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1. Introduction

This paper deals with the numerical simulation of spherical particle saltation in a channel with a rough
transversely tilted bed. The numerical model presented is based on the 3D model of spherical particle
saltation developed by the authors, which takes into account the translational and rotational particle motion.
The stochastic method and the concept of a contact zone were used for the calculation of a particle
trajectory and its dependence on the bed lateral slope, particle diameter, and shear velocity. The effect of the
bed lateral slope results in a deviation of the particle trajectory from the downstream direction. Some
examples of the calculation are presented. The trajectories of the saltating particles starting their movements
from one point were calculated and it was shown that they are of random character and together create a
bundle or fascicle of trajectories. It was found that the centrelines of the bundles can be approximated by
the straight lines for low and moderate values of the bed transverse slope, i.e. slopes less than 20°. The
angle of deviation of the centreline from the downstream direction increases when the bed lateral slope
and/or the particle diameters increase. However, with increasing shear velocity, the deviation angle
decreases. Due to the lateral bed slope the particles are sorted according to their size, and the criteria for
sorting particles were defined. An example of the particle sorting was calculated and the separable and non-
separable regions were determined.
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Studie popisuje numerickou simulaci saltacniho pohybu kulovité ¢astice v koryté s piicné sklonénym
drsnym dnem. Piedlozeny numericky model je zalozen na autory vyvinutém 3D modelu saltacniho pohybu
kulovité castice, ktery pocita s translacnim i rotacnim pohybem castice. Pro vypocet trajektorie Castice a jeji
zavislosti na pfi¢ném sklonu dna koryta, priméru Castice a smykové rychlosti nosné kapaliny byla pouzita
stochastickd metoda a koncept kontaktni zény. Vlivem piicného sklonu dna koryta dochazi k odchylce
trajektorie Castice od sméru proudu. Trajektorie Castic zaCinajicich svlij pohyb v jednom bodé byly
vypocteny a bylo ukazano, Ze trajektorie jsou nahodného charakteru a tvoii spoleéné svazek trajektorii,
jehoz osa muiZze byt pro nizké a stfedni hodnoty pri¢ného sklonu dna koryta aproximovana piimkou. Vlivem
pri¢ného sklonu dna koryta muze dojit k roztfidéni ¢astic podle velikosti. Bylo spocteno nékolik prikladi
ttidéni, definovano kriterium tfidéni a uréeny oblasti tfidéni podle velikosti ¢astic a sklonu dna koryta.

KLICOVA SLOVA: saltace, priéné sklonéné dno, kolise ¢astice-dno, tfidéni ¢astic.

instance, affect transverse bed slopes in bends and
the wave length and damping of spatial river-bed
deformations”.

The modelling of the saltation process in the case
of a transversely tilted bed is important for the un-
derstanding of natural phenomena such as bank
erosion, river bed topography, sediment sorting,
and stream braiding (Sekine and Parker, 1992).
According to Talmon et al. (1995), in this case
“correct modelling is very important because it, for

Most of the numerical models of saltation parti-
cle movement are 2D (e.g. Wiberg and Smith, 1985;
Nino and Garcia, 1994; Lee et al., 2000; Luker-
chenko et al., 2006). However, a description of the
saltation process in the case of a transversely tilted
bed can be realised properly only if the 3D pattern
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of particle saltation is used (Lukerchenko et al.,
2009).

Sekine and Kikkawa (1992) and Lee et al. (2006)
developed 3D saltation models which were deter-
ministic for the particle motion in fluid but stochas-
tic for the particle-bed collision stage. Neither
model took into account the particle rotation and
both assumed a spherical shape and uniform size of
the saltating particles and a bed formed by equal
particles.

As a result of the particle—bed collisions, the par-
ticle gains angular velocity, which can reach a few
tens of revolutions per second (Nino and Garcia,
1998). Therefore, to describe the saltation process
reliably the model of saltation must take into ac-
count not only the translational but also the rota-
tional particle motion. The present paper uses as a
basis the 3D numerical model of spherical particle
saltation (Lukerchenko et al., 2003, 2004, 2009), in
which the particle rotation is taken into account and
the problem of a particle-bed collision is solved
using the concept of a contact zone.

The model allows the calculation of the particle
trajectory and expression of the bed lateral slope
and other parameters of the effect of the saltation
process on the lateral deviation of the particle tra-
jectory.

2. The mathematical model of the saltation

The principal assumptions of the model are as
follows. The saltating particle is spherical and its
translational and rotational movements are taken
into account. The effect of turbulence fluctuations
on a saltating particle is neglected. The concentra-
tion of the conveyed particles is sufficiently low to
neglect mutual collisions between moving particles
and the influence of the particles on fluid flow.
Therefore the motion of a set of particles can be
represented by the motion of a single particle. The
effects of the drag force, submerged gravitational
force, Basset history force, force due to added
mass, Magnus force, and drag moment acting on
the particle are taken into account in the model.

Let us define the channel bed as a plane spaced
over the top of the bed’s roughness. The fluid flow
is steady and uniform, and the velocity profile can
be described by the logarithmic law. The bed level
is inclined to the horizontal plane in the down-
stream direction and also in the lateral direction.
The longitudinal and lateral slopes can be defined
as follows. The coordinate axis Oy'" is vertical and
the coordinate axis Ox" is horizontal in the down-

stream direction, that is, in the direction of the fluid
velocity vector. The angle 6, is the angle of the
channel bed slope in the downstream direction and
the angle 6, is the angle of the channel bed slope in
the lateral direction (see Fig. 1).

The coordinate plane Oxz associated with the bed
level can be obtained from the coordinate’s plane
Ox"z" using two transformations of the coordinate
system. The first is the rotation of the coordinate
system Ox"y"z" by the angle 6, around the axis Oz"
(see Fig. 1). The new coordinate system is Ox'y’z".
The second transformation is the rotation of the
coordinate system Ox'y’z’ by the angle 6, around the
coordinate axis Ox'. The system of equations gov-
erning particle motion is written in the resulting
coordinate system, Oxyz. The gravitational accel-
eration vector in the coordinate system Oxyz can be
written as

g=(gcos b;,,— gcos b cos b, gcosbsing). (1)

\

Z particle trajectory

Fig. 1. Definition of the angle of the bed slope to the horizontal
plane.

Obr. 1. Definice thld sklonu dna koryta k vodorovné roviné
(particle trajectory — trajektorie ¢astice).

Let us consider a spherical homogeneous particle
of diameter d, and density p, moving in a fluid of
density p and dynamic viscosity u. The system of
governing equations for the particle saltation mo-
tion can be written as

drO

p

—2P =y, 2

0 2)
dv

ppE:FD+Fm+Fg+FB+FM’ (3)
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74y 4)
dt

where ¢ is the time, ro, (x,, y,, z,) — the radius-vector
of the particle centre of mass, v (v, v, v.) — the
vector of the velocity of the particle centre of mass,
o (o, o, ©;) — the vector of angular velocity of
the particle rotation about its centre of mass, J — the
particle moment of inertia, Fp, F,, Fy, Fj, and Fy
are the drag force, force due to added mass, sub-
merged gravitational force, Basset history force,
and Magnus force per unit volume, respectively,
and M is the drag torque of viscous forces acting on
the particle.

The particle motion is determined by two dimen-
sionless parameters: the translational Reynolds
number (or Reynolds number) Re = | vz | d,p/u and
the rotational Reynolds number Re, = | w; | rzpp/,u,
where vz = v — v/ is the vector of particle—fluid rela-
tive velocity, vy (v, V4, ve) — the vector of fluid
velocity, wg = @ — 0.5 rot vy — the particle relative

angular velocity, and " :O.Sdp is the particle

radius.
The flow velocity distribution can be described
by the logarithmic law

Ux
vﬁc(y)=71n[ij, v =ve =0, (5)

where & = 0.4 — the Karman constant; y, =
= 0.11(w/pu~) + 0.033 k; (Nikuradze, 1933), u«— the
fluid shear velocity, and k&, — the bed roughness.

From Nino and Garcia (1994) the drag force
term can be written as

FD=70.75CDp|vR|vR/dp, (6)

where dimensionless drag force coefficient Cp, of a
rotating spherical particle moving in fluid can be
calculated from the equation (Lukerchenko et al.,
2008):

Cp =Cpo (1 +0.065- Re2,~3) , 7

where

24 1
CDO = —(1 + 015(Re)2 +
Re

®)

+0017Re)—%
1+10"Re ™

is the drag force coefficient of a particle moving in
fluid without rotation (Nino and Garcia, 1994).

Eq. (8) is valid for the Reynolds number range
relevant to the saltation mode of sediment transport.

For the 3D case, the expression for the force due
to added mass can be written as

Fm:pCm{(vV)vf—%}, )

where C,, =1/2 is the added mass coefficient.

The submerged gravitational force is the differ-
ence between the gravitational force and the Archi-
medean force

Fy=(pp—p) g (10)
The Basset history force is
9 |uptdvp dr
Fp=—— /— — 11
B dp ﬂ(f)dT Nt—1 (1

The translational movement of the solid sphere
with simultaneous rotation in the viscous fluid in-
duced the lateral force known as the Magnus force:

(12)

where C)j, is the dimensionless Magnus force coef-
ficient (Oesterle and Dinh, 1998):

FM =CMp(a)R XVR),

Cyy = 0084418
ea)
R . (13)
+ 0.75-0.0844—= exp(—o.lRe°~3 Rel4 )
Re,
The drag moment can be written as
M=—Ca,§a)R|a)R|r5, (14)

where C, is the dimensionless drag rotation coeffi-
cient of the rotating particle moving in fluid, which
can be calculated according to Lukerchenko et al.
(2008) as

Cp = Cop (1+0.00444/Re ), (15)
where C, is the dimensionless drag rotation coeffi-
cient given by the experimental investigation by
Sawatzki (1970) for the rotating sphere in calm
water.

The system of equations describing the particle
motion in the channel is solved numerically using a
fourth-order Runge-Kutta scheme (Lukerchenko et
al., 2004). The numerical model of the particle—bed
collision is described in detail by Lukerchenko et al.
(2004).
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3. Result of the calculations

The effect of the transversely tilted bed on the
particle saltation mainly results in the lateral devia-
tion of the particles’ trajectories from the down-
stream direction in agreement with the lateral slope
of the channel bed. For the purpose of particle
movement simulation, the fluid density, p = 10° kg
m”, and the fluid dynamic viscosity, x = 10~ Pa s
(both corresponding to water), the particle density,
pp = 2650 kg m” (corresponding to sand), and the
gravitational acceleration, g = 9.81 m s~, were
used.

3.1 The bundle of saltating particle trajectories

The particle trajectory has a random character
and thus the bundle or fascicles of the particles’
trajectories, which start from a point named the
bundle origin, were studied. Some examples of the
bundle of saltating particle trajectories projected
onto the coordinate plane Oxz are shown in Fig. 2
for the case of the channel bed without the lateral
slope (i.e. for 8, = 0) and for the cases of the chan-
nel bed with the lateral slope, that is, for 6, is equal
to 5 and 10 degrees.

Let us consider the bundle of particle trajectories
z; = z;(x) in the projection onto the coordinate plane
Oxz. The bundle axis is the line z, = z, (x), where z,
(x) is the average value of the coordinates z; of all
bundle trajectories for the same coordinate x. In this
case the bundle boundary is the pair of lines z, = z,
(x) £+ 0. (x), where g, (x) is the standard deviation of
the coordinates z; (x) of the particle trajectories from
the average value z, (x) for the same coordinate x.
The calculations showed that the bundle axis can be
approximated by a nearly straight line and, simi-
larly, the bundle boundaries can be approximated
by straight lines. Let us also define a bundle region
as the region between the bundle boundaries.

The deviation angle a, is the angle between the
bundle axis and the downstream direction, and the
disperse angle Ao, is the angle between the bundle
boundary and the bundle axis. The bundle boundary
is determined by the standard deviation of the parti-
cle trajectories from the bundle axis.

Both a, and 4a, are functions of the saltation pa-
rameters

ap = ap(gl, dp, U=, ks; pp: p; ,ul g)a (16)
and
Aay = (O, dp, us, ks, pp, p, 11, ). (17)

The effects of the shear velocity u«, the particle
diameter d,, and the channel bed lateral slope 6, are
shown in Fig. 3 for three values of the shear veloc-
ity and three different particle diameters. The value
of the deviation angle a, increases when the value
of the bed lateral slope 6, increases. In the studied
range of 6, , that is from zero to 20 degrees, the
dependence is close to linear. With increases in
shear velocity, the deviation angle decreases, while
in contrast the deviation angle increases with in-
creases in particle diameter.

3.2 Particle sorting

The effect of the particle diameter d, on the de-
viation angle a, is shown in Fig. 4 for the lateral
slope of the channel bed 6, = 20° and the bed
roughness &, = 1 mm. The dependence of the devia-
tion angle on particle size is a monotonously in-
creasing function; it suggests the possibility of the
selection of particles according to the diameter of
the particle in a channel with a laterally sloped bed.
This process can be called particle sorting. How-
ever, particle sorting is a relatively complex process
which depends not only on the particle diameter but
also on the lateral slope of the channel bed, liquid
velocity, bed roughness, and other parameters.

However, if the particle diameter varies from 0.5
mm to 5 mm, the deviation angle changes only
slightly, in the range of a few degrees. Hence the
problem of particle sorting due to the transversely
tilted bed is connected to the question: Particles of
what diameters can be sorted in this way? The an-
swer is not simple and requires special investigation
of the particle sorting criteria.

Let us consider two bundles of particle trajecto-
ries of the same origin. The particles have different
diameters, d,y and d,, while all other parameters of
the particles and channel, that is, their density p,,
shear velocity ux, bed roughness k;, and lateral
slope 6, are the same. It is reasonable to suppose
that the particles will be separated if their bundle
regions do not intersect, that is, do not have com-
mon points except the common origin. This condi-
tion can be written as

(0po + Aoy < oy, — Aoy,) V (0o — Ao < 0 + Aay).
(18)

Condition (18) is the first approximation and can
be called the criterion for the rough rate of sorting,
because about 32% of the particle trajectories of the
given bundle can exceed the bundle boundary. The
criteria for the middle, fine, and very fine rates

185



N. Lukerchenko, S. Piatsevich, Z. Chara, P. Vlasak

9!r 0 9} 0
200 200
o-0 bundle axis
100 1 bundle axis 1004 p ,
2 =, bundle boundaries
= =
S S —
100 downstream direction 100 downstream direction
0 500 1000 1 5;00 2000 0 500 1000 15300 2000
X dp X dp
6, Sdeg 6~ 5 deg
300 300
is le axis
200 pundle axts 2001 bund
N o,= 3.1deg Jaries
- SR \ hund{g houn o N -
AR ¢ -
. R 225
downstream direction downstream direction
_100 = — . ~ 100 — — . —
0 500 1000 1500 2000 0 500 1000 1500 2000
xd » X u'p
0,~ 10 deg
300
2 .
2001 o= 5.9 deg oun ) -
= bundle b o -
v [001 oz - 18
= é‘ﬁj pun lle ox
0 - 0{ === —
downstream direction downstream direction
_100 = T T T -100"— — T T
0 500 1000 1500 2000 0 500 1000 1500 2000
X dp x'd p

Fig. 2. The bundles of saltating particle trajectories for different values of the bed level lateral slope 0; (d,= 1 mm, p,/p = 2.65, k, =
=1mm, us=0.025ms™).

Obr. 2. Svazky trajektorii ¢astic pohybujicich se saltaci pro riizné pficné sklony dna koryta 0, (d, = 1 mm, p,/p =2,65, k, = 1 mm,
u« = 0,025 m s”'; bundle axis — osa svazku trajektorii, bundle boundaries — hranice svazku trajektorii , downstream direction — smér

proudu).
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Fig. 3. The deviation angle a, versus the lateral slope of the channel bed 6.
Obr. 3. Zavislost devia¢niho thlu o, na piicném sklonu dna koryta 0;.
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of sorting can be determined in a similar way, and
hence the bundle boundaries can be defined as 2,
2.6, and 3 standard deviations of the particle trajec-
tories from the bundle axis, respectively. In these
cases, only about 5%, 1%, and 0.3% of the particle
trajectories of the given bundle can exceed the bun-
dle boundary, respectively. Furthermore, the rough
sorting criterion is used.

| by

|
T
i

wp, degrees
.
T
i

dp. mm

Fig. 4. The deviation angle o, of the bundle axis from the
downstream direction versus the particle diameter d, (6, = 20°,
py/p=2.65k,=1mm, us=0.07ms™).

Obr. 4. Zavislost deviacniho thlu a, osy svazku na priméru
gastice d, (6,= 20" p,/p =2.65, k,= 1 mm, u+=0.07 ms™).

The calculated results of sorting the particles
with diameter d,y = 1 mm and the particles with
diameters varying from 0.2 mm to 4 mm are shown
in Fig. 5. The dotted line is the boundary of the
separation, which indicates the minimal value of
the channel bed lateral slope 6, for which the sepa-
ration of particles with the given diameter d, and
diameter d,) = 1 mm is realised. Above this value
of the lateral slope the separation occurs and below
this value the separation does not occur. The higher
the value of the channel bed lateral slope 6, the
more efficient the particle separation.

4. Conclusions

A 3D numerical model of spherical particle salta-
tion in a channel with a transversely tilted rough
bed was developed. The model takes into account
the translational and rotational movement of the
particle and the particle-bed collisions. During the
saltation, the drag force, submerged gravitational
force, Basset history force, force due to added

mass, Magnus force, and drag moment act on the
particle.

The effect of the transversely tilted channel bed
mainly results in the lateral deviation of the particle
trajectories from the downstream direction; the
deviation is in agreement with the lateral slope of
the channel bed.

| T T T
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30 ! :4' '. non-separable
l_'|_'|
s T i '
X} i Bl
Z30F 4y :
= [ I Y
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Fig. 5. The separable and non-separable regions (d,y = 1 mm,
=1mm, p,/p=2.65,u+=0.058 ms™").

Obr. 5. Zény separace a neseparace (d,g = 1 mm, k;, = 1 mm,
py/p=2,65,us=0,058 ms™").

Trajectories of particles starting their movements
from one point are of a random character and to-
gether create a bundle or fascicle of trajectories.
Definitions of the bundle origin, bundle axis, bun-
dle boundaries, and bundle region were introduced.
Based on the particle trajectory simulation it was
found that the bundle axis and the bundle bounda-
ries can be approximated by straight lines. The
angle of deviation a, of the bundle axis from the
downstream direction is nearly linearly dependent
on the lateral channel bed slope 6, varying between
zero and 20 degrees. The deviation angle a, in-
creases when the channel bed lateral slope 6, or
particle diameter d, increases and the shear velocity
u~ decreases.

The possibility of particle sorting according to
particle size occurring during their saltation move-
ment in a channel with a transversely tilted rough
bed was studied and the criteria for particle separa-
tion were defined. The separable and non-separable
regions depending on the values of the particle di-
ameter and the channel bed lateral slope were de-
termined.
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List of symbols

Cp — drag force coefficient [—],

Cpo — drag force coefficient in the case wz = 0 [—],

C, — force due to added mass coefficient [],

Cy — Magnus force coefficient [—],

C, — drag rotation coefficient [—],

Cuo — drag rotation coefficient in the case vg=0[-],

d,, — diameter of the moving particle [m ],

Fp — Basset history force per unit volume [N m™],

Fp — drag force per unit volume [N m™],

F, — submerged gravitational force per unit vol-
ume [N m™~],

F, - for}ce due to added mass per unit volume [N
m~],

Fy — Magnus force per unit volume [N m™],

g — vector of gravitational acceleration [m s™],
J — particle moment of inertia [kg m?],

k — Karman constant [—],

k, — bed roughness [m],

M

— drag moment of viscous forces acting on a
rotating particle in fluid [N m],

r, — radius of the moving particle [m],

Pop(Xp, ¥p, 2p)  — 1adius-vector of the particle centre of mass
[m],

Re — translational Reynolds number [—],

Re, — rotational Reynolds number [],

t — time [s],

u, — fluid shear velocity [m s,

v (Vs V5 vz)  — vector of the fluid velocity [m s,

v (vy, vy, v:)  —vector of velocity of the particle centre of
mass [ms'],

VR — vector of the particle relative velocity [m s™'],

Yo — elevation of zero fluid velocity [m ],

a, — deviation angle — angle of the bundle axis
deviation from the downstream direction,
[degrees],

Ao, — disperse angle — angle between the bundle
boundary and the bundle axis [degrees],

u — dynamic viscosity [Pa s],

0, — angle of the bed level lateral slope [degrees],

[ —angle of the bed level downstream slope
[degrees],

P — fluid density [kg m™],

o, — density of the moving particle [kg m™],

o (o, ©,, ©;) —vector of angular velocity of the particle
rotation about its centre of mass [s'],
wp — particle relative angular velocity [s™'].
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NUMERICKY MODEL SALTACE KULOVITE
CASTICE V KORYTE S PRICNE SKLONENYM
DRSNYM DNEM

Nikolaj Lukerchenko, Siarhei Piatsevich,
Zdené€k Chara, Pavel Vlasak

Predlozena studie popisuje numerickou simulaci sal-
tacniho pohybu kulovité ¢astice v koryté s piicné sklo-
nénym drsnym dnem. Modelovani saltacniho pohybu
C¢astice v koryté s pticné sklonénym dnem je dilezité pro
pochopeni napf. morfologie a topografie fi¢niho dna,
eroze biehll nebo tfidéni sedimentujicich Castic podle
jejich velikosti pfi pohybu sedimentdi v tocich. Vztahy
popisujici 2D nebo 3D salta¢ni pohyb rotujici kulovité
Castice jsou znamy jen pro obdélnikové koryto. Proto
byla vénovana pozornost modelovani saltaéniho pohybu
rotujici kulovité cCastice v koryt€ s pficné sklonénym
dnem za nasledujicich predpokladi: kulovitd castice
(prumér d,,, hustota p,) se pohybuje transla¢né a soucas-
n¢ rotuje kolem svého tézisté v koryté s pficné i podélné
sklonénym dnem v kapaliné¢ o hustot¢ p a dynamické
viskosite .

Systém fidicich rovnic je dan rov. (2)—(4). Proudéni
kapaliny je ustdlené¢ a rovnomérné, rychlostni profil je
popsan logaritmickym zdkonem (rov. (5)). Uginek turbu-
lentnich fluktuaci je mozno zanedbat. Koncentrace una-
Senych ¢astic je nizka a Ize proto zanedbat jejich vza-
jemné kolize 1 vliv Castic na proud kapaliny a pohyb
vSech ¢astic mize byt reprezentovan pohybem jednotlivé
Castice.

Pro modelovani jsou uvazovany ucinky odporové sily
(rov. (6)), sily pridavné hmoty, gravitacni sily ponoiené
Castice, Bassetovy sily, Magnusovy sily (rov. (9)—(12)) a
odporového momentu (rov. (14)), ptisobicich na castici.
Predlozeny numericky model je zaloZzen na autory vyvi-
nutém 3D modelu saltaéniho pohybu kulovité castice,
ktery pocita s translacnim i rotacnim pohybem Castice.

Dno koryta tvoii rovina prolozena vrcholky nerovnos-
ti dna, dno je sklonéno pficn€ pod uhlem 6, a podélné
pod thlem 6. Systém soufadnic Oxz spojeny s rovinou
dna koryta je vysledkem dvojité transformace (rotace o
6; kolem osy Oz’ a rotace o uhel 6, kolem osy Ox "), obr.
1. Pohyb castice je zavisly na dvou bezrozmérnych pa-
rametrech — na Reynoldsovu Cislu Re a na rota¢nim
Reynoldsovu ¢islu Re,,. Pro odvozeni vzajemného vlivu
transla¢niho i rota¢niho pohybu ¢astice jak na soucinitel
odporu ¢astice Cp, tak na soucinitel odporového momen-
tu ¢astice C,, byl vyuzit 3D numericky model pro trans-
la¢ni pohyb rotujici ¢astice, odvozeny autory.

Pro vypocet trajektorie Castice a jeji zavislosti na
pfi¢ném sklonu dna koryta, priméru Castice a smykové
rychlosti nosné kapaliny byla pouzita stochasticka meto-
da a koncept kontaktni zény. Vlivem piicného sklonu
dna koryta dochazi k odchylce trajektorie Castice od
sméru proudu. Uginek piiéného sklonu dna koryta se
projevi zejména odchylkou trajektorie ¢astice od sméru
proudu ve sméru shodném s pficnym sklonem dna kory-

ta. Byly vypocteny trajektorie Castic zacinajicich svij
pohyb v jednom bod¢ a bylo ukadzano, ze trajektorie jsou
nahodného charakteru a tvofi spolecné svazek trajektorii.
Byly definovany pocatek, osa a hranice svazku. Na za-
kladé uskuteénénych simulaci bylo zjisténo, Ze osa svaz-
ku a hranice svazku mohou byt pro nizké a stiedni hod-
noty piicného sklonu dna koryta aproximovany piimka-
mi (obr. 2). Deviaéni thel a, osy svazku od sméru prou-
du je téméf linearné zavisly na ptfi¢ném sklonu dna kory-
ta ¢; pro hodnoty 6, do 20°. Deviacni Ghel a, roste
s pfi¢énym sklonem dna koryta 6, nebo primérem castice
d,, klesa s rostouci tfeci rychlosti kapaliny u« (obr. 3).

Zavislost devia¢niho uhlu a, na priméru Castice d, je
znazornéna na obr. 4 pro zvoleny priény sklon 6, = 20" a
drsnost dna koryta k£, = 1 mm jako monoténné stoupajici
funkce. Proto vlivem pfi¢ného sklonu dna koryta mize
dojit v prubéhu saltaéniho pohybu &astic v koryté
k jejich roztfidéni podle jejich velikosti. Bylo spocteno
n¢kolik prikladt tfidéni, definovano kriterium tfidéni a
uréeny oblasti tfidéni podle velikosti ¢astic a sklonu dna
koryta (obr. 5).

Seznam symbolii

Cp — odporovy koeficient ¢astice [-],

Cpo — odporovy koeficient Castice pohybujici se
transla¢né bez rotace, wyz = 0 [],

Cy — koeficient sily ptidavné hmoty [],

Cy — koeficient Magnusovy sily [—],

C, — momentovy koeficient odporu rotujici Castice
pohybujici se transla¢né [—],

Coo — momentovy koeficient odporu ¢astice rotujici
v klidné kapaliné, vg = 0 [-],

d, — pramér pohybujici se ¢astice [m],

Fy - Ba}ssetova sila na jednotku objemu ¢astice [N
m~],

Fp - odg)orové sila na jednotku objemu castice [N
m*],

F, — gravitani sila ponofené ¢astice na jednotku
objemu &astice [N m™],

F, —sila pfidavné hmoty na jednotku objemu
&astice [N m™],

Fy — Magnusova sila na jednotku objemu Castice
[Nm™],

g — gravitaéni zrychleni [m s7],

J — moment setrvaénosti Gastice [kg m?],

K — Karmanova konstanta [—],

ks — drsnost dna [m],

M —moment vazkych sil pusobici na rotujici
castici v kapaliné [N m],

7y — polomér pohybujici se ¢astice [m],

Re, — Reynoldsovo ¢islo pfi rotaénim pohybu [—],

7 — polomér pohybujici se ¢astice [m],

rop(Xp, Vp» 2p)  — radius-vektor t€zisté¢ ¢astice [m],

Re — Reynoldsovo ¢islo pfi translaénim pohybu
Castice [—],

Re, — Reynoldsovo ¢islo pii rotaénim pohybu
Castice [-],

t — ¢as [s],

Uy — smykova rychlost [m s™']

vr(Va, V» V) — vektor rychlosti kapaliny [m s‘l],
v (vy, v, v;)  — vektor rychlosti t€ziSté ¢astice [m s,
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VR — vektor relativni rychlosti Gastice [m s™'],

Yo —svisla soufadnice mista nulové rychlosti
kapaliny [m ],

a, —devia¢ni uhel, tj. thel mezi osou svazku
trajektorii ¢astic a smérem proudu [stupné],

Aa,, — disperzni uhel — thel mezi projekci hranice a

osy svazku na rovinu dna [stupné],

I — soudinitel dynamické viskozity [Pa s],

0, — thel pri¢ného sklonu dna koryta [stupné],
0, — tihel podélného sklonu dna koryta [stupné],
p — hustota kapaliny [kg m™],

Pp — hustota &astice [kg m™],

o (o, ,, ;) — vektor Gthlové rychlosti rotujici ¢astice [s],
g — relativni Ghlova rychlost &astice [s'].
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