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Abstract: The formation of sediment on the walls of pipes and channels has a significant impact on the efficien-
cy and reliability of technological equipment. The article considers the effect of sediment formation on the pro-
cess of ultrafiltration of wastewater from the plant of reinforced concrete structures, representing water-oil emul-
sions with a high content of suspended solids. On the basis of the theory of turbulent particle migration devel-
oped earlier by E.P. Mednikov in a shear turbulent gas flow, a solution of the problems of particle deposition on
the walls of circular channels from a viscous fluid flow in a wide range of Schmidt numbers is obtained. The
equations for determining the mass transfer coefficient from the core of the flow to the channel walls for a two—
layer boundary layer according to the Prandtl theory, a three-layer Pocket and a modernized three-layer Landau-
Levich were obtained. The results of calculations of the mass transfer coefficient of particles from the flow core
to the channel surface according to the proposed upgraded model showed the highest intensity of deposition of
particles with a diameter of 10 to 40 microns. The adequacy of the model was verified by comparing the calcu-
lated parameters with the results of well-known domestic and foreign researchers and showed good verification.
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Annortanus: O6pa3oBaHHe 0caJKa Ha CTEHKaX TPyO M KaHAJIOB OKA3BIBAIOT CYIIECTBEHHOE BIMAHUE Ha d(dek-
TUBHOCTh W HAJICKHOCTh TEXHOJOTHUECKOTO O0OpyIOBaHUSA. B cTarbe paccMoTpeHO BimsHHE 00pa3oBaHUE
ocajika Ha IpoIecc yIbTpauIbTpalMyd CTOYHBIX BOJ KOMOWHATa JKEIe300€TOHHBIX KOHCTPYKLMH, MpPECcTaB-
JISIOIIME BOJOMACIISIHBIE SMYJIBCHH ¢ OOJBIINM COJep’KaHHEeM B3BEIICHHBIX BemlecTB. Ha ocHOBe pa3BuTOi pa-
Hee E.Il. MeaHUKOBBIM TeoprH TYpOYJIEHTHOW MUTPAITUHN YaCTHUIl B CABUTOBOM TYpOYJICHTHOM IMOTOKE Ta3a Io-
JIy4EeHO pelIeHHe 3a7ad 00 OCaXKIEHWH YacTUI] Ha CTEHKH KPYIVIBIX KaHAJIOB U3 MOTOKA BSI3KUX KUAKOCTEH B
mpoKoM auanazone uncina [lmunra. [ToydeHsl ypaBHeHHS AU OTIpeiesieHns] Kod(PHUIUEHTa MACCOOTIauH 3
sIpa MOTOKA K CTEHKAaM KaHaja AJIs ABYXCJIOWHOTO MOTPAaHUYHOTO ¢i10s 1o Teopuu Ilpanatis, TpexcioiHoro —
Kapmana m mMozpepHU3MpOBaHHOTO TpexcioiHoro Jlannay-Jlesuua. Pesynbrarsl pacyeroB koaddummenra mac-
COOT/a4YM YacTHIl OT siApa MOTOKa K MOBEPXHOCTH KaHalla 10 MPEeAI0KEHHOW MOJICPHIU3UPOBAHHOW MOJIEIH TI0-
Kazaiy HauOOJBIIYI0 MHTEHCUBHOCTh OCaXJCHUS 4acTull auamerpoM oT 10 1o 40 MKM. AIEeKBaTHOCTh MOJICIIH
OBLTa TIpOBEpEHa IMyTEeM CPaBHEHHS PACUCTHBIX ITAPAMETPOB C PE3yIbTaTaMHU M3BECTHBIX OTCUCCTBCHHBIX H 3a-
PYOCIKHBIX HCCIIEZOBATENEH 1 TTOKa3aaa XOPOIIYIO BEPUPHUKAIIHIO.

KiroueBble cjioBa: TypOyIeHTHAsI MUTPAIHS, KPYTIIBIA KaHAT, KO3 (HUIIEHT MacCOOTAaYH

INTRODUCTION curs under the influence of flow turbulence.

This process is characterized by chaotic and un-
Turbulent particle migration is the process of predictable particle movements caused by vorti-
moving particles inside a liquid or gas that oc- ces and turbulent pulsations in the flow [1, 2].
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Turbulent particle migration can occur both in
liquid media (for example, water or oil) and in
gases (for example, air), and is of great practical
importance in various industrial sectors and
municipal services. economy, including [2, 3]:

- formation of corrosion, wear of equipment and
pipelines;

- reduced efficiency and reliability of equip-
ment;

- uncontrolled pollution of water and air re-
sources.

All these aspects make turbulent particle migra-
tion an important area of research with signifi-
cant applied and theoretical significance.

In the construction industry, waste water con-
taining suspended particles, petroleum products,
surfactants, and other pollutants is formed in
reusable forms during the production of rein-
forced concrete structures [4].

For wastewater treatment, the process of ultra-
filtration can be used, i.e., the separation of par-
ticles and molecules by size using semipermea-
ble membranes [5].

Sediment formation can have a significant im-
pact on the ultrafiltration process, due to:

- reducing the permeability and efficiency of the
process;

- damage to the active layer of the membrane,
increasing its wear and reducing the service life
of the membrane;

- changes in the chemical composition and con-
centration of the initial liquid in the boundary
layer, which, in turn, can affect the filtration
characteristics of the membrane.

Knowing the intensity of sediment formation
will allow you to develop requirements for pre-
treatment, reasonable choice of the type of
membrane, and timely monitoring and mainte-
nance of such devices.

Research in the field of particle deposition un-
der turbulent flow regimes has been carried out
for more than 60 years, and there are a large
number of scientific publications. However,
even in the case of simplifying the formulation
of the problem of precipitation of particles with
a low concentration as a result of turbulent mi-
gration, complex analytical or numerical meth-
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ods for solving it are required [2, 6-15]. Gener-
alization of the theory and theoretical calcula-
tions in this area that are well consistent with
experiments were obtained in the Russian scien-
tific school founded by E. P. Mednikov [1].

In this paper, an attempt is made to adapt the
theory of turbulent particle migration in aerosols
to mass transfer in viscous liquids, taking into
account phenomena in the boundary layers of
circular channels.

1. Problem statement
Moving along the flow, particles at some stage
of their movement reach the wall region and,
when the distance to the wall becomes equal to
their radius, touch it and settle on it, if the wall
surface is "absorbing" [1].
The migration rate u, characterizes the intensity
of precipitation of particles from the turbulent
flow onto the channel wall [1]
u,=jlc, (D)
where j - specific particle flow to the wall,
kg/(m?*s); ¢ - concentration of particles in the
solution, kg/m?.
Then the specific flow of particles to the wall j
is determined by the equation
j=u,-c. 2)
Expression (2) is an analog of the well-known
mass transfer equation [16]
J=By(cgp—c,), 3)
where Ps - mass transfer coefficient, m/s; cr -
concentration of impurities in the flow core; cw -
concentration of impurities on the membrane
surface.
Hence, it is possible to assume the identity of
the deposition rate and the mass transfer coeffi-

cient of particles from the flow core to the
membrane walls

(4)

International Journal for Computational Civil and Structural Engineering



Deposition of Particles from a Turbulent Flow on the Walls of Pipes and Channels

Theoretical methods for determining the mass
transfer coefficient of the dispersed phase Pu
will make it possible to perform calculations on
the deposition of particles on the membrane
walls with minimal use of experimental data.
We use a well-known approach, when the turbu-
lent deposition of a finely dispersed phase is con-
sidered as a kind of diffusion process using the
usual equations from the mass transfer theory [1].
The motion of very small particles practically
does not differ from the motion of the carrier
turbulent vortices of the medium, and then Dp =
Ds, where Dp, Ds are the coefficients of turbu-
lent diffusion of particles and the medium, m?/s
[1].

Consider a situation where the mass transfer re-
sistance is concentrated in the boundary layer on
the surface of a membrane element. Let the y-
axis be directed normal to the surface of the
membrane. In this case, using an analog of
Fick's first law [1], the projection of the specific
particle flux on the y-axis at any point of the
boundary layer is written as

J() =(Dy +DBV>Z—;, 5)

where Dg,- Brownian diffusion coefficient.
We introduce a new dimensionless quantity-the
relative particle flux

(6)

Then, using expression (6), we make a substitu-
tion in equation (5) to obtain

R dc
J 'Jw:(DP+DBr)d_ (7)

Then, separating the variables, we write the in-
tegral over the boundary layer thickness

Rde S -dy
J]W_J‘D +DBr

®)

Cyw
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where d - turbulent boundary layer.
Using expression (3), we obtain

dey

9
d D +DBr ()

Expression (9) is general and allows calculating
the mass transfer coefficient based on the
Brownian (molecular) and turbulent diffusion
coefficients, as well as the relative specific par-
ticle flux in the boundary layer ;.

In this model, the main resistance to mass trans-
fer in the diffusion boundary layer is assumed,
as well as the constancy of the flow across this
layer cr= cwhence j* = 1.

2. Results and discussion

To obtain a universal solution of equation (9),
we first reduce it to a dimensionless form by
entering the following parameters:

- dimensionless distance along the y-axis

(10)

where u* - dynamic flow velocity; v - kinematic
viscosity coefficient of the separated liquid.
In this case,

dy =——dy* . (11)
u
Dimensionless mass transfer coefficient
py =22 (12)

Dimensionless thickness of a viscous sublayer [2]

*
u -0
+ 1
R = ,
Y

(13)

where o1 - value of the viscous sublayer.
For the Prandtl model R:1 =11.6 [2].
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The dimensionless thickness of a turbulent
boundary layer is determined by the expression

u -3
v

R; = (14)

The dimensionless thickness of a viscous sub-
layer on a rough surface will differ from

R =11.6, that derived for a smooth plate [2].

For the boundary layer with various perturba-
tions (roughness, two-phase, etc.), the expres-
sion [2] is obtained

C
R =116 L%
\Cj

After substituting the dimensionless quantities
in equation (9), we obtain

(15)

1 _R‘ v-dy or
B;‘ " o(D +Dp,)-u’
v-d
j & (16)
Bd o (Dp+Dy,)

For particles subject to precipitation, the turbu-
lent diffusion coefficient of particles can be de-
termined by the expression [1]

D
.DP: S 5

(17)

where we - angular frequency of turbulent low-

frequency pulsations of energy-intensive vorti-

ces; Tp - relaxation time.

Usually, with a small error, they allow [1]
D¢ =v,, (18)

where vr - turbulent viscosity coefficient.

In expression (17), the angular frequency of tur-

bulent low-frequency pulsations of energy-

intensive vortices og and the relaxation time T,
are determined by expressions [1]
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. 2
, 1 = (19)
gy

where ds - diameter of impurity particles; p -
dynamic viscosity coefficient.

Various boundary layer models and functions
for vr(y) are known in the literature, which can
be classified according to the number of layers.
The Prandtl model. The two-layer Prandtl model
suggests molecular transport in the viscous sub-
layer and turbulent transport beyond it [2].

In a viscous sublayer vr= 0, and for y > 81, vr =
xu*y, where x = 0.4 is the Prandtl constant [2].
Then the transfer resistance of the fine phase in
the boundary layer, using expression (9) and the
model assumptions described above, is written
as

l_Rrv e Rgvd+
T—I—‘Y+jD—‘y- (20)

Bas o Dp Rt P

It is known that the ratio of the kinematic vis-
cosity coefficient to the diffusion coefficient is
determined by the Schmidt criterion [1]

Scp. =v/ Dy . (21)
In integral equation (20), we make substitutions
using the expressions (10), (17), (18) and (21),
we obtain

1+ d
IScBrdy+I( Er)y
d Rl Vr
. (22)
1+o vedyt
_ J‘ ScBr dy + j( E T ) u y

Rl X.u .y -V

We transform the expression (22) by taking the
constant terms as the sign of the integral

1+0)E J' (23)

Rf
— = SCB}“ J. dy+
d 0
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As a result of integrating (23), we obtain

1+ g

1
_+:SCB},'R1++
d

[m(Rg / R} )] - (24)

Thus, the expression (24), after the correspond-
ing transformation, can be represented as

1
Ba = : (25)
Scg, R +—(1+ 0, )In(RS /R")
Br 1Y E 5 1Y
X
In dimensions (25), it will look like
u*
By = 5 1 -(26)
Scg L+ = (140, )In(3/35))
v X

Karman Model. In the three-layer Karman mod-
el, the turbulent exchange functions have the
form [2]:

— in a viscous sublayer at y* < 5, vr = 0,

— in the transition region at 5 < y* < 30,

vi=u*y/5-v; 27
— in the turbulent region at y * > 30,
vr = yu*y—v. (28)

Assuming that for y* > 5 (outside the viscous
sublayer) Dcp >> v, the particle transport re-
sistance is written as

R v-dy" Ry v-dy” Ry v-dy”
B—+=I n + | + . (29)
d 0

Br R1+ DP Rz' DP

The value of the viscous sublayer o1 [1, 2]

8 =5v/u’; (30)
Value of the transition sublayer [1, 2]
8, =30v/u". 31
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Then the dimensionless thickness of the viscous
sublayer from equations (13) R =35, and the
value of the transition sublayer from (14)
Ry =30.

After integrating equation (28), taking into ac-
count the boundary conditions (27) by analogy

with expression (20), we obtain the expression
in the dimensionless form

By = 1
¢ S-ScBr+a-[10,07+235'ln(1_x'Rg)}
(32)

2
where a=1+0,7,.

When converting to dimensional values

*

u

Bd: 5 .
5~ScBr+a[1o,07+2,5-1n[1—x'” : H
A%

(33)

In the upgraded three-layer Landau-Levich
model [17], it is assumed that the change in tur-
bulent viscosity in a viscous sublayer is propor-
tional zo vr ~ *, and in this case both Brownian
and turbulent diffusion will act in it.

Then the expression (28) will take the form

R vdy" R;v-dyJr Rgv-a’yJr
BTZID o, 1, T, e
d 0 Br P P P

R Ry

Based on the Landau-Levitch theory, the follow-
ing functions are used for each sublayer [17]:

V7T=o,01x“~(y+)4, y <5 (35)

Vr

—+=0,2y" -0,959, 5<y* <30; (36)
v

Yr 0,4y —1, y* >30. (37)
A%

Consider the first integral of the right-hand side
of equation (33)
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R Ry

J‘ V‘dy+
o Dp-+Dp

v-dy" B
D B

0 (ZBr41).D
(D )-Dp

. r . (38)
B +og-t,)v-dy

0 (h"'l)'VT
P

Replace the ratio vz/v with equation (35)

R (I+og-1,) v-dy"

N A
P

R (+og-1,)-dv"

0 (P 11).0,01.* - (5
DP

R (I+og-t,)-dy*
0 (DBV(1+O‘)E 'Tp)

+1)-0,01-¢*- ()
Vr
J. (+og-1,)-dy"
- Dy (1+0;-1T,) -
v-0,01-%"-(»y")

j (I+og-1,)-dy*
0 Sep (1t op1,)+0,00 % ()

Introducing new variables

(I+og-t,)=a; Scp(1+wg-1,)=0b;

0,017 =c

. (39)

Let us transform equation (38) using (39) to the
form

} a-dy’ (40)
0

b+c-(y" )

As a result of integration, we get
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5
jady ~0,17-a
' b

+e- ()

xIn

(41)
Finally, for the first term of equation (33), we have

Rf

a-dy* B
0 Scp, -a+0,01-x4 -(y+)4

1/4
Scp, 1+ -
0,17'61' cBr( E Tp)
0,01y

1/4
56,0 o5, 7.07| Serd
0,01y 0,01y

xIn e
S a5 _q o7 Sea
0,01y 0,01y
40,35.a.| Xz d
0,01y
S, +7 07
0,01y
arctg
ScBr
0,01y
1/4
Sep, -a ~-7.07
0,01y ’
—arctg 7
Scg,.-a
0,01y
(42)

International Journal for Computational Civil and Structural Engineering



Deposition of Particles from a Turbulent Flow on the Walls of Pipes and Channels

Consider the second term of the right-hand side
of equation (34)

Ry

’d+ 5 'd+ 30 d+
R PRAT L
R DP 0 Vr 5(092)’ _Oa959)
:a-L-ln30.0’2_0’959:24'(1+605Tp).

0,2 5-0,2-0,959

(43)

Consider the third term of the right-hand side of
equation (34)

Dp 30 Vr 50 0,4y" -1

RI v-dy" =Rfa,M:aRng_

1 Ry -0,4-1
a- -In
0,4 30-0,4-1

.
«n| Boo 041
1

After integration, expression (34) takes the form

1/4
L:0,17-a- Seprra)
By 0,01y

1/4
Scpr@ o5 7, 07| S8 a
0,01y, 0,01y,

Scp, -a N
0,01y

=2,5-(1+opt,)x  (44)

xIn

(45)

.
+a-£24+2,5-ln{wn.

Volume 19, Issue 4, 2023

3. Model verification

To obtain the calculated values of the mass
transfer coefficient, the following initial data
were selected according to the proposed model:
- working fluid: water-oil emulsion in the form
of waste water from a plant for the production
of reinforced concrete structures;

- a tubular ceramic membrane element with an
internal diameter of d =0.006 m, a length of
L=0.8 m, and a membrane porosity of e = 0.6,
manufactured by KeramikFilter LLC, Mos-
cow;

- the average permeate flow rate W, = 0.07-0.1
m/s;

- the concentration of suspended substances ¢ =
0.01 kg/kg;

- sediment density ps = 2100 kg/m?;

- density and viscosity of the water-oil emulsion
p =900 kg/m* and m =0.0101 Pas;

- the flow rate of the emulsion in the membrane
module u =10 m/s.

An acoustic particle analyzer APS-100 was used
to measure the contamination particles.

The results of calculating the mass transfer coef-
ficient are presented in Table 1 and Figure 1.

Table 1. Results of calculating the mass transfer
coefficient

Scer | 5 [151]25(50] 75 {100{200 (300|400

4105, 12 18 |21|27(31,6/34,8]43,8[50.2[55.3

M

Ba103
(25) [91]41(27[14]9,7[7.6[3,7] 25 1,9
(32) |63 ]28(189,4/6,4|4,8(2,45/1,6|1,2
(45) |44 121(1509,5/7,2159(3,8|2,9|24

From the calculated data obtained, it follows
that the highest value of the mass transfer co-
efficient Ba and deposition intensity corre-
sponds to the particle size ds from 10 to 35
microns.

The adequacy of the calculated values of the
mass transfer coefficient was verified by the
model validation method.
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Figure 1. Changes in the mass transfer coeffi-
cient Pa an average flow rate u = 10 m/s

Since the known results on the deposition of
particles on the walls of circular channels were
obtained for various media with different physi-
cochemical properties from the considered vis-
cous heterogeneous systems, it is better to use
dimensionless values for model validation.

In our case, it is convenient to consider the de-
pendence (Fig. 2) of the dimensionless value of
the mass transfer coefficient (deposition rate) B*
on the inertia parameter 1" (dimensionless re-
laxation time).

The inertia parameter is determined taking into
account the equation by the expression

. *2 42
+ P u 'ds

Y B 18-v?

(46)

To compare the data, the Reynolds criterion
Re+ was used, based on the dynamic velocity
and channel radius

Re* =

(47)
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Figure 2. Dependence of the deposition rate on
the inertia parameter:

I-empirical correlation (Scsr = 106, Re* = 150)

[18]; 2, 3, 4 - data obtained from the developed
models for the boundary layer according to the
Landau-Levitch, Karman, and Prandl! theory,
respectively (Scsr =5+400, Re™ = 100); 5 - di-
rect numerical simulation data (Scgr = o, Re™

= 150) [19]; 6 — data obtained in the paper
(Scar =1,310 106, Re™ = 400~1300) [20]

As well-known results, we used the data pre-
sented in the works of Koji Fukagata, Said
Zaraya, and Fritz H. Bark, who obtained an em-
pirical correlation of the deposition rate for the
turbulent diffusion of copper particles with a
size of 70 microns and glass particles with a size
of 50 microns in a circular channel [18], Mar-
chioli S., Picciotto M., Soldati A., who studied
turbulent diffusion of copper particles with a
size of in a vertical channel, based on the solu-
tion of the Navier-Stokes equation by direct
Numerical Simulation [19], as well as data from
Wells A. K. and Chamberlain A. K., which were
used to study the deposition of radioactive parti-
cles in the form of polystyrene spheres with a
diameter of 5 microns, containing 51Cr, drops
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of tricresyl phosphate with a diameter of 2.1;
1.1 mm. and 0.65 microns with an activity of
32P and natural Aitken nuclei labeled ThB
(212Pb) from air flows to vertical surfaces [20].
As can be seen from Figure 2, there is a satisfac-
tory convergence of the results of calculating 3"
about £ 10%, calculated from expressions (25),
(32) and (45) with the data known in the scientific
literature within the inertia parameter t* from 0 to
400-107, which corresponds to a particle size from
12 to 40 microns at the flow velocity in the chan-
nel is 10 m/s, and allows us to recommend this
method for calculating the mass transfer coeffi-
cient from the flow core to the channel walls for
practical application.

CONCLUSIONS

The obtained expressions for determining the
mass transfer coefficient have found practical ap-
plication in the development of hardware design
of the water-oil emulsion separation process. Be-
fore ultrafiltration of wastewater, they were pre-
treated on a centrifugal separator model SOG-913.
The separator separation factor at maximum RPM
was 10000. Figure 3 shows a fragment of quanti-
tative analysis of dirt particles with sizes from 5 to
100 microns after centrifugal separation.

N. %
52.9
50 -
40 -
30 -
1
20 -
941
10 46.82
0.012
2 0,93 0,08 17 7" %0 03
0 |'_ T T
510 MM 10-25  25-50  50-100
MEM MEM MEM

Figure 3. Proportion of dirt particles depending
on their size: 1-before separation; 2-after sepa-
ration
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As can be seen from Figure 3, the proportion of
particle sizes that meet the proposed mathemati-
cal model and are deposited on the channel
walls is 50-60% before centrifugal separation,
and 6-8% after separation. A large proportion of
particles after pretreatment (80-90%) have a
size of 1 to 3 microns.

These particles will not significantly affect the
formation of sediment, as they completely fol-
low the turbulent pulsations of the medium.

The results obtained indicate the adequacy of
the upgraded model of turbulent migration of
particles on the channel walls and give grounds
to recommend it for practical use.

REFERENCES

1. Mednikov E.P. (1986) Turbulentnyj
perenos 1 osazhdenie ae'rozolej [Turbulent
transfer and deposition of aerosols]. Mos-
kow: Nauka. (in Russian)

2. Laptev A.G., Farakhov M.I. (2008)
Gidromehanicheskie processy’ \%
neftehimii 1 e'nergetike [Hydromechanical
processes in petrochemistry and power en-
gineering]. Kazan: Publishing house of
Kazan State University. (in Russian)

3. Volgina L., Sergeev S. (2023) Ocenka
massy’ otlozhenij, formiruyushhixsya v
gorodskoj kollektornoj sisteme [Assess-
ment of the mass of deposits formed in the
urban collective system]. International
Journal for Computational Civil and Struc-
tural Engineering, vol.19, no 1, pp. 23-31.
(in Russian)

4. Izmailova S.V., Vasiliev A.V. (2016) Os-
novny e aspekty’ razvitiya e kologicheskoj
nauki v XX - nachale XXI V. (na primere
ochistki stochny'x vod) [Basic aspects of
the development of environmental science
in the XX - early XXI Century (on the ex-
ample of wastewater treatment)]. Proceed-
ings of the Samara Scientific Center of the
Russian Academy of Sciences, vol. 18, no
4-5, pp. 974-977. (in Russian)

143



10.

11.

12.

13.

144

Shaikhiev 1.G., Andreev D.S., Fedotova
A.V., Dryakhlov V.O. (2017) Razdelenie
vodoneftyanoj e 'mul’sii poli-
sul fonamidny'mi membranami, obrabo-
tanny 'mi v potoke plazmy" v srede argona
1 vozduxa [Separation of water-oil emul-
sion by polysulfonamide membranes treat-
ed in a stream plasma in the argon and air
environment]. Bulletin of the Kazan Tech-
nological University, vol. 20, no 1, pp.
139-142. (in Russian)

Kjoelaas J., Schiimann H., Gonzalez D.,
Jo-hansen S. (2022) Modelling of dis-
persed oil/water flow in a near-horizontal
pipe. Chemical En-gineering Science, vol.
263, no 1:118074.

Yao Y., Huan X., Capecelatro J. (2022)
Multi-fidelity uncertainty quantification of
particle deposition in turbulent pipe flow.
Journal of  Aerosol Science vol.
166(44):106065

Yan Zh., Li Z., Cheng Sh. Wang X.,
Zhang L., Zheng L. Saroj, Devendra.
(2022) Transport and deposition of solid
phosphorus-based min-eral particles in
urine diversion systems. Envi-ronmental
technology, vol.44, pp. 1 — 34.

Zaichik L.I., Alipchenkov V.M. (2007)
Statisticheskie modeli dvizheniya chasticz
v turbulentnoj zhidkosti. [Statistical mod-
els of particle motion in a turbulent fluid].
Moskow: Fizmatlit. (in Russian)

Shin M., Lee J.W. (2001) Memory effect
in the Eu-lerian particle deposition in a ful-
ly developed turbulent channel flow. J.
Aerosol Sci., vol. 32, pp. 675-693.
Derevich L.V. (2000) Statistical modelling
of mass transfer in turbulent two-phase
dispersed flows. 1. Model development.
Inter. J. Heat and Mass Transferl, vol. 43,
no 19, pp. 3709-3723.

Derevich I.V. (2000) Statistical modelling
of mass transfer in turbulent two-phase
dispersed flows. 2. Calculation results. In-
ter. J. Heat and Mass Transfer, vol. 43, no
19, pp. 3725-3734.

14.

15.

16.

17.

18.

19.

20.

Sergey V. Fedosov, Alexandr V. Markelov

Soldati A., Marchioli S. (2009) Physics
and model-ling of turbulent particle depo-
sition and en-trainment: Review of a sys-
tematic study. In-ter. J. Multiphase Flow,
vol. 35, n0 9, pp. 827-839.

Sikovsky D.F. (2010) Zakonomernosti
osazhdeniya chasticz iz turbulentnogo
gazodispersnogo potoka v kanalax [Regu-
larities of particle deposition from turbu-
lent gas-discharge flow in channels].
Izvestiya RAS. Fluid and gas mechanics,
no 1, pp. 84-95. (in Russian)

Kafarov V.V. (1979) Osnovy' massop-
eredachi [Fundamentals of mass transfer].
Moskow: "Higher School". (in Russian)
Fedosov S.V., Markelov A.V., Sokolov
A.V., Osadchy Yu.P. (2021) Ma-
tematicheskoe modelirovanie turbulentnoj
migracii chasticz v pogranichnom sloe
trubchatogo  membrannogo  e'lementa
[Mathematical modeling of turbulent mi-
gration of particles in the boundary layer
of a tubular membrane element]. Mem-
branes and membrane technologies, vol.
11, no 6, pp. 435-446. (in Russian)
Fukagata, K., Zahrai, S., Bark, F.H.
(1998) Force balance in a turbulent partic-
ulate channel flow. Inter. J. Multiphase
Flow, vol.24, no 6, pp. 867887
Marchioli, C., Picciotto, M., Soldati A.
(2007) Influence of gravity and lift on par-
ticle velocity statistics and transfer rates in
turbulent vertical channel flow. Inter. J.
Multiphase Flow, vol. 33, no.3, pp.
227-251.

Wells A.C., Chamberlain A.C. (1967) T
ransport of small particles to vertical sur-
faces. Brit. J. Appl. Phys, vol. 18, no. 12,
pp- 1793—1799.

CIIMCOK JIMTEPATYPbI

1. MeanuxoB E.Il. TypOyneHTHBIN niepeHOC H

ocaxjeHue asposotieir. — M.: Hayka, 1986.
— 176 c.

International Journal for Computational Civil and Structural Engineering



Deposition of Particles from a Turbulent Flow on the Walls of Pipes and Channels

10.

Jlantes A.I'.,®@apaxos M.H. I'mgpowme-
XaHUYECKHE TIPOIECChl B HEPTEXUMHUU U
sHepretuke. — Kazanb: M3a-Bo Kazauck.
roc. yH-ta, 2008. — 729 c.

Boaruna Jl., Ceprees C. Onenka Macchl
OTJI0KEHUH, (POPMUPYIOIINUXCS B TOPOJICKOM
KOJUIEKTOpHOM  cucteme // International
Journal for Computational Civil and Struc-
tural Engineering, 2023, Ne19(1). C. 23-31.
N3maiinoBa C.B., BacuabeB A.B. Oc-
HOBHBIE AaCMEKThl Pa3BUTUSA SKOJOTHUYE-
ckoi Hayku B XX - Hauame XXI B. (na
MpUMepe OYKMCTKH CTOYHBIX Boxa) // M3Be-
ctusa Camapckoro HayyHoro neHtpa Poc-
cuiickoit akamemun Hayk, 2016, No 18 (4-
5). C. 974-977.

Hlaiixue WU.I'., Anuapees /1.C., ®enorosBa
A.B., [IpsaxioB B.O. Pasnenenue BomoHe-
GbTIHON SMYyNbCUU TOIUCYIbHOHAMUIHBIMU
MeMOpaHaMu, OOpaOOTaHHBIMU B IOTOKE
IUIa3Mbl B cpefie aproHa u Bosayxa // Bect-
HUK Ka3aHCKOro TeXHOJIOTMYecKoro YHH-
Bepcutera, 2017, Ne 20 (1). C. 139-142.
Guha A. Transport and deposition of par-
ticles in turbulent and laminar flows //
Ann. Rev. Fluid Mechanics, 2008, No. 40,
pp- 311-341.

Kjelaas J., Schiimann H., Gonzalez D.,
Johansen S. Modelling of dispersed
oil/water flow in a near-horizontal pipe //
Chemical Engineering Science September,

2022, No. 263(1):118074.

Yao Y., Huan X., Capecelatro J. Multi-
fidelity uncertainty quantification of parti-
cle deposition in turbulent pipe flow //
Journal of Aerosol Science, 2022, No.
166(44):106065

Yan Zh., Li Z., Cheng Sh. Wang X.,,
Zhang L., Zheng L. Saroj D. Transport
and deposition of solid phosphorus-based
mineral particles in urine diversion sys-
tems // Environmental technology, 2022,
No.44, pp. 1 —34.

3aiiuuk JI.U., Anrunuenxkos B.M. CraTtu-
CTUYECKHME MOJCNIH JIBFOKCHHSI YaCTHI[ B
TypOyJIeHTHOM X)UAKoCcTH. — M.: dusmar-
smt, 2007. - 308 c.

Volume 19, Issue 4, 2023

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Shin M., Lee J.W. Memory effect in the
Eulerian particle deposition in a fully de-
veloped turbulent channel flow // J. Aero-
sol Sci, 2001, No. 32. pp. 675—693.
Derevich 1.V. Statistical modelling of
mass transfer in turbulent two-phase dis-
persed flows. 1. Model development // In-
ter. J. Heat and Mass Transfer, 2000, Vol.
43, No. 19. pp. 3709-3723.

Derevich L.V. Statistical modelling of
mass transfer in turbulent two-phase dis-
persed flows. 2. Calculation results // Inter.
J. Heat and Mass Transfer, 2000, Vol. 43,
No. 19. pp. 3725-3734.

Soldati A., Marchioli S. Physics and
modelling of turbulent particle deposition
and entrainment: Review of a systematic
study // Inter. J. Multiphase Flow, 2009,
Vol. 35, No. 9. pp. 827-839.

CuxoBckuii /JI.®d. 3akoHOMEpHOCTH Oca-
KJICHUS YacTUI] U3 TypOyJIEHTHOTO Tra30-
JUCTIEpCHOTO TIOTOKa B KaHamax // U3Be-
ctus PAH. Mexannka >KHMIKOCTH M Tasa,
2010, Ne 1. C. 84-95.

Kadapos B.B. OcHoBbl Macconepenayu.
— M.: "Beicmas mkouna", 1979. - 439 c.
®enocoB C.B., Mapkeso A.B., Coko-
aoB A.B., Ocagumii FO.I1. Maremaruue-
CKOE€ MOJICIMPOBaHUE TYPOYJICHTHON MH-
rpaliMi  YacTUIl B TOTPAHUYHOM CJIOE
TpyOuaroro meMOpaHHOro »JJeMeHTa //
MemOpansl ¥ MeMOpaHHBIE TEXHOJIO-
run, 2021, T. 11, Ne 6, C. 435-446.
Fukagata K., Zahrai S., Bark F.H. Force
balance in a turbulent particulate channel
flow // Inter. J. Multiphase Flow, 1998,
Vol.24, No. 6, pp. 867—887

Marchioli C., Picciotto M., Soldati A.
Influence of gravity and lift on particle ve-
locity statistics and transfer rates in turbu-
lent vertical channel flow // Inter. J. Multi-
phase Flow, 2007, Vol. 33, No.3, pp.
227-251.

Wells A.C., Chamberlain A.C. Transport
of small particles to vertical surfaces //
Brit. J. Appl. Phys, 1967, Vol. 18, No. 12,
pp- 1793—1799.

145



Sergey Viktorovich Fedosov — Academician of the
RAACS, Doctor of Technical Sciences, Professor of the
Department of Technology and Organization of Construc-
tion Production, National Research Moscow State Uni-
versity of Civil Engineering, 26, Yaroslavl Highway,
Moscow, Russia, fedosov-academic53@mail.ru.

Alexander Viadimirovich Markelov — Candidate of Tech-
nical Sciences, Associate Professor of the Department of
Infrastructure and Transport of the Yaroslavl State Tech-
nical University, 88, Moskovsky Prospekt, Yaroslavl,
150023, Russia, aleksandr203.37@mail.ru.

146

Sergey V. Fedosov, Alexandr V. Markelov

Cepeeti Buxmoposuu @edocos — akanemuk PAACH,
I.T.H., podeccop Kadeapsl TSXHOJIOTHH U OpPTaHU3AIMS
ctpoutenbHoro mnpoussoactea PI'BOY BO «Hamwmo-
HaJbHBIA HUCClenoBaTeNbCKUil MOCKOBCKMH rocynap-
CTBEHHBIM CTpOUTENbHBIN yHHBepcureT» , ®I'BOY BO
«HUY MI'CVY», 26, SpocnaBckoe mocce, r. Mocksa,
Poccus, fedosov-academic53@mail.ru.

Anexcandp Bnaoumuposeuu Mapkenoé — K.T.H., JOICHT
kadenpsl uHGpacTpykTyphl U Tpancnopra ®I'OY BO
«SIpocnaBckuil rOCy1apCTBEHHBIM TEXHUYECKUH YHUBEP-
cutety ®I'BOY BO «AI'TY», 88, MockoBckuil mpo-
cnekr, r. SpocmaBiab, 150023, Poccus, ale-
ksandr203.37@mail.ru.

International Journal for Computational Civil and Structural Engineering



