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most relevant and influential content of geology and engineering sciences to our community.

KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexHUKarbIK FbliibiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bi 6indipedi.

HAH PK coobuwaem, 4mo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu U mexHu4eckux
Hayk» 6bin npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOMmpeHUs: KoMmrnaHuel
Clarivate Analytics Ons OanbHelweao npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCmMpupyem Hawy rnpueepXxeHHoCcMb K Hauboriee akmyarnbHOMY U 8/IUSIMEsIbHOMY KOHMeHmy
10 2e0/102UU U MeXHU4YeCKUM Haykam Oris Hauleeo coobwecmsa.
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CALCULATION OF TWO-SPEED FLOW
OF TWO-PHASE OPEN FLOW

Abstract. In this article the mathematical model of unsteady flow the two-phase open stream taking into
account the redistribution of the particulate concentration, the depth of flow and water filtration on the bottom of the
channel, and also created an efficient method of calculation. In this case, the two-speed flow is considered, i.e. the
presence of the longitudinal and vertical components of the phase velocities is taken into account, and we also
believe that the flow parameters along the flow do not change. Initial and boundary conditions are established based
on theoretical and empirical formulas, which are widely used in practice. The flow in open channels is non-
pressurized, occurs under the influence of gravity and is characterized by the fact that the flow has a free surface. At
the initial moment of time, we consider the flow to be uniform in the longitudinal direction and all parameters are set
by known theoretical and empirical formulas. At the bottom of the channel for longitudinal velocity component of
the water use condition of adhesion, and for the longitudinal velocity component of solid phase condition for the shift
and believe the known concentrations of solid particles, and vertical components of velocity the phases of the
filtering conditions (for water), and hydraulic size (for solid particles). On the free surface, we consider that there are
no solid particles, and for the longitudinal components of the phase velocities we neglect the force of air friction, and
for the vertical components of the phase velocities we use the condition of non-uniformity of the free surface in time.
On the basis of the developed mathematical model and the created method of calculation, the changes of the main
parameters in the depth of the flow and in time are determined.

Key words: Non-stationary flow, two-phase flow, free surface, incompressible medium, true density, reduced
density, concentration, viscosity coefficient, interaction coefficient between phases, filtration.

Introduction. In recent years, some progress has been made in hydro-mechanics in the field of
research of flow dynamics in open channels [1]. However, these models do not fully cover the physics of
the process, since the water used for irrigation is inhomogeneous and contains certain amounts of solid
particles [2]. The appearance of a small number of solid particles in the flow, as is known, significantly
changes the nature and structure of the processes [3,4]. At the same time, new macroscopic parameters
appear, in particular, the given densities, the interacting forces between the phases, as well as other
mechanical characteristics. These flow parameters violate the basic law of conservation of the components
of the mixture, the components interact, which causes a redistribution of speed, concentrations of
individual components, changes the flow rate of the mixture. From the variety of multiphase media,
dispersed flows can be distinguished that have a relatively regular character and represent a mixture of
several phases, one of which is various inclusions (drops, bubbles, solid particles), i.e. aerosols, fogs,
bubble liquids, suspensions, etc.

We consider a non-stationary two-speed flow of a two-phase open stream, taking into account the
redistribution of the concentration of solid particles in the depth of the stream and water filtration at the
bottom of the channel. The purpose of the article is to compare the results of a non-stationary two-speed
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flow with the results of a previously studied one-speed flow [5,6]. To describe the flow of a two-phase
medium, an "interpenetrating” model is used, based on the following assumptions: there is no interphase
transition; for each phase, the equation includes terms that characterize the interaction between the phases;
each phase is taken as a separate continuous medium and is described by separate equations [3,4].

Problem statement. On the basis of "interpenetrating”" model to develop a model of unsteady two-
speed two-phase flow open flow with account of redistribution of the particulate concentration, the depth
of flow and water filtration on the bottom of the channel, and is also an effective method of calculation.

Method of solution. When developing the mathematical model, the "interpenetrating” model of a
multiphase medium is used for dispersed flows that have a relatively regular character. As a mathematical
apparatus used: for linearization of nonlinear terms, the method of simple iteration[7]; for partial differential
equations, the method of finite differences, using a two-layer six-point implicit scheme with weight and a
two-layer four-point implicit scheme with symmetrized derivatives, and for solving the obtained systems of
algebraic equations, the method of matrix run; for the solution of an ordinary differential equation describing
the change in the wavelength of the wave front, the Runge-Kutta method is of the fourth order of accuracy.
The computer mathematics environment Mathcad was used for processing numerical data.

Main part. The "interpenetrating”" model was used to study the problem [3, 4]'

6un Ju, Oun 6u 6[ (au 1 V)]

oo (G ) + ZK(ul ) + P

aVn vy, avn 6 ou, Jv, ()
Pnp t Prlin 5=+ Prn By _fn ay Ep [fnﬂn ( 3y +W)] +
[ falin ( —3 de )] + Z K (vi —vp) + ppty,
and the continuity equation =
Wn 4 2 (i) + 5 % (pavn) = 0, .

fl +f2 =1, Pn = pnifn:
where p,, pn; — reduced and true densities of the n-th phase, respectively (n=1,2); u,, — longitudinal
component of the n-phase velocity; v, — vertical component of the n-phase velocity; f,, — concentration
(volume content ) of the n-th phase; p — pressure; w, — the coefficient of viscosity of the n-th phase;
K — coefficient of interaction between phases; X,,, Y, - components of the mass forces of the n-th phase;
x,y — coordinate axes along the flow and along the depth of the flow, respectively; t — time.

ou av
divy, = —+—

0x ay
Consider the two-speed case when there are no mass forces and the flow parameters along the flow
do not change. The flow in open channels is non-pressurized and occurs under the influence of gravity [8].
Then the system of equations (1), (2) will take the form:

Ju, Ju, d Ju,
pTL at + p?’l n a .un ay (fn ) ZK (ul - )r
3)

N

v av 4 v
pna—tn + PnVn a; 3.un ay (fn n) + Z K (VL .

0pn _
B + @ (pnvn) =0, @

fl +f2 =Lp, = pnifn-

If we write a system of equations (3) for each phase separately, we get:
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Ju,y Ju,y d Juy
P15 TPt 3y = #1@(]& W) + Ku, — Kuy,
du, du, d Ju,
P2t P2V2 75 =H2@<fza_>+1{u1 Kus,
v, dv;, 4 0 v, ®)
P1W+ ,01771@ = 5#1@(](1 P ) + Kv, — Kv,,
av, dv, 4 0 av,
P2 T PZVZE = §M2@<f2@) + Kvy — Kv,.
Equation (4) for the concentration of solid particles will take the following form:
af, 0
E‘l‘@(fzvz) =0, ©)

fitfa=1

The flow in open channels differs in that the flow has a free surface. If the free surface H in the
transverse direction (in the direction of the z axis) is horizontal and does not change along the flow, then
H=H (t). Then according to the conclusions of work [1] for a free surface we get
iaid V,H(0
dt -V, ( ) = H 0
where V- filtration rate (absorption).

As a result, we obtain a closed system of equations (5-6) with respect to uq, u,, v4, vy, fo. Consider
the initial and boundary conditions for the resulting system of equations. At the initial moment of time
(t = 0), we consider the flow to be uniform in the longitudinal direction and all parameters are given by
known theoretical and empirical formulas, i.e.

Uy = Ug (), Uz = U0 V), V1 = V10(¥), V2 = V20(W), f2 = foo(¥), with t = 0,
At the bottom of the channel for longitudinal velocity component of the water use condition of
adhesion, and for the longitudinal velocity component of solid phase condition for the shift and believe the
known concentrations of solid particles

u, = O,UZ +loaa_1;2: O,f :fzo Wlthy:(),

and for the vertical components of the phase velocities of the filtration conditions (for water) and the
deposition of solid particles in standing water, i.e.
V= V, Uy, = Vk Wlthy: 0.
[, — offset path length; V, — the rate of precipitation of solid particles in standing water, i.e. hydraulic size.
There are no solid particles on the free surface, and for the longitudinal components of the phase
velocities we neglect the force of air friction, that is, the force of air friction.
Ouy _ g %2 _ =0 withy =
y 0, ay 0,f, =0, withy = H(t).
and for the vertical components of the phase velocities, we use the condition of unevenness of the free

surface in time, i.€.
dH

at
Thus, the initial and boundary conditions will have the form:
Uy = Uy (V) Uz = U0 V), v1 = v10(¥), vz = v20(W), f2 = f2o(¥), with t = 0,

vV =—,0, =Z—1Zwithy=H(t).

Uq :O,u2+l0%zo,vz :V,VZ =Vk,f=f20Withy=0, (7)
O _ g vz _ = M e Owithy =
6y—.ay—0,v1—dt,vz—dt,fz—Ownhy—H(t).
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The length of the path of displacement [, can be established on the basis of empirical data. For this
purpose, in particular, the empirical Bazin formula can be used [1]. Many theoretical and empirical
formulas have been proposed by different authors for the filtration rate (absorption). The most widespread
formula was A. N. Kostyakov [1]. It should be noted the work of V. N. Goncharov, who gave empirical
formulas of hydraulic size V},, generalizing experimental materials of other studies [9].

The length of the lag of the wave front [(t) related to the average flow rate U, the following
equation

al
& = Uem(®), (8)

which is solved with the initial condition [(0) = 0. The time corresponding to the length is the time when
the wave front reaches the distance .

The obtained problem (5-6) with boundary conditions (7) is solved according to the calculation
method given in [1]. First let's go to dimensionless quantities:

Vv, v, N y N t

TR UV, =~ ) - ’ t - )
v U TH@E T
moreover, the nonlinear terms are linearized using the simple iteration method, i.e. taking the value from

the previous time layer. Then the system of equations (5-6) will take the form (in the future, for simplicity,
omit the asterisks)

Uy U,
—,v

E * *
TR TR

2
o _ © M ©, L
ot 1 ayZ 2 ay 3 1 4

ou 0%u ou
c')tz = by ayzz' + b§” ay2 +b§7up + b5,
vy _ (901 (001 () (s)
Y Qi 9
3t = 5y +c, 3y +c3v ey, 9)
ov 0%v ov
_atz =4 6y22 +a% _ayz +dv, +d,
0f; 92, s
n _el()ay+ O =0

where S - the iteration number, U, T - is the specified characteristic values of speed and time, respectively.

S
NORIL NG _< w0 _U(S)>Z &K oK o
1 — 5 g2r% = S 1 1Az = 5 'Y — Sy ‘2 v
p1iH plif1( ) dy H p1if1( ) P1i 1( )
®)

By _ 2 b(S)_< b2 Ofy (S))Z O KT o __K
1 g2’U2 S 2 P30 T 4 T s 1
leH p21if2( ) ay H P2 2( ) P2i 2( )

S S
ORI NON (ﬁ im0 _V(S)>Z © o KT Kvy”
1 = 22~ S 1 13 = s 'ta — S)’
3 pul 3P1if1( ) ay H P1if1( ) P1i 1( )
S S
RO O (ﬂ e 0f° (S)>Z 4® = _ KT o _ Kv”
1 g2’ 2 S 2 r3 T O RAK T S)’
3p21H 3p2if2( ) ay H P2i 2( ) P2i 2( )

) )
2T o _ 0T
1 H 72 dy H'
System (9) is solved as follows. First, a system composed of the first two equations is solved.
- u
Introducing a vector Y = (u:) we bring these equations to the vector-matrix form
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ay % . 0F v
E_A a_yZ+B £+CY+D (10)

where

ags) 0 ags) 0 ags) 0\ — ags)
A* = ,B*z ’C*z ’D*= ,
0o b® 0 b 0 b b

Having performed similar operations with initial and boundary conditions for the function u; and u,,
receive

Y =Y, with ¢t =0,

) 2
Aoa'l' B()Y = DO Wlth y = 0, (11)
) A

here

1= 1) 8= DD=(o)a=( DE=(5 0)2=(5)

Results. The boundary value problem (10), (11) is solved by the finite difference method. In this case
we use a two layer six point implicit scheme with weight a* [10].

With the selected weight value ¢* = 0,5 the applied scheme has an approximation order
0((At)? + (Ay)?) and is sustainable. The iterative process is repeated until the convergence condition is met.

Similarly, a system composed of the third and fourth equations (9) is solved and we define vy, v,.
Last equation (9) with the appropriate conditions from (7) solved by the finite difference method. In this
case, we use a two-layer four-point implicit scheme with symmetrized derivatives [11]. The length of the
wave front is determined from the solution of the Cauchy’s problem (8) [12].

Calculations were performed with the following initial data and the numerical results were processed
in the environment Mathcad [13]:

Hy=2x,u?=09 n/c, ud =03 u/c,vd =001 xn/c, v =02 u/c
p1i = 100ke-c* / m*, pai = 250 ke-c*/u, Y = 0,2

w = 1,024 10 % ke-c/m*, iy = 25103 ke-c/ m*, At = 0,01, Ay = 0.01,
e=10"%K =200«ke-c¢/m*;350 xe-c/m*,U =1x/c, T = 600c.

Discussion. The results are presented in the form of graphs. The analysis of the obtained results
shows that the results relative to the previously studied one-speed flow are qualitatively confirmed for the
two-speed flow, but some parameters differ quantitatively. Over time, the longitudinal velocities of the
phases tend to the same constant number. In this case, the longitudinal speed of the phase with a higher
initial speed is always greater than this number, and the longitudinal speed of the phase with a lower initial
speed is always less (figure 1). With an increase in the initial average velocity of the mixture, the
distribution of the concentration of solid particles over the depth of the flow becomes more uniform
(figure 2). As the phase interaction coefficient increases, the deposition rate of solid particles decreases,
i.e. their concentration increases (figure 3). The longitudinal velocities of both phases increase as they
move away from the bottom of the channel and reach their maximum values on the free surface (figure 4).
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Figure 1 — change in longitudinal velocity over time
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Figure 2 — Change in the concentration of solid particles in the depth
of the flow at different initial average speeds of the mixture (r=100s)
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Figure 3 — Change in the rate of deposition of solid particles in the depth
of the flow at different coefficients of interaction of phases (¢=100s)
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Figure 4 — Change in the longitudinal velocity of the phases in the depth of the flow (=100s)
1 — the speed of the first phase; 2-the speed of the second phase.
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EKI ®A3AJIbI AIIIBIK AFBIHHBIH EKI XKbIJITAMIBIKTbBI AFBICBIH ECEIITEY

Annotanusa. COHFBI )KBUIIAPBI THAPOMEXaHUKA CAJIACHIHAA alTBIK KaHAJIapIaFbl aFbIH TUHAMHKACKIH 3EPTTCY
canmacblHAa Oenrinmi Oip JKeTiCTIKTepre Koyl JKeTKi3iumi. Auaiima Oy Mopnenbiaep yHAepic (M3MKAachlH TOJBIK
KaMTBIMAaH/IbI, 6MTKEHI Cyapy YIIIiH MaiIalaHbUIaThIH Cy OSNTiT MeIIIepae KaTThl OOIIMeKTep Il KaMTHIbI. AFbIMIa
a3 Melmiep/ae KaTThl OeNIeKTepAiH Maiga OOIysl, 9feTTe, YAEpiCTEep CUIATHl MEH KYPBUIBIMBIH €I0Yip e3repTeli.
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Byn karmaiima »kaHa MaKpPOCKONMSIBIK IMapaMeTpiep maiina Oojambl, aTam aWTKaHAa, KEATIPUIreH THIFbI3MIBIK,
(azanap apacbIHIaFbl ©3apa dpEeKeTTecy KYIITepi, COHaii-aK 0acka /1a MEXaHUKaJIbIK CUIIaTTaMaliap naijga 0osasl.
AFbIHHBIH OYJ1 mapameTpiiepi KOocra KOMIIOHEHTTEepl CaKTallybIHbIH HETi3ri 3aHJbLIBIFBIH Oy3a/bl, KOMIIOHEHTTED
e3apa opeKeTTece/li, OYJI JKbUIIAMIBIKThIH, JKEKEJIereH KOMIIOHEHTTEP KOHIIEHTPALMSICHIHBIH ©3repiCiH TYAbIpabl,
KOCTIaHBIH aFy KbULAaMABIFbIH e3repreai. Ken dazanel kocnanapiplH ilIiHEH AWCHEPCTI arblHIbBI artanm anTyFa
00J1aIbl, OJAPAbIH KOMIIOHCHTTEPIHIH Oipi opTypii KOCBHIHABUIAD (TaMIIbI, KOIIPIIK, KATThl OOJIIEKTEp), SFHU
a3p030J1b, TYMaH, KOMIPIIIKTI CYHBIKTHIK, CYCIIEH3UsIIap JKOHE T.0.

Makanaa arblH TepeHIri OOMbIHIIA KAaTThl OOJIIIEKTEP KOHIIEHTPALMSICHIHBIH Tapalybl )KOHE KaHai TyOiHaeri
CyJbIH (pUIIbTpIIeHYI ecerke allbiHa OTBIPBII, €Ki (ha3abl allibIK aFbIHHBIH CTAlHOHAPIIBI EMEC aFbICBIHBIH MaTeMaTH-
KaJIbIK MOJIENI, COHJai-aK THIMII ecenTey oaici KypbuFaH. COHBIMEH Karap, €Ki JKbLIIaM/BIKThl aFbIM KapacThl-
pbUIFaH, SIFHU (ha3aiap KbULAaMIbIFbIHBIH TOPH30HTANb JKOHE BEPTHKAIbL KYPayIIbICBIHBIH 0ap eKeH/Ir eCKepuIreH,
COHJai-aK areiC OOWBIMEH arblH MapaMeTpiiepl e3repMeral aem ecenTeli. bacTankpbl KoHE MICKapabIK MapTTap
MpaKTHKaga KeH TapajfaH TeOPHsUIBIK-OMIMPHKAJIBIK (GopMyJsaiap Herizinae oepijieni. AUIbIK KaHAIAAPIAFbl arbiC
KBICBIMCBI3, aybIPJIbIK KYLIIHIH 9CepiHeH OOajbl )KOHE aFbIHHBIH €pKiH OeTke Me OONybl Heri3iHIe epeKIIeIeHeI].
bacrankp! yakpITTa napamerpiep ropu30oHTab OarbITTa OIpKesKi el caHalMbI3 koHe OapIibIK mapamerpiep Oenrii
TEOPHUSUTBIK-OMIHPHUKANBIK (Gopmynanapmer Oepineni. Cy >KbUIZAMIBIFBIHBIH TOPHU30HTANb KypayIIBICBIHA KaHAal
TYOiHIe Ka0bICy, aj KaTThl (pa3aHbIH FOPU3OHTANL KYPaylIbICHIHA KATThl OOJILEKTIH BIFBICY LIAPTTapbiH, an (a3a-
Jap/blH BEPTHKAJb KypaylibliapbiHa (Cy YIiH) (QUIbTpiieHy jkoHe miery (KaTThl OellIeKkTep YIIIH) MapTTapbiH
KongaHambl3. EpkiH OeTre KarThl OeJjIeKTep OK Jel caHalMbI3 jkoHe (a3a KbUIJAMIBIFBIHBIH TOPH30HTAIb
KOMITOHEHTTepiHe ayaHbIH YHKEJIIC KYIIIH ecerke anMaiiMbi3, an (a3a >KbUIIaMJIbIFBIHBIH BEPTUKAIb KOMIIOHEHT-
TepiHe epKiH OeTTiH yakbIT OoifbIHIIA OIpPKENKI eMecTiriH KoyigaHambi3. KypbuFaH MaTeMaTHKAaJbIK MOZIEJb JKOHE
ecerTey dJIiCiHe CyileHe OTBIPBII, aFBIMHBIH HETi3rl mapaMeTpIIepiHiH e3repyl arbiC TePeH T KoHe YaKbIT OOMbIHINA
aHBIKTAJIFaH.

MaremaTuKaIbIK MOAEIb/II KYPY KEe3iH/Ie CaJIBICTRIPMAIIbl TYPAE TYPaKThl CUIIATKA e JUCIEPCTi aFbIHAap YIIIH
keIl (hazanbl OpTaHBIH «©3apa dcep eTyIIi» MOAEeN KOJIaHBUIIbI, OJI KeJecl jxopaManiapra Heri3uesreH: (as3ajbik
aybICy OK; op (hazara (azanapiblH 63apa dpEeKeTTeCyiH CUIIATTalThIH MYIILeliep TeHAeyre eHri3iiren; op dasa skexe
TYTac opra peTiHae KaObLIJaHabl )KOHE JKEKe TCHICYJIepMEH CHUMAaTTajajbpl. MaTeMaTHKaNbIK anmapar peTiHiae
KeJecl 9J1icTep KOJAaHBUIIBL: ChI3BIKTHIK €MeC MYIIeNepi ChI3bIKTaHIBIPY YIIIH KaparnaibiM uTepalus dici; nepoec
TYBIH/bUIBL quddepeHInanapIK TeHASyaep YIIiH, cajiMarbl 0ap eki KabaTThl alThl HYKTEN )KOHE CHMMETPHSIIBI
TYBIHJbUIAPHI 0ap eKi KabaTThl TOPT HYTENI alKbIH eMeC LIeKTi ailblpMa OJicCi, aJbIHFaH anreOpaniblK TeHIEYyJep
KyHeciH Lieuryie MaTpUlUajiblK Kyauay oJiCi; TOJKBIHHBIH Tapajy Y3bIHIBIFbIHBIH ©3repyiH CHIIaTTaWThIH Kal
muddepeHmanapIK TeHASY/Il LIelny e TOPTiHIII peTTi ganjikke ue Pynre-Kyrra oici.

Hotmxenep rpaduk Typinge kenripinred. Horwxenepai Ttanjgay KepceTKeHIeH, OypblH 3epTTeireH Oip
KBULIAM/IBIKTBl aFbIHHBIH HOTHOXKENEPl Kl JKbUIJAMIBIKTBI aFblH YLIIH canajibl TYpAe pacTaifaH, Oipak KeioOip
napameTpIiep CaH/bIK JKaFbIHAH epeKilelieHel. YaKpIT ore Kene (a3anapAblH rOPU30HTANIb KbULAAMABIF Oipaei
TYpaKThl CaHFa YMTbUIA[bl. bacTankpbl >KbUIAMIBIFEl YIKEH (Da3aHbIH FOPU30HTAIb JKbUIIAMIIBIFBI dpKAIIaH OCHI
CaHHaH XOFapbl 00J1a/Ibl, a1 GacTarNKbl KbUIIAM/IBIFGI a3 (ha3aHbIH TOPU3OHTAIb KbUIIAMIBIFB OPKAIIaH OChl CAHHAH
a3 6onansl. KocnanbiH (cy + KarThl OeuniiekTep) )KeTin 0apy KallbIKThIFbI Ta3a CY/bIH JKETIN 0apy KallbIKThIFbIHAH
a3, SIFHU KATThI OOJIILIEKTep HEri3ri aFbIHHBIH KO3FallybIHa Kapchl acep ereni. Kocmanbiy OacTankpl opraiia >KbUiiam-
JIBIFBIHBIH KOFapbUlaybl apKbUIbl KATThl OOJIIEKTEp KOHLEHTPALUICHIHBIH aFbIC TEPeHJIri OOWBIHILIA Tapaysbl
Oipkerki 6ona Oacraiiibl. Dazanapasiy e3apa opekertecy KodpUIMeHTiHIH )KOFapbulaybl HETI31HAe KaTThl OOJIIeK-
TEPIiH LIeTY >KbUIIAM/bIFEI TOMEHIECH I, SIFHU OJIapAbIH KOHLEHTpauuschl aptaapl. Exi (a3zaHblH Ja ropu30HTaNb
KBULIaM/IBIFbl KaHasl TYOIHEH alllllaKkTaFraH CailblH YJIFas/ibl XKOHE epKiH OeTTe eH yJKeH MoHre skereai. Kypbuiran
MOJICIIb JKOHE aJbIHFaH HOTIKEJNep allblK apHaiapIarbl TYTKbIp €Ki (a3ayibl OpTaHbIH CTAlMOHAP €MEC aFbIMBIHBIH
HETi3ri THIPOJIUHAMHUKAIBIK 3aHIbUIBIKTAPHl MEH €PEKUICTIKTEPiH aHbIKTAN/Ibl KOHE OJIap/bl Cy[bl YHEMII Haiiaa-
JIaHy MOCelleiepiH MIelIy ie, COHBIMEH KaTap Cy LIBIFbIHBI MEH Cyapy apHaJapbIHbIH LIOTIHIICIMEH KYpecy Liapala-
pBIHIIA KOJIJaHyFa OOJIaIbl.

Tyiiin ce3aep: crarroHApIBI EMEC arbiM, €Ki (a3aibl arbiM, €pKiH 0€T, KbICBUIMANTBIH OPTa, [IBIHAWBI THIFbI3-
JIBIK, KENTIPUITeH THIFbI3BIK, KOHICHTPAIMs, TYTKBIPIBIK Kod(duipenTi, (azanap apacbiHIarbl €3apa dpeKeTTecy
k03 dulMeHTi, Cy3rineHy.
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PACUYET JBYXCKOPOCTHOI'O TEHEHUSA IBYX®A3ZHOI'O OTKPBITOI'O IOTOKA

AHHoOTamusl. 32 MOC/IETHUE TOIBI B THAPOMEXAHUKE JTOCTUTHYTHI OMPEICICHHbIC YCIEeXH B 00IaCTH HCCIIen0-
BaHUW JAMHAMUKYU IIOTOKOB B OTKPBITHIX pyciax. OJHAKO 3TH MOJEIH HE B IOJHOM CTENEHH OXBATHIBAIOT (H3HUKY
nporecca, Tak Kak BoJa, WAYyLIas Ha OPOLICHHE, HEOJAHOPOJHA U COICPIKUT OMpPEACIICHHBIC KOJMYECTBA TBEP/BIX
vactull. [losiBieHHe HEOOJBIIOr0 KOJMYECTBA TBEPIbIX YACTHIl B IOTOKE, KaK M3BECTHO, CYILECTBEHHO H3MCHSCT
XapakTep U CTPYKTYpY HpoleccoB. IIpu 3TOM MHOSBISIIOTCS HOBBIE MaKPOCKOITMYECKHE MapaMeTphl, B YAaCTHOCTH
NPUBEACHHBIC TUIOTHOCTH, B3aUMOJCHUCTBYIOIINE CHIIBI MEXTy (a3aMH, a TaKKe APYrde MEXaHWYeCKHEe XapakTe-
PHCTHKH. DTH MapaMeTpbl IMOTOKAa HAPYIIAIOT OCHOBHOM 3aKOH COXPAHEHWsS KOMIIOHEHTOB CMECH, KOMITOHEHTHI
B3aMMOJICHCTBYIOT, YTO BBI3BIBACT II€pepaclpesiesieHHe CKOPOCTH, KOHLEHTpPAaLUHMid OTIEIbHBIX KOMIIOHCHTOB,
U3MEHseT Pacxox cMecd. M3 MHOrooOpasust MHOTO(A3HBIX Cpel MOTYT OBITh BBIICNECHBI JHUCIEPCHBIE MOTOKH,
HMEIOIe CPaBHUTENIBHO PETYISPHBIN XapakTep M NPEACTABISIONNE CMECh HECKOJNBKHX (a3, OOHOH M3 KOTOPBIX
ABJIAIOTCS PA3iIMYHble BKJIIOYEHHUS (KAaIUM, ITy3BIPHKH, TBEPIbIE YACTHULBI), T.€. adPO30JH, TYMaHBbI, IIy3bIPKOBBIC
KUAJKOCTH, B3BECH H T.I.

Hamu paccMarprBaeTcs HECTAIIMOHAPHOE IBYXCKOPOCTHOE TeYEHHE IBYX(A3HOTO OTKPHITOTO MTOTOKA C YIETOM
HepepacrpeieicHNs] KOHIICHTPAIMH TBEPABIX YAaCTHUI MO TyOWHE MOTOKAa W (HIBTpaLlUK BOJbI HA JHE KaHana. B
JIAHHOI cTaThe pa3paboTaHa MaTeMaTHYECKas: MOJIENb HECTALIMOHAPHOTO TEUCHHUS IBYX(a3HOrO OTKPBHITOrO MOTOKA C
Y4eTOM TepepachpeeNicHiss KOHICHTPAUd TBEPIbIX YacTHI IO IIyOHHEe MOTOKa M (HIBTPALUMH BOIBI Ha JHE
KaHana, a Takke co3uad 3(GEeKTUBHBIN MeTox pacyeTa. [Ipu 3ToM paccMaTpHBaeTCs JBYXCKOPOCTHOE TEYCHHE, T.C.
YUUTBIBACTCS HaJM4UE IMPOJNOIBGHON M BEPTHKAIBHOW COCTaBIIFOLIMX CKOpocTed (a3, a TakkKe CUMTaeM, 4TO
napaMeTpsl II0TOKA BIOJIb TEUSHHUs He U3MEHI0TCs. HavyanbHble M rpaHMYHbIC YCIOBHS YCTAaHABIMBAIOTCS UCXOAS U3
TEOPETUKO-IMITUPHUYECKUX (OPMyJI, KOTOpbIE MONYYHIM IIMPOKOE PacHpOCTpaHEHHE Ha MNpakTuke. TeueHue B
OTKPBITHIX KaHaJaxX 0e3HaIlOpHOE, MPOUCXOAUT MOJ ACHCTBUEM CHIIBI TSHKECTH M OTIMYASTCS TE€M, YTO IOTOK HMEeeT
CBOOOJHYIO NTOBEPXHOCTh. B HauanbHBIIl MOMEHT BPEMEHH TEYEHHE CUMTAEM PAaBHOMEPHBIM B IIPOIOILHOM HAIpPaB-
JICHUM U BCE MapaMeTpbl 3a4ar0TCAd HU3BECTHLBIMU TCOPCTHUKO-OMIIMPUYCCKUMU (bOpMyﬂaMI/l. Ha JHC KaHalJla IJId
HPOIOIBEHON COCTABIISIOIICH CKOPOCTH BOJBI UCHOJIB3YEM YCIOBUE NMPHIIMIAHUS, a JUIsl IPOAOILHOM COCTaBIsIONIEH
CKOPOCTU TBEPAOH (a3bl YCIOBHE CMEIICHHS M CYATACM H3BECTHOW KOHIICHTPAIMIO TBEPIOW YACTHIIBI, a JJIs
BEPTHUKAIIBHBIX COCTABJISIOIINX CKOPOCTeH (a3 ycioBuil ¢uibTpauuu (A BOIBI), U OCAXICHUs (A TBEPABIX
vactuir). Ha cBoGOAHOI MOBEPXHOCTH CYMTAEM TBEPABIC YACTHLIBI OTCYTCTBYIOT U LISl POAOJIBHBIX COCTABIISIOLINX
ckopoctedl (a3 mpeHeOperaeM CHIOW TPEHUs BO3Ayxa, a Uil BEPTHKAIBHBIX COCTAaBJSIOMIMX CKOpocted (a3
UCIIONB3YyEeM YCIIOBHE HEPaBHOMEPHOCTH CBOOOJHOW NOBEPXHOCTH IO BpeMeHH. Ha ocHoBe pa3paboTaHHOM
MaTeMaTHYeCKOH MOZENN M CO3JaHHOTO METOJa pacyera OIpENeNIeHbl M3MEHEHHs OCHOBHBIX INapaMeTpoOB II0
rIIyOWHe II0TOKa M BO BPEMEHH.

Ilpu paspaGoTke MaTeMaTH4eCKOH MOJEIM HCHONB30BaHA «B3aUMOIIPOHHUKAIOIIAS» MOJENb MHOTo(a3HOH
cpensl Ul JUCIEPCHBIX MOTOKOB, MMEIOIIMX CPaBHUTENBHO PEryJIIPHBIH XapakTep, OCHOBAaHHAS Ha CIEIYIOLIUX
MPEIONIOKEHHUAX: OTCYTCTBYET MEX(Da30BbIi MEPeXo/; Ul KaKIoW (as3bl B ypaBHCHHE BKIIIOYAIOTCS ClaracMeie,
XapaKTepU3yIOIIHe B3aNMOICHCTBIE MeX Iy (ha3amu; Kaxaas Gpa3a IPHHUMAETCS KaK OTACNbHAS CIUTONIHAS Cpefia 1
OIMUCBIBACTCA Pa3ACJIbHBIMU YPaBHCHUSAMMU. B kauecTBe mMareMaTHUE€CKOro afnmnapara NMpUuMEHSJIUCh: Ui JIMHEapu-
3allMi HEMHEHHBIX WICHOB METOJ MPOCTOi uTepauun; 1 An(epeHIHaNbHbIX YPaBHEHUH B YACTHBIX MPOU3BOJI-
HBIX METOJ KOHEYHBIX Pa3HOCTEH, IPU 3TOM HUCIOIB3YIOTCSI JBYXCIOIHAs IIECTUTOYCYHASI HEsIBHAS CXEMa C BECOM H
JBYXCIIOHHAS YETBIPEXTOYCYHAS HESIBHASI CXeMa C CHMMETPHU30BaHHBIMH MTPOU3BOJHBIMH, & ISl PELICHHS MOTyYeH-
HBIX CHUCTEM ajreOpan4ecKuX ypaBHEHHH METOJ MAaTPUYHOM MPOTOHKH; Ui pelieHus] 0OBIKHOBEHHOTro I depeH-
[IUAJIHOTO YPaBHEHUS, OIMCHIBAIOIIETO U3MEHEHUE JUIMHEI to0eranus GpoHTa BoJHBI MeTox PyHre-Kyrra uerBep-
TOTO MOPSIKA TOYHOCTH.

[Nomyyenusle pe3ynabTaThl IPEACTABICHHl B BUAE I'paduKOB. AHAIM3 MOJIYYSHHBIX PE3yJbTaTOB IOKA3bIBAeT,
YTO PE3YJIbTAaThl OTHOCUTEIBHO paHee UCCIISIOBAHHOTO OJHOCKOPOCTHOTO TEYEHHS Ka9YeCTBEHHO IOATBEPKAAI0TCS U
JUISL IByXCKOPOCTHOTO TE€YEHMs, HO HEKOTOpBIE MapaMeTpbl OTJIMYAIOTCS KoymdecTBeHHO. C TedeHHeM BpeMEHH
MPOJIOJBHBIE CKOPOCTH (ha3 CTPEMSATCSI K OJJHOMY M TOMY K€ MOCTOSTHHOMY uHciy. IIpy 3TOM NpoJiosibHask CKOPOCTh
(a3bl ¢ Oouibleil HaYaNbHOW CKOPOCTBIO BCErAa OOJbIIE ITOTO YKCia, a MPOAOJIbHAsS CKOPOCTh (asbl ¢ MeHbLIeH
HayaJIbHOM CKOPOCTBIO Bceraa MeHblle. PaccrosiHue moOeranusi cMecu (BoJa + TBEpbIe YacTHIbI) MEHBIIE, YeM
paccrosiHue 10OeraHusi YUCTOM BOJbI, T.€. TBEPABIC YACTHIBI COMTPOTHBISIIOTCS MPOABHIKSHHUIO OCHOBHOTO TOTOKA. C
YBEJIMYCHHEM HAuyalbHON CpeqHell CKOPOCTH CMECH paclpeneieHHe KOHLICHTPALMU TBEPIbIX YAaCTHUIl MO TiTyOHHE
MOTOKAa CTAaHOBUTCS Oonee paBHOMepHbIM. C yBennueHneM Kod¢duiueHTa B3auMoaeiicTBus (a3 CKOPOCTb OCaX-
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JCHUS TBEPIBIX YACTHIl YMEHBINACTCS, T.€. X KOHLEHTpaLys yBenuuupaercs. [IpogonbHble ckopocTH obenx (a3 1o
Mepe yAaJeHHUs OT IHA KaHalla yBEJIIMYMBAIOTCS U JOCTUTAIOT MAKCHMAaJIbHBIX 3HaYCHMIT Ha CBOOOHON MMOBEPXHOCTH.
PaspabGoTanHas MOIENb M IOJY4YEHHBIE PE3yJIbTAaThl BBISABIAIOT OCHOBHBIC THIPOANHAMHYECKHE 3aKOHOMEPHOCTH H
0COOEHHOCTH HEYCTAaHOBHBILETOCS TEUSHUS BSI3KHX JIBYX(a3HBIX CPel B OTKPBITHIX KaHaJaX M MOTYT OBITH HUCIIONb-
30BaHBbI IIPH PELICHUH BOIIPOCOB PALIMOHAILHOIO PACXOMOBAHMS BOABI, a TAKKe B MEPOIPHATHAX 110 O0opbbe ¢ moTe-
PSIMH BOJIBI U 3aWJICHUSIMH OPOCHTEIIBHBIX KaHAJIOB.

KiroueBble c10Ba: HeCTAlOHAPHOE TEUYCHHUE, ABYX(A3HBI MOTOK, CBOOOIHAS TOBEPXHOCTh, HECKHMAEMast
cpena, MCTHHHAs IUIOTHOCTb, NPHBEAEHHAs IUIOTHOCTb, KOHIIEHTpauus, KO3()(UIMEHT BSI3KOCTH, KOI(D(PHIUEHT
B3aUMO/ICHCTBUS MEXY pazaMu, GUIbTPALUSL.
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