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ABSTRACT

BACKGROUND: When calculating velocities of free precipitation of solid particle in a viscous Newtonian liquid, it is assumed
that influence of incoming vessel head can be neglected. Necessity of considering this factor grows with a vessel head getting
closer and with decrease of particles’ geometrical size.

AIMS: Development of the method of calculating solid particles’ precipitation rate in a Newtonian fluid considering the incoming
vessel head and definition the limits of its application.

METHODS: The known analytical model of motion of precipitating disperses solid particles when approaching a vessel head
is analyzed. It is shown that the known model of calculation of solid particles’ precipitation rate near the vessel head needs
to be refined.

RESULTS: The proposed modification of the analytical model of definition the solid particles’ precipitation rate considering
the existence of a vessel head helps to ensure more credible results from physical standpoint. Recommendations regarding
the influence of the Brownian mation of fluid's molecules on motion of precipitating solid particles are given.

CONCLUSION: Practical value of the study lies in ability to calculate solid particles’ precipitation rate near to a vessel head.
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Z CuctemoTexHnKa, Mockea, Poccuiickan Oepepaums

AHHOTALMA

O6ocHoBaHue. [py pacyéTax CKOpoOCTel CBOGOMHOrO OCaOEHWA TBEPAbIX YacTWL, B BA3KOW HBIOTOHOBCKOW MMIOKOCTU
NpeanonaraeTcs, Yto BAMAHMEM MPUONUMKAIOLLEroCA [HMLIA COCya MOMHO NpeHebpeyb. HeobxoamMMocTb y4éTta aToro
daKTopa Bo3pacTaeT ¢ NpUBINKEHNEM JHULLA COCYAa U C yMeHbLLEHUEM reoMeTPUYECKOro pa3Mepa YacTul,

Lenb — pa3paboTKa MeTOOMKM pacyéTa CKOPOCTU OCaMOeHWA TBEP[bIX YacTWULL B HbIOTOHOBCKOM UOKOCTM C YYETOM
NPUBNUKAIOLLErocs AHMLLA COCyaa W onpefe/ieHne rpaHunLbl ero NPUMEHUMOCTY.

Marepuanbl u MeToabl. AHaNU3MpYeTCA U3BECTHAA PacyETHaA MofeNb JBUMHEHWA 0CAXAAIOLLMXCA ANUCTEPCHBIX TBEPAbIX
yacTuL Npy NpUBNMMKEHUM K OHMLLY cocyaa. MoKa3aHo, YTo M3BECTHaA MOAeSb pacyéTa CKOPOCTM OCaOeHUA TBEPMbIX
YacTuL Npu B6IIU3M OHMLLA COCYM1A HYMKOAETCA B YTOUHEHUM.

Pesynbratbl. [peanoreHHaa MoaMuMKaLMA pacyéTHOW MOJENU OnpefieNleHnA CKOPOCTM OCaOEHWA TBEPMbIX YacTul,
YUUTLIBAIOLLAA HanMuMe OHULLA Cocya, N03B0NAET 0becneunTb Gpursnyeckn bonee [1OCTOBEPHbIE pe3ynbTaThl. [aHbl pa3b-
SICHEHWA 0 BNMAHWM BPOYHOBCKOIO JBUMEHWA MOJEKYN UOKOCTU Ha JBUMEHME 0CaKOAOLWMXCA TBEPAbIX YaCTULL.
3akniouenue. MpaKTyecKan LIEHHOCTb MCCIEA0BaHNUA 3aK/IOYAETCA B BO3MOMHOCTM PacyéTa CKOPOCTU OCaKAEeHMA TBEP-
ObIX YaCTULL NPY NPUBIIMMKEHNM K JHWLLY cocyfa.

KnioyeBble cnoBa: TBépﬂbIe YacCTULbl; CKOPOCTb OCaxaeHuA; BiMAHKUE OHULLA cocyaa.
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INTRODUCTION

The deposition of solid particles in a liquid medium is
studied by assuming that the medium comprises particles
of a dispersed solid phase and a viscous Newtonian fluid.
In separate works, the precipitation process of small solid
phase particles in the liquid phase in the lower bottom part
of a two-phase mixture is analyzed.

Thus, in [1], the possibility of a collision between
precipitating small solids in a viscous liquid and the lower
horizontal wall (bottom of the vessel) was analyzed.
The author of work [1] indicates in a note that this section
of the article on the collision of a precipitating solid particle
of the body with the vessel bottom was coauthored with
N.E. Zababakhin.

Article [2] almost completely reproduces the essence
of the work in [1] concerning the original theoretical and
computational material. In the graphic part of [2], as in [1],
a solid particle is presented as a cylinder with an upper
horizontal bottom of a given radius and a lower spherical
bottom of an unspecified radius. The height of the vertical
cylindrical part of the particle is unstated, and its size is not
indicated.

Article [2] additionally presents the results of the
first experimental studies, which qualitatively confirm
the theoretical conclusion about the impossibility, under
certain conditions, of the collision of a convex body with
the underlying flat wall of the vessel. However, no results
of a comparison of the behavior of spherical particles
with calculated estimates are presented.

RESEARCH METHOD

As shown in Figure 1, the particle shape adopted in
[1, 2] is cylindrical with a radius a, an upper flat bottom, and
a convex lower bottom of radius R. In addition, we indicate
the height of the cylindrical part H. The particle approaches
the vessel's flat bottom at a speed of v.

The gap width between the bottom surface of the
particle and the flat wall #=Y +7°/(2R) decreases
with time. Thus, the particle is assumed to be cylindrical
with a flat top surface and a spherical bottom surface.
Moreover, the flow regime in the annular section between
the downward-moving particle and the flat wall is assumed
to be laminar. The distribution of velocity v over the gap
thickness is assumed to be parabolic, and for a given 7,
the average velocity in height is u,, =(2/3)u,,,, and
the velocity gradient at the surface is equal to 4u,, /A
or 6u,, /h.

Next, we consider the element of the liquid disk and
the pressure P and friction forces F', acting on it, the sum
of which must be equal to zero. Consequently, the pressure
distribution in the surrounding fluid is determined. Next,
considering the fluid pressure on the ends of the selected
cylindrical element of the fluid, the total retarding force is
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Fig. 1. Configuration of collocation of a precipitating solid particle
and a flat surface of a vessel head.

Puc. 1. KoHdurypaums B3amMopacnonoxeHusa ocaxpjatoLenca
TBEPOOW YacTWLbI M NIOCKOM MOBEPXHOCTU JHMLUA COCYAaA.

determined, and the equation of motion of the precipitating
body is presented as follows [1, 2]:
dvo 3 at
— =——mnv . (N
dt 2 " y.(Y+d'/2R)

In Eq. (1), M denotes the effective mass of the body,
which exceeds its true mass by the amount of added liquid
mass. This mass is added to the mass of a body moving
unevenly in a liquid medium to account for the effect
of the medium on this body [3]. The amount of added
mass depends on the body shape, movement direction,
and medium density.

Further, to simplify the final calculation expressions,
the distance from the lower, near-bottom contour of
the particle to the stationary bottom of the vesselis assumed
to be small, which makes it possible to considerably
simplify the developed calculation equations.

d d
Since = =022 and assuming that ¥ < (a’/2R),

dt dYy
Eq. (1) is simplified as follows:
dv R Y
—=—6mn- : 2
av- [MY) @

Integrating Eg. (2) with the boundary condition that
Y=Y, , v=y,, we obtain

R (Y
U—UO=—6nn-ﬁ-ln[7J. 3)
0

Assuming that the particle has stopped at v =0, we
transform Eq. (3) into
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The works [1, 2] comprise the same example of the
calculation, where M =1 mg, R=0,05 cm, Y,=1 mm,
and n=0,01 g/cms at v,=— 1 cm/s. In both articles,
the calculation using Eq. (&) gives a value of Y, =0,012 cm,
i.e., the particle does not touch the bottom of the vessel.

In addition, work [1] provides an example of a calculation
with different initial data: A/ =1 g, R=0,5 cm, Y,=1 cm,
and Nn=0,01 g/cms at v, = -1 cm/s. Calculation using
Eq. (4) gives a value of Y, =10" cm, which is much less than
the expected surface roughness, i.e., the particle practically
touches the bottom of the vessel [1].

In these two examples, despite the substantial
thousand-fold difference in particle masses, the initial
velocity v, = -1 cm/s is assumed to be identical, which
traditionally requires special justification, which is absent.

CLARIFICATION

OF THE METHODOLOGY FOR
CALCULATING THE BOTTOM
PRECIPITATION OF PARTICLES

At the same time, the use of the assumption
Y < (a’/2R) is not an obstacle to integrating Eq. (1).
Having integrated differential Eq. (1) in the range from ¥,
to Y, , we obtain the following equation:

a’ 1
In| 1+ + > -
R? 2RY ) 1+4a°/(2RY)
LV—v, =61 —-

a’ 1
—In| 1+ —
2RY, ) 1+a’/(2RY,)
©)

Assuming that the particle stopped at =0 or rather
close to zero, we transform Eq. (5) into the following
equation:

2
In| 1+ a + 5 ! -
R? 2RY, 1+a” / (2RY))

M a’ 1
—In| 1+ - >
2RY, 1+a” /(2RY,)

(6)

In comparison with the previous version considered
in[1, 2] (Eq. (4)), a dependence on the particle shape arose.
In [2], the particle was considered a cylinder of radius
a with a convex bottom of radius R facing the vessel
bottom.
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Table 1 presents the results of the calculations given
in [1, 2] and obtained in this work. In all calculations,
the dynamic viscosity of water is 1= 0.01 g/cm-s.

Compared to the results of calculations performed
in [1, 2], the results obtained from the relations obtained
in this work show considerable refinement in the value
of the final distance Y, from the top of the body to the
fixed wall. In addition, the local value of particle velocity v,
in cm/s could be determined at these points.

Notably, the calculated values of Y, are at the micron
level or less, which corresponds to the surface roughness
achieved by its grinding [4] and seems physically unattainable
in the real conditions of a liquid-filled vessel.

Using the results obtained, we evaluate the acceptability
of the assumptions used in [1, 2], namely, the condition

Y < (a’/2R). (7)

The works [1, 2] do not contain information about
the particle radius a. Therefore, when performing
calculations within the model used, the radii of the cylindrical
part of the particle and the radius of its convex bottom part
were assumed to be equal, i.e., @ = R. In this case, Eq. (7)
is transformed into

Y<R/2,. (8)

The calculated data in Table 1 show that Eqg. (8) is
satisfied in all cases when the particles are located
near the lower stationary surface. Eq. (8) is not satisfied
in the initial state using the relations given in [1, 2].

Previous studies [5] showed that in the case of solid
particles of arbitrary shape, three characteristic particle
diameters should be used, namely, d. = 6a’(H +2a/3)
as the cube of the sphere diameter, equivalent to the
particle volume; d’ =a(3a+2H) as the square of

Table 1. Comparison of calculated properties of solid particles
precipitation near a horizontal vessel head

Ta6bnuua 1. CpaBHeHMe pacuéTHbIX XapaKTePUCTUK OCaXAeHUs
TBEPAbIX YacTUL, BONIM3M rOpU3OHTANLHOMO AHMLLA

Symbols, Reference
dimensions - © 2 ©
M, g 1 1 0,001 0,001
R, cm 0,5 0,5 0,05 0,05
v, , cm/s -1 -1 -1 -1
Y,, cm 1 1 0,1 0,1
Y, , cm 10-8 5,4x10°M 0,01 1,177x107°
,cm/s 5,54x10° 2,777x10°
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the sphere diameter, equivalent in area to the lateral
surface of the particle; and d, =2a as the sphere
diameter, equivalent in area to the middle section of the
particle. The equation for the Reynolds number uses
the equivalent particle diameter d,=(2d, +d,)/3.
Using such concepts, hydraulic resistance forces were
calculated for solid particles comprising two spherical
particles, a disk, and needle-like ellipsoids. In all cases,
for two orientations of the particles relative to the vertical
direction of particle deposition, satisfactory agreement
with the results of exact numerical calculations was
obtained [5]. This approach has been extended to the
precipitation of multimodal two-phase mixtures. In this
case, the collision between particles of different fractions
of the solid phase was also considered. Subsequently,
this approach was used to calculate the movement
of polymodal mixtures of solid particles in horizontal,
vertical, and inclined pipelines [6]. In this case, the process
of diffusion of solid particles in the vertical direction was
also considered.

In all cases, complete information about the actual
geometric configuration of solid particles is required
to study precipitating solid particles and their movement
in fluid flows. In previous studies [1, 2], only one direct
geometric parameter appears, namely, the radius
R of the lower convex bottom of the solid particle.
The value M determines the particle mass but without
indicating the substance density of the particle, which
does not enable the determination of its volume and
further determine, or even estimate, the values @ and H.
Therefore, unfortunately, the initial value of velocity v,
cannot be correctly calculated.

Using the hydraulic resistance coefficient according
to the Stokes formula for spherical particles, [5]
represented the precipitation rate of a solid particle
of arbitrary shape as follows:

gd)d,

: 9
18nd? @

v, =(p, —p)-

Let us assume, in the same way as was accepted
in [1, 2], that a=H =R =0,5 cm, when large particles
are deposited, and a. = H.=R.=0,5mm in the case
of small particles.

Using Eq. (9), we determine the ratio of the sedimentation
rates of large particles to those of small particles.

3 2
_[d_] (d_][d_J o
UOZ dVZ deZ dml
where d,* =6a’(H +2a/3)=1,25 cm’;
d}=6a’(H,+2a,/3)=1,25 mm’;

dml =2a=1 cm; dsl :[a(3a+2H)]1/2 =1,118 cm ;
d. =Q2d, +d,)/3=1,0787 cm;

ml
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d,=[a.(3a.+2H.)]"* =1,118 mm
d,=2a,=2x0,5=1mm;
d,=Q2d,+d,)/3=1,0787 mm.

Substituting the given numerical values into Eq. (10),
we obtain the ratio v, /v, =100, i.e., particle
precipitation rates differ considerably and are not equal,
as assumed in previous studies [1, 2].

With regard to spherical precipitating particles,
the same conclusion follows from the well-known Stokes
formula for precipitating spherical particles,

gd’
18n
diameter differs by a factor of 10, the precipitation rates
differ by a factor of 100.

When determining the free precipitation rate of solid
particles, the influence of Brownian motion on the free
sedimentation rate of particles is neglected. As noted
in [7], Brownian motion has an important influence
on two-phase flows involving tiny solid particles. If we
proceed from the condition that the kinetic energy
of precipitating particles is much greater than the energy
of the thermal motion of molecules, then the condition
that Brownian motion can be neglected is presented
as follows [5]:

v, =(p, —p) In this case, when the particle

1.7
2 6

v’ >>%-kT, (1)

where k£ =1,38x107> J/K is Boltzmann'’s constant, and 7
is the temperature in Kelvin.

The characteristic value of the particle diameter,
at which the influence of Brownian motion on the
precipitation rate of solid particles must be considered,
is determined by the equation [5]

2
d> 5832kTv . (12)

2
n(ps—lj g’p,
p

The values of the right side of Eq. (10) calculated
for different values of the material density of solid particles
in water at 7 = 293 K is presented in Table 2.

According to these calculated data, the influence
of the Brownian motion of the carrier liquid molecules
on the movement of precipitating solid particles can be
neglected only for high-density particles.

CONCLUSION

The analysis showed that the use of the assumption
Y < (a’/2R) in works [1, 2] is physically incorrect
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Table 2. Values of critical diameter of solid particles
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Tabnuua 2. 3HaueHNA KPUTUYECKOrO AMAMETPa YacTuL, TBEpAOM dasbl

1250
0,116

1500
0,095

2000
0,078

P, , kg/m?

d , mm

2500
0,069

3000
0,064

3500
0,060

4000
0,057

4500
0,054

when analyzing the deposition of solid particles near
a flat bottom. It is shown that an analytical solution
can be obtained without using this assumption, which
enables a more accurate determination of the coordinates
of a particle near a flat bottom.
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