et al., 2021) had estimated pin fin efficiency as a
function of pin fin height and heat transfer coefficient, after getting results, developed
a pin fin effectiveness correlation. It has a form of (the variables here do not have the
same meaning as those listed in the nomenclature):

= Cllaglz (g)cn (D%)CM (1 _ DDi_zr)Cls (10)

here Cy1, C13, Cy3, C14, C15 — constants;

ay — void fraction;

P — pin pitch;
A — area;
H — height;

D — diameter.

Another author also wrote a correlation for fin effectiveness (Singh et al., 2019)
when jet is present, it has the shape of:

c c
& = CyReC22 (?) 23 (M) * pras (11)

jet Djet
here Cy1, Cy3, Cy3, Cyy, Co5 — constants;
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Pr — Prandtl number.

Table 3. Coefficients of eq. 8 and eq. 9

Coefficient of eq. 7 Cn Cn Ci Cuy Cis
Values 3.1249 0.0030 0.0625 0.4011 0.0326
Coefficient of eq. 8 Cy Cxn Cas Cos Cas
" _ o | Concentric | 0.405676 | 0.146364 0.07462 | 0.049543

(5] o Q

= |2 ~§ Cubic | 0.504119 | 0.114745 | 0.08452 | 0.032524 1/3
> =

& Cylindrical | 0.56636 0.087997 | 0.02921 | 0.000719

Nonetheless, there are no flow-unsteadiness-based or coherent-structure-based
performance criteria that would indirectly correlate with thermal performance. his
approach could serve as a surrogate for traditional metrics, reducing the need to
explicitly model heat transfer while enabling faster and more physically grounded
assessments of pin fin array designs.

1.6. Flow regimes and scaling effects in microscale pin fin arrays

Before exploring the complex flow regimes around pin fin arrays, it is essential
to understand the flow behaviour around a single circular cylinder, which serves as a
fundamental building block in fluid dynamics. The single-cylinder case provides
critical insights into flow separation, vortex formation, and transition mechanisms that
also influence the behaviour of flow through pin fin arrays.

Zdravkovich and Bearman (1997) studied the flow around a single cylinder and
identified distinct regimes based on the Re (see Table 4). Between Re = 4-5 and 30-
48, steady separation occurs, forming Foppl vortices. In the range Re ~ 30-48 to 180-
200, the flow becomes unsteady, characterised by a Karman-Bénard vortex street.

Further transitions occur in the wake: from laminar eddy transition (Re =~ 180-
250) to irregular eddy transition (Re =~ 220-400). Following this, shear-layer
transitions begin in subcritical zones (Re = 350 to 200,000), eventually progressing
into complex boundary-layer transitions, including pre-critical, single-bubble, and
supercritical states, extending beyond Re = 3.5 million and leading toward the ultimate
turbulent regime.

Table 4. Flow regimes by Zdravkovich and Bearman (1997)

Stability Zone Laminar  Transitional Turbulent Re ranges
Creeping
flow (no- 0-4-5
Steady separation)
Foppl 4-5 —30-48
vortices
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(Steady
separation)

Karman-
Benard
eddy street

30-48 — 180-200

Lower 180-200 — 220-250
transition
Wake Upber
ppe 220-250 — 350-400
transition
Lower 350-400 — 10%-2:10°
subcritical
Shear Intermediate 3 1M 9104104
Unsteady  layer subcritical 10%-2:10°= 2-10%-4-10
Upper 2:10%4:104~ 1-10%-2:10°
subcritical
Pre-critical 1-10°-2-10°— 3-10°-3.4-10°
Single 1053 4-105— 3 8-105-4-10°
Boundary bubble 3-10°-3.4-10°—3.8-10°-4-10
layer Two-bubble 3.8:10°-4-10° — 5-10°-10°
Supercritical 5-10°-10° — 3.5-10%-6:10°

Post-critical

3.5-10°— 6:10°— (?)

Invariable
Ultimate

(?) -0

Flow regimes in pin fin arrays are primarily determined by Re, pin geometry,
spacing, and fluid properties. At low Re, the flow tends to remain laminar, exhibiting
orderly streamlines with limited mixing and lower heat transfer coefficients. As the
Re increases, the flow transitions to turbulence, accompanied by vortex shedding,
flow separation, and wake interactions that significantly enhance convective heat
transfer but also increase pressure loss.

Unlike simple channel flows, where flow regime classification is relatively well-
defined (e.g., laminar for Re < 2000, turbulent for Re > 4000, and transitional in
between), the categorisation of flow regimes in pin fin arrays is more complex and
application-specific. This complexity arises from the repeated interruption of flow by
the pin structures, which induces local acceleration, separation, wake formation, and
vortex shedding — even at relatively low Re.

According to Zukauskas (1972) investigation flow in pin fin arrays is
predominantly laminar when Re < 1000, mixed or subcritical 500 < Re < 200000, and
predominantly turbulent at Re > 200000. But he also noted that staggered arrays with
small longitudinal pitch at Re > 1000 flow become turbulent instantly. Furthermore,
a 6D distance is needed so that the wake zone is not influenced by the nearby pin.
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While other authors suggest that wake transition (vortex shedding) happens
when Re = 500-700 (F. Xu et al., 2018), and irregular vortex wake at Re = 850-1000.
Unsteady Von Karman vortex street happens when Re > 550 (Qiu et al., 2020).

A flow is considered not steady (i.e., unsteady or time-dependent) when its
properties (such as velocity, pressure, or temperature) change with time at a given
location:

9%

=#0 (12)

here ¢ — variable;
t — time.

In contrast, steady flow means these properties remain constant over time at
every fixed point in space. Therefore, if vortex shedding occurs behind pins and the
resulting wake fluctuates over time, the flow is unsteady. If residuals oscillate over
time after initial convergence or the solution never stabilises into a fixed pattern, the
flow is unsteady. In this paper, the flow will be categorised into steady and unsteady.

Another important point is the size-based classification of heat exchangers into
channels. Equally important is the selection of an appropriate modelling strategy,
either classical or molecular.. Kandlikar and Grande (2003) classified channels by
their size (see Table 5).

Table 5. Channel classification by Kandlikar and Grande (2003)

Conventional channels Dy >3 mm
Minichannels 3 mm > D> 200 um
Microchannels 200 um > Dy> 10 pm
Transitional channels 10 um > D> 0.1 um
Transitional microchannels 10 um> D> 1 um
Transitional nanochannels 1 um>D;>0.1 pm
Molecular microchannels 0.1 pm > Dy

Single-phase flow is expected to be unaffected for liquids, as the hydraulic
diameter is in the range 200 um > Dh > 10 pm. These dimensions are a few orders of
magnitude higher than the molecular mean free flow path. For liquids such as water,
the molecular free path is minimal, so the continuum assumption is well justified in
microchannels. Another review study supports that the fluid (for example, water) can
be treated as a continuum medium even when the hydraulic diameter is down to a few
pm (Rosa et al., 2009). Therefore, no fundamental change in flow physics (for single-
phase liquids) is expected, assuming the continuum hypothesis holds.

On the other hand, it was indicated that for single-phase gas flow in
microchannels, the type of flow depends on Knudsen number (Kn) (see Table 6)
(Kandlikar & Grande, 2003).
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A
Kn = D_h
here Kn — Knudsen number;
A — free mean path for gases.
For air, helium, or hydrogen flow, the slip-flow condition for microchannels
applies when 200 pm > D;, > 10 pm. When Kn is less than 0.1, rarefaction effects
become important. In the slip region, typical of microchannels, the continuum theory

can be modified by applying a slip ratio at the wall.

Table 6. Knudsen number ranges for various types of flow

Range of Kn Type of flow
0.001 > Kn Continuum flow, no rarefaction effects
0.1 > Kn>0.001 Slip flow, rarefaction effects that can be

modelled with a modified continuum
theory accounting for wall slip

10> Kn>0.1 Transitional flow, a type of flow
between slip flow and free molecular
flow that is analysed statistically, i.e.,
with the Boltzmann equation

Kn>10 Free molecular flow: motion of
individual molecules must be modelled
and then treated statistically

1.7. The overview of literature analysis and the author’s contribution to the
research field

The body of existing research clearly shows a strong emphasis on enhancing the
thermal and hydraulic performance of microchannel heat sinks, particularly through
variations in pin fin geometry and arrangement. Numerous studies have examined
how different shapes, such as cylindrical, square, elliptical, conical, and others, affect
flow behaviour and heat transfer. These investigations primarily focus on optimising
geometric parameters to increase efficiency, usually by evaluating empirical
correlations or derived indices such as 7P/ or pin fin effectiveness. While such metrics
are useful, they are often based on results obtained through detailed CFD simulations
or experimental setups that may not fully capture the underlying flow physics.

One of the main limitations identified in the literature is the lack of attention
given to the flow structures that determine the thermal performance. Although widely
acknowledged in broader fluid dynamics contexts, the role of coherent vortical
structures has not been systematically explored in pin fin arrays. Most existing studies
rely on streamlined visualisation or average flow quantities, which offer limited
insight into the spatial and temporal organisation of the flow. The connection between
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flow structures, such as vortex shedding, shear layers, and recirculation zones, and the
resulting heat transfer and pressure loss characteristics remains largely qualitative.

This thesis aims to fill this gap by investigating the formation, evolution, and
impact of coherent flow structures in microchannels with various pin fin
configurations. Using high-fidelity numerical simulations and advanced vortex
identification methods, specifically, the 2 criterion coupled with critical points theory,
the study examines how geometric parameters and flow regimes influence vortical
behaviour. Rather than relying solely on heat transfer and pressure drop values, the
study considers the flow physics more directly, aiming to understand the mechanisms
that govern performance.

The key outcome of this work is the development of a new evaluation approach
based on the analysis of coherent structures. This framework enables prediction of
thermohydraulic efficiency without explicitly solving energy equations, providing a
more efficient and physically meaningful alternative to traditional modelling
techniques. The method offers the potential to improve the preliminary design process
and to better understand the mechanisms of flow-induced enhancement in microscale
cooling applications.

In this way, the thesis contributes a new layer of depth to the field. Shifting the
focus to the dynamics of coherent structures and their relationship to thermal
performance introduces a novel evaluation strategy that complements existing metrics
and may reduce computational costs. The results have implications for designing and
optimising microchannel heat sinks in electronics cooling and beyond.
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2. METHODOLOGY

The study employs CFD to model the thermal and fluid-dynamic behaviour of
flow in pin fin arrays, utilising the unsteady Reynolds-Averaged Navier-Stokes
(URANS) technique. The URANS approach is adopted for its computational
efficiency in capturing time-averaged flow properties and heat transfer characteristics
across the pin fin array. For turbulence modelling, the k—® SST model was used
exclusively due to its superior accuracy in predicting boundary-layer behaviour under
complex flow conditions. The simulations were carried out using OpenFOAM v10,
an open-source CFD toolbox that enables flexible implementation of various
turbulence models and solver configurations. Most simulations assumed a
compressible fluid, except for those conducted during the initial full-channel
validation stage and some in the results section. Information on fluid compressibility
will be provided in each section.

2.1. Governing equations

This study’s fluid flow and heat transfer equations are based on the laws of
conservation of mass, momentum, and energy. They are expressed as the Navier-
Stokes equations, modified and solved numerically depending on the turbulence
modelling method used.

2.1.1. General form of the Navier-Stokes equations

The compressible Navier-Stokes equations are given as follows (Batchelor,
2010):
Continuity equation:

V-u=0 (13)
here u — velocity.
Momentum equation:
Ju : -1 2y + 1
at+(u Vu= pr+vV u+pF (14)

here p — density;
v — kinematic viscosity;
F — body force per unit mass.

Energy equation:

or VT = aV2T + 2

prin (u-V)T = aVT + oo (15)
here T — temperature;
a — thermal diffusivity;

® — viscous dissipation function;
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cp — specific heat at constant pressure.

The compressible Navier-Stokes equations are given as follows:
Continuity equation:

2 4+9-(pu) =0 (16)

Momentum equation:
L4V (pu@u) = -Vp+V-T+pF (17)
T=pulVu+ (Vu)T] + A(V-wlI (18)

here T - viscous stress tensor;

U — dynamic viscosity;

A —second viscosity coefficient;
I — identity matrix.

Energy equation:
9(pE)

+V-[u(pE+p)=V-(tr-u—q)+pF-u (19)
E=e+;ul? (20)
q=—KVT 1)

here E — total energy;

q — heat flux;

e — internal energy;

K — thermal conductivity.

These equations form the foundation for the RANS approach.
2.1.2. URANS

The URANS formulation involves decomposing the instantaneous velocity,
pressure and density fields into mean and fluctuating components (Wilcox, 2010):
u(x, t) = u(x,t) +u'(x,t) (22)
Substituting them into the Navier-Stokes equations and averaging yields:
Continuity equation:
L 4+v-(pw) =0 (23)
Momentum equation:

—a(f)+v'(5ﬁ®ﬁ)=—Vp+v-f—v-R+ﬁg (24)
here R — Reynolds stress tensor;

g — gravitational acceleration.
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T=u[Vvu+ V)T + A(V-w)I (25)

R=pu' Qu (26)

Energy equation:

T AV WPE +p)] =V @ T-G—q —R-W+pg-u 27)
q=—kVT (28)
qe = pu'e’ (29)

In turbulent flow modelling, the averaging of the Navier—Stokes equations
introduces additional unknowns, namely the Reynolds stresses, which require closure
to solve the system. This is achieved using turbulence models such as the k-@ SST
(shear stress transport) model (Menter, 1994). This two-equation turbulence model
combines the k- model in the near-wall region and the k-¢ model in the outer region
using a blending function. The equations for turbulent kinetic energy (k) and specific
dissipation rate (®) are as follows:

220 1 V- (puk) = P — B*pwk + V- [(u+ o )Vk]  (30)
% + V- (puw) = a%Pk —Bpw? + V- [(u+ oyu)Vol +2(1 —
F1)p0z— Vi - Vo (31)
here k — turbulent kinetic energy;
P;, — production term of turbulent kinetic energy
a,B,B%, 0k, 04, 0, —model coefficients;
w — specific dissipation rate;
F;, F; — k-0 SST model blending functions.
Turbulent viscosity is computed as:
=l (32)

max(w,Fy )
The blending functions F;and F, control the transition between the k-® and k-¢

models:
Fy = tann [min (max (25, 220, 22| ) - )

CDyy = max (200 = Vk - Ve, 10710) (34)

Py = tanh [max (25 229 ) 65)
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In this research, the flow reaches a Re of up to 800, at which point unsteady flow
has a notable impact. The k—w® SST turbulence model was chosen for its demonstrated
effectiveness in capturing transitional flow regimes (Bovati et al., 2021; Li et al.,
2016; D. Zhang, 2017), making it particularly suitable for accurately representing the
flow behaviour.

The time step was automatically controlled to maintain the Courant-Friedrichs-
Lewy (CFL) number at a nearly constant value of unity, ensuring numerical stability
and temporal accuracy.

2.1.3. Dimensionless quantities

Dimensionless quantities are numerical values that characterise physical
phenomena without specific units. These quantities are crucial in engineering,
physics, and fluid dynamics because they allow the comparison of different systems
and the derivation of generalised laws.

The hydraulic diameter is a concept used to analyse fluid flow in non-circular
ducts and channels. It is defined to provide an equivalent diameter for irregular cross-
sections, allowing the use of standard dimensionless numbers (e.g. Re) in flow

analysis. The hydraulic diameter is given by (White, 2011):

4A
D, =% (36)

here Dy, - hydraulic diameter;
IT — perimeter.

In the analysis of pin fin arrays, the choice of characteristic length, particularly
the Dy, plays a critical role in accurately capturing the flow and heat transfer
characteristics. Several studies have adopted the pin diameter as the characteristic
dimension (izci et al., 2015; Kosar et al., 2011; M. Lv et al., 2022; Mei et al., 2014;
Moores et al., 2009; Qiu et al., 2020; Sparrow et al., 1980). However, this approach
is limited in scope and becomes inappropriate for non-cylindrical pins, such as cones,
hourglass, or tapered geometries, where the diameter varies along the pin height. In
such cases, using a single diameter value fails to reflect the changing cross-sectional
flow conditions.

Alternatively, other authors define D, based on the overall channel cross-
sectional area and wetted perimeter (Abuska & Corumlu, 2023; Aguirre et al., 2022;
Al-Karooshi et al., 2024; Bhandari & Prajapati, 2021, 2022; Khoshvaght-Aliabadi et
al., 2018; Liang et al., 2021; Mesgarpour et al., 2019; Polat et al., 2022; Serkan Sahin
etal., 2023; Souida et al., 2022; F. Xu et al., 2018). While this channel-based approach
is more general, it still yields a uniform Dj across cases, regardless of variations in
pin shape (izci, pitch, or arrangement (F. Xu et al., 2018). Consequently, it
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oversimplifies fluid dynamics, often underestimating flow resistance and failing to
accurately capture local heat transfer behaviour.

To overcome these limitations, this study adopts a geometry-dependent
hydraulic diameter calculated based on the actual crossflow passage between adjacent
pins. This Dy is derived from the local pin spacing, incorporating transverse and
longitudinal pitch as well as pin diameter (as illustrated in Fig. 2). Unlike conventional
methods, this approach dynamically accounts for variations in pin shape and array
configuration, thus providing a more realistic representation of the effective flow area
and wetted perimeter throughout the array.

This distinction is particularly critical in staggered pin fin arrays, where the flow
does not proceed straight between rows but instead follows a zigzag or angled path
due to the offset geometry. Therefore, the D is calculated based on a cross-section
aligned with the actual flow path rather than one perpendicular to the overall flow
direction. This allows for better capture of the actual constricted passages and surface
interactions that influence pressure drop and heat transfer.

Notably, Renfer et al. (Renfer et al., 2013) also employed the same D, approach
in his work, which further supports the validity of this method. In the present study,
experimental data from Renfer’s work were used for validation.

>«
» €
\ — ] Flow direion |

Fig. 2. Area and perimeter of cross sectional flow between pins in a staggered
arrangement

The Re is used to predict the flow regime of a fluid (laminar, transitional, or
turbulent). It is defined as (Reynolds, 1895):

Re = £X0n = 2o (37)
u v

here Re — Reynolds number.
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The f measures the resistance to fluid flow due to surface roughness and
viscosity. The Moody chart illustrates how f varies with Re: in the laminar regime, f
decreases linearly with 1/Re; in the transitional regime, f, the trend becomes irregular
and strongly dependent on inlet disturbances and geometry. However, due to the flow
instabilities, mixing and momentum transfer are enhanced so that the measured frises
above the laminar line. In a turbulent regime, f generally decreases with increasing
Re.

Typical forms of the ffor laminar flow in a circular pipe (White, 2011):

64
f=2 (38)
For turbulent flow (when Re > 4000) (Colebrook, 1939):
E i 2.51
7o 2logqg (3.7 + Reﬁ) (39)

here € - pipe roughness height
The formula used for CFD calculations when A4p is known (White, 2011):
f=22n (40)

pu?L
here L — characteristic length or pipe length.

In this study, the measured pressure drop is recast into f, which accounts for both
viscous shear along the channel walls and, predominantly, the form drag generated by
the pin fin array. Rather than treating each pin as an individual local-loss element, the
periodic obstacles are homogenised into a distributed resistance; thus, f should be
interpreted as an effective loss coefficient rather than a pure wall-friction factor. This
provides a compact way to characterise the combined influence of wall shear and
obstacle-induced resistance on the microchannel’s overall hydraulic performance.

The Nu represents the ratio of convective to conductive heat transfer across a
boundary. A high Nu indicates strong convection, while a low number suggests that
heat transfer is primarily due to conduction.

The TPI is used to evaluate the efficiency of thermal systems, often in heat
exchangers or cooling applications. It indicates the system’s efficiency in providing
high heat transfer while minimising frictional losses. A higher TP/ suggests that heat
transfer is significantly improved without a significant increase in Ap. A lower TP/
implies the system experiences excessive friction losses relative to the heat transfer.

2.2. Boundary conditions

CFD boundary conditions (BC) are crucial for defining the physical domain and
governing the fluid flow behaviour in a microchannel simulation. They specify how
the fluid interacts with the boundaries of the computational domain and influence the
accuracy and stability of the numerical solution. This section outlines the boundary

48



conditions applied in the CFD simulations for this dissertation, detailing their
selection and implementation.

The CFD simulations in this study utilised a combination of boundary
conditions tailored to the specific problem being modelled. This includes inlet, outlet,
pin fins, upper/lower walls, right wall, left wall, and fluid-to-solid wall BC. Each
modelled case of the problem (entire channel, domain, etc.) has a different
combination of BC, considering suitability for the problem (see Table 7). Some BCs
are explained in the validation section, for example, why the mapped BC was used
instead of cyclic (see Section 3.1.2).

Microchannels fabricated using different techniques exhibit varying degrees of
absolute surface roughness (¢). For instance, Shima et al. (2016) reported an average
surface roughness of 8.4-9.6 nm for silicon microchannels produced via DRIE, while
Park et al. (2020) observed DRIE scallop depths of approximately 130-230 nm, which
could be reduced to below 20 nm through optimised post-etch smoothing processes.
Based on the reported surface roughness, the corresponding relative roughness for
Renfer et al. (2013) DRIE microchannel lies in the range of approximately 0.00004-
0.001. According to standard hydraulic-smooth criteria, ¢* < 5 (¢" = eu*/) (White,
2011), this magnitude of surface roughness is far below the level required to disturb
the viscous layer. Such small roughness values indicate that the walls are hydraulically
smooth, and the effect of roughness on pressure drop and flow structure is negligible.

Similarly, the impact on the thermal boundary layer can be evaluated using the
ratio &/6;. For typical microchannel flows with water (Pr = 7), the thermal boundary
layer thickness is of the order of a few micrometres, much lower than the hydraulic
boundary layer (Schlichting & Gersten, 2017). Meaning the surface irregularities are
fully embedded within the thermal boundary layer. Consequently, the channel can
also be considered thermally smooth, and roughness-induced heat transfer
enhancement is expected to be negligible.

The obstacles used in the study were considered hydrodynamically smooth. As
a result, surface roughness effects were not explicitly accounted for in the analysis.
This assumption is supported by the literature, where such obstacles are typically
treated as hydrodynamically smooth due to their manufacturing precision and material
properties (Qiu et al., 2020).

Table 7. Boundary conditions for simulations under non thermal and thermal
scenarios across various computational domains

Without heat transfer
Entire channel Periodic part Cyclic domain
P = Din P = Din
Inlet Tu-n=0 Tu-n=0 bin = Pour
k = kin k = kin
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W = Win W= Wi
pV: Patm (8) pV: Patm (8)
u-n= u-n=
Outlet Vk-n=0 Vk-n=0
Vw-n=0 Vw-n=0
u=20 u=20 u=20
. pn=20 p-n=20 Vp-n=0
Pin fins Tk n=0 Tk n=0 Vk-n=0
w wall function w wall function w wall function
Upper/ u=20 u=20 u=0
lower ’pn=20 p-n=20 Vp-n=0
walls Vk-n=0 Vk-n=0 Vk-n=0
w wall function w wall function w wall function
u=20
Right Vpn=20
wall Vk-n=0
@ Waii ];ugcaon ¢right = ¢left ¢right = d)left
p-n=20
Left wall Vk-n=0
w wall function
With heat transfer
Cyclic domain w/o solid Cyclic domain with
part solid part
Fluid
Uin = Uout
Uip = Uoye p = f(eq)
p = f(eq) kin = koue
Inlet kin = Kout Win = Woyt
Win = Woyt Tin = Trixea
Ty = Tfixed Solid
Pin = Pour
Vu-n =0 (if outflow)
u = 0 (if outflow) Fluid
p = f(eq) Vu-n
Vk -n =0 (if outflow) = 0 (if outflow)
k = kgixeq (if outflow) u = 0 (if outflow)
Outlet p = f(eq) p = f(eq)
Vw - -n =0 (if outflow) Vk-n=0
W = Wixeq (If outflow) Vw-n=0
VT -n = 0 (if outflow) Solid
T = Tfixeq (if outflow bin = Dour
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u=20
p = f(eq)
Pin fins |7k-n=0' .
w wall function
VI n=0
u=20
Upper/ p = f(eq) Solid
lower Vi-n =0 0T _ dfixea
walls w wall function n- Kk
a_T _ qfixed n
on___ k
Fluid
Left/ngh _ ¢right = d)left
t wall ¢right - ¢left Solid
¢right = ¢left
- Fluid
u=20
p = f(eq)
’ k wall function
Flulﬂ(ito w wall function
soli Afwia = 9solid
Solid
Gsotid = Yfiuid

2.2.1. Zero gradient

Zero gradient is a form of Neumann or second-type boundary condition where
the gradient of a variable normal to the boundary is set to zero:

Vp-n=0 41

@ — is the variable of interest (e.g., temperature or velocity), n — defines direction
normal to the boundary surface.

In simple terms, it means the variable (such as temperature, velocity, pressure,
or turbulence quantities) is extrapolated directly from the interior towards the
boundary. When implemented in a discretised numerical model, this condition ensures
that the boundary value is effectively equal to the value in the nearest cell centre
adjacent to the boundary face, implying no change or variation normal to the
boundary.

2.2.2. Fixed value

The fixed value boundary condition assigns a specified constant value to a
variable at the domain boundary, making it one of the fundamental boundary
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conditions. It is also known as a Dirichlet or first-type boundary condition, expressed
mathematically as:
}Ir = brixea (42)
@iceq — 1s the prescribed value at the boundary.
This condition can be used for both scalar and vector fields, including pressure,
temperature, velocity, and other relevant quantities in a simulation.

2.2.3. No-slip

The no-slip boundary condition is a fundamental assumption in fluid mechanics,
stating that the fluid velocity at a solid boundary equals the velocity of the boundary
itself. For a stationary wall, this means the fluid has zero velocity relative to the wall:

u=20 (43)

This condition creates a velocity gradient near the wall, leading to shear stresses
and frictional effects in the flow. In CFD simulations, such as OpenFOAM, the no-
slip condition is applied by setting the wall velocity to zero for stationary surfaces,
ensuring accurate representation of boundary-layer development and wall-friction
effects in the simulation.

2.2.4. Cyclic

In periodic flow simulations with cyclic boundary conditions, such as fully
developed channel or pipe flows, the flow domain is treated as infinitely repeating,
and the boundary condition enforces:

bin = bout (44)

This implies no net pressure difference across the domain via the BCs, which,
in turn, results in no driving force unless an external mechanism is introduced.

Mathematically, it introduces a force per unit volume that is adjusted at each
timestep to drive the flow towards a target mean velocity (u.). The approach acts like
a proportional controller, calculating the difference between the current domain-
averaged velocity and the desired target velocity, and then determining the required
body force to bridge this gap over the timestep. This method is particularly effective
in simulations with cyclic boundary conditions where no natural pressure drop exists,
as it mimics the effect of a pressure gradient while preserving periodicity.
Consequently, the mean velocity force ensures a physically realistic, fully developed
flow, facilitating accurate calculation of turbulent statistics and friction factors.

= g (45)

u — domain-averaged velocity, Utqrger — given value.

At each time step:

utrg -u

f=p—— (46)
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Pressure difference is not imposed directly; effective pressure drop is calculated
from the force. The effective pressure drop corresponding to this force over the
domain length is:

Apesr = If1- L (47)

This represents the effective or virtual pressure drop required to drive the same
flow rate in a real, non-periodic physical system.

The cyclic BC enforces strict periodicity by ensuring that the temperature
exiting one boundary re-enters at the opposite boundary, effectively creating an
infinite repeating domain. However, in simulations with net heat addition, using a
cyclic BC will cause the temperature to continually increase, as there is no mechanism
for heat removal. In contrast, applying a mapped BC allows the inlet temperature to
be set based on values from another patch, such as a fixed-temperature region, thereby
preventing unbounded temperature rise. Although this breaks the simulation’s
periodicity, it enables boundary temperature control, ensuring thermal stability when
periodic heat accumulation is not physically meaningful.

2.2.5. Mapped

The mapped boundary condition is used to transfer field values from a source
patch to a target patch, ensuring continuity across interfaces in multi-region or
conjugate heat transfer simulations. Mathematically, it imposes that the value of a
field at the mapped boundary equals the value at the corresponding location on the
source boundary:

¢map = Gsre (48)
®map — 1s the value at the target patch (where the BC is applied), ¢y — is the value
at the source patch (from which the field is mapped).

This means that quantities such as temperature, velocity, or pressure are directly
mapped from the source to the target patch, maintaining physical consistency across
regions.

2.2.6. w wall function

The OmegaWallFunction is a wall boundary condition for the specific
dissipation rate w used in k—® turbulence models, such as k—® SST, in OpenFOAM.
It calculates an appropriate near-wall value of w based on the local y+, applying an
analytical formula in the viscous sublayer and a log-law-based formula in the
logarithmic region:

Wyis = Biy? 49)
vk
wlog - Cuky (50)

W = wyis when yt <=y}
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w = wjog When y* >y,

This ensures accurate and stable turbulence predictions near walls by preventing
unphysical values of w, whether the mesh fully resolves the boundary layer or uses
wall functions to model it.

If the mesh is fine near the wall, OmegaWallFunction calculates w based on
viscosity and distance. If the mesh is coarse, it uses a formula based on turbulence
quantities and log-law theory to set w appropriately to ensure stable, accurate results.

2.2.7. k wall function

The kgRWallFunction is a wall boundary condition used to specify the turbulent
kinetic energy
k at walls in high y+ mesh regions when using RANS turbulence models. It
calculates k based on the friction velocity, assuming an equilibrium turbulent
boundary layer governed by the log-law. Mathematically, it is defined as:
2
k =

uz

Tor (51

where C, is a model constant (typically 0.09), and u, — is the friction velocity.

2.2.8. Calculated

The calculated boundary condition is generally intended for derived fields rather
than primary solved variables like pressure; it can work in specific cases, such as
mapped or coupled boundaries in OpenFOAM. In these situations, pressure does not
require a direct boundary condition because its value is determined internally through
the mapping or coupling process.

¢ = f(solver equations or other fields) (52)

The pressure at a calculated BC boundary is not imposed; it is directly obtained

from the solution of the pressure equation in the solver.

2.2.9. Wall heat flux

The externalWallHeatFluxTemperature is a wall boundary condition for
temperature in OpenFOAM that imposes an external heat flux or heat transfer
coefficient and external temperature, computing the wall temperature accordingly.
When given a fixed heat flux ¢ (W/m?), the BC enforces:

aT
—q = —ka (53)
The BC imposes:
a_T _ lfixed
Tk (54

The BC sets the temperature gradient based on your input heat flux, and the
solver then calculates the resulting wall temperature.
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2.3. Experiments used for validation

Several experimental data were selected to validate the model. One of them is
the experiments of Renfer et al. (2011, 2013), which investigated both heated and
unheated microchannels.

The microchannel configuration has both an inline and a staggered pin fin
arrangement. The microchannels were made from silicon using deep reactive ion
etching (DRIE). The chip heat transfer area was a square 10 x 10 mm? with a channel
height of 200 um. To achieve uniform heat flux, rectangular 300 nm-thick NiCr 80/20
metal layers were deposited on the back side to form a resistive thin-film heater. Both
sides were heated unless uLIF measurements were taken, in which case one side was
heated. A heat flux of 720 kW/m? was used for the experiments.

The flow was driven by a rotary pump in order to reduce pulsations that can
cause flow disruption and premature transients. When the flow exceeded 50 ml/min,
the variation in velocity and flow rate was less than 2%. The flow rate was measured
using a laminar pressure-gradient flow sensor with a scale accuracy of 2%. A
differential pressure gauge with a range of 0-2.0 bar and an accuracy of 0.2% was
used to measure the pressure difference between the measurement points. A uPIV
system, consisting of an epi-fluorescence microscope, was used for flow visualisation.
All measurements were performed at room temperature using deionised water as the
working fluid, with a small amount of sodium hydroxide added to adjust the pH and
reduce the accumulation of anionic particles (seeded fluorescent particles) on the
barriers and walls.

The second experiment was done by Kosar et al. (2011). The microchannel was
made using the DRIE process. The microchannel is 1.5 mm wide, 10 mm long, and
243 pum high. There are 40 rows of cylindrical pins in the longitudinal direction and
alternating 5 or 6 columns in the transverse direction. The cylindrical pin diameter is
100 pm, and the longitudinal and transverse pitches are 250 um. The experiments are
conducted at room temperature (22 °C) with deionised water and have no heat supply,
thus maintaining adiabatic conditions.

The selected Re ranges were based on experimental data, and it would be
inappropriate to extrapolate them significantly beyond the measured values. This
explains why some results start at Re = 200, while others begin at Re = 30; each range
corresponds to the conditions under which reliable experimental measurements were
obtained.

2.3.1. Experiment uncertainties

Reliable interpretation of experimental data relies on a comprehensive analysis
of measurement uncertainties. Differential pressure measurements across the test
section were obtained using a sensor with £2 mbar accuracy, resulting in a maximum
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uncertainty of 1.7% at low Re; at high Re, the uncertainty was lower. The volumetric
flow rate was controlled and measured using a high-precision laminar flow element
with an uncertainty of £10 mL/min. Therefore, it resulted in up to 13% uncertainty.

Temperature data were acquired using multiple techniques, each contributing a
specific measurement uncertainty given in Table 8.

Table 8. Uncertainties of measurements

Measurement Method Uncertainty
RTDs (wall surface) +0.2 K
T-type Thermocouples (inlet/outlet) +0.1 K
Infrared Thermography +0.2 K
Microscale LIF (uLIF) +2.3 K (RMS error)

The uncertainty in the /4, and consequently the Nu, was estimated using the
standard method of uncertainty propagation:

2 2 2 2
_ dht 2 (aht) 2 (6ht) 2 (E)ht) 2
Ont = (aQéff) GQeff + OTRTD GTRTD + 0Tip Oin + OTout Oout
(35)
The partial derivatives were computed based on a rearranged form of the energy
balance equation, and the implicit function theorem was applied to obtain the

sensitivities with respect to each variable.

At the lowest Re tested, the maximum relative uncertainty in the Nusselt number
was 6.9%, whereas at the highest Re, it decreased to 2.3%, due to improved signal-to-
noise ratio and stabilised flow behaviour.

During the experiments, the fluid temperature was maintained between 20°C
and 25°C, but the exact temperature at each test point was not recorded. As a result,
the kinematic viscosity v, which is temperature-dependent, could not be determined
with complete precision. This temperature variation introduced an additional source
of uncertainty in estimating v, since viscosity can vary significantly over this
temperature range. Consequently, a conservative relative uncertainty of £11% was
assigned to the kinematic viscosity in the uncertainty analysis to account for this
variability.

To ensure a reliable interpretation of the experimental data, a combined
uncertainty analysis was conducted for key fluid dynamic and thermal parameters.
The following relative uncertainties were identified for the relevant input quantities:

e  Volumetric flow rate: +13%
e Kinematic viscosity: £11%
e Pressure drop: £1.7%
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These values were used to compute the propagated uncertainty for parameters
such as the Reynolds number. Assuming the uncertainties in @ (arise from
measurement equipment) and v (from not giving details in the article) are independent,
the combined relative uncertainty in the Re is given by:

() = (%Q)2 + (%)2 =J13%)? + (11%)?=17%  (56)

This propagated +17% uncertainty in Re significantly influences the
interpretation of flow regime classification, particularly in transitional flow

conditions, where slight variations in Re can result in different flow behaviour.

Also, Renfer et al. (Renfer et al., 2011) reported geometric tolerances in pin
diameter of =5 pm and in pin pitch of +£10 pm for pins nominally 100 pm in diameter
and 200 um in pitch, corresponding to a potential £5—-10% variation in key flow-
defining dimensions.

2.4. Geometry

The microchannel geometric configuration is based on the experiments
performed by Renfer et al. (2011, 2013) and Kosar et al. (2011). The first one has a
height of 200 pm, a width of 10 mm, and a length of 10 mm. The diameter of the
cylindrical pin is 100 um, while the pitch is 200 um. They are arranged in both an
inline and staggered manner. There were 50 pin fins in the longitudinal and transverse
directions, for a total of 2500 pin fins. The Re ranged from 178 to 735.

On the other hand, Kosar et al.(2011) used an array of 10 mm in length, 0.243
mm in height, and 1.5 mm in width. There were 40 cylindrical pin fins in the
longitudinal direction and alternating 5 or 6 in the transverse direction. The pin
diameter is 100 pm, and the transverse and longitudinal pitch is 250 um. The Re
ranged from 49 to 149.

The domains of both microchannel configurations are shown in Fig. 3. The
microchannel geometric configurations studied by Renfer et al. (2011, 2013) (R-type)
and Kosar et al. (2011) (K-type) share similarities in using cylindrical pin fins with a
pin diameter of 100 um to enhance fluid mixing and heat transfer. However, they
differ significantly in their Re. This contrast in flow regimes was a key factor in
selecting these two configurations for analysis, allowing to investigate how changes
in flow behaviour impact hydrothermal performance. Examining both designs can
provide valuable insights into optimising microchannel configurations for specific
applications, whether they require enhanced laminar flow characteristics or turbulent
mixing for improved heat management.
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Front view

Side view
B |
Fig. 3. Geometric model of microchannel pin fin array featuring R- and K-type

configurations

2.5. Geometry of investigated cases

Various geometries were used in this research, with the primary ones illustrated
in Fig. 3. Additional geometries are detailed in Table 9, which provides the simulation
conditions. More information on Dj, heating area, pin fin area, and volume is available
in Appendix 1.

The case naming follows a structured format: the first mandatory letter denotes
the source of the experimental data — Renfer et al. (R) or Kosar et al. (K). The second
mandatory letter represents the pin fin shape, including cylinder (C), double-cylinder
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(DC), ellipse (E), conical (T), or hourglass (H). A numerical value indicating the
inclination angle in conical or hourglass configurations follows if applicable. This
may be followed by “A” or “B”, indicating unidirectional (A) or bidirectional (B)
conicity. Finally, the letter “P” signifies a pitch modification and a numerical value
indicating the pitch variation. A total of 90 pin fin array variants were investigated,

excluding the original configurations.

Table 9. Summary of pin fin array geometries, arrangements, and simulation

conditions
Geometry
Picture & name Conditions
Arrangement Pin fins
) n
S & Ui =1.25 -
Inline Double-cylinder 2.'25 m/s
- — Fluid — water
P =200 pm D;=100 um (16°C)
H =200 um D;=50 pm ke SST
Adiabatic
uin=0.165 —
Inline Ellipses s
Pion= 200 pm D,= 100 pm u(l 603
P, =50-140 um D, =40 um ke SST
Adiabatic
R-E-P120
R-E(Pitch)
fb\ Re=85-117
p Staggered Dw =140 pm Fluzczlz—o\cv)ater
P =250 um Diiga= 53.6 pm Koo SST
H=243 ym ®=19.573° Adiabatic
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K-H19
D; =41.8-91.6
pm
K-T14-A-P250 Re=40-117
Staggered D, =108.4 - Fluid — water
K-T(angle)-A-P(pitch) P =200-300 um 158.2 um (22°C)
. 3 H =243 pm k-0 SST
Depends on Adiabatic
angle 2° -
13.48°
K-T14-B-P250
K-T(angle)-B-P(pitch)
D1 = 86 um
D, =114 um
®=4.004°
Re =200 -
800
St_aggered Fluid — water
P =200 ym — 9500
H =200 um (Tw=20°C)
H k-0 SST
D1 =66 pm
D, =134 um
®=9.648°
R-T8-A




R-H8

D; =86 um
D, =114 um
®=797°

D1 = 76 pm
D, =122 um
®=12953°

D; =70 um
®=8.531°

R-H16

D, =42 um
D, = 100 um
0=16.172°
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3. MODEL VALIDATION

To begin the CFD validation process, an entire channel simulation using the
RANS and URANS approaches with the simpleFoam and pimpleFoam solvers was
conducted. This setup is designed to replicate the experimental geometry and flow
conditions as closely as possible, serving as a baseline case. By modelling the entire
pin fin array, including inlet and outlet regions, this simulation can capture all relevant
flow phenomena such as developing flow. The resulting data will be used to establish
a reference solution that accounts for the effects of real geometric and boundary-
condition features observed in the experiment.

Following the entire channel simulation, a reduced-domain model will be
developed using a periodic part and a cyclic domain of a pin fin array. The objective
here is to reduce the computational cost while retaining significant accuracy. This
smaller domain will also use the URANS approach with pimpleFoam, and results such
as pressure drop and/or velocity will be directly compared with the results from the
entire channel. A good match between the two would justify using the smaller domain
in subsequent thermal and parametric studies.

Next, thermal effects will be introduced into the validated reduced domain by
switching to the buoyantFoam solver. This solver will allow the modelling of heat
transfer through a pin fin array. It is critical to ensure that boundary conditions, such
as heat flux, wall temperatures, and mass flow rates, are consistent with the previous
simulations and experimental setup. The results will then be compared with
experimental data to assess the accuracy of the thermal modelling.

If the cyclic domain model shows strong agreement with both the entire channel
simulation and experimental data, a mesh convergence study will be performed using
the simplified domain. This study involves running simulations with successively
refined meshes and examining the stability of key results such as Nusselt number and
pressure loss. The goal is to identify a mesh that offers a good balance between
accuracy and computational efficiency.

Finally, quantitative metrics such as RME and percentage deviation will be used
to assess the differences between CFD results and experimental data. These statistical
tools will help quantify the level of agreement and provide objective evidence of the
simulation’s reliability for both flow and thermal parameters.

3.1. Uncertainty analysis

In this study, an uncertainty analysis is conducted to systematically assess the
influence of modelling assumptions and simplifications on the accuracy of CFD
simulations. First, geometrical simplification is achieved by reducing the
computational domain from the entire channel to a periodic segment and then to a
cyclic domain to validate the applicability of cyclic boundary conditions. Also, the
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impact of turbulence and flow modelling choices is examined through a comparison
of RANS and URANS approaches, as well as compressible and incompressible
formulations. Subsequently, input uncertainties are examined, focusing on variations
in initial temperature and viscosity to evaluate their influence on the pressure drop.
Finally, a simplification of conjugate heat transfer is applied by neglecting solid
regions and modelling only the fluid domain, thereby reducing computational cost
while maintaining physical relevance.

3.1.1. Geometrical simplification

The physical model of the microchannel was first simplified to a periodic
segment and then to a cyclic domain to reduce computational costs. This reduction in
domain size allows the use of more advanced turbulence models, such as URANS
instead of RANS.

For both the entire channel and periodic part cases, the pressure drop was
prescribed as a boundary condition. In the cyclic domain, however, cyclic (for
incompressible) or mapped (for compressible) boundary conditions were applied,
where the velocity u was specified as the initial condition (boundary conditions for
each geometry are prescribed in Table 7). The applied geometries are presented in
Fig. 4.

Entire channel

Periodic part

Fig. 4. Mesh domain decomposition for CFD simulations: from entire channel
to cyclic domain
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The pressure—velocity coupling is primarily managed using the SIMPLE and
PIMPLE algorithms, depending on the simulation type. For transient simulations, the
PIMPLE scheme is employed with multiple correctors and non-orthogonal corrections
to improve stability. Pressure correction relies on the GAMG solver, complemented
by different smoothers, such as Gauss-Seidel or DIC, to ensure robust convergence.
Velocity, turbulence, and other scalar transport equations are solved using
smoothSolver with symmetric Gauss-Seidel smoothing. In contrast, for compressible
cases, additional solvers, such as PBiCGStab with DILU, are used to enhance
robustness.

The numerical setup uses Euler or steady-state time discretisation, with Gauss
linear for gradients and Gauss linear corrected for Laplacians. Divergence terms apply
to second-order upwind-biased schemes. Interpolation is linear with corrected
surface-normal gradients.

The relationship between the inlet velocity and the pressure drop is shown in
Fig. 5. The graph also includes an error margin of 10% based on experimental
measurements. In addition to the choice of computational domain, different modelling
strategies were compared: RANS versus URANS and compressible versus
incompressible formulations. The results indicate that fluid compressibility has a
negligible effect on the predictions. Because the emphasis here is on geometry
comparison rather than validation, the complete modelling validation is provided in
Sections 3.3 and 3.4.

A comparison of the u;, across the entire channel with the periodic segment
shows deviations of 12.8% for the incompressible case and 11.6% for the
compressible case. In comparison, the difference in u;, between the entire channel and
cyclic domain models is relatively small — 4.67%. The most significant deviation
occurs when the flow transitions from steady to unsteady behaviour. Interestingly,
flow regime transitions occur earlier in the cyclic domain, as the flow there quickly
reaches a developed state. This highlights the advantage of cyclic boundary conditions
in promoting faster establishment of flow characteristics compared to conventional
boundary setups.

The study confirms that cyclic boundary conditions effectively reproduce the
microchannel’s pressure distribution and flow characteristics while reducing
computational costs and maintaining high accuracy. The only notable difference
between the models is the variation in the flow when it becomes unstable. Cyclic
boundary conditions do not account for inlet and outlet effects, which can cause the
transition to unsteady flow to occur earlier compared to the entire channel simulations.
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Fig. 5 Numerical results of Ap versus u;, for entire channel, periodic part and
cyclic domain

3.1.2. Input uncertainties

As previously mentioned, the kinematic viscosity may vary by up to 11% and
the temperature by up to 20% due to experimental uncertainty, since the exact
temperature was not recorded during the experiments.

Therefore, the uncertainty in operating conditions (initial temperature and
viscosity) was investigated. To address this, the impact of uncertainty in operating
conditions, specifically the initial temperature and viscosity, on pressure drop was
investigated. The analysis was performed using the cyclic domain for both
compressible and incompressible cases, under steady and unsteady flow regimes. The
results, presented in Fig. 6. The difference between higher and lower initial
temperatures (20 °C and 25 °C) results in a variation of 19.7-26.1% in the 4p values.
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Fig. 6 Model compressibility and the influence of initial temperature on the
results

3.1.3. Conjugate heat transfer simplification

In computational heat transfer studies, particularly those involving
microchannels and finned structures, the representation of the solid region often
increases computational demand. While the inclusion of conjugate heat transfer
ensures a complete description of both conduction in the solid and convection in the
fluid, this approach may not always be necessary. For highly conductive materials,
internal temperature gradients within the solid remain small relative to those in the
working fluid, suggesting that the solid can sometimes be excluded from the
computational domain without compromising predictive accuracy in the quantities of
primary interest.

The present work investigates the implications of omitting the solid domain in
the numerical modelling of a silicon-based microchannel pin fin array. A comparative
analysis was performed between simulations incorporating the solid region and those
limited to the fluid domain. The comparison focuses on parameters central to thermal—
hydraulic performance, including Ap, Nu, T, Tria, Ao, which were compared between
cases with and without a solid region. The MRE is 5.3% for 4p, 3.6% for Ao, 14.1%
for Nu, and less than 0.5% for T, and T, The most significant deviation was
observed in the transition region, where the absence of the solid region caused a delay
in the transition and sharper variations in the flow properties. This resulted in a higher
MRE when the transition-induced changes in the Re range were taken into account.
For example, excluding Re = 346 and 422 from the comparison would reduce the
MRE of Nu to approximately 7%.
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In unsteady flow, the deviations are relatively minimal, indicating that the
impact of excluding the solid region becomes negligible in the area of primary interest.
Therefore, this simplification provides a practical trade-off: it allows significant
savings in computational resources while maintaining accuracy where it matters most
—in the unsteady regime, where the study’s main insights are focused. The comparison
of pressure and heat transfer characteristics confirms that the reduced-area
calculations are consistent and reasonable.
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Fig. 7. a) Pressure drop b) area of vortical structures ¢) Nusselt number d)
temperatures at various Re, comparing simulations with and w/o the solid part

3.2. Mesh quality assessment

The mesh quality was evaluated using a combination of mesh convergence and
grid convergence index (GCI). The mesh convergence technique involved systematic
mesh refinement and observation of changes in the simulation results to ensure that
the solution stabilised as the mesh density increased. This process helped identify the
minimum mesh resolution required to achieve reliable results without unnecessary
computational expense.

At the same time, the GCI was employed to quantify the uncertainty associated
with the numerical solution. GCI provides a systematic method for assessing how
variations in mesh density affect the results, enabling a more accurate evaluation of
mesh quality (Roache, 1997). By calculating GCI values for different mesh
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configurations, we could determine the level of confidence in the simulation results
and ensure that they were within acceptable limits. Together, these methods provided
a robust framework for assessing mesh quality, leading to more accurate and reliable
simulation results.

A cyclic domain without a solid part was selected to analyse mesh convergence
and GCI calculation. Five mesh configurations were compared: Mesh 1 with 44,032
elements, Mesh 2 with 72,160 elements, Mesh 3 with 118,272 elements, Mesh 4 with
198,016 elements, and Mesh 5 with 396,032 elements (see Fig. 8), evaluated at both
the lowest and highest Re investigated.

Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5

Fig. 8. Mesh comparison across identical domain

It is preferred that » be greater than 1.3 (Roache, 1997). In all cases, the wall
distance parameter y+ was maintained below 1 to ensure proper boundary layer
resolution. Table 10 presents results of both the maximum y+ (ensuring it does not
exceed 1) along with the first cell thickness.

Table 10. Maximum y+ value and cell first thickness for different meshes

Maximum y+ Thickness of the first cell

Pin fin Upper/lower wall | From pin fin | From upper/lower wall
Mesh 1 8.19E-03 1.58E-03 1.72E-06 7.79E-07
Mesh 2 2.20E-03 1.79E-03 1.26E-06 9.40E-07
Mesh 3 3.71E-03 2.51E-03 1.42E-06 1.23E-06
Mesh 4 1.34E-02 2.04E-03 2.69E-06 1.23E-06
Mesh 5 9.02E-03 4.22E-03 2.48E-06 1.62E-06

The results for Ap, Nu and Ao are presented in Fig. 9. At low Re, the pressure
differences among the meshes were approximately 1%. At high Re, no significant
difference was observed between Meshes 4 and 5; however, there were 7% differences
between Meshes 3 and 4, 4% between Meshes 3 and 2, and 7% between Meshes 2 and
1.

At low Re, Nu showed differences of about 2% between Meshes 2-5 and an 8%
difference between Meshes 1 and 2. At high Re, Nu variations can reach up to 22%,
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with the smallest difference of 8% between Meshes 4 and 5. Similarly, the differences
in A were uniform across Re, with the least variation of approximately 3% between
Meshes 4 and 5.
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Fig. 9. Effect of mesh fineness on a) Ap, b) Nu and ¢) 4o for Reynolds
numbers of 178 and 735

Cell elements

The GCI method was applied to Meshes 3, 4, and 5 at Re of 735 to assess the
validity of the mesh for calculations (see Table 11). The approximate errors between
Meshes 5 and 4 were 0.26% for 4p, 7.3% for Nu, and 3.17% for Ae. In comparison,
Meshes 4 and 3 errors were 7.5% for Ap, 13% for Nu, and 6% for the Ao. The external
errors for Meshes 4 and 5 were recorded as 0.62%, 3.68%, and 1.92% for 4p, Nu, and
Ao, respectively, while the errors between Meshes 3 and 4 were significantly higher
at 20.31%, 9.68%, and 5.36%.

The GCI results indicate that the grid convergence between Meshes 5 and 4 is
quite satisfactory, with minimal errors (GCI values of 0.78% for 4p, 4.77% for Nu,
and 2.45% for Ao). However, the transition from Mesh 4 to Mesh 3 shows at least a
three times greater error (GCI values of 31.85% for 4p, 13.4% for Nu, and 7.08% for
Ap), suggesting that the resolution of Mesh 3 may be inadequate or that numerical
errors related to the grid resolution may be affecting the results.

Table 11. GCI analysis for 4p, Nu, and Ao using three successive meshes

Ap Nu Ao
Mesh 5-3 396032, 198016, 118272
721 2
r32 1.674
@1, 02, 93 4250, 4239,3 922 20.6,19.11,16.63  21.53,21.32, 19.64
& 0.499 1.543 1.387
Qex’! 4276.60 21.41 10
e 0.26% 7.31% 3.17%
Eexi®! 0.62% 3.68% 1.92%
GCP! 0.78% 4.77% 2.45%
Pex? 5319.07 21.16 10
&’ 7.48% 13.02% 5.91%

69



Eext™ | 20.31% 9.68% 5.36%
GCrP*? \ 31.85% 13.40% 7.08%

The results from Mesh 4 demonstrate good convergence with low GCI and error
values, indicating that further refinement is unlikely to improve simulation accuracy
significantly. Therefore, it is concluded that the medium mesh with approximately
198016 elements is sufficient for an accurate analysis of the problem under
consideration. Consequently, this mesh will serve as a basis for further analyses
involving other configurations, such as cyclic domains with solid components or
various pin fin shapes.

3.3. Hydraulics validation

To maintain consistency with the experimental conditions, a specified Ap was
applied between the inlet and outlet boundaries in the CFD simulations, rather than
prescribing a u;, directly. However, in the cyclic domain, the initial boundary
condition was prescribed in terms of u;,. Because the inlet area in the cyclic domain
is different from that in the entire channel, u;, was recalculated to the original channel
Uin.

The ui, of the entire channel was extracted from the simulations and compared
directly to the corresponding values reported in the experimental data. This
comparison ensured that the simulated flow rate matched the experimental flow
behaviour at the same pressure drop, thereby providing a solid basis for validating
both the entire channel and reduced-domain models. Otherwise, for the cyclic domain,
Ap was compared to experimental data, since u;, was given.

The results of the modelling and experiment are given in Fig. 10. A £10% error
range around the experimental data is shown. The simulations using the entire channel
align well with the experimental trend (MRE,,, . = 10 %). While the cyclic domain

has MREj,;, of 12 %. Both numerical data overestimate either u;, or 4p. Nevertheless,
the overall agreement with the experiment confirms the validity of the results.
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Fig. 10. 4p Versus u;, against experimental data of Renfer et al. (2013)

Further validation of 4p was conducted using the experimental results from
Kosar et al. (2011). A comparison of the entire channel and cyclic domain with the
experimental data is shown in Fig. 11. In this case, a predominantly steady regime
was observed, consistent with the experiment. The MREj,between the numerical
results of the entire channel and the experiment is 7 %, while for the cyclic domain it
is 12 %. The cyclic domain shows an underestimation. This underestimation is likely
due to the use of a periodicity in the simulation, which does not consider the inlet’s
effects. Since the inlet region plays an important role in the overall 4p, excluding it
from the cyclic domain leads to lower predicted values than the experimental results.
Nevertheless, the overall agreement with the experiment confirms the validity of the
results.
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Fig. 11. Comparison of 4p results from the entire channel and cyclic domain
with experimental data reported by Kosar et al. (2011)
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3.4. Heat transfer validation

Another important aspect of model validation is heat transfer, specifically Nu.
The results for the cyclic domain w/o solid were compared with the experimental
results of Renfer et al. (2011, 2013) in Fig. 12. In the steady flow regime, Nu remains
relatively constant, with no significant increase. However, a sharp jump in Nu occurs
after reaching Re of approximately 491, indicating the onset of flow transition.

The overall MRE for the Nu is 10%, with a significantly lower MRE of 3% after
the transition point (after Re = 491). The delay can be attributed to the use of cyclic
boundary conditions in the model. Since the cyclic conditions do not account for inlet
and outlet effects, the transition is delayed compared to the experimental results when
these boundary conditions are naturally present. Despite this delay, the results show
good agreement with the experimental data, especially after the transition, confirming
the model’s validity for heat transfer predictions.
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Fig. 12. Comparison of modelling results of Nu from the cyclic domain with
experimental data reported by Renfer et al. (2013)

3.5. Pearson correlation coefficients

Additionally, to assess how well the model reproduces the experimental results,
the Pearson correlation coefficient (rp) was calculated. The Pearson correlation
coefficient is a statistical measure of the strength and direction of the linear
relationship between two variables. In the context of CFD validation, it quantifies how
closely the numerical predictions follow the experimental data. While error metrics
such as MAE or RMSE provide information about the magnitude of deviations, the
Pearson coefficient directly addresses whether the CFD model reproduces the trend
of the experimental measurements. A value of r close to +1 indicates that as the
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experimental variable increases (e.g., inlet velocity with pressure), the model output
increases in nearly the same proportion, which is crucial in confirming that the model
captures the correct physics of the problem. The initial/calculation data is presented
in Table 12 and Table 13.

Table 12. Experimental and numerical pressure drop and inlet velocity data for the
entire channel

4p, Pa Uexp , M/S Unmod, M/S
11495 0.52 0.488939
17608 0.74 0.683444
24252.5 0.93 0.854296
34883.7 1.11 0.970066
48970.1 1.26 1.13604
64119.6 1.41 1.30024
79269.1 1.58 1.43032
95215.9 1.73 1.55339
113023 1.89 1.69641

Table 13. Experimental and numerical pressure drop and inlet velocity data for cyclic
domain

Uin, M/S APexp, Pa APmod, Pa
0.52 11495 11786.67
0.74 17608 17288.44
0.93 24252.5 29135.83
1.11 34883.7 46292.65
1.26 48970.1 59408.33
1.41 64119.6 72767.19
1.58 79269.1 89109.09
1.73 95215.9 106870.1
1.89 113023 125875

Formula for rp:

Z?=1(uexp )~ Uexp) Umod(i)—Umod) (57)

\/ Y (texp i) -ﬁexp)zJ Sy (tmod(y~Tmod)”

For the present case, the correlation between experimental u; and the CFD-

Tp

predicted values for the entire channel was calculated using nine paired data points
across a wide pressure range. The result was » = 0.999. Similarly, the correlation
between experimental 4p and modelling for the cyclic domain yielded the same value,
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0.999. These values are extremely close to unity, indicating near-perfect linear
agreement between CFD predictions and experimental measurements. This suggests
that the governing flow physics are well captured.
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4. RESULTS

The results section is structured into two primary categories: hydraulic
performance, covering analyses of the 4.1. Friction factor and 4.2. Q criteria
investigation and 4.3. TKE, KE and Q relationship, while 4.4. Heat transfer focuses
on heat transfer characteristics. These two aspects are integrated into a comprehensive
4.5. Overall performance and 4.6. Performance evaluation using sections.

It is important to note that not all geometries were subjected to heat transfer
simulations. Some configurations were analysed solely to assess their feasibility and
potential for further investigation.

Furthermore, the detailed examination was limited to specific pin fin shapes
with uniform cross-sections along their height, namely the double-cylinder and
elliptical types, while other shapes were not considered. This decision was based on
the extensive prior research available on such geometries and the predictable,
monotonic nature of the vortex structures they generate. Therefore, the main research
object is pin fins with non-uniform cross-sectional profiles along their height,
specifically conical and hourglass geometries. These designs were selected due to
their promising ability to improve heat transfer efficiency and flow dynamics.

The results are grouped based on two geometries and their respective Re ranges.
The first group follows the K-type pin fin arrays, with Re values up to 115, which are
classified as low-Re despite some configurations experiencing vortex shedding. The
second group is based on R-type pin fin arrays, with Re ranging from 200 to 800, and
is considered to fall within the high Re regime.

In all further simulations, Re was calculated considering the velocity as the inlet
velocity in the cyclic domain, not in the channel:

Re = ZMinamPn (58)

v
Therefore, Uy ,,, is scaled by a factor of two to recover the inlet velocity of the

entire pin fin channel.

4.1. Friction factor and flow topology
4.1.1. Cylinders vs double-cylinders

The results and analysis are presented in Section 4.1.1. are also presented in the
publication '. In this section, the flow is treated as incompressible.

A comparative analysis of the f between the cylindrical pin fin array (R-C-I) and
the double-cylinder pin fin array (R-DC-I) is presented in Fig. 13. Under steady flow
conditions (Re = 300), the fin the R-DC-I fin array was 8 % lower than that of the R-

! Jaseli@inaite, J., geporaitis, M. Numerical Modelling of Flow Behavior in a Micro
Cylinder and Double-Cylinder Pin-Fin Arrays. In: Proceedings of the 13th Asian
Computational Fluids Dynamics Conference. ACFD22. DOI: 10.11159/ffhmt23.172
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C-I. This reduction was attributed to the more stable flow characteristics in the R-DC-
I configuration. In contrast, the higher Re in the R-C-I induced flow instabilities leads
to an increased f. Even in the vortex shedding regime, the R-DC-I exhibited lower
hydraulic resistance, although the f was reduced to 21% at Re = 541. On average, the
R-DC-I configuration exhibits a 37% lower f compared to the R-C-I within the
investigated Re range (300 < Re < 541).

0.8 T T T T T T 1
E [m] E
0.7 4 o ] _—
0.6 -
1 O R-CI 1
So0s54 o R-DC-1 -
0.4 .
0.3 1 -
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Re
Fig. 13. Comparison of f between R-C-I and R-DC-I configurations.

The transition from steady to unsteady flow occurs at Re = 300 for the R-C-I
array, while the transition is delayed until Re > 500 for the R-DC-I array. This
indicates that the flow transition occurs more rapidly in the R-C-I configuration than
in the R-DC-I configuration. Furthermore, while the flow remains steady, the size of
stagnant vortices forming behind the obstacles is significantly smaller in the R-DC-I
array (see Fig. 14). This reduction in vortex size is attributed to the decreased spacing
between the pins, which limits the free space available for vortex development.
Additionally, these vortices are more compressed in the R-DC-I, as they are
constrained by the narrower obstacles, with the rear end of the R-DC-I fin being
smaller than that of the R-C-I fin.

As the flow becomes unstable and transitions into the vortex-shedding regime,
the vortices behind the fins are disrupted and integrated into the main flow. It has been
observed that the vortex formed behind the R-C-I fin (see Fig. 14 Top right box) is
more fully developed and takes the shape of a single, coherent vortex, as noted by
Renfer et al. [73] in their experimental studies. In contrast, the R-DC-I (see Fig. 14
Bottom right box) does not allow the vortex to develop fully, causing it to collapse
and dissipate rapidly.

76



R-DC-I

Fig. 14. Velocity fields and flow streamlines for R-C-I and R-DC-I at varying
Re

4.1.2. Cylinders vs ellipses

The results and analysis are presented in Section 4.1.2. are also presented in the
publication 2. In this section, the flow is treated as incompressible.

Elliptical pin fin arrays with variable transverse pitch (R-E-P(X)) were
compared with each other and with R-C-I in Fig. 15. 4p may be the lowest in the R-
C-I case in the steady regime when the u;,is the same in all cases. However, the fplots
reveal that elliptical pin fins have the advantage of lower f'and tend to keep the flow
steady for longer.
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Fig. 15. a) 4p vs u;, and b) f'vs Re
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2 Jaselilinaite, 7., geporaitis, M. Numerical Study Of Transverse Pitch Effect On
Pressure Loss In An Inline Array Of Elliptical Pins. In: Proceedings of the 10 th International
Conference on Fluid Flow, Heat and Mass Transfer . FFHMT"23. DOI: 10.11159/ffhmt23.172
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The influence of P, on the Ap is presented in Fig. 16. It is evident that Ap values
increase with decreasing P;-and D;. However, this increase in 4p follows a different
trend than the parabolic trend. This behaviour can be attributed to flow separation: as

the velocity between the pin fins increases, the boundary layer becomes thinner,
causing the separation points to shift upstream.

Beyond a P, = 100 pm, further increase has little effect on reducing the 4p,

primarily because the boundary layer separation points and the vortices behind the pin

fins remain nearly unchanged, even as the velocity between adjacent pins decreases.

Consequently, evaluating the rate of change of Ap to the surface area (4s), as

shown in Fig. 16 b), provides a valuable metric for assessing the thermohydraulic
performance of the array. The results indicate that the most efficient configuration
among those studied corresponds to P,-= D, (100 um). However, a ratio of P, = 0.8D,
also offers a viable option for achieving enhanced thermal performance.
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Fig. 16. a) 4p and D, dependence on P, b) rate of Ap change versus the rate of

AAs change

4.1.3. Cylinders vs cones vs hourglasses based on K-type pin fin arrays

The results and analysis are presented in Section 4.1.3. are also presented in the
publication **, In this section, the flow is treated as incompressible.

Elliptical and double-cylinder pin fin geometries maintain a constant cross-

section throughout their height, resulting in more predictable aerodynamic

3 Jaselitinaite, J., Seporaitis, M. (2024). Comparative Assessment of Flow Patterns and
Hydrodynamics in Cylindrical and Hourglass-Shaped Pin-Fin Configurations. In: Benim,
A.C., Bennacer, R., Mohamad, A.A., Octon, P., Suh, SH., Taler, J. (eds) Advances in
Computational Heat and Mass Transfer. ICCHMT 2023. Lecture Notes in Mechanical
Engineering. Springer, Cham. https://doi.org/10.1007/978-3-031-67241-5_62

4 Jaselitinaité J., Seporaitis, M. Extensive computational fluid dynamics analysis of
microchannel flow topology and friction factor in arrays of conical pin-fins. Physics of Fluids.
2024, Vol 36, 094118. https://doi.org/10.1063/5.0220609
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characteristics and relatively uniform flow distribution between the fins. In contrast,
hourglass and conical configurations feature a variable cross-section: in hourglass
fins, the narrowest section is at the midpoint, while in conical fins, the cross-section
gradually decreases or increases depending on the direction of conicity.

The 4p and f graph is presented in Fig. 17. Before the analysis, it should be noted
that the flow within the K-H19 array remains unsteady across all investigated Re
(from 80 to 117). In contrast, in the K-C array, flow unsteadiness occurs only when
Re exceeds 117, as in K-T14-A-P250. At the same time, K-T14-B-P250 does not
experience vortex shedding in any investigated Re.

The data in Fig. 17 indicate that K-H19 enhances hydraulic performance by
reducing the 4p by 6—14% compared to K-C. Despite K-C and K-H19 pin geometries
having the same volume, the K-C possesses a 23% greater surface area, which may
account for its higher 4p. Moreover, K-H19 exhibits a more complex flow structure
than K-C.

Although no significant reduction of Ap of conical pin fins compared to K-C has
been indicated, they reduce f by 6 % in the steady regime and up to 11 % in the
unsteady regime, while K-H19 reduces it by 4%.
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Fig. 17. a) 4p and b) f'dependence on Re

Fig. 18 details the relationship between the f and the conicity angle for conical
pin fin arrays, considering various pitches (P) and Re. Within this figure, both the f
and its percentage deviation are plotted. Blue lines are used to denote pin fin arrays
with a unidirectional (A) conicity orientation, while black lines indicate arrays with a
bidirectional (B) conicity orientation. Additionally, coloured regions highlight
different flow regimes, with the upper and lower portions corresponding to the
unidirectional (A) and bidirectional (B) orientations, respectively.

Conicity is the angle representing the variation in the diameter of pin fins
relative to their height. The horizontal cross-section of the pin fins stays uniform in
the midplane of the array but changes at the upper and lower end walls. The pin fin
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with a conicity of 13.48 ° shows an 11.3% increase in volume and a 2.83% increase
in surface area compared to the cylindrical pin fin (K-C).

A larger pitch requires a lower Re to start vortex shedding. The increased Dj
resulting from the larger P allows for a higher Re number while achieving a lower f.
For example, increasing the pitch from 200 to 300 pum increases the flow volume by
61 % and decreases f by approximately 1.6 times at Re = 117.

The P does not affect the relationship between f'and Re. Regardless of the P,
increasing Re from 40 to 55 results in a 17-19% increase in f; from 55 to 70, a 12—
14% increase; from 70 to 85, a 10—11% increase; from 85 to 100, an 8-9% increase;
and from 100 to 117, a 2-7% increase. Also, the rate at which fincreases with respect
to Re is not significantly affected by the P. For example, the f'between Re = 40 and
Re =117 increases by an average of 43 % for unidirectional and 46 % for bidirectional
pin fin at any P.

When the P exceeds the channel height (250 um), and the flow is steady, the
arrangement of the pin fins has a negligible effect on the flow characteristics.
Nevertheless, the arrangement becomes significant once the flow transitions to the
vortex-shedding regime. Specifically, unidirectional (A) pin fins exhibit lower f in
steady flow with the P of 200-225 um and in unsteady flow with P = 200 pm.
Conversely, bidirectional (B) pin fins stabilise the flow, resulting in a lower f.

The relationship between the fand the conicity angle appears unclear at different
Re; no definitive trend can be established. Models with unidirectional (A) pin fins
produce consistent and intuitively predictable results. In contrast, models with
bidirectional (B) pin fins may exhibit varying trends. Specifically, increasing the cone
angle may lead to an increase, a decrease, or no change in f.

The cone angle and pattern type have a greater impact at lower P values. For
instance, with a P =200 um and a low Re (steady flow), these factors can change fby
up to 9%. A slight increase in P to 225 pm reduces this variation to 7%. However, for
steady flow (Re = 40-85), when P is larger than channel height, the effect of different
pin orientation patterns on f is minimal. In all cases, increasing the cone angle
decreases f.

Fig. 18 indicates that for all P greater than 225 um, f'decreases with increasing
cone angle, regardless of whether the pin fins are unidirectional or bidirectional.
However, at P of 200 pum, the bidirectional pattern shows no change in f'with varying
angles, while the unidirectional pattern significantly reduces f as the angle increases.
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The distributions of streamline in the midplane, near the endwalls, and in the
intermediate region for the K-C and K-H19 configurations are shown in Fig. 19 and
Fig. 20. Additionally, the midplane and the planes near the upper and lower endwalls
for the K-T14-A-P250 and K-T14-B-P250 configurations are presented in Fig. 21 and
Fig. 22. The vertical midplane of all aforementioned arrays is shown in Fig. 23.
Furthermore, critical points, including nodes, foci, and saddles, are identified and
marked on these planes. Fig. 24 presents the iso-surfaces at Q = 0.52, providing further
insight into the flow topology.

The K-C exhibits a typical flow pattern observed around a cylindrical body (see
Fig. 19) (Lekkala et al., 2022). No significant differences in flow structure are
observed between the midplane and the region between the midplane and the endwall
plane, indicating that the vortex structures maintain integrity throughout the channel.

The key topology characteristics of all arrays are similar. The freestream flow
separates as it passes around the pins (see Fig. 19 and Fig. 20 a), b) and Fig. 21 and
Fig. 22 b) and Fig. 24). The detached flow bypasses obstacles in a distinct manner for
each configuration, leading to variations in the wake pattern, which will be further
explored later. Despite these differences in wake formation, the flow near the endwalls
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has a consistent pattern. Initially, the freestream flow detaches from the endwall
surface, originating from the saddle point before the obstacle (see Fig. 19 and Fig. 20
c Fig. 21 a) Fig. 22 b)). A stable saddle point and a half-node point indicate flow roll-
up due to an adverse pressure gradient, which generates a horseshoe vortex (see Fig.
24). This vortex extends downstream.

Horseshoe vortices in front of conical pin fins develop solely at one endwall,
where the thicker end of the pin fin is located. This is supported by the lack of a saddle
point, which is essential for the creation of a horseshoe vortex (Tobak & Peake, 1982;
Younis et al., 2014). Consequently, the boundary layer remains attached to the
endwall, preventing the formation of a horseshoe vortex around the obstacle.

As discussed previously, differences in wake patterns arise from the different
ways the flow bypasses obstacles (Derakhshandeh & Alam, 2019). The detachment
of the flow from the trailing edge of the obstacles arises from both the freestream and
the half-node point. The detached flow in the K-C array rolls towards the vortex foci
behind the pin, initiating vortex shedding. Regarding the mean flow, the K-C array
features two distinct foci and a saddle point, which is a typical configuration for the
time-averaged wake of a bluff body (Forouzi Feshalami et al., 2022). This results in a
stable pattern of counter-rotating vortex shedding without external disruptive forces
destabilising the vortices.
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Fig. 19. Velocity streamlines with critical points on a) middle plane, b) in
between middle and endwall, ¢) near endwall for K-C

In contrast, the mean flow around the K-H19 array does not exhibit symmetrical
foci points along the midplane. Instead, a node point is formed (see Fig. 20 a). As the
fluid passes through a constricted section of the hourglass shape, flow accelerates due
to the narrowing geometry. This constriction increases velocity, which can improve
heat transfer and mixing. Additionally, the two jet-like flows formed behind the pins
merge towards the centre after flow impingement (see Fig. 24). This collision prevents
the formation of stagnant vortices, creating a node point.
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Fig. 20. Velocity streamlines with critical points on a) middle plane, b) in
between middle and endwall, and c) near endwall for K-H19

The unique hourglass shape, characterised by a conical and a narrow neck,
improves hydraulic characteristics. However, research is being conducted on conical
pin fin arrays with varying taper angles to further enhance heat transfer efficiency and
overall performance.

The symmetrical flow around the conical pin fin generates a wake with two
counter-rotating vortices behind the pins. Nonetheless, the bidirectional (K-T14-B-
P250) pin fins have no foci points in the horizontal midplane, meaning no steady
vortices are present. Similar to unidirectional (A) conicity, secondary flow influences
the flow structure in the horizontal midplane behind the bidirectional (B) pin fins.
However, the effect varies depending on the conicity direction of each pin. Moreover,
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in an array of bidirectional (B) pin fins, the vortices generated behind the pin fins are
spread throughout the entire height of the channel due to the interaction of nearly
balanced secondary counterflows.
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Fig. 21. Velocity streamlines with critical points on a) near the upper endwall,
b) middle, c) near the lower endwall for K-T14-A-P250
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Fig. 22. Velocity streamlines with critical points on a) near the upper endwall,
b) middle, ¢) near the lower endwall for K-T14-B-P250

The critical point in the vertical plane (see Fig. 23 ) in the K-C and K-H19 cases
exhibits symmetry. However, the conicity of the pin fins causes these points to
displace due to secondary counterflows. Notably, the flow stability in the bidirectional
conical pin fin array is greater than that observed in unidirectional conical arrays
despite the more complex flow topology of the former. This increased stability can be
attributed to the more balanced opposing secondary flows behind the pin fins, which
align the position of the half-node point and create an additional stagnation point at
the narrower end of the conical pin fin.
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K-C, K-H19, K-T14-A-P250 and K-T14-B-P250

The primary distinction between the flow patterns in the K-C and K-H19 arrays
lies in their geometries. The K-H19 has a constriction that accelerates the flow through
the centre of the pins, potentially enhancing heat transfer compared to K-C.
Furthermore, the vortices in the K-C remain more consistent throughout the channel
height. In contrast, the vortices in the K-H19 array are disrupted at the midplane,
where the two flow streams collide. This results in the K-H19 generating more small
vortices characterised by more complex structures and dynamics of vortex motion.

Upstream of a conical pin fin, the flow, driven by the pressure gradient, is
directed toward the endwall, where the pin fin’s narrower end is located. Unlike the
K-C array, which exhibits a symmetrical flow in its wake (see Fig. 24 a), the conical
pin fins generate an asymmetrical secondary flow on their rear surface. Specifically,
the stronger flow emanates from the thicker end of the pin fin. It collides with the
weaker flow originating from the thinner end, with the intersection point closer to the
thinner end. This interaction enhances mass transfer between the end walls.
Furthermore, in a bidirectional pin fin array, the secondary flows alternate their
intersection points with each change in the orientation of the pin fin conicity, thereby
further intensifying the mixing process.

87



Counter jet-like
flow

Horseshf_)e vortex Separ:ated flow Horseshoe vortexseparated_ flow

Counter-rotating Counter-rotating

. . Jet-like flow
vortex pair vortex pair

Counter jet-like

arated fl ter jet-lik
Horseshoe vortex Separated flow  Counter jet-like Horseshoe vortex Separg{tedﬂow flow

flow

c) Counter-rotating s d)  Counter-rotating Jet-like flow
vortex pair Jet-like flow vortex pair

Fig. 24. Topological flow structure based on the 2 criterion a) K-C b) K-H19
c¢) K-T14-A-P250 d) K-T14-B-P250

4.1.4. Cylinders vs cones vs hourglasses based on R-type pin fin arrays

The results and analysis are presented in Section 4.1.4. are also presented in the
publication °. In this section, the flow is treated as compressible (water properties
taken from the OpenFOAM database), and all computations are performed in a cyclic
domain.

Next, focusing on R-type geometries, the study evaluates nine pin fin shapes,
including the standard cylindrical type. The pressure loss characteristics of these
configurations are presented in Fig. 25. The study evaluates how variations in pin fin
geometry affect f, considering factors such as shape-induced flow separation, wake
formation, and vortex shedding.

It is evident that the R-T8-B configuration has the lowest f even beyond Re >
500, attributed to its exceptional flow stabilisation effect (see Fig. 25). In contrast,
other conical pins demonstrate lower f than cylindrical or conical pin fins, despite

5 Jaselitinaite, J., Seporaitis, M. The Potential of Hourglass-Shaped Pin-Fins on
Enhancing Thermohydraulic Performance in Microchannel Arrays // Heat Transfer
Engineering
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vortex shedding. The difference between the unidirectional and bidirectional cases
remains negligible when the taper angle is small. However, a significant difference
emerges between the A and B configurations as the angle increases. As previously
noted, the bidirectional arrangement improves flow stabilisation. Meanwhile, the
unidirectional arrangement induces stronger flow interactions and unsteadiness,
which may favour enhanced mixing, resulting in the lowest f at the highest Re,
suggesting a tendency for reduced friction while maintaining flow instability.

The hourglass-shaped pin also facilitates an earlier transition to unstable flow.
Meanwhile, the f exhibits an approximately linear trend within the investigated Re
range. Cases with a higher hydraulic diameter (D1) underwent a more rapid transition.
Although hourglass-shaped pin fins generally exhibit a higher fthan their conical or
cylindrical counterparts, the R-H16 configuration demonstrates a distinct decreasing
trend. This observation suggests that the hourglass shape possesses potential
advantages in optimising flow characteristics.
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Fig. 25. f dependence on Re of different R-type geometries

The transition to unsteady flow is summarised in Table 14. The flow through an
array of cylindrical pin fins maintains a relatively constant cross-sectional area,
delaying the transition to unsteady flow. In contrast, the varying constrictions of the
hourglass-shaped pin fins cause alternating acceleration and deceleration of the fluid
across successive rows. These rapid velocity fluctuations destabilise the flow, leading
to an earlier transition to unsteady flow compared to other cases. Although conical pin
fins also introduce variations in cross-sectional area, their transition to unsteady flow
occurs at approximately the same Re as cylindrical pin fins, suggesting that their
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geometric influence on flow stability is less pronounced than that of hourglass-shaped
fins.

Table 14. Flow regimes — orange represents steady flow, while magenta indicates
unsteady flow

Flow regime | R-C |R-T4-A|R-T4-B|R-T8-A [R-T8-B|R-H8[R-H13 [R-H9|R-H16
200
300
400

Compared to previously studied cases similar to those of Kosar et al. (2011)It is
important to note that the Re interval in those studies was approximately 15, whereas
in the present analysis, it is 100. As a result, the transition to unsteady flow in conical
pin fins cannot be accurately determined. However, based on the observed trends, the
transition behaviour of conical pin fins is more similar to that of cylindrical pin fins
than to that of hourglass-shaped ones.

4.2. Q criteria investigation

The results and analysis presented in Section 4.2 are also presented in the

4367 Tn this section, the flow is assumed incompressible for K-type cases

publication
and compressible for R-type cases (using water properties from the OpenFOAM
database), with all calculations carried out in a cyclic domain.

The Q criterion analysis is not limited to evaluating the mean value; it can also
be applied to identify vortical structures by determining their occupied area and
volume.

Fig. 26 illustrates the relationship between the vortical structures’ area-to-
volume ratio (4o/Ve) and the Re and P of the K-type. As expected, the lowest P
corresponds to the highest Ao/Vg, as the reduced domain size restricts the formation of

vortices. When unsteady flow disrupts vortical structures, their 4o/Vo increases

¢ Jaselifinaité J., Seporaitis M. Analysis of Vortical Structures in Flow Through Pin-fin
Arrays Using Q Criterion In: Proceedings of the 19th OpenFOAM workshop. Beijing, China,
2024, 25-28 June.

7 Jaselifinaite J., Seporaitis M. Advances in Vortical Structure Analysis for Superior
Heat Transfer in Pin-Fin Microchannels. 23rd IACM Computational Fluids Conference — CFC
2025. March 17-20, Santiago, Chile, 2025
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significantly, especially for cylindrical pin fins. Bidirectional pin fin arrays generally
have the lowest 4Ao/Vo values due to greater flow stability. However, due to their lower
blockage ratio, their Ao/Veo falls between those of unidirectional and cylindrical pin
fin arrays at the highest P.
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Fig. 26. Ao/Vo dependence on Re with different P of K-type geometries

Fig. 26 represents only the area and volume of vortical structures, excluding the
volume and surface area of the inner walls of the modelled domain. Meanwhile, Fig.
27 illustrates the relationship between vortical structures’ area and volume ratio. The
area of the vortical structures (4¢) is defined as the volumetric surface area occupied
by vortical structures. To eliminate the influence of geometric scaling, this value is
normalised by the smallest area within a given P (4o min). This normalisation ensures
consistent comparability across different pin fin configurations and flow regimes,
allowing the analysis to focus on relative variations in vortex evolution rather than on
absolute magnitudes dictated by geometry. The vortical structure volume (Vo) is
defined as the total volume occupied by all identified vortical structures within the
considered domain. The Vo is normalised to the total modelled volume (V). Both Ao
and Vo represent the sum of all vortices, providing global measures of their spatial
extent.

At larger pitches, vortical structures occupy a larger fraction of the domain. For
example, at P = 200 um, the vortical volume fraction (Vo/V) is approximately 4—5%
greater than at P = 300 um. A smaller P constricts the flow path, improving fluid
interaction by reducing the available space for flow. This restriction suppresses large-
scale coherent structures and promotes greater interaction with surfaces, leading to
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increased local instability and energy dissipation. Despite this, the flow remains
steady or transitional at lower P.

Conversely, a larger P provides more space for developing coherent flow
structures, including larger vortices. This increased spacing facilitates stronger
interactions between flow layers, accelerating the transition to unsteady flow even at
lower Re. Additionally, a larger P allows the formation of a smoother and more stable
boundary layer along the sidewalls between pin fins, reducing unsteady flow
separation and reattachment and decreasing fluctuations in kinetic energy. A smaller
P generally reduces vortical surface area and volume regardless of the pin shape.

Overall, Vo/V decreases with increasing Re, while the Ao increases. Notably,
under unstable flow conditions (marked in violet), the 4o/A o min increases significantly
— by 8% to 17% — with increasing P, indicating that vortices break down into smaller
structures. In contrast, cases of moderate instability (marked in red) show only a slight
increase in Ao/Aomin and often a decrease in volume, suggesting that although vortex
shedding occurs, vortices do not completely break up into smaller structures but tend
to remain connected.

Interestingly, bidirectional pin fins, at the lowest P, exhibit remarkably high
Vo/V and Ao/Aomin at high Re, even though the flow remains steady. At low Re,
Ao/Aomin 1s comparable to other configurations. However, it increases significantly
with Re, indicating that as Re increases, the vortical structures persist and continue to
expand in volume rather than dissipate.
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Fig. 27. Ao/Aomin dependence on the Vo/V of K-type geometries

Fig. 28 a) illustrates the area occupied by the coherent structures identified using
the Q criterion, and Fig. 28 b) presents its variation with Re for the R-type.
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The results indicate that vortices occupy approximately 15—-17% of the total
array volume in the steady flow regime. This relatively small and consistent volume
fraction reflects the minimal vortex activity characteristic of stable steady flow. There
are slight variations among the different configurations, but no significant deviations
are observed.

However, after the transition to the unsteady flow, this percentage can increase
to 32%, effectively doubling compared to the steady flow state. This nearly twofold
increase represents the expansion of coherent vortical regions and the onset of more
complex flow dynamics. Configurations like R-H16 and R-T4-B exhibit more
pronounced increases, indicating a greater sensitivity to unsteady vortex formation,
while others, such as R-H13 and R-H8, display more restrained behaviour, potentially
due to structural features that inhibit the formation or expansion of vortices.

Fig. 28 b) complements £ analysis by showing the variation in the occupied
volume (dVo) with Re. In the steady regime, most configurations exhibit a negative or
near-zero dVo, indicating a contraction or stagnation of the vortex-occupied volume,
possibly due to increased flow alignment and reduced instability. However, when the
flow becomes unsteady, most configurations exhibit positive dVQ, reflecting an
expansion of the vortex regions. In contrast, others revert to negative values,
suggesting fragmentation or contraction of coherent structures into smaller unsteady
vortices. Both trends in the post-transition regime indicate that the relationship
between Re and vortical structure behaviour is non-linear. While the initial transition
to unsteady flow promotes the growth of vortical regions, further increases in Re may
lead to structural breakdown and more chaotic mixing.

Overall, the figures highlight the sensitivity of R-type configurations to changes
in the flow regime. The sharp increase in Vo/V highlights the critical role of the
coherent structures in the flow transition. Meanwhile, the variation in dVo reveals the
dynamic nature of vortex behaviour, characterised by growth and contraction,
depending on the configuration and flow conditions. These insights are essential for
understanding energy dissipation, flow resistance, and the underlying mechanics of
flow transition.
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Fig. 29 shows the ratio of coherent structure area to the total flow surface area
(Ao/A). The data indicate that hourglass-shaped microchannels consistently exhibit
the highest Ao/4 values, averaging 68—72%. In comparison, conical obstacles reach
54-66%, while cylindrical ones reach about 65%. Under steady flow, 4o/A averages
46-55%, but in unsteady flow, it increases to 74—81%. Transitioning between regimes

can raise Ao/A by up to 28%.
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Fig. 29. Relative area of coherent structures for R-type geometries

Fig. 30 presents the Q values for the entire flow field (£2,,) and within coherent
structures (£,). Q, reflects vortex strength, which is highest in hourglass-shaped
configurations and lowest in conical ones. The highest €,, occurs in the R-C

configuration after the transition to unsteady flow. However, €,, tends to decrease

after the transition, while Q, increases with rising Re.
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Table 15 can be considered a systematic tool for summarising and interpreting
previously obtained and analysed results related to the characteristics of coherent flow
structures. It is based on three key parameters: the surface area of coherent structures
(Ae), the volume they occupy (Ve), and an intensity metric that reflects the strength
of the vortex or the rotational intensity of the flow (£).

By combining these parameters, it becomes possible to gain a more
comprehensive understanding of the flow behaviour and its potential impact on heat
transfer and hydraulic resistance. For example, when all three values are high, this
indicates strong, spatially extensive, and actively interacting vortices that effectively
enhance fluid mixing and improve heat transfer. Conversely, low values for all
parameters suggest weak, small-scale vortices with minimal influence on the overall
flow dynamics.

Intermediate or mixed values help identify whether the structures are stable,
fragmented, or indicative of transitional flow regimes. This type of classification not
only deepens understanding of numerical analysis results but also enables more
accurate comparison of different geometric configurations and their behaviour under
various flow conditions.

Overall, the table serves as a valuable interpretive tool that links quantitative
indicators to qualitative flow characteristics, thereby facilitating both analysis and
evaluation of results.

Table 15. Interpretation of vortical structures based on 4o, Ve, and Q magnitudes

Ao Vo Q Interpretation
High High High Strong, spatially extensive, highly interactive vortices,
likely to enhance mixing and heat transfer
Low Low Low Weak and small vortices, minimal flow disturbance
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High Low High Many small, energetic vortices with large surface

interaction.
Low High Low Large but weak or stagnant vortices, possibly
recirculation zones
High Low Low Many small but weak vortices, possibly early shear

layer instabilities not yet rolling up fully. Potentially
transitional regime

Low High High Large, strong vortices with relatively small surface
interaction. It could be stable vortex cores

Low Low High Small, very intense vortices — might represent
isolated vortex cores or transitional bursts.

High High Low Large coherent regions, but not much stronger than the

background — could indicate turbulent but disorganised
flow or vortex breakdown

4.3. TKE, KE and £ relationship

The results and analysis presented in Section 4.3 are also presented in the
publication®.

The total kinetic energy (KE) of a fluid flow consists of two components: the
mean kinetic energy (KEyean), associated with the bulk motion of the fluid, and the
fluctuating kinetic energy (KEm.) due to unsteady flow. Mathematically, this is
expressed as follows:

KE = KEpmean + KEfiyc (59)

In CFD, the equations are discretised due to the subdivision of the flow domain
into finite cells. Time-averaging was applied to account for temporal variations, and
kinetic energy was evaluated based on the internal surface area of the microchannel
(including pin surfaces and upper/lower walls) rather than the total fluid volume;
therefore, the units are J/m?. Since the flow is considered incompressible, the density
is assumed to be constant (heat transfer is not taken into account in the cases studied
in this chapter). The KE and KEjy,. are calculated using the following equations:

N M
p Zi:1(2j:1 ujz'Vcell,j)iAtn

KE = 2Aint Z?I:1Atn (60)
p ’ 1 ’
KEpiue = 7,— Rjea (usdy +wly + ) Veew, (61)

In each calculation cell, the velocity fluctuations of the x, y and z components
are calculated separately:

— N, (y-7)); Aty
)= T A
In these formulas, the flow field is resolved both in space and time, so two

(62)

counters are used: M is the total number of computational cells (control volumes) in
the microchannel region being integrated, and j=1,..., M indexes those cells. While N
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is the number of stored time samples used for averaging, and i=1,..., N indexes those
time instants.

In fluid dynamics, KEj.. is a key parameter for quantifying turbulence intensity,
representing the kinetic energy per unit mass associated with velocity fluctuations.
Turbulence is caused by factors such as vortices, flow instabilities, velocity variations,
boundary-layer interactions, and flow separation, all of which contribute to chaotic
and unpredictable fluctuations in the velocity field. The extent to which these factors
influence KEz.. depends on the flow conditions and the scale of observation.

When performing convective heat transfer analysis, using KEu.. as the kinetic
energy per unit mass of unsteady vortices can lead to an overestimation of the results.
Another important step in analysing mass, momentum, and energy transport in
unsteady flows is identifying coherent structures. The £ criterion is an effective tool
for examining these structures, providing insight into the rotational dynamics of
unsteady flow. Visualisation and analysis of coherent structures make it possible to
assess the distribution of KEy,. at various motion scales.

As the rotational motion in the flow increases, KEp. also increases due to
fluctuations in rotational and translational motion. However, while KE. quantifies
the total unsteady motion, the 2 criterion specifically captures the rotational
component. Their relationship depends on the flow conditions and the presence of
coherent vortical structures.

In unsteady flows, energy transfer mechanisms influence the redistribution of
kinetic energy among different scales of motion. Most of the turbulent kinetic energy
is eventually dissipated at the smallest scales, where it is converted into heat. In
systems with strong external influences such as rotation (large ), the structure and
efficiency of this energy transfer can be significantly altered, sometimes reducing the
rate at which unsteady motions extract energy from the mean flow.

Fig. 31 presents the variation of 2 with normalised KE and KEj.. over the entire
range of P and Re.

o Effect of P: lower P values correspond to lower KE, and the difference between
P = 200 pum and P = 300 um is approximately 27-33%, as increased
confinement limits flow acceleration and instabilities generation.

o Effect of Re: as Re increases, KE naturally increases. However, at Re = 40, KE
is low, and @ is relatively high for all P values, indicating that even under low
energy flux conditions, stronger rotational structures are formed.

o Effect of instability: unstable flow cases generally exhibit the highest Q2 values
because they contain more vortical structures than steady flow ones. However,
bidirectional pin fins with the lowest P values exhibit particularly high @ in
unstable cases, likely due to the flow confinement and stabilisation effects of

directing the flow to walls.
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It is important to note that KE exhibits a parabolic dependence on £ for varying
Re at constant P and for varying P at constant Re. An exception occurs in the unstable
cases of cylindrical pin fins where Re = 117. This parabolic trend arises from the
interaction between flow blockage, acceleration around the pin, and unsteady flow
generation:

o At higher P, flow unsteadiness increases, leading to increased KE and
Q.

e At lower P and low Re, Q increases due to strong, stagnant vortices in
the steady flow.

For different pin fin configurations, the vertex of the parabola — indicating the
optimal balance between flow instability and flow stability — occurs at:

e Cylindrical pin fins: P =~ 250 um, Re = 70-85
e Unidirectional pin fins: P~ 250-275 pm, Re = 55-70
e Bidirectional pin fins: P =250 um, Re =~ 70

These vertices may represent critical points where the optimal spacing enhances
convective cooling while maintaining steady flow. In cooling applications,
transitioning to a steady regime is beneficial in low-power or idle states when efficient
cooling with minimal noise and energy consumption is required.

At moderate P (~250 um), flow unsteadiness is maximised without excessive
blockage, resulting in peak efficiency. On the other hand, at high P, the distance
between pins becomes too large to effectively disrupt the flow; thus, KEj.. reduces
and Q increases.

The relationship between KE.. and Q provides insight into the onset of flow
instabilities. A sharp increase in KEjp,. indicates the development of unsteady flow.

For cylindrical and unidirectional pin fins, KEp.. increases by a factor of up to
100 from Re =40 to Re = 117, representing a significant unsteady flow enhancement.
These instabilities may improve heat transfer efficiency by increasing mixing and
convective transport. However, they also contribute to higher hydraulic losses, which
must be considered in practical applications.
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Fig. 31. Normalised KE and KE,. dependency on £ of K-type geometries
4.4. Heat transfer

The results and analysis presented in Section 4.4. are also presented in the
publication >7.

Heat transfer analysis of R-C, R-T, and R-H configurations was conducted using
Nu and temperature non-uniformity (dr) as performance evaluation metrics.
Additional graphs are provided, showing the wall temperature (7)) and the average
temperature (7). In this section, the flow is treated as compressible (water properties
taken from the OpenFOAM database), and all computations are performed in a cyclic
domain.

Similar to the previously analysed f trends, the R-T8-B configuration exhibits
distinct heat transfer behaviour. Despite having the lowest 7y, it maintains the highest
T, due to its steady flow characteristics and the presence of stagnant vortices. As a
result, it also has the lowest Nu, up to twice that of R-C-S.
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Fig. 32. Variation of a) 74, b) T\, and ¢) Nu for different configurations
across the investigated Re of R-type geometries

Comparing the Nu deviation of each configuration to R-C-S across different Re

yields mixed results (see Table 16). It was calculated as follows:

any case R-C
NugeZ; — —Nuge=i

Nu(l‘l’ly case (63)
Re=i

For instance, R-T8-A demonstrates superior hydraulic performance across the

. 1
Nu Deviation = ;Z}Ll

entire Re studied (see Section 4.1. Friction factor and flow topology). However, its
thermal performance deteriorates in the specific range of 500 < Re < 800 (this range
was chosen because all cases (except R-T8-B) have transitioned to unstable flow).
The same applies to R-T4-A and R-H16 cases. In most cases studied, when Re = 500,
the Nu values decrease compared to the overall trend (see Table 15). This does not
indicate a drop in performance but instead reflects an uneven transition to unsteady
flow, leading to these results. Once the transition stabilises, the trend is expected to
continue (after Re = 500, except for the R-T8-B case). Consequently, R-T4-B and R-
HS stand out as the most significant cases due to the highest deviation in Nu compared
to the base cylindrical pin fin array.
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Table 16. Deviation of Nu from the R-C-S case for R-type geometries

Nu Deviation (%) |R-T4-A |R-T4-B|R-T8-A | R-T8-B | R-HS8 | R-H13 | R-H9 | R-H16

200<Re<800 1.80% | 9.13% | 7.92% |-39.67%|8.40%10.33%{16.09% | 7.77%

500<Re<800 | -2.71% | 6.60% | -7.87% |-96.04% |5.23%| 3.01% | 1.78% |-11.01%

Fig. 33 represents the minimum and maximum wall temperatures, while Fig. 34

shows the difference between them, defined as dr7:
67 = Tmax — Tmin (64)

The parameter dr provides insight into the uniformity of heat distribution within
the system. The lowest dr values are observed for the R-H13, R-H8 and R-C-S cases,
indicating a more uniform heat distribution, which is generally favourable for thermal
management. Despite this, hourglass-shaped pin fins exhibit the highest 7)., at low
Re numbers and some of the lowest Ty at high Re, suggesting a potential benefit in
stabilising temperature fluctuations across different flow regimes.

As previously mentioned, the R-T4-B demonstrates a higher Nu compared to R-
C-S. However, its dr remains among the highest, indicating a less uniform heat
distribution. Additionally, its 7iu.. in the low Re range is one of the highest, suggesting
the formation of localised hot spots with greater temperature differences than the other

configurations.
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Fig. 33. T,i,and T4 wall temperatures for different configurations
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4.5. Overall performance

The results and analysis presented in Section 4.5. are also presented in the
publication®’. In this section, the flow is treated as compressible (water properties
taken from the OpenFOAM database), and all computations are performed in a cyclic
domain.

The findings indicate that even minor changes in obstacle geometry, such as the
conicity angle, can significantly impact fluid patterns and heat transfer efficiency.
Variations in the obstacle’s cross-sectional profile introduce secondary flows, which
enhance convection and heat transfer. However, secondary or jet-like flows in pin fin
arrays come with a significant drawback: unsteady flow significantly increases 4p. As
a result, it is important to carefully design the flow field to minimise unnecessary
hydraulic losses from vortex generation, flow instability, and secondary flow
formation.

To assess the balance between heat transfer and pressure loss, the TPI = Nu/f"?
is used to measure overall efficiency in various pin fin arrangements (see Fig. 35). In
the low Re region (Re = 200-300), the TPI values of R-T8-A and R-T8-B are the
highest, 13-25% higher than R-C-S. However, at high Re (Re = 500-800), R-T8-B
has not experienced a regime change and has the lowest TP/ values, 41-66% lower
than R-C-S. Meanwhile, the TP/ of the R-T8-A is also a few per cent lower than that
of R-C-S.

Among the pin fin designs studied, R-T4-B, followed by R-HS, performed best
across the full range of Re values. R-T4-B improved TP/ by an average of 10% across
the entire investigated Re range, while R-H8 improved TPI only after the transition
by an average of 6%. In the steady flow regime, this case is 7% lower than R-C-S.
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Fig. 35. Time-averaged impact of pin fin shape on the TP/ as a function of Re

4.6. Performance evaluation using flow dynamics

The results and analysis presented in Section 4.6., as well as in all its
subsections, are also presented in the publication®’.

An optimally designed pin fin configuration should generate sufficient
unsteadiness to facilitate efficient thermal transport while minimising hydraulic
losses. Unsteadiness enhances mixing in the flow, thereby increasing convective heat
transfer and improving overall cooling performance. The Thermohydraulic
Performance Index (7P/) formula accounts for both f and Nu, yielding a balanced
measure of thermal efficiency versus flow resistance. However, it does not explicitly
include an unsteady-flow parameter, even though unsteadiness is a critical mechanism
for friction losses and for enhancing heat transfer. In essence, while 7P/ indirectly
captures the effects of unsteadiness through its influence on friction and heat transfer,
it does not directly quantify the intensity or magnitude of unsteady flow.

In CFD, modelling heat transfer processes, especially at fine resolutions, can be
resource-intensive, requiring substantial computing time and power. For this reason,
excluding direct heat transfer modelling could lead to significantly faster evaluations,
allowing faster design iterations and optimisations, especially when exploring a wide
range of pin fin or other cooling configurations. To achieve this, unsteadiness-related
parameters could replace Nu in performance evaluation. By using unsteadiness
indicators such as turbulent kinetic energy, dissipation rate, or even £ criteria, an
alternative formula can be derived to estimate an apparent or '"virtual"
thermohydraulic efficiency.
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An attempt to develop such an unsteadiness-based performance metric will be
presented in this section.

4.6.1. Performance evaluation using Kinetic energy

The quantities KEj.. and KE can be used as indicators of the efficiency of pin
fin arrays in evaluating flow disturbances and heat transfer. An optimally designed
pin fin configuration should generate sufficient instabilities to facilitate efficient
thermal transport while minimising hydraulic losses.

Areas with higher KEj,. generally correlate with increased heat transfer
coefficients (Saito & De Lemos, 2006), indicating enhanced convective performance.
The ratio KE/KE . is a dimensionless parameter that quantifies the proportion of total
kinetic energy associated with turbulent fluctuations. This ratio allows comparison of
different pin fin designs in terms of their unsteadiness-inducing capabilities.

Moreover, the f, another dimensionless quantity, represents the resistance to
flow due to friction and is influenced by both the flow regime and the geometric
configuration. By simultaneously analysing the KE/KE . ratio and the f; it is possible
to predict the thermal characteristics of a pin fin array without directly simulating the
heat transfer. As the flow transitions from steady to unsteady, KEs. increases
exponentially. Applying the natural logarithm to this relationship linearises the data,
making it easier to interpret.

Tef is introduced as an efficiency indicator, linking f to the ratio of total and
fluctuating kinetic energy. It is intended to capture the balance between flow stability,
vortex-induced instabilities, and their contribution to convective heat transfer:

(65)

Fig. 36 presents the results of eq. 35 with varying P and Re. The data reveal a
trend: Tef'increases with increasing Re. Furthermore, when the P is constant, and the
flow remains stable, the cylindrical pin fin arrays exhibit the lowest 7Tef, suggesting
lower flow instabilities and thermal efficiency in this regime. At low P under steady-
flow conditions, unidirectional (A) pin fin arrays exhibit the highest Tef values.
However, this trend changes at higher P, where bidirectional pin fin arrays become
the most efficient.

With the onset of flow instabilities, typically around Re = 100, Tef increases
sharply, indicating that the increased flow unsteadiness has significantly improved
thermal performance. For instance, comparing Re = 100 and Re = 117, the increase in
Tef can be substantial: from 21% in bidirectional arrays to 62% in cylindrical pin fin
arrays with P =300 and 250, respectively.

However, this increase in efficiency is primarily driven by the magnitude of
KEgu.. At Re =117, the cylindrical pin fin array is the most efficient because its KEpuc
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and KE values are high under unstable flow conditions. Furthermore, in highly
unstable regimes, the vortical structures within cylindrical pin fin arrays have one of
the highest surface areas.
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Fig. 36. Comparison of 7ef of different K-type geometries

Fig. 37 graphically depicts the correlation between the f and the kinetic energy
component defined in eq. 46 to clarify the relationship between flow resistance and
unsteady flow characteristics. Most of the data points cluster at high values of
In(KE/KEfluc), with a broad distribution of f values. This suggests that the f can vary
significantly depending on other influencing parameters.

Conversely, at lower values of /n(KE/KEg.), the f exhibits a less pronounced
increase, indicating a weaker dependence on instabilities in these regimes. As
discussed earlier, the f'is highly sensitive to both the Re and the P, which accounts for
the variability in f observed at unsteady flows.

The trend observed when /n(KE/KE..) <7 can be attributed to the onset of flow
instabilities. These instabilities lead to a significant reduction in /n(KE/KE.) and are
accompanied by a corresponding decrease in the f, highlighting the transitional
behaviour in the flow dynamics.
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Fig. 38 highlights that the dependence of /n(KE/KEj..) on both Re and P remains
relatively weak before to the onset of a flow regime transition happens. This
observation aligns with trends previously noted in Fig. 37. While the geometry of pin
fins influences local flow features, such as vortex shedding, wake formation, and
frictional effects, the kinetic energy is a more reliable indicator of overall flow
behaviour.

The Re remains a key parameter in predicting the transition from steady to
unsteady flow. Despite that, once the flow stabilises in the steady regime, the kinetic
energy characteristics tend to remain consistent and largely independent of specific
geometric variations. As a result, the differences among steady cases (characterised
by In(KE/KEp.) > 7) are minimal. In contrast, more substantial variation emerges in
the unsteady regime, where geometric effects become more pronounced.

The interaction between Re and pin fin geometry dictates the onset, structure,
and persistence of flow unsteadiness. In the range where /n(KE/KEg.) < 7, flow
characteristics become increasingly sensitive to geometric configuration,
underscoring the role of geometry in triggering and shaping unsteady flow behaviour.

In summary, following the transition to unsteady flow, both Re and P
significantly influence the system’s kinetic energy dynamics. Re governs flow
instabilities, while geometric features regulate flow patterns and promote unsteadiness
through localised disturbances. Together, these factors control the distribution and
dissipation of energy within the flow field, making them critical design considerations
in microchannel heat transfer applications.
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To integrate the initial parameters, Re and P, with the components of the thermal
efficiency factor Tef and Tef itself, an additional visualisation was constructed (see
Fig. 39). The colour scale in this figure represents the magnitude of Tef. The graph
clearly distinguishes between stable and unstable flow regimes: in unstable flows,
In(KE/KEfluc) tends to be lower, whereas in stable flows with higher Re, fis reduced.

Among the tested geometries, the bidirectional conical pin fin configuration
yields the lowest values /n(KE/KEgp.). Interestingly, the f remains relatively
insensitive to pin fin shape, although specific geometries affect other flow parameters.
In cylindrical pin fin arrays, the P strongly influences /n(KE/KEp.), whereas in
bidirectional configurations, the f is more sensitive to P variations. These results
suggest that the f'is a dominant factor in determining microchannel performance. For
example, at Re = 100, two cylindrical pin fin arrays with P = 300 pm and 275 um
show a 9% difference in f and an 8% difference in /n(KE/KEg.). Yet, Tef remains
nearly unchanged — highlighting the leading role of friction in certain conditions.

However, this is not universally true. As shown in Fig. 39 b), for cases with
similar friction coefficients (1.45 < f'< 1.58), the ordering of friction values does not
align with trends in Tef. This indicates that, within the range of parameters studied,
the kinetic energy component in eq. 46 can exert an influence on 7ef, which competes
with the /. Therefore, both terms should be considered when evaluating and optimising
the thermal-hydraulic performance of pin fin microchannel systems.
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In summary, evaluating the magnitudes of KEfluc, KE, and the f enables the
preliminary optimisation of thermal and hydraulic performance before conducting
detailed heat transfer simulations. A higher KE/KEj, ratio indicates more intense flow
redistribution, which can enhance convective heat transfer, while the f reflects the
energy loss due to flow resistance. These energy-based analyses provide valuable
insights that help develop more accurate predictive models and efficient simulation
frameworks for pin fin array systems. The proposed methodology establishes a basis
for integrating coherent vortex analysis into the design of microchannel cooling
systems, thereby facilitating future optimisation efforts.

4.6.2. Performance evaluation using £2

The performance evaluation using coherent structures may be very beneficial
when heat transfer is not simulated and thermohydraulic efficiency is to be predicted.
The vortical structure area, including its volume, may indicate the potential for vortex
shedding. High Vo shows the volume occupied by vortices, while A shows the surface
interaction level. A high Ao indicates interface-rich flow, which enhances convective
heat transfer. Moreover, Q./Q,, shows the strength of vortices related to the whole
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flow. In comparison, transverse velocity components can show the strength of side
circulation.
Therefore, the formula for efficiency evaluation was selected to consist of:
Vortical volume and area - vortex strength
- transverse velocity components

And has a form of:
0.8
AV 2 [L-JuZ+u2
Na = 1.25- (E ' V_Q) ' ((1 - (QV - Qov)) ’ QV) ' (7

(66)

In many convective systems, circulation does not occur strictly along the
primary direction (in this case, the y-direction); instead, weaker transverse motions
arise due to buoyancy forces, wall effects, or vortices. These cross-stream velocities,
even if not dominant, play an important role in transporting fluid from near the heated
walls into the bulk flow and bringing cooler fluid back toward the surface. This
continual exchange reduces the thickness of the thermal boundary layer, steepens the
temperature gradient at the wall, and thereby increases the Nusselt number. In this
way, the formula captures how the intensity of side circulation governs the
effectiveness of convective heat transfer, linking transverse momentum transport

directly to thermal performance. The term /u2 + u2 capture the strength of side
circulation. This expression is Nusselt/Reynolds-based for side circulation:

L /u§+u,zc
EE— (67)

v
It predicts the amount of extra mixing within the thermal boundary layer. L is

the same as used for calculating the Nusselt number.

The velocity components, u,, u. and u,, were evaluated over different fractions
of the channel height to assess their representativeness for predicting heat transfer
efficiency (see Fig. 40). Their magnitude provides a direct indication of how
effectively heat can be transported away from the heated surface, and consequently,
of the expected Nusselt number.

Initially, the average values of \/u2 + u2 were calculated across the full channel
height. However, concerns were raised that stagnation zones and vortical recirculation
far from the heated walls may artificially inflate the apparent transverse velocity
without contributing meaningfully to wall-bulk exchange. To address this, reduced
sampling regions were considered, limited to 10% and 20% of the channel height
adjacent to the heated walls (see Fig. 40). The results confirmed that the 10% region
underestimates the effective circulation, producing poor correlation with the modelled
Nusselt numbers, whereas the 20% region yielded the highest predictive accuracy
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(lowest RMSE, MAE, and MAPE; highest R?) (see Table 17). Nevertheless, the full-
height definition was ultimately adopted as the preferred metric. While its statistical
performance is slightly below the 20% case, it still provides reliable prediction
accuracy. It is far more practical, since it avoids the need for localised sampling and
can be applied consistently across cases (Fig. 41). In this way, the use of full-height
averaged transverse velocity components balances physical representativeness with
methodological simplicity and remains an effective proxy for quantifying the intensity
of side circulation responsible for heat transfer enhancement.

Table 17. Correlation between Nusselt number and transverse velocity metric for
different channel height fractions

Metric 10 % of 20 % Full height channel
Pearson 1, 0.975799 0.988723 0.988210
R? 0.952183 0.977573 0.9766
Spearman ps 0.975950 0.988383 0.9882
Linear fit Nu=1.019527 + Nu=1.318226 + Nu=3.3155+
0.795944 - 0.630245 - 0.25675 -
L-uz+uz L-Juz+uz L-Juz+u2
v v v
RMSE 1.4404 0.986 1.01
MAE 1.1140 0.776 0.80
MAPE 12.70 % 8.59 % 8.8 %
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Fig. 41. Modelled and predicted Nu based on transverse velocity components

Fig. 42 shows values of every component of eq. 69. The first component shows

the relative vortical volume and area and represents the interface area and occupied
volume of vortical structures. Low values reflect intense interaction between vortices
and the surrounding fluid — potentially enhancing convective heat transfer. The second
component represents the relative strength of coherent structures. It is effectively a
self-limiting mechanism: high £, is beneficial until it becomes excessive relative to
the background flow. Therefore, the term penalises excessively strong vortices
relative to the overall flow, promoting a balance between coherent mixing and energy
efficiency. The final component contrasts the beneficial vertical flow, which helps
transfer heat from the wall to the core.
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Parallel coordinates plot (see Fig. 43) provides a comprehensive multivariable
visualisation of thermohydraulic efficiency nq across different flow configurations
and Re. Each polyline represents a specific case (e.g., R-H16, R-T8-B, etc.), with
colour indicating the resulting efficiency, ranging from low (purple) to high (red), as
shown by the colour bar on the right.

The first and second axes identify the geometric cases tested, followed by Re,
which provides insight into the flow regime. The third axis combines two geometric
descriptors of vortical structures: the normalised surface area and volume of vortices

AV . . . . .
(A— ' V—) , representing how effectively vortices interact with the flow. Lower
Q Q

values in this dimension indicate enhanced mixing and convective heat transfer
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potential. The next axis, ((1-(2,—2x))-2.)?, penalises excessively strong vortices,
favouring cases where vortex strength is significant but not overwhelmingly dominant
relative to the overall flow.

Subsequent axes assess the transverse motion of the flow. The normalised
vertical velocity component reflects beneficial wall-to-core heat transport. The final
axis shows the computed thermohydraulic efficiency #q, which integrates these
flow-structure metrics into a single performance measure.

From the plot, high-efficiency designs (represented by red-orange lines) favours
design with 4o and Vo, especially when accompanied by a strong transverse velocity
component that supports convective transport from the heated walls to the main flow.
It is clear from the multivariable analysis (Fig. 43) that first component divides cases
to two parts lower and higher than 3, higher shows that vortices are small, under
development, and in most cases, they do not result in high 70. While low values show
high vortex interaction. Configurations such as R-H8, R-H9, and R-H13 clearly fall
into this category. In contrast, lower-efficiency designs like R-T4-A show weak
vortex development and low transverse transport. Additionally, increasing the Re
generally improves performance, especially for geometries that enhance coherent
vortex formation and flow alignment.
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Fig. 43. Multivariable analysis of thermohydraulic efficiency based on vortex
geometry, energy distribution and flow directionality
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Fig. 44 presents the thermohydraulic efficiencies TP/ and 5o across various
design configurations under a range of flow conditions. Also, the error for each Re for
all geometries is shown in Fig. 45 and comparison of original 7P/ and calculated
no(TPI) values is given in Fig. 46. The proposed formula 7o provides an excellent
approximation of the target TP/ values. By combining the three datasets through a
power-law relationship, it captures both the scaling behaviour with transverse velocity
component and the moderating influence of vortices interaction and strength. The fit
reproduces the original TP/ table with very high accuracy — the overall error across
all data points (Re = 200-800) remains small, and the numerical trends align closely
with the given values. Across nine configurations and Re = 200-800, the per cent
errors between #e and TPI are small overall (MAPE = 6.1 %, median 4.8 %). By
configuration, the lowest average deviations occur for R-H16 (~4.0%) and R-HS8
(~4.3%), followed by R-T8-B (~4.5%), while R-H9 shows the highest mean error
(~9.2%). The main outlier is 25% at Re = 300 for R-H13; otherwise, variability is
modest, especially for R-H16, R-T4-A, R-HS8, and R-H9. The formula preserves the
expected rankings between columns, keeping R-T4-B among the highest, R-T8-B as
the lowest, and R-H16 near the bottom. The Spearman correlation is 0.99, indicating
a monotonic relationship. Taken together, the data indicate that the proposed 7o
formula closely tracks TPI across flow conditions and largely preserves the expected
ranking across designs.
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5. CONCLUSIONS

This study employed numerical modelling to investigate the characteristics of
coherent flow structures and their impact on the thermohydraulic performance of
various microchannel configurations, including Cylindrical (C) as the baseline,
Hourglass (H), and Tapered conical (T) pin fins. For T, there is unidirectional (/) and
bidirectional (B) conicity orientation. Based on the simulation results obtained for Re
in the range of 200—800, the following conclusions were drawn:

1.

Small-angle (< 8°) variation in the cross-sectional profile along the axis
slightly increases (~ 7%) or does not change the pressure drop when the
flow is steady. When the flow is unsteady, the pressure can be decreased by
an average of 6%. While modest angles (> 8°) increase pressure drop in the
steady regime by ~ 13%, and by ~5% in the unsteady regime, except for the
R-T8-B configuration, which reduces pressure drop by 23%. This
configuration does not experience unsteady flow and has one of the lower
thermal performances. Furthermore, small-angle T pin fins increase both Nu
and TP values by 1-11% compared to C. Whereas, H pin fins decrease both
TPI and Nu when comparing overall steady or unsteady cases to C.

When the flow regime changes, Vo/V increases from 15% to 32%. Similarly,
AolA4 rose from 46—55% in a steady flow to 74—81% in unsteady conditions.
Regardless of the flow regime, the AQ increases, while dVQ remains steady
or decreases in steady flow and decreases in an unsteady regime. This
indicates that when the flow regime changes, significantly more vortices are
formed due to flow instability (the area and volume of vortices suddenly
increase), but later, as the volume decreases while the area increases, vortex
breakdown occurs.

Vol V increased from 16% to 30% for C pins, from 16% to 26% for H, and
from 15.5% to 24% for T as flow transitioned from steady to unsteady
conditions. The impact of pin angle was minimal (+2%). On average, the
flow around H had the largest Ao/4 ratio, ranging from 68% to 72%,
followed by C (65%) and T (54-66%). 2 was greatest in H and lowest in T,
with the R-C-S having the maximum overall Q following the flow
transition.

The created thermohydraulic efficiency assessment method is derived from
coherent vortex analysis by integrating vortex interaction area (4o/A-Vo/V),

L /u§+u,25
y—

The method enables the complete elimination of modelling energy (heat
exchange) equations, thereby reducing computational resources and

vorticity balance ((1-(Q2,—2x)) Q,), and flow transverse motions
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providing a rapid estimate of thermohydraulic efficiency. The proposed ne
formulation shows an MRE of 6.8% compared to TPI. It provides a new
analytical perspective that allows for a better understanding of flow-induced
mechanisms in cooling systems and complements traditional efficiency
indicators.



6. SANTRAUKA
6.1. Ivadas

Smarkiai mazéjant elektroniniams komponentams, Silumos nuvedimas tampa
vis svarbesné ir sudétingesné inzineriné uzduotis. Didéjantis elektroniniy sistemy
funkcionalumas bei spartéjanti technologiné pazanga lemia tai, kad net
kompaktiskuose jrenginiuose susidaro vis daugiau Silumos. Nors pazangls integriniai
grandynai pasizymi geresniu energetiniu efektyvumu, Silumos nuostoliy tankis didéja
su kiekviena nauja karta. Tai sukuria uzdavinj — poreikj efektyviai paSalinti vis
daugiau Silumos i§ vis maZzesnio turio sistemy patikimumui, ilgaamziSkumui ir
stabiliam veikimui uztikrinti.

Tradiciniai §ilumos nuvedimo budai, tokie kaip nattirali konvekcija ar jprasti
Silumokaiciai, nebeatitinka moderniy elektroniniy sistemy poreikiy. Todél vis dazniau
ieSkoma pazangiy, alternatyviy sprendimy, kurie uztikrinty didesnj Silumos nuvedimo
efektyvumg. Vienas i§ perspektyviausiy metody laikomas auSinimas mikrokanalais,
juos integruojant tiesiai j lustus. Si technologija leidzia efektyviai pasalinti §iluma i3
itin riboto tiirio, pasinaudojant dideliu pavirS§iaus ploto ir tirio santykiu bei srauto
savybémis.

Srauto struktira mikrokanaluose yra vienas esminiy veiksniy, lemianciy
Silumos mainy intensyvumg ir bendrag S$ilumokaiciy nasumg. Tokiuose
Silumokaiciuose skystis ar dujos teka per tankiai iSdéstyty cilindriniy ar kitokios
formos kliti¢iy masyva. Dél Sios geometrinés konfigliracijos srautas yra priverstas
nuolat keisti krypti, aptekédamas kliiitis, o tai lemia sudétingy stukuriy formavimasi.
Jei srautas yra stabilus, uz kiekvienos kliiities susidaro stovinciy stkuriy zonos — tai
Siluminés stagnacijos sritys, kurios gali sukelti vietinj perkaitimg ir sumazinti bendra
ausinimo efektyvuma. Kai srautas tampa nestabilus, uz kliti¢iy ima formuotis
atsiskiriantys suikuriai, kurie tarpusavyje sgveikauja, jungiasi, ir taip sukuria dar
sudétingesng srauto struktiirg. Nors tai pagerina Silumos mainus, kartu didéja ir slégio
nuostoliai.

Optimaliai suprojektuota kliticiy masyvo Kkonfigliracija turéty sukurti
pakankamg turbulencija, kad bty uztikrintas efektyvus Silumos perdavimas, taciau
kartu biitina minimizuoti hidraulinius nuostolius. Turbulencija pagerina skyscio
maiSymg, taip padidindama konvekcinj Silumos maing ir pagerindama bendra
ausinimo efektyvumg. Termohidraulinio nasumo indeksas apjungia tiek f, tiek Nu,
todél jis pateikia subalansuotg Siluminio efektyvumo ir srauto pasiprieSinimo santykio
jvertinimg. Taiau 7P/ formuléje tiesiogiai néra jtrauktas joks turbulencijos
parametras, nors tai yra esminis mechanizmas tiek pasiprieSinimo nuostoliy, tiek
Silumos perdavimo pagerinimo.
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Skai¢iuojant srauto ir $ilumos perdavimo procesus skaitmeniniais metodais

(CFD), ypac naudojant didelés raiSkos modelius, skai¢iavimai gali pareikalauti daug

iStekliy — tiek laiko, tiek skaiCiavimo galios atzvilgiu. Todél Silumos perdavimo
modeliavimo galima atsisakyti, siekiant spartesnio projektavimo ir optimizavimo,

ypac atsizvelgiant j platy mikrokanaly ar kity auSinimo budy kiekj.

Turbulencijos parametrai gali buti naudojami kaip alternatyva Nu naSumui
pvertinti. Pasitelkiant turbulencijos rodiklius, tokius kaip turbulentiné kinetiné

energija, iSsisklaidymo greitis ar net £ kriterijus, galima sudaryti alternatyvia formule,
leidziancig prognozuoti termohidraulinj efektyvuma.

Tyrimo objektas

Srautas mikrokanaluose su skirtingy formy kliiitimis.

Darbo tikslas

Ivertinus srauto struktirag mikrokanaluose sukurti koherentiniy struktiiry

charakteristikomis pagrijsta termohidraulinio efektyvumo vertinimo metoda
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Darbo uzdaviniai

Darbo tikslui pasiekti iskelti Sie uzdaviniai:

1.

Istirti mikrokanaly kliti¢iy formos jtaka slégio nuostoliams ir
Siluminiam naSumui.

Istirti koherentiniy struktiiry charakteristiky kitimg tékmei prarandant
stabiluma.

Istirti koherentiniy struktiry formavimosi désningumus priklausomai
nuo kliti¢iy formos ir tekéjimo stabilumo.

Sukurti  koherentiniy  struktiry kiekybine analize paremta
termohidraulinio efektyvumo prognozavimo metoda.

Ginamieji teiginiai

L.

Nedideli klit¢iy skerspjuviy pokyc€iai iSilgai jy aSiy padidina
mikrokanalo termohidraulinj efektyvuma. Didesni kliti¢iy skerspjuviy
poky¢iai gali paskatinti nestacionaraus tekéjimo rezimo pradzig esant
mazesniems Reinoldso skaic¢iams arba nepakeisti tekéjimo rezimo, tai
atitinkamai lemia abiejy dydziy padidéjimg arba sumazéjima.
Koherentiniy struktiiry plotas nuosekliai didéja, o tiiris mazéja, esant
stacionariam rezimui ir didéjant Re. Prasidéjus nestacionariam
tekéjimui, koherentiniy strukttiry tiris ir plotas Zenkliai padidéja, po to
tiiris nuosekliai mazéja, o plotas didéja.



3. Kliaciy skerspjiiviy pokyciai iSilgai jy asiy, sumazina koherentiniy
struktiiry charakteristiky kitima pasikeiciant tekéjimo rezimui.

4. Sukurtas termohidraulinio efektyvumo vertinimo metodas, kuris
nesprendziant energijos lygties, bet kiekybiSkai jvertinant koherentiniy
struktiiry saveikos pavir§iy, intensyvumg ir skersinj tekéjima,
prognozuoja tékmés potencialg nuvesti Silumg.

Mokslinis naujumas

Darbe pirma karta mikrokanaly tyrimams pritaikyta koherentiniy Q struktiiry
analizé, leidusi nustatyti tiesiogini kiekybinj ry$j tarp srauto topologijos ir
termohidraulinio efektyvumo. Sis poziiiris jgalina prognozuoti $ilumos nuvedimo
charakteristikas remiantis tik hidrodinaminiais duomenimis (nesprendziant energijos
lygties). Tyrimo pagrindu pasiiilytas tékmés struktiirine analize gristas metodas,
skirtas projektuoti ir optimizuoti ausinimo sistemas, veikiancias didelio Silumos
srauto tankio sglygomis.

Praktiné verté

Remiantis analizuotomis srauto charakteristikomis ir kliti¢iy geometriniais
parametrais sukurta metodika leis preliminariai jvertinti, palyginti ir optimizuoti
mikrokanalus. Tai palengvins jvairiy kliti¢iy formy ir konfigiiracijy projektavimg ir
naudojima, kad buty galima optimizuoti mikrokanalus naudojant skai¢iuojamaja
skys¢iy dinamika (CFD).

Moksliné sklaida

Sioje disertacijoje pateikti rezultatai publikuoti 3 moksliniuose straipsniuose
zurnaluose ir 1 knygos skyriuje, kurie turi citavimo indeksa ir yra referuojami
,Clarivative Analytics ,,Web of Science* duomeny bazése. Rezultatai taip pat
pristatyti 6 tarptautinése konferencijose.
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6.2. Literatiiros apZvalga

Siuolaikiné elektronika sparéiai vystosi, o tuo paciu didéja jos galia mazéjant
fiziniam jrenginiy dydziui. Dél miniatitirizacijos Zymiai padidéja Silumos tankis, kuris
gali siekti 1000 W/cm? (Joshi et al., 2023). Tokios Silumos koncentracijos kelia rimty
problemy komponenty patikimumui — daugiau nei pusé elektronikos gedimy atsiranda
deél perkaitimo (Khattak & Ali, 2019). Nors vibracijos, dulkés ir drégmé daro jtaka
Irenginiy veikimui, didéjanti Silumos apkrova tampa dominuojancia rizika.

Elektroniniy jrenginiy perkaitimas gali sutrikdyti elektroniniy grandiniy
veikimg, sutrumpinti atskiry daliy tarnavimo laika, sugadinti medziagas, o
krastutiniais atvejais — visiSkai sugadinti jrenginj. Todél efektyviis Silumos nuvedimas
tampa esminiu veiksniu, uztikrinanciu patikimg mikroprocesoriy, atminties lusty ir
kity komponenty veikima. Tradiciniai auSinimo metodai daznai neatitinka
Siuolaikiniy mikroelektronikos sistemy poreikiy, todél diegiami pazangts auSinimo
sprendimai, tokie kaip purskiamos ausinimo sistema, §ilumos vamzdziai, mikrokanaly
Silumokaiciai (Sadique et al., 2022).

Mikrokanaly Silumokaiciai iSsiskiria savo gebé&jimu efektyviai nuvesti $iluma
labai ribotose erdvése (Bhandari et al., 2024; Joshi et al., 2023; Khattak & Ali, 2019;
Rahman et al., 2024; Sadique et al., 2022; Yu et al., 2024). Jie leidZia skysc¢iui judéti
itin siaurais kanalais, kurie dél didelio Silumos mainy pavirsiaus plotg pasiekia didelj
efektyvuma. Norint pagerinti Siy sistemy veikima, jvedami pasyvils srauto trikdziai —
klititys, kurios skatina turbulencija, todél padidéja ne tik Silumos mainy koeficientas,
bet ir pasiprieSinimas.

Pagrindiniai parametrai, lemiantys mikrokanaly su klititimis efektyvuma: forma
(cilindriné, kvadratiné, kiiginé, elipsiné ir kt.), tarpas tarp kliti¢iy centry, iSdéstymas
(linijinis arba Sachmatinis). Tyrimai rodo, kad kliti¢iy forma daro didele jtaka slégio
nuostoliams bei Silumos mainams. Pavyzdziui, aptakios formos, tokios kaip elipsés,
sukuria mazesnj pasiprie§inima nei kvadratinés ar trikampés klittys (Frhan Al-
Abboodi et al., 2022; izci et al., 2015; Serkan Sahin et al., 2023; P. Wang & Chen,
2019). Kliatys, kuriy skerspjtvis kinta priklausomai nuo auks¢io, buvo mazai tirtos.
Vis tik istirtos kiiginés klititys pagerina Silumos nuvedimg, suardydamos Siluminj
pasienio sluoksnj ir sumazindamos stagnacines zonas, dél atsirandan¢iy antriniy
srauty (Abuska & Corumlu, 2023; M. Lv et al., 2022; Mesgarpour et al., 2019; Souida
et al., 2022).

Sachmatinis i§déstymas, palyginti su linijiniu, sukelia srauto vingiavima, todél
Zymiai pagerina $ilumos mainy efektyvuma, nors tuo paciu padidina slégio nuostolius
(Jeng & Tzeng, 2007). Be to, toks iSdéstymas sukuria antrinius srautus, kurie
sumazina recirkuliacines zonas ir taip pagerina Siluminj efektyvuma.
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Kitaip nei paprastuose kanaluose, kur Re < 2000 tekéjimas paprastai
laminarinis, o Re > 4000 — turbulentinis, klii¢iy masyvuose dé¢l pasikartojanciy
kliticiy, net ir esant mazam Re, vyksta vietiné akceleracija, srauto atsiskyrimas ir
stikuriy slinkimas. Pasak Zukausko (Zukauskas, 1972), Re < 1000 srautas jprastai yra
laminarinis, 500 < Re < 200000 — miSrus/subkritinis, o Re > 200000 — dazniausiai
turbulentinis. Taciau Sachmatinis kliti¢iy iSdéstymas su mazais atstumais tarp kliticiy,
kai Re > 1000, greitai tampa turbulentinis. Kiti autoriai nurodo, kad stkuriy slinkimas
prasideda ties Re = 500-700 (F. Xu et al., 2018), ar Re = 850-1000, o von Karmano
stikuriy eiluté stebima nuo Re > 550. Srautas laikomas nestacionariu, kai jo savybés
kinta laike (O¢/0t # 0).

Koherentinés struktiiros yra erdvéje ir laike koreliuojami srauto dariniai (pvz.,
stikuriai), atsirandantys dél skyscio sgveikos su fizinémis klititimis (Fiedler, 1988;
Hussain, 1983; Qin et al., 2023). Sios struktiiros ne tik padidina turbulencijos
intensyvuma, bet ir uztikrina geresng¢ energijos bei momento pernasa sraute.

Svarbiausia, kad koherentinés strukttiros gali atsirasti tieck laminariniuose, tiek
turbulentiniuose srautuose, tokios kaip Foppl sukuriai (Cao et al., 2021; Protas, 2004),
pasagos formos struktiiros (Jiang et al., 2022), suzadinta sritis (angl. wake region)
(Pereira et al., 2018), segtuko formos stukuriai (Dennis, 2015). Koherentinés
strukttiros apima jvairius nestabilumus, tokius kaip Kelvin-Helmholtz ar Rayleigh-
Taylor nestabilumai (Fiedler, 1988; Mercier et al., 2020). Koherentinés struktiiros
nebitinai turi bati visiSkai vienodos erdvéje ir laike, taciau jos turi turéti tam tikra
koreliacijos laipsnj erdvéje ir (arba) laike (Adrian, 2007; Tong et al., 2025).
Pagrindiné idéja yra ta, jog jos iSlaiko atpazjstamuma, net kai deformuojasi ar
sgveikauja su kitomis struktiiromis.

Koherentiniy  struktiry  egzistavimg  galima  nustatyti  naudojant
eksperimentinius (PIV) arba skaitmeninius metodus (POD, DMD, Q-kriterijus, Q
metodas). £2 metodas yra pazangi priemoné koherentinéms strukttiroms identifikuoti,
leidzianti patikimai atskirti stkurines srauto sritis nuo deformaciniy zony, vertinant
srautg pagal sukimosi ir deformacijos santykj (Belkacem, 2021; Y. Zhang et al.,
2019). Skirtingai nuo tradiciniy metody, tokiy kaip Q ar A» kriterijai, £ metodas yra
normalizuotas, maziau jautrus skai¢iavimo tinklelio tankumui, todél ypac tinka taikyti
sudétinguose skaitmeniniuose srauty modeliuose. Jis sekmingai aptinka tiek stiprius,
tiek silpnus sukurius, net ir tais atvejais, kai pastarieji daro didele jtaka Silumos
pernasai ar srauto pasiprieSinimui. Be to, metodas yra universalus — jj galima taikyti
tiek laminariniuose, tiek turbulentiniuose srautuose, jvairiose inzinerinése sistemose,
tokiose kaip mikrokanaly Silumokaiciai, turbinos, siurbliai. Derinant Q kriterijy su
kritiniy taSky teorija, galima ne tik aptikti, bet ir klasifikuoti srauto struktiiras bei
suprasti jy formavimosi mechanizmus. D¢l §iy savybiy £ metodas tampa itin
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naudingu jrankiu projektuojant efektyvias auSinimo sistemas, leidZian¢iu jvertinti
srauto charakteristikas be buitinybés tiesiogiai modeliuoti §ilumos mainus.

Dauguma mikrokanaly Silumokai¢iy analiziy remiasi tik Nu ir 4p, taciau
neatsizvelgia j srauto dinamika. Siame darbe sifilomas naujas metodas — analizuoti
srauto fizika tiesiogiai per koherentines struktiiras, o tai leidzia jvertinti auS$inimo
efektyvuma ne tik empiriskai, bet ir fiziskai.

Esami tyrimai aiSkiai rodo, jog daug démesio skiriama mikrokanaly
Silumokaiciy Siluminiy ir hidrauliniy savybiy gerinimui, ypa¢ skirtingoms kliticiy
formoms ar jy i8déstymui. Daugelyje tyrimy buvo vertinama, kaip skirtingos formos,
tokios kaip cilindrinés, kvadratinés, elipsinés, kiiginés ir kitos, veikia srauto struktiirg
ir §ilumos perdavima. Sie tyrimai daugiausia démesio skiria geometriniy parametry
optimizavimui siekiant padidinti efektyvumg, dazniausiai naudojant empirines
koreliacijas arba iSvestus parametrus, tokius kaip PEC ar kliti¢iy efektyvumas ().

Vienas i$ pagrindiniy literatiiroje nustatyty trikumy yra nepakankamas démesys
srauto struktiroms, kurios daro jtakg Siluminéms charakteristikoms. Nors
koherentinés struktiros yra placiai tiriamos, jy vaidmuo kliG¢iy turinCiuose
mikrokanaluose dar nebuvo sistemingai iStirtas. Dauguma esamy tyrimy remiasi
supaprastinta vizualizacija, kuri suteikia ribotg supratima apie srauto erdvinj ir laiko
organizuotuma. Rysiai tarp srauto struktiry, tokiy kaip stikuriy slinkimo (angl. vortex
shedding), Slyties sluoksniy, recirkuliaciniy zony ir dél to atsirandanciy Silumos
perdavimo ir slégio nuostoliy charakteristiky islicka kokybiniai.

Sia disertacija siekiama uzpildyti spraga koherentiniy struktiiry poveikio
mikrokanaly Silumokai¢iy tyrimuose. Naudojant skaitmeninj modeliavimg ir
pazangius siikuriy identifikavimo metodus, tokius kaip £ metodas ir kritiniy tasky
teorija (Perry & Fairlie, 1975), tyrime nagrinéjama, kaip geometriniai parametrai ir
srauto rezimai veikia stkurius. Uzuot pasikliovus tik Silumos perdavimo ir slégio
nuostoliy vertémis, tyrime tiesiogiai nagriné¢jamas srautas, siekiant suprasti naSuma
lemianc¢ius mechanizmus. Pagrindinis Sio darbo rezultatas — naujo vertinimo metodo,
pagristo koherentiniy struktiiry analize, sukiirimas. Sis metodas leidZia numatyti
termohidraulinj efektyvuma nemodeliuojant energijos lyg€iy, o tai suteikia
alternatyva tradiciniams modeliavimo metodams. Taip pat pagerina preliminary
projektavimo procesa ir padeda geriau suprasti srauto sukeltus mechanizmus auSinimo
sistemose. Nauja vertinimo strategija papildo esamus rodiklius ir suteikia galimybg
sumazinti naudojamus skai¢iavimo resursus.

6.3. Modeliavimo metodika

Srautams ir $ilumos mainams mikrokanaly Silumokai¢iuose modeliuoti, taikant
URANS metodg, tyrime naudojamas skai¢iuojamosios skys¢iy dinamikos (CFD)
metodas. Skysc¢io judéjimas ir Silumos mainai apraSomi masés, impulso ir energijos
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tvermés désniais, iSreikStais Navjé-Stokso lygtimis. Turbulencijai modeliuoti
naudojamas k-0 SST modelis, kuris apjungia k- ir k-¢ metody privalumus.

Tyrime naudojamos bedimensés charakteristikos, hidraulinis diametras (D),
Reinoldso skaicius (Re), pasiprieSinimo koeficientas (f), Nuselto skaiCius (Nu) ir
Siluminio efektyvumo rodiklis (7PI). Cia pasipriesinimo koeficientas apima sieneliy

Slytj ir kliti¢iy formos nuostolius.
Krastinés salygos priklauso nuo tyrimo tipo (su/be Silumos perdavimo) ir
apima j¢jimo /i8¢jimo, sieneliy ir kliti¢iy sritis. Krastinés salygos pateiktos

18 lentelgje.

18 lentelé. Skirtingy skaiciavimo sric¢iy Siluminiy ir adiabatiniy modeliy krastiniy

salygy parinkimas
Adiabatinis atvejis
Visas kanalas Periodiné dalis Cikliné sritis
D = Din D = Din
ftekéji fu-n=0 fu-n=0
ekéjimas
k = ki‘n k == kin
W = Win W = Win
Pinter = ¢
P = Patm(0) P = Patm(0) et outlet
Istekéjimas Vu'n =0 Vu:n =0
! Vk-n=0 Vk-n=0
Vw-n=0 Vw-n=20
. p-n=0 Vp-n=20 Vp-n=0
Kliat
s Vk-n=0 Vk-n=0 Vk-n=0
w wall function w wall function | w wall function
Vir u=20 u=90 u=0
irSu-
e/ ut., Vp-n=0 Vp-n=0 Vp-n=0
iné / apatin
¢/ aperine Vk-n=0 Vk-n=0 Vk-n=0
sienelés . . .
w wall function w wall function | w wall function
u=20
Desiné pn=20
sienelé Vk-n=20
w wall function
f_ ¢right = ¢left (»bright = (pleft
u=20
p-n=20
Kaire sienelé
airé sienelé Vk-m =0

w wall function
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Su Silumos mainais

Cikliné sritis, Silumai nelaidi

Cikliné sritis, Silumai laidi

Kairé sienelé

d)right = d)left

Skystis
Ui = Upyt
Uip = Ugye p= f(eq)
p=f(eq) kin = Koyt
Jtekéjimas kin = kout Win = Woyt
Win = Woyt Ty = Tfixed
Tin = Tfixea MedZiaga
¢inlet = ¢outlet
Vu-n = 0 (if outflow)
u = 0 (if outflow) Skystis
p = f(eq) Vu-n =0 (if outflow)
Vk-n = 0 (if outflow) u = 0 (if outflow)
k = kg if outflow =
Istekéjimas rixea (if flow) p=/(eq)
p = f(eq) Vk-n=0
Vw-n =0 (if outflow) Vw-n=0
W = Wrixeq (If outflow) MedZiaga
VT -n = 0 (if outflow) Din = Dout
T = Trixeq (if outflow
u=20
p = f(eq)
Klititys Vk-nm=0 -
w wall function
VT -n=0
u=20
Virsuting / p = fleq) MedZiaga
.. Vk-n=0
apatiné ] 0T Qfixea
sienelés w wall function F
6_T — qfixed
an k
Desiné
Skysti.
sienelé s

(»bright = ¢left
MedZiaga
¢right = d)left
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Skystis
u=20
p = f(eq)
k wall function
w wall function

Skyscio-
medziagos -

sasaja _
Ariuida = 9solid

MedZiaga

Qsolia = Qfiuia

Modelis patikrintas pagal eksperimentinius Renfer et al. (Renfer et al., 2011,
2013) ir Kosar et al. (Kosar et al., 2011) duomenis. Renfer et al. (Renfer et al., 2011,
2013) tyré Sildomus ir neSildomus mikrokanalus su skirtingomis klifi¢iy
konfigtiracijomis, naudodamas uPIV metoda. Kai tuo tarpu Kosar et al. (Kosar et al.,
2011) nagrinéjo skirtingg kliticiy iSdéstymg esant adiabatinéms saglygoms.

Tyrime naudojamos Renfer (R) ir Kosar (K) mikrokanaly konfigiiracijos su
cilindrinémis klittimis, taCiau skiriasi matmenys ir Re intervalas, o tai leidzia
palyginti skirtingus srauto rezimus ir jy jtaka Siluminiam nasumui. Siekiant patikimai
interpretuoti  eksperimentinius duomenis, buvo atlikta komplektiné analizé
pagrindiniams skys¢iy dinamikos ir Silumos parametrams: nustatyti santykiniai
neapibréztumai —£13 % tliriniam debitui, +11 % kinematinei klampai ir £1,7 % slégio
kritimui. Sios vertés naudotos bendrajam (angl. propagated) parametry
neapibréztumui apskaiciuoti, kuris siekia 17 % ir reikSmingai veikia tekéjimo rezimo
klasifikacijg, ypa¢ pereinamajame rezime, kur net nedideli Re pokyciai gali lemti
skirtingg tekéjimo elgsena.

IS viso buvo istirta 90 mikrokanaly konfigtracijy. ISsamiis duomenys pateikti
19 lenteléje. Pirma pavadinimo raidé nurodo $altinj (R/K), antra — klitities forma,
cilindras (C), dvigubas cilindras (DC), elipsé (E), kugis (T), smélio laikrodis (H).
Jeigu tai kuigio ar smélio laikrodZio forma, nurodomas pasvirimo kampas. Kiigiams
dar nurodoma jy pasvirimo kryptis — vienkrypté (A) arba dvikrypté (B). Galiausiai
nurodomas atstumas tarp klit¢iy centry (P), o Salia pateikiama jo verté.
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19 lentelé. Mikrokanalo kliti¢iy formos, i§déstymy ir modeliavimo salygy santrauka

. . .. Konfigiracija Modeliavimo
Atvaizdas ir pavadinimas I
I3déstymas Forma Salygos
uin=1,25 -
Liniiini Dvigubas 2,25 m/s
inijinis o .
P=200 um cilindras Skystis —
H =200 um D;=100 um vanduo (16°C)
M D; =50 pm k-o SST
adiabatinis
uin=0,165 —
Linijinis Elipsés e mis
Pion=200 pum Dy= 100 pm ysts
Py =50 — 140 pm D,=40um | Yanduo (16°C)
r 7 k-o SST
adiabatinis
R-E-P120
R-E-P(atstumas tarp kliti¢iy)
A ) Re=85-117
L 4 Sachmatinis Dy, =140 pm Skystis —
P =250 um Dyia= 53,6 um | vanduo (22°C)
H=1243 um ®=19,573° k- SST
adiabatinis
K-HI19
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D, =41,8 -

K-T14-A-P250 91,6
um
K-T(kampas)-A-P(atstumas Sachmatinis B Re =40 —117
o - D, =1084— Skystis —
tarp klificiy) P =200-300 um o
: H=243 um 158,2 pm vanduo (22°C)
" k-0 SST
Priklauso nuo adiabatinis
kampo 2° -
13,48°
K-T14-B-P250
K-T(kampas)-B-P(atstumas
tarp kliticiy)
D1 = 86 um
D, =114 um
© =4,004° Re =200 —
5 800
Sachmatinis Skystis —
P =200 pm vanduo (Ti =
H =200 pum 20°C)
k-o SST
Dy =66 pm
D, =134 ym
®=9,648°

R-T8-A
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R-T8-B

D; =86 um
D, =114 pm
0=797°

D1 = 76 pm
0=12953°

D]_ =170 nm
®=8531°

R-H16

D, =42 um
D, = 100 pm
0=16,172°
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6.4. Patikra

Modelio patikra yra suskirstyta | tris dalis: neapibrézciy analize dél tinklelio
supaprastinimo, jtekéjimo salygy, Silumos laidumo klitityje ir tinklelio tankumo
analiz¢ bei modelio patikra.

6.4.1. Neapibrézciy analizé

Skai¢iavimo sgnaudoms sumazinti viso mikrokanalo modelis buvo
supaprastintas iki periodinés dalies, o véliau — iki ciklinés srities. Tiek viso kanalo,
tiek periodinés dalies atvejais slégio kritimas buvo uzduodamas kaip krastiné salyga.
Ciklingje srityje priesingai — taikytos ciklinés (nesptidziam fluidui) arba ,,mapped*
(sptidziam fluidui) krastinés salygos, o greitis u ¢ia buvo nurodomas kaip pradiné
salyga (krastinés salygos pateiktos 18 lenteléje).

Iéjimo greicio ir slégio nuostoliy priklausomybé pateikta 8 pav., kuriame taip
pat pavaizduota £10 % paklaida eksperimentiniams duomenims. Be skaic¢iavimo
srities parinkimo, buvo palygintos skirtingos modeliavimo strategijos — RANS ir
URANS, taip pat sptudus ir nesptidus skystis. Rezultatai rodo, kad skyscio spiidumas
reikSmingos jtakos nedaro. Kadangi ¢ia daugiausia démesio skiriama geometrijy
palyginimui, pilna modelio patikra pateikta 6.4.2 skyriuje.

Lyginant u;, visame kanale ir periodinéje dalyje, gauti nuokrypiai siekia 12,8 %
nespiidziam fluidui atvejui ir 11,6 % — spiidziam (47 pav.). Tuo tarpu u; skirtumas
tarp viso kanalo ir ciklinés srities modeliy yra palyginti nedidelis — 4,67 %.
Didziausias nuokrypis atsiranda, kai srautas pereina i$ stacionaraus j nestacionary
rezimg. Jdomu tai, kad ciklingje srityje rezimo pasikeitimas jvyksta anksciau, nes
srautas grei¢iau nusistovi. Tai pabrézia cikliniy krastiniy salygy privaluma — jos
spartina biidingy srauto savybiy nusistovéjima, palyginti su jprastomis krastinémis
salygomis.

Tyrimas patvirtina, kad ciklinés krastinés salygos tiksliai atkuria mikrokanalo
slégio pasiskirstymg ir srauto charakteristikas, mazindamos skai¢iavimo sgnaudas.

131



2,0
A— 2
1,5 E 2 E/
59 T _— - —
2 _*
= e
S
N
1,0 4 =4
- ®  Eksp. (Renfer et al., 2013)
a —@— Visas kanalas (RANS, nesptidus)
—A— Periodiné dalis (URANS, nespiidus)
0,5 — A Periodiné dalis (URANS, spiidus)
—4&— Cikliné sritis (URANS, sptdus)
T T T T T T ‘

' I ' I ' I
0 20000 40000 60000 80000 100000 120000 140000
Ap, Pa

47 pav. Ap priklausomybé nuo u;, visam kanalui, periodinei daliai ir ciklinei
srifiai
Buvo istirtas eksploatavimo salygy (pradinés temperatiros ir klampos)
neapibréztumas. Jvertintas pradinés temperatiros ir klampos poveikis slégio kritimui.
Analizé atlikta ciklingje srityje tiek spudziam, tiek nespiidziam fluidui, esant
stacionariam (Re~200) ir nestacionariam srautui (Re~650-700). Rezultatai pateikti 48

pav. Skirtumas tarp didesnés ir mazesnés pradinés temperatiiros (20 °C ir 25 °C) lemia
19,7-26,1 % 4p verciy pokyt;.

- — T T T
120000 4 ® Nespitidus, T =20 °C ° i
| ® Nespiidus, T=25°C
100000 4 B Spudus, T=20°C |
®  Spudus, T=25°C m O ]
<
A~ 80000 -
% = " :-5
[ ] ]
]
10000 -
[ ]
[]
8000 — T T T T 1

100 200 300 400 500 600 700 800
Re

48 pav. Modelio spiidumo ir pradinés temperatiiros jtaka rezultatams
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Tolesnis patikrinimas, esant Silumos mainams, rodo, kad ciklinés krastinés
salygos yra fiziSkai netinkamos, todél pakeistos i atvaizduotas (angl. mapped), kurios
perkelia istekéjimo duomenis j jtekéjima, taip pat jtraukiant korekcijas, skirtas
kompensuoti sklaidos poveikj ir iSlaikyti numatytas krastines salygas. Be to,
skaiCiavimo erdvés ilgis buvo padvigubintas, siekiant i§spresti trumpesniy tinkleliy
nesugebéjimo iSlaikyti cikliSkumo naudojant uzduotas kraStines salygas. Baba-
Ahmani ir kt. (Baba-Ahmadi & Tabor, 2009) patvirtina tokiy krastiniy salygy
naudojima tekéjimui kanaluose ir vamzdziuose.

Skaitiniuose $ilumos mainy tyrimuose, ypa¢ mikrokanaluose, kietosios srities
modeliavimas daznai zymiai didina skai¢iavimo kaStus. Nors jungtiné Silumos
pernasa leidzia i§samiai apraSyti Silumos laiduma medziagoje ir konvekcija skystyje,
vis tik toks metodas ne visuomet biitinas. SkaiCiavimo efektyvumui optimizuoti
medziaga buvo nejtraukta ] modeliavimg, o pagrindiniai parametrai, tokie kaip 4p,
Nu, Twi, Tmia, A2 buvo palyginti su medziaga ir be jos (49 pav.). 4p MRE yra 5,3 %,
14,1 % Nu, 3,6 % Ag ir maziau nei 0,5% T, ir Tyie. Didziausias nuokrypis stebimas
pereinamojo rezimo dalyje, kur medziagos nebuvimas sukélé rezimo peréjimo
vélavimg ir staigesnius tekéjimo savybiy pokycCius. Tai lémé didesnj MRE, taciau
atsizvelgus ] tai ir nejtraukus Re = 346 ir 422, Nuselto skaic¢iaus MRE sumazéja iki
mazdaug 7 %. Sie nuokrypiai yra santykinai minimaliis, o tai rodo, jog medZiagos
poveikis tampa nereik§mingu. Sis supaprastinimas leidzia sutaupyti skai¢iavimo
iStekliy, iSlaikant tiksluma ten, kur tai svarbiausia — skyscio srityje.

T T T 6 ] T T T ]
1200009 o be kietosios srities 2 1x10 o o ©°
su kietaja sritimi o 1 o ©
90000 - - 9x107 L
< S o~ i
& 1 g
=, 60000 - - S 8x107 b
S | ° S ]
30000 5 . 7x107 o o ° .
i . ) | o O  Dbe kietosios srities]
0 : : | 6x107 : : su kiletqia sr'itimi
a) 200 400 600 800 b) 200 400 600 800
Re Re
T T T oT T T T
20 - L . i o O o
O be kietosios srities o 310 - _
su kietaja sritimi
154 3
= o N 300 7,44 b€ Kictosios srities = = _
= Q o T, SU Kictaja sritimi B
10 1 T,.. be kietosios srities A0 o o
290 - 7, su kietaja sritimi e & ® % ]
51 o o ©O 7] o o © °
T T T 280 T T T
C) 200 400 600 800 d) 200 400 600 800
Re Re

49 pav. a) slégio nuostoliai b) koherentiniy strukttiry plotas c¢) Nuselto skaicius

d) temperatiiry priklausomybé nuo Re



Tinklelio patikra tgsiama tinklelio konvergavimo ir tinklelio konvergavimo
indekso (GCI) analize. Sioms analizéms buvo pasirinkta cikliné sritis. Palyginti penki
skirtingi tinkleliy tankumai: 1 su 44032 elementais, 2 — 72160, 3 — 118272, 4 —
198016, 5 — 396032. Lyginimas atliktas maziausiu ir didziausiu Re. Visais atvejais
atstumo iki sienelés parametras y+, buvo islaikytas Zemesnis nei 1, siekiant uztikrinti
pasienio sluoksnio skiriamaja geba. 4p, Nu ir Ao rezultatai pateikti 50 pav. Esant
mazam Re, Ap skirtumai tarp tinkleliy yra ~ 1%. Esant dideliam Re, reikSmingo
skirtumo tarp 4 ir 5 tinkleliy nepastebéta, taciau skirtumas tarp 3 ir 4 tinkleliy buvo
7 %, tarp 3 ir 2 — 4%, o tarp 2 ir 1 — 7%. Tuo tarpu Nu skirtumai esant mazam Re tarp
2-5 tinkleliy buvo apie 2 %, o tarp 1 ir 2 — 8 %. Panasiai ir su Aprezultatais, skirtumai
nepriklausé nuo Re, o maziausias skirtumas pastebétas tarp 4 ir 5 tinkleliy.

1x10°¢ T T

T T : T T
o o i O |
20 o o (e]
4000 g 9x107 4 o E
(]
16 © -
o o
< _ ) -7 ] _
& 135004 o 1 =12 O Re=178 18 8x10
~ T — T T = O Re=735 & (e}
N 4274 o ~ ©
8- | 7x107 1 o
[n] o o
o
4204 E i i 7 4 e
5 o 41000 o o 6x10
0o
T T T T T T
0 }60000‘ 320000 _ b) 0 160000 320000 C) 0 160000 320000
a) Tinklelio elementai Tinklelio elementai Tinklelio elementai

50 pav. Tinklelio tankumo jtaka a) slénio nuostoliams, b) Nuselto skaiciui ir c)
koherentiniy strukttiry plotui, kai Re = 178 ir 735

GCI metodas buvo pritaikytas 3, 4 ir 5 tinkleliams, kai Re = 735 (zitréti 20
lentelg). Apytiksles paklaidos tarp ir 4 tinklelio slégio nuostoliams buvo 0,26 %,
7,3 % Nuselto skaiciui ir 3,17 % koherentiniy struktiiry plotui. Palyginimui, 4 ir 3
tinkleliy paklaidos buvo 7,5 % — 4p, 13 % — Nu ir 6 % — Aq. [Sorinés (angl. external
error) 4 ir 5 tinkleliy paklaidos buvo atitinkamai 0,62 %, 3,68 % ir 1,92 % 4p, Nu ir
Ao, o paklaidos tarp 3 ir 4 tinkleliy buvo zymiai didesnés — 20,31 %, 9,68 % ir 5,36
%.

GCI rezultatai rodo, kad konvergavimas tarp 5 ir 4 tinkleliy yra patenkinamas,
su minimaliomis paklaidomis (GCI vertés 0,78 % Ap, 4,77 % Nu ir 2,45 % Ao). Taciau
per¢jimas i§ 4 i 3 tinklelj rodo bent tris kartus didesng paklaida (GCI vertés 31,85 %
Ap, 13,4 % Nu ir 7,08 % Ag), o tai rodo, kad 3 tinklelio detalumas gali buti
nepakankamas arba kad rezultatus gali paveikti su tinklelio detalumu susijusios
skaitinés paklaidos.

Taigi, tinklelio rezultatai rodo gerg konvergavima su mazu GCI ir netikslumo
reikSmémis, o tai rodo, kad tolesnis tinklelio tankinimas greiCiausiai nepadidins
modeliavimo tikslumo. Todél daroma iSvada, kad vidutinis mazdaug 198016
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elementy tinklelis yra pakankamas nagrinéjamos problemos analizei. Sis tinklelis bus
pagrindas tolesnei analizei, apimanciai kitas konfigtiracijas.

20 lentelé. GCI analiz¢ slégio nuostoliams, Nuselto skaiCiui ir koherentiniy strukttry
plotui

Ap Nu Ao
Mesh 5-3 396032, 198016, 118272
18)] 2
32 1,674
@1, 02, 93 4250, 4239, 3922 20,6,19,11, 16,63  21.,53,21,32, 19,64
£ 0,499 1,543 1,387
Poxt’! 4276,60 21,41 10
ed! 0,26 % 7,31 % 3,17 %
Eexi’! 0,62 % 3,68 % 1,92 %
GCH 0,78 % 4,77 % 2,45 %
Pexi” 5319,07 21,16 106
&2 7,48 % 13,02 % 5,91 %
Eox? 20,31 % 9,68 % 5,36 %
GCrP*? 31,85 % 13,40 % 7,08 %

6.4.2. Modelio patikra

Siekiant islaikyti atitikima eksperimentinéms saglygoms, CFD skai¢iavimuose
Ap buvo uzduotas tarp jéjimo ir i8éjimo, o ne tiesiogiai u;». Tuo tarpu ciklinéje srityje
pradiné krastiné salyga buvo u;,. Kadangi ciklinés srities jéjimo plotas skiriasi nuo
viso kanalo, u;, buvo perskaiciuotas i pradinio kanalo u;,. IS viso kanalo skai¢iavimy
gautas u;; buvo lyginamas su atitinkamomis eksperimentinémis vertémis. Tai
uztikrino, kad esant tam paciam slégio kritimui modeliuotas debitas atitinka
eksperimentinj tekéjima, o tai suteikia tvirtg pagrindg tiek viso kanalo, tick sumazinty
sri¢iy modeliy patikrai. Ciklingje srityje, kadangi u;, buvo uzduotas, gautas 4p buvo
palygintas su eksperimentine verte.

Modeliavimo ir eksperimento rezultatai pateikti 51 pav. Aplink
eksperimentinius duomenis pavaizduota +10 % paklaidos zona. Viso kanalo rezultatas
gerai atitinka eksperimenting tendencija (MRE,,; = 10 %). Ciklinés srities MRE,=
12 %. Abiem atvejais skaitiniai duomenys linke pervertinti atitinkamai u;, arba A4p.
Nepaisant to, bendras atitikimas eksperimentui patvirtina rezultaty pagristuma.
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B Eksp. (Renfer et al., 2013)
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51 pav. Modeliuojamo slégio kritimo visame kanale ir ciklinéje srityje
palyginimas su Renfer ir kt. (Renfer et al., 2013) eksperimentiniais rezultatais

Modeliavimo rezultatai taip pat buvo palyginti ir su Kosar ir kt. (Kosar et al.,
2011) atliktais eksperimentais (52 pav.). MRE tarp skaitiniy viso kanalo ir
eksperimento rezultaty yra 7 %, o tarp ciklinés srities ir eksperimento — 12 %. Ciklin¢
sritis rodo nepakankamg jvertinimg, tikriausiai dél taikomos periodiskumo salygos,
kuri neatsizvelgia i jtekéjimo srities poveikj. Sis nepakankamas jvertinimas
greiCiausiai susijes su modeliavime naudojamu periodiskumu, kuris neatsizvelgia j
itekéjimo poveikj. Kadangi jtekéjimo sritis atlicka svarby vaidmenj bendrame 4p, jos
nejtraukimas ] cikling sritj lemia mazesnes numatomas vertes, palyginti su
eksperimentiniais rezultatais. Nepaisant to, bendras atitikimas su eksperimentu
patvirtina rezultaty pagrjstuma.

m  Eksp. (Kosar et al., 2011)
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52 pav. Viso kanalo ir ciklinés srities slégio kritimo modeliavimo rezultaty
palyginimas su eksperimentiniais duomenimis Kosar ir kt. (Kosar et al., 2011)
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Ciklinés srities rezultatai buvo palyginti su Renfer ir kt. eksperimentiniais
rezultatais (Renfer et al., 2011, 2013). 53 pav. stacionariame tekéjime matyti, kad Nu
iSlicka santykinai pastovus, be reik§mingo padidéjimo. Taciau staigus Nu Suolis
jvyksta po to, kai Re pasiekia mazdaug 491, o tai rodo tekéjimo rezimo pokycio
pradzia.

Bendras Nu MRE yra 10%, o mazesnis neatitikimas (MRE = 3%) yra po
tekéjimo pasikeitimo (po Re = 491). Modeliuojant pastebétas uzdelstas rezimo
per¢jimas atitinka ankscCiau pateiktas iSvadas. Vélavimg galima priskirti cikliniy
krastiniy salygy naudojimui modelyje. Nepaisant rezimo pasikeitimo uzdelsimo,
rezultatai gerai atitinka eksperimentinius duomenis, ypa¢ po rezimo pasikeitimo,
patvirtindami modelio pagristuma Silumos perdavimo modeliavimui.
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B Eksp. (Renfer et al., 2013) 1
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53 pav. Ciklinés srities Nu modeliavimo rezultaty palyginimas su
eksperimentiniais duomenimis (Renfer et al., 2013)

Siekiant jvertinti, kaip gerai modelis atkuria eksperimentinius rezultatus,
apskaiciuotas Pearsono koreliacijos koeficientas r. Tai statistinis dviejy kintamyjy
tiesinés priklausomybés stiprumo ir krypties matas. CFD patikroje jis parodo, kiek
tiksliai skaitinés prognozeés atitinka eksperimentiniy duomeny tendencija. Nors
paklaidy matai, tokie kaip MAE ar RMSE, apibtudina nuokrypiy dydj, Pearsono
koeficientas tiesiogiai atsako j tai, ar CFD modelis atkuria eksperimenting tendencija.
rpartimas +1 reiskia, kad didéjant eksperimentiniam kintamajam (pvz., jé&jimo greic¢iui
ir didéjant slégio kritimui), modelio i§vestis didéja beveik proporcingai — tai svarbu
norint patvirtinti teisingus fizikinius skai¢iavimus.

Koreliacija tarp eksperimentinio u;, ir CFD rezultaty visam kanalui gauta »p =
0,999. Analogiskai, koreliacija tarp eksperimentinés 4p ir ciklings srities modeliavimo
davé tg pacia reiksme — 0,999. Sios reik§més yra artimos vienetui, o tai rodo tiesinj
CFD rezultaty ir eksperimentiniy matavimy atitikimg ir leidzia daryti iSvada, kad
modelyje pagrindiniai srauto fizikos désniai atkuriami teisingai.
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6.5. Rezultatai

Rezultaty skyrius padalintas j dvi pagrindines kategorijas: hidraulines ir Silumos
perdavimo charakteristikas. Sie du aspektai yra integruoti j i§samy paskutinj skyriy,
kuriame aptariamas naujas efektyvumo kriterijus.

Svarbu pazyméti, jog Silumos perdavimas kiekvienai konfigiiracijai nebuvo
modeliuojamas. Daugiausiai démesio skirta konfigiiracijoms su kintanciais kliti¢iy
skerspjuviais iSilgai aukscio (kiigio ar smeélio laikrodzio formy). Rezultatai taip pat
sugrupuoti pagal K tipo arba R tipo konfigtiracijas.

6.5.1. Hidraulinés charakteristikos

Palyginamoji cilindriniy kliiiciy (R-C-I) ir dvigubo cilindro klit¢iy (R-DC-I)
analizé parod¢, kad esant stacionariam tekéjimui (Re = 300), f R-DC-I mikrokanale
buvo 8 % mazesnis nei R-C-I atveju (Zr. 54 pav.). Toks sumaz¢jimas siejamas su
stabilesnémis srauto salygomis R-DC-I mikrokanale. Padidéjus Re, f R-C-I dél
iSaugusio srauto nestabilumo padidéjo. Tekéjimo rezimo pasikeitimas R-C-I
mikrokanale jvyksta Re = 300, kai tuo tarpu R-DC-I tik esant Re > 500. Net ir
pastebéjus stikuriy slinkimg abiejose konfigtiracijose, R-DC-I pasizymi mazesniu
hidrauliniu pasiprieSinimu, f sumazejo iki 21%, kai Re = 541. Vidutiniskai R-DC-I
konfigiiracijos f'yra 37 % mazesnis nei R-D-I tirtame Re intervale (300 < Re < 541).
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54 pav. R-C-I ir R-DC konfigiiracijy fpalyginimas

Elipsiniy kliti¢iy masyvai su kintamu skersiniu zingsniu tarp kliti¢iy (R-E-P(X))
buvo palyginti tarpusavyje ir su R-C-I (zr. 55 pav.). Pastebéta, kad 4p yra maziausias
R-C-I atveju, kai tekéjimas yra stacionarus, taciau vertinant £, elipsiniy klit¢iy f'yra
mazesnis ir tékmé ilgiau iSlaiko stabilumg. Taip pat pastebéta, jog maZzéjant
skersiniam zingsniui tarp kliti¢iy, did¢ja slégio nuostoliai.
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55 pav. a) 4p priklausomybé nuo jtekéjimo greicio ir b) fpriklausomybé nuo
Re

Dviejy cilindry ir elipsinés klititys i$laiko pastovy skerspjuvi per visa aukstj,
todél aerodinaminés charakteristikos yra nuspéjamos. Priesingai, smélio laikrodzio ir
kiiginés klititys turi kintama skerspjtivi. 56 pav. parodyti cilindriniy, kiiginiy ir smélio
laikrodzio formos kliti¢iy hidrauliniai nuostoliai. Srautas K-H19 mikrokanale islicka
nestacionarus visame tirtame Re. Tuo tarpu K-C ir K-T14-A-P250 srauto
nestabilumas prasideda Re virsijus 117, o K-T14-B-P250 yra stacionarus visame
tirtame Re intervale.

56 pav. pateikti duomenys rodo, jog K-H19 pagerina hidraulinj nasuma,
sumazindamas Ap 6-14%, palyginti su K-C. Nepaisant to, kad KC ir K-H19
konfigiiracijos turi tg patj turj, KC pavirSiaus plotas yra 23% didesnis, o tai gali lemti
didesn;j 4p. Be to, K-H19 srauto struktiira yra sudétingesné nei K-C.

Nors kuginéms klititims, palyginti su K-C, reikSmingo Ap sumazéjimo
nenustatyta, stacionariame rezime jos sumazina f 6 % ir iki 11 % nestacionariame
rezime, o K-H19 sumazina f'4 %.
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56 pav. a) 4p ir b) fpriklausomybé nuo Re K tipo konfigliracijoms
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57 pav. pavaizduota pasiprieSinimo koeficiento f priklausomybé nuo
ktugiskumo kampo, esant skirtingiems atstumams tarp kliti¢iy (P) ir Re. Mélynos ir
juodos kreivés atitinka vienakryptes (A) ir dvikryptes (B) kiigines klititis. Spalvotos
sritys Zymi srauto rezimus: virSutiné — vienakryptéms, apatiné — dvikryptéms klititims.

Kiagiskumas apibiidina kliiities skersmens pokyti pagal jo aukstj. 13,48° kampo
kliaties turis yra 11,3 % didesnis, o pavirSiaus plotas 2,83 % didesnis nei cilindrinés
kliaties (K-C).

Didéjant P, maZesnis Re sukelia stukuriy formavimasi. Pavyzdziui, padidinus P
nuo 200 iki 300 pum, srauto tiris iSauga 61 %, o f sumazéja ~1,6 karto (Re = 117).
Taciau P nedaro reik§mingos jtakos f priklausomybei nuo Re — Re padidéjus nuo 40
iki 117, f padidéja ~ 43 % (A) ir ~ 46 % (B), nepriklausomai nuo P.

Kai P > 250 um ir tekéjimas yra stacionarus, kiiginiy kliti¢iy orientacija beveik
nepaveikia srauto. Taciau pereinant j nestacionary rezima, skirtumai tampa rySkesni:
A tipo geometrija uztikrina mazesnj f esant mazam P ir stacionariam srautui, o B tipo
geometrija stabilizuoja srauta, taip pat mazindama f.

Esant skirtingiems Re, néra aiskios priklausomybeés tarp f'ir kiigiSkumo kampo.
A tipo konfigliracijos rodo nuoseklius rezultatus, o B tipo konfigliracijos pasizymi
didesniais svyravimais. Esant mazam P (pvz., 200 pm), kampas ir pasvirimo kryptis
gali pakeisti f iki 9 %, o padidinus P iki 225 pm — iki 7 %. Kai P verté virsija kanalo
aukst], orientacijos jtakos tampa nereikSminga. Visais atvejais didinant kiigiSkumo
kampa f mazégja.

Taigi, kai P > 225um, f mazéja didéjant kampui, nepriklausomai nuo
orientacijos. Tuo tarpu, kai P =200 pm, tik A konfigliracijose f reikSmingai sumazéja
didéjant kampui; B beveik nepakinta.
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57 pav. Pasipriesinimo koeficientas skirtingo kampo kiiginéms klititims esant
skirtingam atstumui tarp jy ir Re

58-60 pav. parodomas srauto linijy pasiskirstymas jvairiose plokStumose, per
vidurj, ties galinémis sienelémis. Srauto topologijos kritiniai taSkai — mazgas (angl.
node), Zidinio taskas (angl. focus) ir balno taskas (angl. saddle).

K-C konfiguracijoje stebimas tipiskas tekéjimas aplink cilindrines klititis —
stkuriai iSlieka stabilis visame kanalo aukstyje. UZ klidities susidaro du prieSinga
kryptimi besisukantys stikuriai. K-H19 konfigiiracijoje, Zidinio tasky néra — vietoj to
vidurinéje plokStumoje susidaro mazgo taskas (58 pav.). Srautas, pratekédamas per
siauriausig kanalo vieta, pagreitéja, taip pagerindamas Silumos perdavimg ir mai§yma.
Uz klit¢iy susiformave du prieSprieSiniai srautai susiduria centre, neleisdami
susidaryti stovintiems stkuriniams. Smelio laikrodZzio forma pagerina hidraulines
savybes. O kuiginé geometrija leidzia valdyti srauto struktiirg priklausomai nuo
kiigiskumo krypties. Dvikryptés (K-T14-B-P250) konfigiiracijos neturi zidinio tasky
viduringje plokStumoje, bet dél beveik simetrisky antriniy srauty siikuriai yra iSsidéste
per visa kanalo aukstj (59 pav.). Sie srautai dvikrypéiuose kliti¢iy mikrokanaluose dar
labiau pagerina maiSymg tarp virSutinés ir apatinés sieneliy.
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Vertikalioje plokstumoje (60 pav.) K-C ir K-H19 atvejais srauto struktiira yra
simetriSka. Tac¢iau kliti¢iy kiigiSkumas jg iSkreipia — antriniai srautai siauresnéje kiigio
puséje sukelia papildomy balno tasky atsiradimg. I|domu tai, kad nors dvikryptés
konfigiiracijos turi sudétingesne srauto topologija, jos pasizymi didesniu srauto
stabilumu nei vienakryptés — dél geresnio antriniy srauty balanso.

Pagrindinis skirtumas tarp K-C ir K-H19 glidi jy konfigiiracijose: K-H19 turi
susiauréjima, kuris pagreitina tekéjima centre ir gali pagerinti Silumos perdavimag. K-
C stkuriai iSlieka vientisi visame aukstyje, o K-H19 atveju jie suskyla vidurio
plokstumoje, formuodami daugiau mazy ir dinamiskai kintanciy stkuriy.

Galiausiai, priesais kiigine klititj slégio gradientas nukreipia tekéjima Zemyn,
link siauresnio galo (60 pav.). Uz kliti¢iy susidaro asimetrinis antrinis tekéjimas —
stipresnis srautas nuo placiosios pusés atsitrenkia j silpnesnj nuo siaurosios, o balno
taskas pasislenka link siaurojo galo. Si saveika Zymiai pagerina masés mainus ir
maiSyma. Dvikryptése konfigiiracijose Sie taskai nuolat keiciasi, dar labiau didindami
srauto turbulencija.

o Balno taskas
o Pusinis balno taskas -

0 Mazgas |
o0 Pusinis mazgas
* Zidinio taskas

Greitis, [m/s]

1

Momentinis greitis Vidutinis greitis Momentinis greitis Vidutinis greitis

58 pav. Greicio srauto linijos ir kritiniai taskai jvairiuose K-C ir K-H19
mikrokanaly skerspjiiviuose
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59 pav. Greicio srauto linijos ir kritiniai taskai jvairiuose K-T14-A-P250 ir K-

T14-B-P250 mikrokanaly skerspjiiviuose
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60 pav. Greicio srauty linijos ir kritiniai taskai vertikaliuose K-C, K-H19, K-

T14-A-P250 ir K-T14-B-P250 mikrokanaly skerspjuviuose
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Toliau buvo tiriami 9 skirtingi R tipo mikrokanalai. Tarp jy R-T8-B iSsiskiria
maziausiu f, kai Re > 500, dél srauto stabilizavimo efekto. Kitos kiiginés
konfigtracijos taip pat pasiZymi mazesniais f nei cilindrinés kliiitys. Esant mazam
kiigio pasvirimo kampui, f skirtumas tarp A ir B konfigiiracijy yra minimalus, taciau
kampui did¢jant, B tipo konfigiracija labiau stabilizuoja srauta, o A tipo — skatina
maiSyma.

Smeélio laikrodzio formos kliiitys skatina ankstesnj rezimo pasikeitima. Nors jos
sukuria didesnj f, R-H16 rodo mazéjancio f tendencija, tai rodo jy potencialg
optimizuoti srautg.

Pastebéta, kad tekéjimo rezimo pasikeitimo slenksciai yra skirtingi: R-C, R-T4-
A, R-T4-B R-T8-A pasireiskia, kai Re > 400, R-H8 ir R-H18, kai Re > 300, R-H9 ir
R-H16, kai Re > 200. Tuo tarpu R-T8-B vienintelé i§ tirty konfigliracijy neparodé
jokiy rezimo pasikeitimo pozymiy visame tirtame Re intervale.

Galima daryti iSvada, kad kintantis smélio laikrodzio formos kliticiy
susiauréjimas lemia skysCio greitéjimg ir létéjima, o Sie greiCio svyravimai
destabilizuoja srauta, skatindami ankstyva rezimo pasikeitimg. Nors kiiginiy kliti¢iy
skerspjuvis taip pat kintamas iSilgai klitities aSies, jo poveikis srauto stabilumui yra
mazesnis, rezimo pasikeitimas vyksta panasiu metu kaip cilindriniy kliti¢iy masyve.
Taciau iSsiskiria vienas atvejis — R-T8-B, kuriame skerspjiivio poky¢iai itin efektyviai
stabilizuoja srauta, todél net ir esant dideliam Re Sioje konfigliracijoje rezimo pokycio
nepastebéta.
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61 pav. fpriklausomybé nuo Re R tipo mikrokanaly konfigtiracijose
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6.5.2. 2 kriterijaus analizé

Q kriterijaus analizé neapsiriboja vien vidutinés reik§més vertinimu — ji taip pat
gali biiti taikoma stikuriy strukttry identifikavimui, nustatant jy uzZimama plota ir tiirj.
62 pav. pavaizduota siikuriy struktiiry ploto ir tirio santykio (4o/Ve) priklausomybé
nuo Re ir atstumo tarp kliti¢iy centry (P), K tipo mikrokanaluose. Kaip ir tikétasi,
maziausios P vertés atitinka didziausias Ao/Vo vertes, nes mazesnis modeliuojamos
srities tiiris riboja stkuriy formavimasi. Kai nestabilumas ardo siikuriy struktiras, jy
Ao/Va vertés smarkiai padidéja — ypac cilindriniy kliti¢iy atveju. Dvipusio i§déstymo
(B) kliti¢iy masyvai paprastai pasizymi maziausiu Ao/Ve, nes jiems biidingas didesnis
srauto stabilumas. Taciau dél mazesnio uzgriozdinimo (angl. blockage ratio), esant
didziausiam P, jy Ao/Vo verté yra tarp vienpusio ir cilindrinio iSdéstymo
konfigtiracijy.
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62 pav. Ao/Vopriklausomybé nuo Re

62 pav. atspindi tik stkuriy struktiry plota ir tirj, nejtraukiant vidiniy
modeliuojamos srities sieneliy ploto ar tiirio. Tuo tarpu 63 pav. pateikta normalizuota
Ag ir Vg priklausomybé. Cia siikuriy plotas normalizuotas pagal atitinkamo Zingsnio
maziausig verte (Ao min), 0 sukuriy tiiris pagal bendra modeliuojama ttrj (V).

Esant didesnéms P vertéms stikuriai uzima didesng¢ tuirio dalj. Pavyzdziui, kai P
=200 um, Vo/V yra mazdaug 4-5 % didesnis nei P = 300 um. MaZesnis P susiaurina
tekéjimo kelig, skatina skys¢io sgveikg ir mai§yma dél ribotos erdvés, o tai slopina
dideliy stikuriy susidarymg ir stiprina lokalig turbulencija bei energijos sklaida.
Nepaisant to, esant mazam P, srautas iSlieka stacionarus.
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Tuo tarpu didesnis P leidzia formuotis koherentinéms srauto struktiiroms,
jskaitant didesnius sikurius. Sis atstumo padidéjimas skatina stipresng saveika tarp
tekmés sluoksniy, todél net esant maZzesniam Re, peréjimas j nestacionary rezima
pagreitéja. Didesnis P taip pat leidzia sklandziau ir stabiliau formuotis pasienio
sluoksniui tarp kliti€iy, sumazinant srauto atsiskyrimg, prisitvirtinimg ir kinetinés
energijos svyravimus. Apskritai, didesnis P mazina tiek stikuriy pavirSiaus plota, tick
tiir] — nepriklausomai nuo kliti¢iy formos.

Bendra tendencija rodo, kad Vo/V mazéja didéjant Re, o Ao didéja. Pazymétina,
kad esant nestacionariam srautui (paZymétam violetine spalva), Ao/Aomin verté
padidéja net 8—17 % didéjant P — tai rodo, kad stikuriai skyla j smulkesnes struktiiras.
Priesingai, vidutinio nestabilumo atvejais (pazyméti raudonai) 4o/Aomi» padidéja tik
neZymiai, o Vo daznai net sumazéja — tai reiskia, kad nors stkuriy slinkimas vyksta,
jie visiskai neissiskaido, o iSlieka sujungti.

Idomu tai, kad dvikrypcio isdéstymo kiiginés klititys prie maziausio P pasizymi
itin aukStomis Vo/V ir Ao/Aomin vertémis esant dideliam Re, net jei tekéjimas islieka
stacionarus. Maziems Re, jy Ao/Aomin yra panasi j kity konfigtiracijy, taciau ji zymiai
did¢ja didéjant Re — tai reiskia, kad stikuriai ne tik i$lieka, bet ir pleciasi, o ne silpnéja

didéjant Re .
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63 pav. Normalizuota stkuriy ploto priklausomybé nuo ttrio

64 pav. a) pateiktas stikuriy struktiiry uzimamas plotas, identifikuotas pagal Q
kriterijy, o b) dalis rodo Sio ploto kitimg nuo Re, R tipo konfigiiracijoms. Rezultatai
rodo, kad stacionarioje tekéjime siikuriai uzima apie 1517 % viso masyvo tiirio. Sis
santykinai mazas ir pastovus tliriy santykis atspindi tipiskg stacionaraus tekéjimo
stabiluma. Skirtingos konfigiiracijos rodo tik nezymius skirtumus. Tac¢iau po per¢jimo
1 nestacionary tekéjimga §is procentas gali padidéti iki 32 %, t. y. beveik padvigubéti,
lyginant su stacionariu rezimu. Sis beveik dvigubas padidéjimas atspindi koherentiniy
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stkuriy sriciy i8siplétima ir sudétingesnés srauto dinamikos pradzig. Tokios
konfigtiracijos kaip R-H16 ir R-T4-B rodo didesnj padid¢jima, tai atskleidzia didesnj
jautruma stikuriy formavimuisi. Tuo tarpu tokios konfigiiracijos kaip R-H13 ir R-H8
demonstruoja nuosaikesne reakcija, dél strukttriniy savybiy, slopinanciy sikuriy
plitima ar jy formavimasi.

64 pav. b) papildo Q analizg, parodydama uzimamo tiirio pokycius (dVo)
priklausomai nuo Re. Stacionariame rezime dauguma konfigiiracijy rodo neigiamas
arba beveik nuline dVo, reikSmes, rodancias stikuriais uzimto tiirio susitraukima ar
stabiluma, dél pageréjusio stabilumo ir srauto nusistovéjimo. Taciau, kai tekéjimas
tampa nestacionarus, dauguma konfigiiracijy rodo teigiamus dVo, atspindinCius
stikuriy sriciy i$siplétimg. Kitais atvejais d Vo vél tampa neigiamas, tai rodo struktiiry
susiskaidyma j smulkesnius siikurius ar jy susitraukima.

Abi tendencijos pereinamojo rezimo metu rodo, kad siikuriy elgsena ir jy
saveikos priklausomybé Re yra nelinijiné. Peréjimas j nestacionary tekéjima skatina
sukuriy augimg, taciau tolesnis Re didéjimas gali sukelti jy struktiirinj suirimg ir
chaotiskesnj maiSyma.

Apibendrinant, pateikti duomenys pabrézia R tipo geometrijy jautruma tekéjimo
rezimo pokyc¢iams. Stukuriy tiirio santykio didéjimas tekéjimui tampant nestabiliam
iSryskina koherentiniy strukttiry svarba nestabilumy raidai, o dV, poky¢iai atskleidzia
dinaming sukuriy prigimtj — jy augimag ar susitraukimg priklausomai nuo
konfigiiracijos ir srauto salygy. Sios jzvalgos yra esminés norint suprasti energijos
sklaida, srauto pasiprieSinima ir teké&jimo rezimo pasikeitimo mechanika.

35 T T * T T T T T T T T 60 ] T T T T T O R-C-S
1 o L] 504 & o O R-T4-A|
30 4 8 o 1 é A RT4B
% g o 40 v v R-T$-A
2 = 1 ° 1 R-TS-B
; 25 - Qe 2 ‘B; °\“ 30 7] R-HS
v O B SR R-HI3
;q v Z % 1 O R-HY
20+ v v 10 7 ¥ R-HI6
T T 0 1T ”r:r - g 77777777777777 A
18 & =& ] ® ; 8
519 & 8 10 ] @ § s & ]
T T T T T T T T T T T T T T T T T T T T T T T T
a) 200 300 400 500 600 700 800 b) 300 400 500 600 700 800 X
Re Re(x) -Re(x-100)

64 pav. a) Stkuriy uzimama bendro tiirio dalis (Vo/V) priklausomybé nuo Re,
b) uzimto ploto kitimo (d V) priklausomybé nuo dRe

21 lentele galima laikyti sistemine anksCiau gauty ir iSanalizuoty rezultaty,

susijusiy su koherentiniy srauto struktiiry charakteristikomis, santrauka ir
interpretacija. Ji remiasi trimis pagrindiniais parametrais: koherentiniy struktiiry
pavirSiaus plotu, uzimamu tiriu ir intensyvumo rodikliu, atspindinciu stikurio ar

tekéjimo stikuringumo stipruma.
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Sujungus Siuos rodiklius, galima gauti iSsamesn] vaizdg apie srauto pobidj ir
galima jo poveikj Silumos perdavimui bei hidrauliniam pasiprieSinimui. Pavyzdziui,
kai visos trys vertés yra aukstos, tai reiskia stiprius, placiai pasiskirsciusius ir aktyviai
sgveikaujancCius stkurius, kurie efektyviai skatina skys¢io maiSyma ir pagerina
Silumos mainus. PrieSingai, Zemos visy parametry vertés rodo silpnus ir mazus
stkurius, kurie daro mazg jtaka bendrai srauto dinamikai.

Tarpinés ar miSrios vertés leidzia nustatyti, ar srauto struktiiros yra stabilios,
iSskaidytos, ar biidingos pereinamajam rezimui. Tokia klasifikacija ne tik padeda
giliau suprasti gautus skaitinés analizés rezultatus, bet ir leidzia tiksliau palyginti
skirtingas geometrines konfigiiracijas bei jy elgseng esant jvairioms tekéjimo
salygoms. 21 lentelé yra vertinga interpretavimo priemoné, leidZiantis susieti
kiekybinius rodiklius su kokybinémis srauto charakteristikomis, taip palengvinant
rezultaty analizg ir vertinima.

21 lentelé. Stkuriy interpretacija pagal Ao, Voir Q dydzius

Ao Vo Q Interpretacija
AukStas Aukstas  Aukstas Stiprus, erdviskai iSsipléte, aktyviai saveikaujantys
stikuriai — tikétina, kad pagerina maiSyma ir Silumos

perdavima.
Zemas Zemas Zemas Silpni ir mazi stikuriai, mazai trikdantys srauta.
AukStas Zemas  Auk$tas Daug mazy, energingy siikuriy su intensyvia pavir§iaus
saveika.
Zemas  Aukstas Zemas Dideli, bet silpni arba stovintys sukuriai — galimos
recirkuliacinés zonos.
Auk$tas  Zemas Zemas Daug mazy, bet silpny stkuriy — galimos ankstyvos

Slyties sluoksnio nestabilumo apraiskos, dar
nesusiformavusios j stikurius. Gali rodyti pereinamajj
rezima.
Zemas  Aukstas  Aukstas Dideli stipriis stikuriai, turintys santykinai maza
pavirSiaus sgveika — galimi stabilis stikuriai.
Zemas  Zemas  Aukstas Mazi, labai intensyvis stikuriai — galimi izoliuoti
stikuriai arba pereinamojo rezimo suintensyvéjimai.
AukS$tas  AukStas Zemas Didelés sritys, taciau nezenkliai stipresnés uz
pagrindinj srautg — gali rodyti netvarkingg srautg arba
stkuriy disipacija.
6.5.3. Silumos perdavimo charakteristikos

R-C, R-T ir R-H konfigtracijy Silumos perdavimo analiz¢ buvo atlikta
naudojant Nuselto skai¢iy (Nu) ir temperatiiros netolyguma (Jr) kaip pagrindinius
nasumo vertinimo rodiklius. Papildomai pateikiamos diagramos, kuriose parodyta
sienelés temperattra (7,) ir vidutiné temperatiira (7a.) (Zr. 65 pav.).

Kaip ir anks¢iau analizuoto pasiprieSinimo koeficiento atveju, R-T8-B
konfigtracija pasizymi i$skirtinémis Silumos perdavimo savybémis. Nors ji turi
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zemiausig Tave, Ty iSlicka aukscCiausia dél stacionaraus tekéjimo ir stovinéiy stkuriy
susidarymo. D¢l Siy savybiy R-T8-B konfigiiracija turi maziausig Nu, net dvigubai
mazesnj nei cilindrinés (R-C-S) konfigitiracijos.
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65 pav. a) Vidutinés temperatiiros, b) sienelés temperaturos ir ¢) Nuselto
skaiciaus kitimas skirtingoms konfigiiracijoms tiriamame Re

Lyginant Nu nuokrypj nuo R-C-S kiekvienai konfigiiracijai, esant skirtingiems
Re, rezultatai yra nevienareikSmiai (Zr. 22 lentele). Nuokrypis buvo apskaiciuotas

pagal Sig formule:
atvejis R-C
. 1on Nug,; —Nup._;
Nu nuokrypis = p&i=1" |\ atvejis (68)
Re=i

22 lentelé. Nuselto skaiciaus nuokrypis skirtingiems R-T ir R-H mikrokanalams,
lyginant su R-C-S

Nu nuokrypis (%) |R-T4-A |R-T4-B|R-T8-A | R-T8-B | R-H8 | R-H13 | R-H9 | R-H16

200<Re<800 1,80% | 9,13% | 7,92% |-39,67% |8,40%|10,33%|16,09% | 7,77%

500<Re800 | -2,71% | 6,60% |-7,87% |-96,04% |5,23%| 3,01% | 1,78% |-11,01%

Pavyzdziui, R-T8-A pasizymi puikiomis hidrodinaminémis savybémis visame
tiriamame Re intervale. Taciau jo Siluminis efektyvumas blogéja Re intervale 500 <
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Re < 800. Sis intervalas pasirinktas todél, kad visos konfigiiracijos (iiskyrus R-T8-B)
Siame intervale jau per¢jo | nestacionary tekéjimo rezimga. Tas pats reiSkinys stebimas
ir R-T4-A bei R-H16 atvejais. Daugumoje konfigtracijy, kai Re > 500, Nu reikSmés
mazéja, palyginti su bendra augimo tendencija (zr. 22 lentele). Tai nereisSkia
efektyvumo sumazéjimo — prieSingai, tai rodo netolygy peréjima i nestabily tekéjima.
Rezimui nusistovint, greiCiausiai, kad Nu vél ims didéti (po Re = 500, i§skyrus R-T8-
B atvejj). IS visy atvejy labiausiai iSsiskiria R-T4-B ir R-H8 konfigtracijos,
pasizymincios didZiausiais Nu nuokrypiais lyginant su bazine cilindrine
konfigtracija.

66 pav. pavaizduotos minimali ir maksimali sienelés temperatiira, o 67 pav. —jy
skirtumas, zymimas kaip Jr:

5 67 = Tnax — Tmin (69)

Sis parametras leidzia jvertinti Silumos pasiskirstymo tolyguma. Maziausios dr
vertés stebimos R-H13, R-HS ir R-C-S konfigiiracijose, o tai rodo tolygesnj silumos
pasiskirstyma, kuris paprastai yra palankus §ilumos valdymo poziiiriu. Nepaisant to,
smélio laikrodzio formos klititys pasizymi didziausiu 7., esant maziems Re ir viena
maziausiy 7. verte esant didesniems Re. Tai rodo, kad tokia konfigtiracijagali padéti
stabilizuoti temperattiros svyravimus skirtinguose tekéjimo rezimuose.

Kaip jau minéta, R-T4-B konfigtracija pasizymi didesniu Nu nei R-C-S, taciau
jos dr buvo viena didziausiy, o tai rodo mazesnj Silumos pasiskirstymo tolyguma. Be
to, esant mazam Re, Sios konfigiracijos T« yra viena didziausiy — tai rodo
lokalizuoty karStyjy tasky susidaryma, kai temperatiiry skirtumai yra didesni nei
kitose konfigtiracijose.
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66 pav. Minimalios ir maksimalios sienelés temperatiros vertés skirtingoms
mikrokanaly konfigtiracijoms
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67 pav. Temperatiiros netolygumas kintant Re skirtingoms mikrokanaly
konfigiiracijoms

6.5.4. Termohidraulinis efektyvumas

Rezultatai rodo, kad net nedideli kliti¢iy pokyciai, pavyzdziui, kiigio kampas,
gali reikSmingai paveikti skysCio tekéjimo struktiirg ir Silumos perdavimo
efektyvuma. Skerspjiivio formos pokyciai sukuria antrines tékmes, kurios sustiprina
konvekcijg ir pagerina Silumos mainus. Vis délto, tokios antrinés tékmeés kliticiy
masyvuose turi esminj trikuma — tekéjimo nestabilumas smarkiai padidina slégio
nuostolius (4p).

Silumos perdavimo ir slégio nuostoliy pusiausvyrai jvertinti naudojamas
Siluminio efektyvumo indeksas (TPI = Nu/f'”), leidziantis jvertinti bendrg sistemos
efektyvumg skirtingose kliti¢iy konfigiiracijose (Zr. 68 pav). Mazy Re srityje (Re =
200-300) didziausias TPI vertes pasieké R-T8-A ir R-T8-B konfigiiracijos — jy
indeksas buvo 13-25 % didesnis nei cilindrinés R-C-S konfigiiracijos. Taciau esant
dideléms Re reikSméms (Re = 500-800), R-T8-B, dél to tekéjimo rezimo
nepasikeitimo, pasizyméjo maziausiu 7P/ — jis buvo 41-66 % mazesnis nei R-C-S.
Tuo tarpu R-T8-A $ioje srityje taip pat Siek tiek nusileido — jos TP/ buvo keliais
procentais mazesnis nei R-C-S.

I§ visy tirty kliticiy konfigtracijy R-T4-B parodé geriausig naSuma visame Re
intervale, nuo jos nedaug atsiliko R-H8. R-T4-B padidino 7P/ vidutiniskai 10 %
visame tirtame Re diapazone, o R-H8 naSumas pager¢jo tik po srauto peréjimo j
nestacionary tekéjimo rezimg — vidutiniSkai 6 %, ta¢iau stacionariame tekéjime §io
atvejo rodiklis buvo 7 % Zemesnis nei bazin¢ R-C-S konfigiiracija.
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68 pav. Klitciy konfigtiracijy jtaka $iluminio naSumo indeksui

6.4.5. Termohidraulinis efektyvumas taikant

Koherentiniy struktiry pagrindu atliekamas nasumo vertinimas gali biti itin
naudingas, kai Silumos perdavimas néra tiesiogiai modeliuojamas, taciau siekiama
prognozuoti termohidraulinj efektyvuma. Visy koherentiniy struktiry pavirSiaus
plotas (A4o) ir tiiris (Vo) gali padéti jvertinti siikuriy slinkimo potenciala. Didelé Vo
verté rodo, kad sukuriai uzima didelg dalj tiirio, 0 Ao atspindi jy pavirSing sgveika su
aplinkiniu srautu. Didelé Ao reikSmé reiSkia intensyvia saveika, kuri skatina
konvekcinj Silumos perdavima. Be to, €./0,, parodo siikuriy stiprumg viso srauto

atzvilgiu.
Todél Siam vertinimui sukurta efektyvumo formulé susideda i keliy
komponenty:
0.8
B A v 2 [ L ,u§+u,zc
no = 1.25 - /(g-%)-((l—(ﬂv—ﬂov))-nv) ==

(70)

69 pav. pavaizduotas visy (71) lygties nariy vertés. Pirmasis komponentas
jvertina santykinj stikuriy uzimama plotg ir ttir] — tai atspindi sgveikos pavir§iy. Mazos
reikSmés rodo stiprig sukuriy saveika su skysciu, kas gali padidinti §ilumos perdavimo
intensyvumg. Antrasis komponentas apibrézia koherentiniy struktiiry santykinj
stiprumg. Tai tam tikras savireguliacijos mechanizmas — auksta Q, reikSmé yra
naudinga tik tol, kol Zymiai nevir§ija viso srauto vidutinio lygio. Jei stikuriai tampa
per stipriis, jie tampa nuostolingi, todél formuléje jtrauktas koeficientas, kuris
kompensuoja per didelj jy dominavimg ir skatina pusiausvyrg tarp efektyvaus
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maiSymo ir energijos taupymo. Treciasis komponentas jvertina naudingg skersinj
tekéjima, kuris pernesa Siluma nuo sieneliy link pagrindinio srauto.
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Lygiagreciyjy koordinaciy diagrama, pateikta 70 pav., leidZia vizualiai palyginti
termohidraulinj efektyvuma nq tarp skirtingy konfigiiracijy ir Re reikSmiy. Kiekviena
linija atitinka konkrety atvejj (pvz., R-H16, R-T8-B ir kt.), o spalva nurodo pasiekta
efektyvuma nuo Zemiausio (violetiné) iki auksc¢iausio (raudona).

Sioje diagramoje matyti, kad auksto efektyvumo konfigiracijos (raudonos—
oranzinés linijos) pasizymi stipria sikuriy sgveika, subalansuotu stiprumu, stipriu
skersiniu tekéjimu, kuris palaiko konvekcing pernasa nuo jkaitusiy sieneliy i
pagrindinj srautg. Daugiamaté analizé aiskiai rodo, kad pirmasis komponentas
padalina atvejus i dvi grupes, kuriy vertés yra mazesnés ir didesnés nei 3. Didesnés
vertés rodo mazus, vis dar besiformuojancius stikurius, kurie nesuteikia didelio 7q, 0
mazos vertés atspindi intensyvig stikuriy sgveikg. Didelio efektyvumo kategorijai
priskiriamos R-HS, R-H9 ir R-H13. Priesingai, mazo efektyvumo konfigiiracijos,
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tokios kaip R-T4-A, pasizymi silpna stikuriy sgveika ir menka skersine tékme. Taciau
did¢jant Re efektyvumas paprastai geréja, ypa¢ konfigiiracijoms, kurios skatina
koherentiniy siikuriy formavimasi ir srauto skersing tékme. Tarp tokiy konfigtiracijy
i8siskiria R-H16, R-H9 ir R-H13. PrieSingai, Zemo efektyvumo atvejai, tokie kaip R-
C ir R-T4-A, pasizymi silpnais stkuriais, menku skersiniu ir daznai stipriu
horizontaliu tekéjimu, kuris blogina jy termohidraulinj naSumg. Taip pat pastebéta,
kad did¢jant Re geréja ir sistemos nasumas, ypac tose konfigtiracijose, kurios skatina
koherentiniy stkuriy susidaryma bei srauto kryptinguma.
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70 pav. Daugianaré termohidraulinio efektyvumo analizé, pagrjsta siikuriy
charakteristikomis, energijos pasiskirstymu ir srauto kryptingumu

71 pav. pateikti jvairiy geometrijy 7q esant skirtingoms srauto salygoms. Visy
konfigiiracijy ir Re paklaidos pateiktos 72 pav., o TPI verciy palyginimas su #o(7P/)
pateiktas 73 pav. nq formulés pritaikymas tiksliai atkuria TP/ vertes, bendros
paklaidos mazos, o tendencijos glaudziai siejasi su sumodeliuotomis 7P/ vertémis.
Visy konfigiiracijy bendra MAPE = 6,1 %. Pagal konfigiiracija, maziausi vidutiniai
nuokrypiai gauti R-H16 (~4,0%) ir R-H8 (~4,3%), po ju — R-T8-B (~4,5%), o
didziausia vidutiné paklaida — R-H9 (~9,1 %). Formulé islaiko eiliSkuma tarp atvejy
— R-T4-B tarp auksCiausiy, R-T8-B tarp zemiausiy, o R-H16 — netoli apacios.
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Spearmano koreliacija siekia 0,99, tad rySys yra monotoniskas. Apibendrinant galima
teigti, kad sitloma 7o formulé atitinka 7P/ esant jvairioms tekéjimo sglygoms,
daugiau neatitikimy yra mazesniuose Re.
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72 pav. no reikSmiy paklaidos, lyginant su TP/
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6.6. ISvados

Skaitiniu modeliavimu kiekybiSkai istirtos koherentiniy srauto struktiiry
savybés ir susietos su jvairiy mikrokanaly termohidrauliniu efektyvumu, jskaitant
cilindrines (C), kaip bazines, smélio laikrodzio formos (H) ir kiigines (T) kliditis. T
klititys buvo vienkryptés (/) arba dvikryptés (B). Remiantis modeliavimo rezultatais,
gautais Re 200-800 diapazone, padarytos iSvados:

1. Mazo pasvirimo kampo kliiitys (< 8°) ~ 7 % padidina arba nepakeicia
slégio nuostoliy, kai tekéjimas stacionarus, o kai nestacionarus — slégio
nuostoliai gali vidutiniSkai sumazéti 6 %. Didelis kliti¢iy pasvirimo
kampas (> 8°) padidina slégio nuostolius, kai tekéjimas stacionarus
vidutiniSkai apie 13 %, o nestacionariame rezime ~ 5 %, i§skyrus R-T8-
B atvejj, kuris sumazina slégio nuostolius 23 %, bet srautas visame
tirtame Re intervale iSlicka stacionarus, dél ko pasiZymi prasciausiu
TPI. Mazo kampo T formos klititys padidina Nu ir TPI vertes 1-11 %,
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palyginti su C. Tuo tarpu H klifitys sumazina TP/ ir Nu, nepriklausomai
nuo tekéjimo rezimo.

Pasikeitus tékmés rezimui i stacionaraus j nestacionary Vo/V padidéja
nuo 15-17 % iki 32 %, kai Ao/A iSauga nuo 4655 % iki 74-81 %.
Nepriklausomai nuo tékmés rezimo Ao/4A auga. Vo/V stacionariame
tekéjime iSlieka pastovus arba mazéja, o nestacionariame mazéja. Tai
rodo, jog, pasikeitus tekéjimo rezimui, siikuriy susidaro gerokai daugiau
dél srauto nestabilumo (stikuriy plotas ir tiiris staiga iSauga), taciau
véliau tirio mazéjimas kartu su ploto didéjimu rodo jy disipacija.
Tekéjimui pereinant i§ stabilaus j nestabily, Vo/V padidéjo nuo 16 % iki
30 % C kliti¢iy masyvuose, nuo 16 % iki 26 % — H ir nuo 15,5 % iki
24 % — T. Kliii¢iy pasvirimo kampo jtaka buvo minimali (£2 %).
Vidutiniskai H tipo klifitys turéjo didziausig Ao/A santykj (68—72 %),
po jy seké C (65 %) ir T (54-66 %). Didziausias stukurio intensyvumas
(Q) buvo H, o maziausias — T; R-C-S tur¢jo didziausia bendra 2 po
tekéjimo rezimo pasikeitimo.

Sukurtas termohidraulinio efektyvumo vertinimo metodas, sujungiantis
sukuriy sgveikos plota (Ao/A - Vo/V), siikurio intensyvuma ((1—(9Q,—

L /u§+u§
v

atsisakyti energijos (Silumos mainy) lygties modeliavimo, taip
sumazindamas  skaiCiavimo resursus ir suteikdamas greitg
termohidraulinio efektyvumo jvertj. Sitilomas metodas, lyginant su 7P/,
rodo 6,8 % viduting santyking paklaida. Jis suteikia naujg analiting
perspektyva, leidzian¢ig geriau suprasti srauto sukeltus mechanizmus
ausinimo sistemose bei papildancig tradicinius efektyvumo rodiklius.

Q01))" Qvoreex) 1r srauto skersing t€kme . Metodas leidzia visiskai
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APPENDICES

Appendix 1. Hydraulic diameter, heating area, pin area, pin volume and flow
volume of investigated cases

. . Pin Flow
Dy, pm Heat1ng2 Pin arze & volume, volume,
area, um pm um’ pm?

R-C-S (Renfer et 152.79
R_C_Iaiki?llfzz Al | mas 257195 | 627927 | 1570796 |—22131100
2011) ' 25731100
K-C (Kosar et al.) 206.48 - 76311 1908518 26562900
R-DC 133.33 - 70853.7 | 1784250 | 24863700
R-E-P50 19.05 - 5486726
R-E-P60 36.36 - 7086726
R-E-P70 52.17 - 10286726
R-E-P80 66.67 - 8686726
R-E-P90 80.00 - 4600425 | 6283185 11886726
R-E-P100 92.31 - 13486726
R-E-P110 103.70 - 15086726
R-E-P120 114.29 - 16686726
R-E-P130 124.14 - 18286726
R-E-P140 133.33 - 19886726
K-H19 223.44 - 784183 | 1906000 | 26562400
K-C-P200 141.69 - 15628400
K-C-P225 165.08 - 20791600
K-C-P250 185.50 - 76331 1908518 | 26562900
K-C-P275 203.47 - 32940200
K-C-P300 219.41 - 39926200
K-T2-A(B)-P200 163.80 - 76362.6 | 1913006.4 | 15619400
K-T4-A(B)-P200 163.60 - 76527.3 | 1926902.9 | 15591800
K-T6-A(B)-P200 163.27 - 76756.6 | 1949560.8 | 15546500
K-T8-A(B)-P200 162.82 - 77075.7 | 1981196.4 | 15484100
K-T10-A(B)-P200 | 162.27 - 77472.6 | 2020738.4 | 15405200
K-T12-A(B)-P200 | 161.60 - 77952.7 | 2068835.6 | 15308900
K-T14-A(B)-P200 | 160.85 - 78499.7 | 2124004.4 | 15198700
K-T2-A(B)-P225 186.61 - 76386.3 | 1913006.4 | 20782600
K-T4-A(B)-P225 186.40 - 76527.3 | 1926902.9 | 20754800
K-T6-A(B)-P225 186.06 - 76756.6 | 1949560.8 | 20709700
K-T8-A(B)-P225 185.58 - 77075.7 | 1981196.4 | 20647200
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K-T10-A(B)-P225 | 184.99 - 77472.6 | 2020738.4 | 20568200
K-T12-A(B)-P225 | 184.29 - 77952.7 | 2068835.6 | 20471900
K-T14-A(B)-P225 | 183.49 - 78499.7 | 2124004.4 | 20361700
K-T2-A(B)-P250 | 206.41 - 76386.3 | 1913006.4 | 26553300
K-T4-A(B)-P250 206.19 - 76527.3 | 1926902.9 | 26526100
K-T6-A(B)-P250 205.84 - 76756.6 | 1949560.8 | 26480800
K-T8-A(B)-P250 205.35 - 77075.7 | 1981196.4 | 26417400
K-T10-A(B)-P250 | 204.74 - 77472.6 | 2020738.4 | 26338500
K-T12-A(B)-P250 | 204.01 - 77952.7 | 2068835.6 | 26242300
K-T14-A(B)-P250 | 203.18 - 78499.7 | 2124004.4 | 26132500
K-T2-A(B)-P275 223.76 - 76386.3 | 1913006.4 | 32931300
K-T4-A(B)-P275 223.53 - 76527.3 | 1926902.9 | 32903500
K-T6-A(B)-P275 223.17 - 76756.6 | 1949560.8 | 32858000
K-T8-A(B)-P275 222.67 - 77075.7 | 1981196.4 | 32795500
K-T10-A(B)-P275 | 222.05 - 77472.6 | 2020738.4 | 32716000
K-T12-A(B)-P275 | 221.31 - 77952.7 | 2068835.6 | 32620300
K-T14-A(B)-P275 | 220.46 - 78499.7 | 2124004.4 | 32510200
K-T2-A(B)-P300 239.07 - 76386.3 | 1913006.4 | 39917300
K-T4-A(B)-P300 238.85 - 76527.3 | 1926902.9 | 39889600
K-T6-A(B)-P300 238.48 - 76756.6 | 1949560.8 | 39844000
K-T8-A(B)-P300 237.98 - 77075.7 | 1981196.4 | 39781000
K-T10-A(B)-P300 | 237.36 - 77472.6 | 2020738.4 | 39702000
K-T12-A(B)-P300 | 236.61 - 77952.7 | 2068835.6 | 39605900
K-T14-A(B)-P300 | 235.76 - 78499.7 | 2124004.4 | 39495700
R-T4-A(B) 152.55 256379 62885 1581059 | 25708000
R-T8-A(B) 151.44 | 250366 | 63620.8 | 1631324 | 25508700
R-H3 160.24 | 238887 | 63293.3 | 1581059 | 25726000
R-HI3 170.69 | 227079 | 637132 | 1567236 | 25764900
R-H9 172.05 257266 | 53912.3 | 1146681 | 27440000
R-HI16 191.53 257186 | 46365.4 | 835873.1 | 28674900
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