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Abstract:

Introduction/purpose: Fractured formations recently gained significant
interest as a landscape for securing both energy and groundwater
demands, However, the dual role of fracture in transporting fluids and
contaminants underscores the need for further investigations to mitigate the
impact on human health. This study aims to numerically investigate the
combined effect of particle density and flow velocity on their transport and
deposition in different fracture orientations.

Methods: A 2D particle tracing simulation was implemented accounting for
drag and gravity forces on a smooth fracture. The derived particle numbers
under the studied scenario e.g., fracture orientation, particle density, and
flow velocity, were fifted to a 1D advection-dispersion equation with a
deposition term.

Results: The model elucidated that both particle densities yielded an
increase in the normalized concentration in non-horizontal scenarios as the
fracture orientation angle increased. The overall increment led to an
observed decrease in the deposition coefficients and was associated with
an increase in the dispersion coefficients. Hence the effect was more
pronounced for denser particles where gravitational settling dominated,
particularly in horizontal fractures. Less dense particles (1.05 g/cm?®) were
more strongly influenced by hydrodynamic forces, exhibiting lower overall
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deposition and dispersion across all fracture orientations. Additionally,
increased flow velocity enhanced mechanical mixing and amplified
dispersion and deposition coefficients.

Conclusion: The findings demonstrated a clear dependency on the
combined effect of fracture orientation, particle density, and flow velocity.
These valuable insights into particle transport mechanisms in fractured
media have applications in subsurface flow, contaminant migration, and
reservoir engineering.

Keywords: fractured media, particle density, inclination angle, flow
velocity, dispersion, deposition.

Introduction

The evolving global landscape is increasingly characterized by
escalating energy and water requirements, which have led to the depletion
of hydrocarbon reserves and the deterioration of groundwater quality.
Recently, porous fractured formations have emerged as crucial resources
to meet future water demands and ensure sustainable long-term energy
supply (Qu et al, 2021). The development of fractured rock reservoirs
necessitates a balanced approach, as it has the potential to significantly
impact surrounding groundwater systems and, by extension, human
health. Groundwater contamination, particularly in areas dependent on
fractured aquifers, poses a serious threat. Studies reveal that
approximately 5% of annual deaths, among 820,000 individuals are
attributed to compromised groundwater quality, particularly affecting
children under the age of 5 (Lin et al, 2022). Such alarming statistics
highlight the urgent need to improve our understanding of groundwater
flow and contaminant migration in fractured media.

The term fracture is a general description of geological discontinuities
including joints, faults, and cracks (Chrysikopoulos & Syngouna, 2014),
that results when mechanical shear or normal stress reaches a certain
extent. Naturel fractures occupy a small portion with respect to the entire
volume of the hosting rock and encounter a variety of surfaces and
expanding directions based on their origin formation. For example, tectonic
fractures are characterized by complex rough wall surfaces and random
orientation associated with the local tectonic events (Baiyu et al, 2021),
while regional fractures exhibit fewer orientation changes along their
length (Tiab & Donaldson, 2016). Meanwhile, local apertures of the
natural fracture tend to vary spatially following a normal or lognormal
distribution (Chrysikopoulos & James, 2003; Stoll et al, 2019), adding more
complexities to fluids and particle transport phenomena. However, the fluid
velocity across these apertures remains orders of magnitude higher than




that in the matrix (Zvikelsky & Weisbrod, 2006) serving fractures as
primary channels and contributing to increasing the permeability of the
rock (James & Chrysikopoulos, 2003).

In association with mechanical rupture processes or as a result of
internal micro-erosion, solid particles can filtrate from the vadose zone
towards the fractured reservoirs with a size distribution that could reach 10
pUm (Zhang et al, 2012) and their origin can significantly define their charge
and density. The cumulative studies have also justified that larger particles
are inhibited from diffusing into the matrix and travel faster compared to
solutes in single fractures due to charge, size exclusion, or the combined
effect (Stoll et al, 2019; Spanik et al, 2021). Dense large particles are
subject to gravity settling and demonstrated as a major mechanism
accounting for particle deposition and retention in horizontally oriented
fracture (Ding et al, 2021).

Numerical and experimental studies have been dedicated to
examining the physical factors influencing the behavior of particles and
solutes during their transport in fractured media such as dense particles in
a uniform aperture (Bagalkot & Kumar, 2018; James & Chrysikopoulos,
1999), flow velocity variation effect (Medici et al, 2019; Mondal & Sleep,
2012), aperture distribution (Stoll et al, 2019; Ding et al, 2021) and the
consideration of fracture surface roughness (Baiyu et al, 2021; Wang et al,
2020). Hence, the aforementioned body of literature treats the settling
effect perpendicularly to the flow direction as fractures are oriented
horizontally. Theoretically considering, the gravity effect is dependent on
the inclination angles of the sample, which could promote or retard the
transport mechanism. In porous media, the dispersion coefficient is highly
susceptible to the inclination angle of the packed column as discussed by
Chrysikopoulos & Syngouna (2014); hence the orientation of the fractures
affected the recovered dense polydisperse particles where vertically
oriented fractures which exhibited faster transport compared to diagonals
and horizontals (Ding et al, 2021). Despite these valuable insights, a
critical research gap remains in understanding the specific effects of
particle density on transport and retention in non-horizontal fractures.
While the behavior of dense particles in vertical fractures has been
explored to some extent, there is a limited understanding of how varying
particle densities influence transport in fractures that are not horizontally
aligned. Non-horizontal fractures, including those with diagonal or complex
inclinations, introduce additional complexities to particle transport, such as
altered flow velocities, shear forces, and gravitational impacts that may
interact differently with particles of varying densities.
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The current study aims to numerically investigate the effect of fracture
orientation on the transport and retention of solid particles and tends to
compare the impact of particle density and flow velocity on the overall
implemented scenarios. First, a 2D particle tracing simulation is
constructed on a rough matched wall fracture using COMSOL Multiphysics
software.

The simulation accounts for upward and downward flow on different
fracture inclination angles, and the injected particles at the fracture inlet
were characterized with 2.6 g/cm® and 1.05 g/cm? densities. Moreover, the
breakthrough curves, representing the recovered particles at the outlet,
were analyzed and fitted using a one-dimensional advection-dispersion
equation that incorporates a deposition term to derive the transport
parameters.

This approach enables a more comprehensive understanding of
particle transport dynamics under varying the aforementioned physical
conditions.

Methodology

The current study employed a numerical simulation approach
following the combination of finite elements methods (FEMs) and the
Lagrangian particle tracking (LPT) method on a two-dimensional confined
single fracture using COMSOL Multiphysics. The following constructed
model aims to investigate the interactions between fluid flow and solid
particles considering realistic conditions of particles motion within different
fracture orientations. The following sections provide a detailed breakdown
of the simulation setup, the governing equations, the boundary conditions,
and the solver configuration.

Physical system

To examine the particle transport behavior in fractured media while
considering the effect of fracture surface roughness, fracture orientation,
particle density, and flow velocity, a sinusoidal fracture is constructed in
this study (Natarajan & Kumar, 2010) and the elevation points (y;) along
the length of the fracture are obtained as follows:

y; = sin(x;) — sin (%) x sin(3x;) (M

where x; is the coordinates of points (100 points with a separation distance
of 1 mm) along the x direction as depicted in Figure1.




100 mm

Figure 1 — Geometrical configuration of the sinusoidal fracture

A fine mesh with non-uniform size was constructed to optimize the
accuracy in the areas where the particle-wall interactions and the flow
gradient were significant. Ten layers of a finer mesh near the fracture walls
were constructed to capture the parabolic flow velocity and particle
positions. The mesh element size ranged from 0.0125 and 0.0286 mm. A
mesh independence study was conducted to ensure that further
refinement had a negligible impact on the results, with the final mesh
containing 22865 domain elements and 2425 boundary elements.

Governing equations

Particle transport in a 2D saturated fracture with different inclinations
was modeled using a particle tracing module implemented in COMSOL
Multiphysics. (COMSOL Inc., Stockholm, Sweden). The fracture is 100
mm in length with 1 mm of aperture (Figure1). Particle transport occurs
following the local parabolic velocity profile along the x direction at different
fracture orientations. A simplified scheme of the general system model in
this study is illustrated in Figure 2.

This study considers that particles are transported under a laminar
regime. The fluid motion is governed using Navier's-Stokes equation
(Baiyu et al, 2021) as follows:

au 2
pE+p(U.|7)U=|7.(—pI+K)+F3x @)
pV.U =0 3)
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where p and U are the fluid density (M.L-3) and velocity (L.T-1), V p is the
pressure gradient and F,, denotes the volume external force term (M.L.T-
2), K the liquid stress tensor (ML-1T-2), and | is the identity matrix.

8
—_—TN— A
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Figure 2 — Different fracture inclinations scenarios

The particle tracing method employed in this study models particles
as discrete entities that move through a fluid, interacting with their
environment under the influence of various external forces. This approach
allows for a detailed examination of particle behavior within the flow field.
This study assumes particle transport is governed primarily by advection,
without considering other transport mechanisms such as diffusion. As a
result of this assumption, the forces acting on the particles are simplified
to include only drag and gravity.

Gravitational force exerts an influence on the particle and acts
perpendicular to the flow direction. According to Bennacer et al. (2017)
and Bennacer et al. (2023), the gravity force is expressed as:

4

F, =37 d3(pp —p)-g (4)

The drag force on a spherical particle is determined by Stokes’ law
(Guha Roy & Singh, 2016):

1
F; = amp(U - U,) (5)




Here myand U, are the particle mass (M), and velocity (L.T™)
respectively, d,, is the particle diameter (L) p,, is the particle density (M.L-
%), g is the acceleration of gravity, and 7,Is the relaxation time (T) given
by Stokes drag law (Kim & Zydney, 2004) as:

d2
v, =22P (6)

The particle trajectories and positions as a function of time are
determined by Newton’s second law and force balance acting on particles
(Belfort & Nagata, 1985):

dU
mpd—t”=Eg+Fd (7)

Particle generation and boundary condition

During this simulation, in order to explore the effect of gravity, the
particles are assumed to be spherical and monodisperse with a uniform
size of 1 ym and a density of 2.6 g/cm® and 1.05 g/cm®. An N, number
consisting of 100,000 particles is released as a short pulse for 30 seconds
with a random distribution at the inlet of the fracture. Moreover, the
interaction of particles with the walls of the domain was governed by freeze
boundary conditions as follows:

V=1 (8)

where v is the vertical component of the particle velocity, and v, is the
particle velocity when striking the wall.

Freeze condition was used to mimic favorable conditions for particle
attachment with the fracture surface. The particle's vertical position no
longer changes after establishing contact with the fracture wall.

This study assumes no flow between the fracture and the matrix (no
matrix diffusion). A no-slip condition was implemented for the boundaries,
and the laminar flow is controlled from the inlet at two average flow
velocities of 0.02 and 0.03 cm/s while the outlet boundary condition was
set to a constant pressure p, of 0 Pa, allowing for continuous fluid flow
through the domain.

[=pI + K]n = pon ©)
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An implicit time-stepping scheme was used to solve time-dependent
studies of the governing equation regarding particle trajectory and fluid
flow through the confined geometry. This approach allows suitable
transient dynamics capturing and ensuring numerical stability. A sensitivity
analysis was conducted to ensure further reduction of time step did not
affect simulation results. Furthermore, 0.001s was set as a fixed time step
throughout the simulation.

The governing equations of the studied system were solved according
to the Multifrontal Massively Parallel Sparse Direct (MUMPS) Solver. The
solver is well-suited for 2D systems and all scale problems with complex
boundary conditions. To maintain the model accuracy, 1E-6 was set as a
strict convergence tolerance. The solver's strict tolerance ensured that
residuals in the governing equations were minimized, leading to reliable
convergence.

Advection dispersion equation

The relationship describing the one-dimensional transport of particles
in a saturated fracture with no matrix diffusion considering advection,
dispersion, and deposition term (Abdel-Salam & Chrysikopoulos, 1994) is:

ac 2%C ac
E+Kdepc = DLW_ Upa

(10)
where C is the effluent concentration of particles (M/L3), x is the distance
along the fracture from the inlet (L), t is the time, U, is the particle velocity
(L/T), D, is the hydrodynamic longitudinal dispersion coefficient (L.T-?) and
Kgep is the kinetic deposition coefficient (T).

A short pulse is mathematically considered as an instantaneous
injection (Bennacer et al, 2022). The following initial and boundary
conditions are applied:

C(x,0) =0 (11)
Co,0 <t <ty

C(x:O,t) = {0 , t> tm] (12)

oc =0 (13)

0X(x=1t)




An analytical solution for Eq.(7), at the fracture outlet (x = L), for an
instantaneous injection at the fracture inlet is given in Eq.(9) (Bodin et al,
2003; Yosri et al, 2021):

M, (L - U,t)*
B LAY I s -1
Q+/4nD, t3 P 4Dt

In order to fit the obtained result from the particle tracing module to
the analytic solution, the cumulative particle number at the outlet for each
scenario is expressed as concentrations with the initial particle
concentration obtained as follows (Zvikelsky et al, 2008):

C(Lt) = exp[Kgept] (14)

N, md?
_ Pp Mo ma” (15)
6 Vinj
where N, is the initial particle number released at the inlet and V;,; is the
injected particle suspension volume. In this study, the V,; is considered
as 3 fracture volumes (3FV) where FV = L.W.b

Table 1 — Simulation parameters

Value Unit

Injected particle number 1000 000
Particle diameter (monodisperse) 1 um

. . 2600 3
Particle density 1050 kg/m
Water density 1000 kg/m?3
Water viscosity 0.001 Pa.s

. . 0.02

Water inlet velocity 003 cm/s

Results and discussion

Particle transport behavior under the effect of fracture
orientation

Based on the particle tracing methodology outlined earlier, this study
has expanded to simulate distinct scenarios, each characterized by
variations in fracture orientation. The scenarios explore different
combinations of flow velocity and particle density. The transport
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parameters are determined by fitting the obtained result from the particle
tracing simulation breakthrough curves (BTCs) to the analytical solution of
Eq. (9). Figure 3 shows the BTCs at different fracture orientations under
the tested flow velocities and particle densities.
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Figure 3 — BTCs of the injected patrticles (a), (b) U = 0.02 cm/s (c), (d) U = 0.03 cm/s for
pp = 2.6 g/cm® and p, = 1.05 g/cm?

The observation from Figure 3 demonstrates a strong correlation
between the analytic solution and the derived results of particle tracing
simulations, which underscores the reliability of the developed model in
accurately depicting particle transport mechanisms. Across the tested flow
velocities and particle densities, the earliest breakthrough occurs when the
inclination angle 8 = £90°, indicating the least retardation of particles in
both upward and downward flow conditions. The slight reduction in the
normalized concentration observed at +90° is attributed primarily to the
influence of gravity, as particles moving upward experience greater
gravitational resistance unlike those moving downward. Similar results
were found by Ding et al. (2021).

In non-vertical configurations, the transport of dense particles
exhibited distinct behaviors. At a flow velocity of U = 0.02 cm/s, the




normalized concentration reached 0.65 for an inclination of -45° and 0.52
for +45° (Figure 3 (a),(c)). When the flow velocity increased to U = 0.03
cm/s, the normalized concentration at these angles increased to
approximately 0.74 and 0.63, respectively, as depicted in Figure 3 (b),(d).
Notably, these inclined conditions exhibited higher concentration plateaus
compared to the horizontal fractures, indicating greater particle retention
within the fracture under horizontal flow conditions, Figure 4(a).
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Figure 4 — Recovery rates for (a) p, = 2.6 g/cm® and (b) p, = 1.05 g/cm®.

For particles with a density of 1.05 g/cm?, the effect of orientation on
transport dynamics was less pronounced. In both upward and downward
non-horizontal flow scenarios, these particles experienced similar
breakthrough curves, characterized by an increased relative concentration
and the establishment of a plateau after 800 seconds at U = 0.02 cm/s and
650 seconds at U = 0.03 cm/s (Figure 3). Unlike the behavior of dense
particles, where gravity plays a substantial role, the transport of these
lighter particles is governed primarily by buoyancy forces maintaining the
particles within the central streamlines, resulting in rapid transport through
the fracture and higher recovery rates as depicted in Figure 4(b).

Additionally, the flow velocity was found to have a significant influence
on particle transport across all scenarios. Higher flow velocities
consistently led to faster breakthroughs and higher recovery rates. The
enhanced advective forces reduce the residence time of a particle and
help to overcome the retardation caused by gravitational settling or
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particle-wall interactions, allowing for faster movement through the
fracture.

Hydrodynamic dispersion coefficient

The effect of fracture orientation, particle density, and flow velocity on
the dispersion coefficient is illustrated in Figure 5. As it is clear, the
orientation had a significant effect on the dispersion process and was more
pronounced for dense particles. At 0° all particles have the minimum
dispersion coefficient, hence as the fracture orientation deviates from
horizontal, the dispersion increases to reach the highest values for
downward flow conditions. The modeled fracture in the current study is
rough to a certain extent due to sinusoidal undulation and at nonhorizontal
fracture orientation, the flow and the settling effect led to a more lateral
spread of particles and increased the likelihood of wall-particle interaction
compared to 0° fracture orientation. This behavior leads to an increase in
the dispersion coefficient. Hence at downward flow, the gravitational force
acts as a positive driver that amplifies particle velocity which yields the
highest dispersion coefficient.
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Figure 5 — Hydrodynamic longitudinal dispersion coefficient as a function of the fracture
inclination angle




The effect of orientation was significant; however, the density also
played a major role. Dense particles exhibited higher dispersion
coefficients compared to those with 1.05 g/cm3. This can be attributed to
the settling effect wherein denser particles experience a greater degree of
gravitational pull. As these particles settle, their vertical movement is
impeded, leading to a lateral shift towards the lower surface of the fracture
which in turn increases particle-wall interactions, thereby enhancing
dispersion. In contrast, less dense particles tend to remain within the
streamline, where the flow velocity is at its maximum. These particles
experience less residence time in the system, resulting in fewer particle-
surface collisions and, consequently, lower dispersion coefficients.

Higher flow velocities lead to an increase in dispersion coefficient
under all the fracture orientations and particle densities. Similar results
were reported by Mondal & Sleep (2012) and Hawi et al. (2023). The
behavior has been attributed to the mechanical mixing and the formation
of vortices near the rough fracture walls. These vortices promote more
chaotic particle motion, increasing the likelihood of particles interacting
with the fracture surfaces, which further amplifies particle dispersion,
particularly in fractures with non-horizontal orientations.

Deposition coefficient

Figure 6 illustrates the variation in the kinetic deposition coefficient
Kqep as a function of fracture orientation angles under given flow velocities
and particle densities. The results demonstrate a clear dependency of
deposition kinetics on the fracture inclination angle, with horizontal
fractures (0°) exhibiting the highest deposition coefficient across all tested
scenarios, and it is significant for denser particles. The observation is
consistent with the low particle recovery rates observed in the horizontal
fracture, as previously shown in Figure 4(a). As the fracture orientation
increases from horizontal to more inclined positions, the deposition
coefficient decreases for all conditions, indicating that fracture geometry
significantly influences particle settling and deposition dynamics.

Dense particles encounter a pronounced deposition process where
the horizontal fracture seems an ideal configuration for particle settling. At
horizontal inclination gravity acts perpendicularly to the flow direction and
causes a significant reduction in the vertical component of particle velocity,
delaying the particle's overall migration through the fracture. This
deceleration increases the likelihood of particle-wall interactions, as
particles are pulled toward the stagnation zones located near the fracture
surfaces where the flow velocity approaches zero.
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Figure 6 — Deposition coefficient versus the fracture inclination angle

The role of gravity becomes even more complex when considering
inclined fractures; hence it plays a positive role in downward flow
accelerating particle velocity and is characterized by a lower deposition
coefficient compared to upward flow conditions. Less dense particles,
though following a similar trend, exhibit lower deposition coefficients
compared to their denser counterparts. In this case, the primary
mechanism driving deposition is not gravitational settling but rather the
interaction of particles with trapping zones within the fracture geometry.
These trapping zones of low flow velocity are caused by the undulations
in the modeled fracture surface. The trapped particles in these regions
experience minimum transport forces but significant shear stress leading
to re-entrainment towards the centerline where the velocity is maximal and
exhibits a lower deposition coefficient than that of dense particles under
similar conditions.

As the flow velocity increases, the deposition coefficient rises across
all tested fracture inclination angles and particle densities. Similar trends
of increased deposition with rising flow velocity have been observed in
porous media studies, as discussed by Bennacer et al. (2013) and in the




recent work (Bennacer et al, 2022). The author attributed the behavior to
the increased mechanical mixing generated at higher flow velocities where
particles are more likely to establish enhanced particle-wall interactions.

Conclusion

A numerical approach has been developed and applied to simulate
the impact of particle density and flow velocity of monodispersed particles
transported in a randomly orientated rough fracture. A particle tracing
simulation is implemented to track particle movement in a laminar flow
determined by Navier's Stocks equation within a sinusoidal 2D fracture.
Moreover, a 1D advection-dispersion equation is employed to quantify and
analyze the transport parameters. The study revealed that fracture
orientation plays a critical role in governing particle transport, dispersion,
and deposition. As the orientation angle increases, the normalized
concentration increases and is higher in downflow scenarios, e.g. -45 and
-90.

Moreover, there is a marked decrease in the deposition coefficient
and a corresponding increase in the dispersion coefficient for particles of
both densities. However, this effect is notably more pronounced for denser
particles (2.6 g/cm®) due to sedimentation emerging as the primary
deposition mechanism, particularly in horizontal fractures. In this
configuration, gravity acts perpendicularly to the flow, decelerating particle
velocity and promoting deposition by increasing particle-wall interactions
and trapping particles in stagnation zones. This gravitational deceleration
leads to enhanced retention of denser particles in horizontal fractures.

In contrast, less dense particles (1.05 g/cm?®) are more strongly
governed by hydrodynamic forces rather than gravitational settling. This
results in reduced overall deposition and dispersion for these particles
across all fracture orientations, with their behavior being more influenced
by flow dynamics than by orientation-specific effects.

Irrespective of the studied density, particles experience greater drag
force as flow velocity increases, which in turn enhances their contact with
the fracture surface. This results in an increase in both the dispersion and
deposition coefficients. The improved mechanical mixing disrupts the flow
streamlines, promoting particle interactions with the rough fracture walls
and amplifying particle spreading and retention within the fracture. This
effect is more significant for denser particles due to their greater
susceptibility to gravitational settling. Still, less dense particles also exhibit
increased dispersion and deposition at higher flow velocities, driven by

enhanced drag force.
1637
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Resumen:

Introduccion/propésito:  Las  formaciones  fracturadas  ganaron
recientemente un interés significativo como paisaje para asegurar las
demandas de energia y agua subterranea. Sin embargo, el doble papel de
la fractura en el transporte de fluidos y contaminantes subraya la necesidad
de realizar mas investigaciones para mitigar el impacto en la salud humana.
Este estudio tiene como objetivo investigar numéricamente el efecto
combinado de la densidad de las particulas y la velocidad del flujo en su
transporte y deposicion en diferentes orientaciones de fractura.

Meétodos: Se implementé una simulacion de seguimiento de particulas en
2D que tiene en cuenta las fuerzas de arrastre y gravedad en una fractura
lisa. Los numeros de particulas derivados en el escenario estudiado, por
ejemplo, orientacion de fractura, densidad de particulas y velocidad de
flujo, se ajustaron a una ecuacion de adveccion-dispersion 1D con un
término de deposicion.

Resultados: ElI modelo aclar6 que ambas densidades de particulas
produjeron un aumento en la concentracion normalizada en escenarios no
horizontales a medida que aumentaba el angulo de orientacion de la
fractura. El incremento general condujo a una disminucion observada en
los coeficientes de deposicién y se asocié con un aumento en los
coeficientes de dispersién. Por lo tanto, el efecto fue mas pronunciado para
las particulas mas densas donde dominaba la sedimentacion gravitacional,
particularmente en las fracturas horizontales. Las particulas menos densas
(1,05 g/lcm?) se vieron mas influenciadas por las fuerzas hidrodinamicas,
exhibiendo una menor deposicion y dispersion general en todas las
orientaciones de fractura. Ademas, el aumento de la velocidad del flujo
mejord la mezcla mecanica y amplifico los coeficientes de dispersion y
deposicion.

Conclusion: Los hallazgos demostraron una clara dependencia del efecto
combinado de la orientacion de la fractura, la densidad de las particulas y
la velocidad del flujo. Estos valiosos conocimientos sobre los mecanismos
de transporte de particulas en medios fracturados tienen aplicaciones en el
flujo subterraneo, la migracion de contaminantes y la ingenieria de
yacimientos.

Palabras clave: medios fracturados, densidad de particulas, angulo de
inclinacion, velocidad de flujo, dispersion, deposicion.
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YucneHHoe uccnegoBaHue BANSHUS NAOTHOCTY YaCcTUL, U CKOPOCTH
NoTOKa Ha NepeHoC YacTuL U ocaxaeHue B Crny4anHo
OPUEHTMPOBaHHOW TPeLLnHe
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Pesome:

BeedeHue/uenb: B rnocrnedHee 8pemsi 3Ha4yumesibHO 8o3pacmaem
uHmepec K mpeuwuHogsambIM racmam 8 cusny rompebHocmu 8
3Hepeuu u nodsemHbix eodax. OOHako O8oliHasi pPOsib, KOMOPYHo
mpewuHbl uzpatrom 8 pacrpedenieHUU xudkocmel U 3asps3HeHud,
yKasbigaem Ha Heobxodumocmb 8 danbHelwux uccriedosaHusix Ons
MUHUMU3ayuu eo3delicmeusi Ha 300posbe 4yernoseka. Llenbro daHHOU
cmambu 58/159€MCS HUCIeHHOoe uccriedogaHUe COBMECMHO20 8/IUSHUS
MIOMHOCMU Yacmuy, U CKOPOCMU MOMOKa Ha UX NepeHoC U ocaxxO0eHuUe
8 mpeuwjuHax pasfuyHol MpocmpaHcmMeeHHoOU opueHmauyuu.

Memodsi: [MpumeHeHo 2D-modenuposaHue O8uUXeHUs 4Yacmuy C
y4emom cusi conpomuesieHuUsi U npumsikeHuUsi K anadkol mpeujuHe.
3amem wyucneHHble pe3ynbmambl Yacmuy, [OfyYEHHbIE 8 3MOoM
cueHapuu, m.e. OpueHmauyusi MPeWwuUHbi, MI0MHOCMb Yacmuy, U
ckopocmb r1omoka, Obiiu  esedeHbl 8 OOHOMEPHOE ypasHEeHUe
adeekyuu u oucrnepcuu C 8bipaxeHUeM OCaKOeHUs.

Pesynbmamel: Modenb noka3ana, 4mo obe mnnomHocmu 4Yacmuy
npueodsim K yeenuyeHUr HopMasnu3osaHHOU KOHUeHmpauuu 8
He20pU30HMarbHbIX CUeHapusix C yeenuyeHueMm yana opueHmayuu
mpewuHbl. Obwee ysenudeHue npueesno K HabrmodaemMoMy CHUXEHUIO
KoaghghuyueHmos ocaxdeHusi, 4Ymo C853aHO C ye8enu4yeHuUem
KoaghpuyueHmos ducnepcuu. Bcriedcmeue vyeao aghgpekm 6bin1 bonee
8bipaxKeHHbIM y bosiee MAomHbIX Yacmuu, y Komopbix rpeobnadano
epasumayuoHHoe  ocax0eHue, OCObBeHHO 8 20pU30HMasIbHbIX
mpeuwuHax. BbisierieHo, 4mo Yyacmuubl ¢ MeHbwel nnomHocmeio (1,05
e/emd) 8 bonbwel cmerieHu nodsep>xeHnbi 8IIUSIHUIO
2UudpoduUHaMUYECKUX CUJTl, 4mO rfpueoduUm K CHUXEHUK obuweao
ocax0eHusi u Oucriepcuu 80 8Cex HarpaenieHusx mpewuH. Kpome




moeo, yeesiudeHUe CKOpocmu [1omokKa yryduiaem MexaHU4ecKoe
nepemewugaHue U yeenu4usaem KoagghuyueHmsl oucriepcuu U
ocax0eHus.

Bbigod: [lonydeHHble OaHHblIe roKa3anu [MpsiMyr0 3agUcUMOCMb Om
COBMECMHO20 BIUSIHUS OpueHmauuu mpewuHsl, NomHocmu Yyacmuy u
cKopocmu romoka. Omu UeHHble Cc8edeHUsI O MexaHU3Max repeHoca
yacmuy, 8 mpeuuHosamaix cpedax Haxo0sm rpuMeHeHUe 8 od3emMHOM
meyveHUU, Muspauuu  3aspsA3HAWUX eeujecmse U paspabomke
KOJ1I1EKMOpO8.

Knoyesble cnosa: mpeuwjuHoeamasi cpeda, niomHoCmMb Yacmuu, y2osi
HaKIioHa, CKopocmb nomoka, ducrepauposaHue, ocaxoeHue.

Hymepwnyko nctpaxveame yTuuaja ryctmHe Yyectmua n 6pavHe
CTpyjara Ha TPaHCMOopPT 1 Aeno3numjy Yectuua y npucycray
NPOM3BOSbHO OPUjEHTUCAHOT Nloma

Keupa Bypara?, aytop 3a npenucky, Jlejcur BeHacep®, Mycmacgha Akacem?
YHuBepsauteT Agpap, PakynteT Hayke u TexHonoruje, Ogerbewe 3a
rpahesBnHapcTBo, Agpap, HapoaHa [emokpaTtcka Penybnuka Amxmp

a JTabopatopwuja 3a oapxusu pa3soj u T (J1O40N)

6 NaGopaTopuja 3a EHEPreTUKY, XKUBOTHY CPEANHY 1
nHopmaumoHe cucteme (JIEECU)

OBINACT: padyHapcke Hayke, MexaHuka
KATEIOPWJA (TUIM) YNAHKA: opurnHanHm Hay4yHu pag

Caxxemak:

YBod/uurb: OdHedasHo je 3HamHO rosehaH uHmepec 3a ¢hopmayuje ca
JloMoM y okeupy 3adososbasarba rnompeba 3a eHepaujoM U Mod3eMHUM
godama. Mehymum, dsocmpyka ynoza Kojy uma JIoM y mpaHcropmy
meyHoCcmu U KOHmamuHaHama ckpehe naxrby Ha HeornxoOHocm Oarbux
ucmpaxusar-a Kako bu ce ymaruo ymuuyaj Ha 30paesbe sbyou. Ljurb ose
cmyduje jecme Oa HymepuykuM rymemM ucriuma KoMOuHosaHu ymuuaj
eycmuHe 4Yecmuuya U 6p3uHe cmpyjakba Ha HUX08 mpaHcriopm u
OerioHogarb€e y NMpucycmay JIoMo8a pasiuyumux opujeHmauuja.

Memode: lNpumerseHa je 2[] cumynayuja Kpemarba Yyecmuuya rnpu H4emy cy
y3eme y 0b63up curna omriopa U epasumauuje Ha 2rnamkom fiomy. 3amum
Cy HyMepuydKu pesysimamu decmuua O0obujeHU y mom cueHapujy, mj.
opujeHmauuja rioma, 2ycmuHa Yyecmuuya U 6p3uHa cmpyjarsa, yHemu y 1]
JjedHayuHy adsekuyuje u ducriep3uje ca u3pa3om 3a 0ero3uyujy.

Pesynmamu: Modern je nokasao Oa cy, Kako ce y2ao opujeHmauuje sioma
rnosehasao, o0be eycmuHe 4Yecmuua Ooegerle 00 rosehara
HopMariu3ogaHe KOHUeHmpauuje y HEexXopu3oHmasnHumMm criydajesuma.
YKynaH rnipupacm je dogeo 00 yo4yeHO2 CMarbuearba KoegbuuujeHama
dero3uyuje u nosesaH je ca rosehamem koeguyujeHama ducriep3uje.
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Cmoea je eghbekam 6UO uspaxeHuju y criudajy 2ywhux yecmuua e je
GOMUHUpPaIIo epasumauUOHO OKPYXeHe, Hapo4Yumo K0O XOPU3OHMAaIIHUX
nomosa. Yecmuuye mame eycmure (1,05 g/cm® 6une cy nod jayum
ymuuyajem xuGpoOuHaMu4yKux curna, ra cy rokasane crnabujy yKynHy
derio3uyujy u Oucriepsujy ko0 ceux opujeHmauyuja noma. pu mome je
rnosehaHa 6p3uHa cmpyjaka nobosrbwana MexaHU4YKo Meware U
rnosehana koeghuyujeHme oducriep3uje u Gerosuyuje.

Sakmpyqak: Hanasu rokasyjy jacHy 3aeucHocm 00 KOMBUHOBaHUX
eghbekama opujeHmauuje sioma, 2ycmuHe yecmuua u bp3uHe cmpyjarba.
Osu 3Ha4ajHU y8udu y MexaHU3aM mpaHcriopma Yecmuya y cpeduHama ¢
rpucycmeom fioma umajy rnpumeHy y nod3eMHUM mokosuma, pedyKuuju
KOHMaMuHayuje u KoHcmpyucarby pe3epgoapa.

KrbyuHe peuu: cpeduHe ca JIOMOM, 2ycmuHa Yecmuya, yeao Haeuba,
bp3uHa cmpyjara, ducniep3uja, denosuyuja.
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