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Abstract—A hydrodynamic theory of two-velocity fluid with surfactant is constructed in the present
paper. The model takes into account both surface effects and impact of the concentration gradient
on relative velocity of the components. The dependence of the nonstationary two-phase flow regimes
on the surface tension gradient and the dependence of the relative drop velocity on the gradient of
the surfactant concentration are investigated numerically on the base of volume control method.
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INTRODUCTION

A hydrodynamic system is considered, where two nonmiscible fluids are represented locally (e.g., oil
drops and water containing them), with surfactant dissolved in them. In such systems, an additional local
thermodynamic degree of freedom is the total surface area of the interface between the components. In
the process of hydrodynamic evolution, the system performs work when the surface area of the interface
changes.

In natural flows of water—oil mixtures, surfactants are always present. The fraction of alphaltenes,
naphthenic acids, resins, etc. in flows of water—oil mixtures is negligible. However, in technological
processes, interaction between alkalis and oil acids yields surfactants easily dissolvable in water, and
they cause surface tension at the interface between oil droplets and the surrounding water to drop. These
surfactants are adsorbed on the surface of oil droplets and affect the motion of nonmiscible fluids. As
shown below, it is essential to analyze the impact surfactants have on dynamics of the mixture when
computing phase fluxes. This analysis is described in the present article.

In [1], we can find the analysis of a select particle surrounded by a surfactant. It is shown that
the gradient of surface tension creates additional drag for the moving particle, far exceeding viscous
friction and Stokes friction. The present article demonstrates that, in the two-velocity medium, with
the continual approach, there is always an additional characteristic reactive force in the presence of
surfactants in the reversible hydrodynamic approximation. This force is proportional to the gradient of the
concentration of surfactant dissolved in water. The hydrodynamic velocity determines the concentration
of the surfactant distributed in space. In turn, the gradient of the surfactant generates the reaction
forces in moving subsystems, which affect velocity of hydrodynamic transfer. As a result, hydrodynamic
interaction appears, which results in a self-regulated velocity profile of subsystem motion. As shown
below, the surfactant’s influence at fairly low fluid flow rates is significant and affects phase velocities,
which is key for analyzing mass phase fluxes through the cross section of the pipe.

The hydrodynamic theory of solutions in two-phase media differs from hydrodynamic theories
reported in the literature [2—14]. The two-velocity equations are obtained based exclusively on fun-
damental physical principles (the first and second principles of thermodynamics, conservation laws).
Specific particularities of the system under study are not taken into account. For example, the motion
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equations obtained hold true for an arbitrary class of equations of state of a two-velocity system. The
equations of state have no influence on the form of the hydrodynamic motion equations. This situation is
the same as when the classical Euler set of equations was obtained, where the equation of state was an
external condition with respect to hydrodynamic equations and does not affect the character of motion
equations. It is shown that the equations of hydrodynamic evolution of the two-velocity system depend
only on the structure of the first principle of thermodynamics. The latter result is found in accordance
with the logic of development of the one-velocity Euler set of hydrodynamic equations.

THERMODYNAMICS OF TWO-PHASE MEDIUM WITH SURFACTANT

Let us consider a two-phase medium with thermodynamic equilibrium in volume V', which is a
fluid with droplets in it, and these droplets may be, for example, oil. Let us denote the water mass
within the indicated volume as M, oil mass as My, and surfactant mass as M. The first principle of
thermodynamics shown below introduces a version of the hydrodynamic system analyzed here:

dEy = TdS — pdV + pdMy + podMs + pe dM, + odX. (1)

Here Ey, S are internal energy and entropy of the system within volume V; T" is temperature; p is
pressure; o is surface tension at the interface between water and oil; 3 = ¢J is total surface area of
the interface between water and oil droplets; J is the number of droplets in the volume; p1, po, pc are
chemical potentials of components 1, 2 and surfactant. The pressure drop in “fluidic subsystems” may
be neglected in further considerations. Equation (1) introduces chemical potentials [15].

For hydrodynamic description, we need to introduce physical densities:
<E07§7M17M27M672) = (EO,S,PlaP%Pc,?J) v, (2)

Substituting relationships from (2) into (1), we arrive at the first principle of thermodynamics for a unit
volume of the medium:

dEy = TdS + pidpr + padps + pedpe + sodJ. (3)

Pressure can be found via the thermodynamic formula [16]

p=—Eo+ TS + p1p1 + p2p2 + pepe + sod. (4)

Let us introduce density of the medium containing water, oil, and surfactant:

P = p1+ p2+ pe. (5)

In terms of new variables, formula (3) takes the following form:

dEy = TdS + padp + (p2 — 1) dp2 + (pe — p1) dpe + sodJ. (6)
Because the relationship po = Ma/V = m N /V = m J holds true, we arrive at the local form of the first

principle of thermodynamics of a four-parameter thermodynamic system [17]
dEy = TdS + padp + sodJ + (pte — 1) dpe = TdS + padp + j;dpz + (e — pa) dpe, — (7)

m

5‘:O'+§(/L2—,U1), (8)

p=—Eo+ TS+ pip+ (pe — 1) pe +saJ, (9)
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dp = SdT + pdpy + ped (pe — p1) + s Jdo. (10)

Here, m is mass of a droplet, ps # 1.

Formula (7) describes a local thermodynamic equilibrium. For relative mutual motion of two compo-
nents, we need to generalize the theory [18] for the case with no local equilibrium. The velocity difference
w = u — v of the water—oil continuum may be considered a relaxing degree of freedom [19]:

dEy = TdS + padp + sodJ + (pre — p1) dpe + (u — v) djo

<o .
=TdS +mdp+  dp2+ (pe — 1) dpe + (1 = v) djo, (11)
p=—Eo+ TS+ mp+ (e — p1) pe +<0J + (0 —v) jo, (12)
dp = SdT + pdpy + ped (pe — p1) + sJda + jod (u —v). (13)

Here, jo is density of the relative momentum of two components; u is the velocity of the droplet
continuum; v is the velocity of the water continuum. The kinetic term for the two-velocity medium was
introduced as recommended by Landau [16].

If the system is in the constant gravity field with potential ¢, it is necessary to adjust the chemical
potentials in formula (3) for all components [19]:

S
dEy = TdS + (1 + ) dp1 + (uz + ¢+ ma) dpa + (pte + @) dpe. (14)

The latter statement is due to additional energy of the system in the gravity field pp = (p1 + p2 + pc) .
Analyzing the state of thermodynamic equilibrium as per[18], we arrive at the following conditions:

VI=0, u=v=0, V(u+¢)=0,

V(ug—i—;a—i—go)EV(g&):O, V (e + ) = 0. (15)

REVERSIBLE HYDRODYNAMIC EQUATIONS OF TWO-PHASE
FLOW WITH SURFACTANT

Before developing a hydrodynamic model of the two-velocity medium, one need to develop reversible
approximation [20], based on conservation laws of: mass, surfactant mass, number of droplets, entropy,
momentum, energy

dp

ot + div(pv + jo) =0, (16)
8;; + div (pev + Dg) = 0, (17)
gieriv(JerGo) =0, (18)
gf + div (Sv + Fo) = 0, (19)

0j; . )
5 T O (pvivk + vijok + vijo,i + Houx) = pg, (20)
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OF
ot

Here, J = pa/m; g = —V is free-fall acceleration. The flows denoted with the divergence sign are
presented with accuracy of up to jo, Fo, Do, Go, Qo, Eg invariant parts of the Galileo transform [16];
j = jo + pv is momentum density of the system; E = Ey + (v,jo) + pv?/2 + py is energy density [16].
These equations lack physical meaning because the flows are not defined.

The flow of the two-phase medium is characterized by two velocities, for this reason, to define
these velocities, one needs two equations. The momentum conservation law (20) can be one of them.
As the second equation, which would describe the motion of the carrier fluid, we selected the semi-
linear motion equation whose right-hand side contains motion forces determined by gradients of
thermodynamic variables from the first principle of thermodynamics (11) and becoming constants if
there is thermodynamic equilibrium [21, 17, 18]:

+0; (Qu,i + (Eo + (v,jo) + pv? /2 + p) vi + v2340.:/2 + g givk) = 0. (21)

VI'=0, u=v=0, V(u+¢) =0, V(p—m)=0, V(o)=0. (22)

[t should be noted that this is how the Euler equation is structured:

g‘t'+(v,V)v:—V/)p=—vu—iv:r, p=—FEo+TS+ pp. (23)

[t is a motion equation of ideal fluid. The conditions of thermodynamic equilibrium for the Euler set of
equations can be reduced to absence of chemical potential gradient, temperature, and velocity: Vi = 0,
VT =0, v =0. Here, p is pressure; p is chemical potential from the first principle of thermodynamics
dEo =TdS + pdp for fluid. When there is thermodynamic equilibrium, it becomes a constant, just as
temperature 7.

The Euler equation may be obtained from the consistency conditions for conservation laws for mass,
momentum, energy, entropy, and the first principle of thermodynamics. Such an approach leads to
generalization of the motion equations for a wider class of hydrodynamic systems. Thus, according to
the alternative idea of developing the Euler equation, the motion equation of the carrier fluid in the two-
velocity continuum may be presented as [16, 17, 21]:

O VIV= 6V (4 0) + & VT4 &V (e — ) + &V (59). (24)

Equations (16)—(21), (24) should be consistent with each other and the first principle of thermody-
namics (11), i.e., conservation laws should guarantee satisfaction of the first principle of thermodynam-
ics. To this end, we differentiate the energy equation with respect to time. Taking into account (11), we
have:

OF oS v? ap Ope
) ov 0j _0J
+<J—pu, 8t> + <u, 8t> +§aat. (25)

When conservation laws (16)—(21) are satisfied identically, the motion equation (24) and formula
(25) become identities. Substituting time derivatives from (16)—(21), (24) into (25), we arrive at the
following equation:

0i (Qoi — TFo; — (p1 + ) Jo,i —s0Goi — (pe — p11) Doi — Mo i — ki — Joxwi) wi — (o, W) w;)
=—Fo+&ér(—pu) = Sw)VT — (1+&,)(G—pu) V(11 + @) — ok — pdix — jo,iwr) Opu;
~Jo+& ([ —pu) = Jw) V() — (Do + & (§— pu) — p1w) V (e — pi1) - (26)
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Relationship (27) ties together the Galileo invariants and should be satisfied identically. Therefore,
summand (Ilg ;5 — pdix — jo;wk) Okw; should disappear as it breaks the Galileo invariance. The latter
condition determines the invariant part of the tensor of momentum flow density Il ;. = pdir + Jjoiwk.
As aresult, Eq. (26) takes the following form:

0i (Qo,i — TFy; — (11 + ) joi —s6Goi — (e — 1) Doi — (o, W) w;)
=—[Fo+&r(—pu) = SWIVT — (1+&,) (G —pu) V(1 +¢)

—(Go+ & (i —pu) = Jw) V (c) — (Do + & (3 — pu) = peW) V (pe — p1) - (27)

Further extraction of total derivatives in the right-hand side of (27) yields spatial derivatives of velocities,
which should not be present in reversible flows. Therefore,

Qo =TFo+ (u1 +¢)jo+s0 Go+ (pe — 1) Do + (o, w) w. (28)

The sum of four differentials of independent thermodynamic variables identically equals zero only if
the following coefficients identically equal zero:

FO+§T(j_pu)_SWZO7 Go—i-fo-(j—pU)—JW:O, (29)

Do +&(—pu) —pew=0, 1+¢,=0. (30)

To find the flux Gy, it is necessary to make assumptions regarding oil droplets transport with velocity
u(é, =0,Go=Jw):

oJ .
ot +div(Ju) =0. (31)

The parameter &7 defines the flow in the entropy conservation law, (19), and Fo + &7 (j — pu) — Sw =
0 must be an identity. If entropy transport is performed by both subsystems, then there is the only
possibility to satisly the identity by selecting £ = —S/p. Repeating the same steps for the flux Dy in
the mass conservation law for surfactant, (17), we arrive at this condition: £ = —p./p.

Using (13), we can rewrite Eq. (24) as follows:

ov

. Vp S Pec
v == (e ) vr s (6 2 ) W (o)

J 1
+¢ <§a + p> V& + P (jo, Vw) — V. (32)
Knowing £, &7, &, &5, we arrive at the equation for the carrier component motion:

ov VU
ot + (v, V)v=— )

With reversible flows determined, the conservation laws in the continual theory of the two-velocity
medium’s hydrodynamics in reversible approximation acquire physical meaning:

J 1
+<pV6+ ) (o, VW) + g. (33)

g+mwmﬁﬂ (J = pa/m), (34)
dp .
ot +divj =0, (35)
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Ope | o (Pe.\ _
9t +d1v<p3> =0, (36)
oS (S _
ot + div <p‘]> =0, (37)
dJi ) .
g T Ok (pvivk + vijok + urjoi + Poir) = pYi, (38)
ov _Vp  J__ 1.
8t+(v’ V)v=— p +§pVU+p(J0,VW)+g, (39)
aE—Fdiv (E+ )j—(6J+(°— v, u)) j—u = (40)
ot p P S J—pv, P =Y,
0 .. .
P2 4 div () = (i) (41)

The latter equality holds true when gravity is constant in time. To close the set of equations, one needs
to present the equation of state and find the relationship between the relative velocity u — v and relative
momentum jo. The relative momentum is invariant, and at the same time, the only invariant present in
the system is u — v, related to velocities of the medium. When the relative momentum is expanded into
a series in terms of the relative velocity, just the first expansion term jo = ps (u — v) would suffice. The
proportionality coefficient p, is partial density of the suspended (carried) phase: j = jo + pv = psu+ pyv.
Partial densities pg, p; are not affected by the velocity difference. In this case, the equations of the system
may take the following form:

%t]—l—div(Ju) =0 (J=p2/m), (42)
op - .
o +divi=0, j=psu+pv, p=ps+p, (43)
ope . [ pe.
= 44
Y +d1v<p3> 0, (44)
oS S
. A A
8t+dlv <p‘]> 0, (45)
07
5 T Ok (prvivk, + psugug + pdix) = pgs, (46)
8V—|—(V, V)v:—v])—|—gJVa’—|—p8VW2—|—g, (47)
ot P P 2p
OF j
5t + div <(E +p); + Zl(u —v)(saJ + ps(u—v, u))> = 0. (48)

Equations (46), (47) yield the motion equation for droplets:

8u+(u, V)u:—v])—plgjva'— prw2+g, (49)
ot P ps P 2p

and this equation for the velocity difference:
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1
%Vtv + (W, V)W VWP 4 (w, V) v+ (v, V) w = —g/;’ Vo, (50)

Reversible motion Eq. (50) demonstrates that the gradient of surface tension ensures the relative
phase velocity. It should be noted that this statement follows from the general procedure of hydrodynamic
modeling based in the thermodynamic consistency condition. It may be beneficial to compare the latter
equation with the way the corresponding formula is obtained in [1]. When obtaining (49), (50), the
conservation law was taken into account:

Ops
ot

Equations (42)—(48) represent ideal hydrodynamics of the two-velocity medium and are a consistent
basis for real dissipative motion equations for the two-phase medium with surfactant. Equations (42)—
(48) follow from the first principle of thermodynamics and from consistency conditions: these equations
agree with the first principle of thermodynamics, (11), and identically satisfy the energy conservation law,
(48). When obtaining these equations, assumptions regarding interactions within the system were not
made. The most general thermodynamically consistent equations were obtained. Adding surfactant to
the first principle of thermodynamics, which affected surface tension at the interface between water and
oil, yields reversible hydrodynamic approximation of the force p; (cJVa&/p) acting on the unit volume of
water in a certain medium. The force acting on the unit volume of oil in a certain element of the medium
is p; (sJV o /p). This force is proportional to the gradient of surface tension due to oil droplets transport
with the velocity u. In a particular case, on the microscopic scales, this force was first calculated in [1].
The present paper showed that the nature of this force is more general. In [1], it is noted that extremely
low concentrations of surfactant in the system may radically change the drag forces in the hydrodynamic
flow, when flow rates are moderate. An important feature of these equations is the presence of reactive
forces in the right-hand sides of equations:p; Vw?/2p and —p,Vw?/2p. It is due to these forces we can
ensure stability of reversible hydrodynamic approximation [18].

+ div (psu) = 0. (51)

IRREVERSIBLE EQUATIONS OF TWO-VELOCITY FLOW
WITH SURFACTANT

The complete set of equations taking into account dissipative effects can be obtained from set (42)—
(48) by adding irreversible flows to corresponding reversible parts [20]:

oJ

ot +div(Ju)=0 (J=py/m), (52)
ap . .
at+d1VJ=0, i=psu+tpv, p=ps+op, (53)
d(cp) . (. M. _ _
5 AW <CJ —p —pw) +L> =0, pc=cp, (54)
o5 . (5. A, At (pe — ) . a (ge—pm)L\ R
v (B g gy MU T Gy 2 TR )
0j; s
c‘?jt + Ok (psuiuk-i-plvivk + p ik +7Tik+7T§k) = PYis (56)
ov _ Vp J | Pso o (fe — 1) vT
5 T VV)v= MET LR +)\1V< . +A, tegtf (57)
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%;E +div(Q+ W) =0. (58)

In Eqgs. (52)—(58): R is a dissipative function; heat flow q, surfactant mass flow Ly, energy flow
W; irreversible densities of momentum flows are wﬁk, msy.; friction is f. The equations should satisly
differential form (11) identically. The latter requirement enables us to find irreversible flows. To satisfy
differential form (11), let us substitute time derivatives with respect to time from (52)—(58) into (25).
After some minor simplifications, we obtain an equation whose right-hand side contains coupled
products of unknown flows and thermodynamic forces that generate them:

0; (Wi — gi + A (i — pui) — mipvi — Wfkui) =—R- EVT -TLV (MC ;M1>

l
Tk

s Ot
5 (Okvi + Oju) — Wék (Opu; + Ozug) — (Ji — puy) <fi + k;?k> . (59)

The left-hand side of the equation determines the irreversible flow of energy:

Wi = ¢; — A (Ji — pui) + mhv; + mu, (60)
and the right-hand side, the dissipative function:

. 8k7"'l'k q He — M1
=—(Ji —pwi) | fi )= VT —TL
R (Ji — pu;) (f + o TV \Y T
_”ﬁk
2

The latter equation can be brought to the standard form: it is necessary to identify the diagonal in the
flows of tensor dimension [22]:

(Okvi + Byvy) — Wéj’f (Oru; + Oug) . (61)

Mt \ vT He — H1
= — i v i~ i) — - LT
R <f + o > (4i — pui) —q T \Y ( T
lq; S {; 1 l 1 s
—a' divv —a® diva — 2Aikvik — 2Aikuik. (62)

Here, wi,f = Ai,f + ab6;, (Aéf = 0), Vi = ORv; + O;v, — géikdiv v, Ui = Opu; + Ojuy — gdikdiv u.

The kinetic coefficients introduce the relationship between thermodynamic forces and thermody-
namic flows of the same tensor nature:

s &;ﬁk B pup) AO}T o <uc ;m) | (63)
Q= A~ o)~ B~ Bud, <“C;’“), (64)
TL=-X\ (j—pu)—ngvTT — B30, <“C;‘“>, (65)
Al = —mivie — Mot (66)

JOURNAL OF ENGINEERING THERMOPHYSICS  Vol.26 No.2 2017



168 DOROVSKY et al.

Ay = —M2Vik — NsUik, (67)
at = —¢divv — (adivu, (68)
a® = —(o1divv — (sdivu, (69)

where (j, (s, (12 are scalar kinetic coefficients; A, A1, B11, Baa, Bss, Bog are vector kinetic coefficients,
and n;, ns, 12 are tensor kinetic coefficients.

All kinetic coefficients are, generally, functions of S, p, ¢, J, u — v, that is, of the thermodynamic
nonequilibrium state. The dissipative function is a quadratic form defined positively:

. VT . c . VT 2
R:Bll(J—pu)2+2)\ T (J—pu)+2)\1v<,“ Tlu1>(~]_pu)+B22< T>

By (He T M vT B V(Mc—ul) 2 dive)? + ¢ (diva)?
23 T T + B33 T + ¢ (divv) (s (divu)

1
Mgy, + 2UikVik, (70)

1
+2(12 (divv) (diva) + 27]lfz)i2,,f + 5

which is guaranteed by the following conditions:

G>0, GG >, (71)
B3 >0, BB > )2, (B11Bss — A})(B11Bag — A\?) > (B11Bas — M), (72)
m>0, mns > iy (73)

[rreversible flows (63)—(69) in (52)—(58) enable us to close the initial set of equations:

%Z Fdiv(Ju) =0 (J = pa/m), (74)
op .. . .
g TAVI=0, j=putpv, p=pstp, (75)
0 (c . ~
(atp) + div (cspsu + pv + L) =0, (76)
as a (pe—p)L\ R
ot + div <Ssu+51v+T T = (77)
07 . .
o + Ok (psuiug + projvr + pdig — (s + C12) dipdivu — (G + Ci2) dipdivv
— (s + m2) wir, — (m + m2) vix) = pg, (78)
8’UZ' 1 J s .
ot +(V7V)Uz’:_p ip+§p8i0—|—§p8iw2—311 (]z—PUz)
1 1 ) .
—i—pl Ok (musk + Mmauix) + o 0; (¢ divv + (2 divu) + g;, (79)

JOURNAL OF ENGINEERING THERMOPHYSICS  Vol.26 No.2 2017



TWO-VELOCITY FLOW CONTAINING SURFACTANT 169

OE Ji | PL, Joi
o ((E J + (o, !
e+ o ((E o+ " o+ G, )

—2X(ji — pu;) + ﬂﬁkvk + mhouk + (L-) =0. (80)
As indicated above,

cspschs—i-Z);pl, Ssz‘;js+2<A—Alp(“};M1)>/Z7 (81)
o =eo— 201 Sz=ﬁ5—2<x—xl”(”};“l)>ﬁ, (82)
i:—332§Z—B;3v<NC;M1>, (83)
q= —322VTT — B3V (NC ;M) : (84)

As aresult, Egs. (81), (82) yield a relationship between surfactant concentrations for each phase and
surfactant concentration in the local element of the two-velocity medium ¢sps + ¢;p; = ¢p, and dynamic
equations as well:

Ou; Op o J_ P, o, M .
i == = o — ;i Bi1 (i — pu;
Iy +(u,V)u ) pfp(‘)a 2p8w +ps 11 (Ji — pui)
1 1 . .
+ Ok (movik +nsuig) +  0; (Gr2divv 4 (s divu) + g4, (85)
8’UZ' 8Z J _ s .
MECAYEES pp < 0o+ gpaiw2 — B (s — pus)
1 . . 1
+Pl 0; (Cl divv + (o leu) + o Ok (mvik + mguik) + g; (86)

and the equation for velocity w of relative motion:

i 1 _
8(;? + (w, V)w; + (w, V)v; + (v, V)w; + 28iw2 = —g;j 0,5 — Zl pB1iw;

1 1
—i—p 0; (Cr2divv + (s divu) — ) 0; (¢ divv + (2 divu)
1

s

1 1
+p Ok (M2vik + Nstik) — o Ok (Mmuir + maur) - (87)

s

Let us omit viscous and nonlinear effects from consideration. Equation (87) is now simplified:

ow
ot

and it shows that it is the gradient of surface tension and interphase friction (and viscous friction, in
the general case) determine the relative velocity of phases in the two-velocity system, under stationary
conditions.

In the absence of hydrodynamic velocities and time derivatives, the set of Eqgs. (74)—(80) can be
reduced to:

J
+ Zl pBuw = —¢° V& (88)

Ps
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V=0, Vp=pg, divg=0, divL=0. (89)

q=
Taking into account the Gibbs—Duhem relationship, (13), as well as (83), (84), we can transform the
set (88), (89) as follows:

SVT + pV (11 + @) + pcV (e — 1) =0, Vo =0, (90)
, VT - - VT 1 e —
div <322 Y <“ T’”)) —0, div <332 o + BV (“ T’”)) —0. (91

The set of four equations for the four thermodynamic variables has the following solution:

VI'=0, V(u+¢)=0, V(u—m)=0, Vo=0 (92)

with no entropy production:

B vT\? e — 1\ VT (e — p1) ?
R—B22< T> +323V< T > T —l—ng(V T . (93)

Conditions (92) coincide with conditions of thermodynamic equilibrium (15).

Thus, Egs. (74)—(80) follow from the first principle of thermodynamics, consistency conditions,
and second principle of thermodynamics for irreversible flows. When obtaining these equations, no
assumptions are made regarding interaction within the system. The motion equations obtained are
consistent with thermodynamics and as general as possible for the continual approximation. The
maximal value of kinetic coefficients and their functional dependence are shown.

EQUATION OF STATE FOR SOLUTION IN TWO-COMPONENT MEDIUM

Motion Egs. (74)—(80) obtained above are determined by the first principle of thermodynamics,
unambiguously:

So
dEy = TdS + prdp + (pe — p11) dpe + (Nz — 1+ m) dp2 (94)

and do not depend on the form of the equation of state Ey = Fy (S, p, pc, p2). Here, equations for the
two-velocity medium are obtained in a way similar to that of obtaining the set of Euler equations [17, 18,
23].

With introduction of mass concentration ¢ = p./p, the first principle of thermodynamics takes this
form:

dEo = TdS + pdp+ (po =+ ) dpy + Z de. (95)

Z=(pe—p1)p, p=p+c(pe—p). (96)
Our next goal is to express the chemical potentials (95) of the two-component system via the
chemical potentials of its homogeneous thermodynamic subsystems.
Let us consider the first principle of thermodynamics for each of the three-parameter thermodynamic
subsystem, introducing physical densities p{, pg. For the carrier water component with surfactant (mass
concentration of surfactant being ¢; ) we have:

aB{ = Tas{ + plagh + pldpf, = as{ + ula (o = A.) + ul.dpt.
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= Tas{ + p{dp{ + (. - uf) dpf, = TdS{ + mdp] + Z1der, (97)
o=+ (=) er 2= (o= nd) ol ol =of+ 0. (98)

For the fragmented oil component with surfactant (concentration being ¢), we have:
dE} = TdS] + fiadpl + Zodes,

fia = b + (ui —ug) 2, Zp= (ui —ug) ph. ph = b+ b (99)

Here, index f denotes physical components of infinite homogeneous media with surfactant of which
the hydrodynamic composite system is comprised; index p denotes partial density of the homogeneous

phase. Physical chemical potentials u{, ,ug in thermodynamics are found via the first principle of

thermodynamics with partial densities and are used in the so-called Gibbs phase rule.

Let us find the parameters representing the total of partial densities for homogeneous components:
internal energy, entropy, and mass:

Eo=E{(1-¢)+Ef¢, S=8(1—d)+550, p=pl(1—0)+pio. (100)

Here, ¢ is bulk fraction of oil droplets.

Let us calculate the differential for energy (100), using differentials of total entropy and density of the
composite system. The result may be presented in the following form:

dEy = (1 — ¢) (TdS{ + mdpd + Zldcl) +o (Tdsg + fiadph + ZQdCQ) + (Eg” - E{) dg

_ <o
=TdS + findp + (ug — ji1 + m) (1+c2)dpa + (p1 — p2) do

+ (ude— ) pr (U ey der + [ — i+ (e = 1) (1L 02)] pades, (101)
pr(l+c)=0pf, ml+a)=0=¢)pl. p=p1+p2+pe (102)
pr=—B] +TS8] + pdp{, p»=—Ef+TS]+ fadp}. (103)

Combining the two subsystems together, we find concentration no longer arbitrary but part of the
combined system at certain proportions determined either by the Gibbs rule or by Langmuir condition (if
the surfactant is concentrated on the surface of the oil droplets). However, pressure in (40) is determined
for arbitrary concentrations for each identified subsystem. In the composite system, components’
pressure will be p; = po, but neither will coincide with pressure p of the composite system. For low
concentrations, Eq. (101) may be rewritten as follows:

dEy = TdS + fndp + (ﬂz — i+ Z) dps + Aprder + vpades, (104)
pr=ps=0bps, pr=p=0=0)pl, p=pi+p2+pe (105)
AN=pl,—pf, v=pf—ul. (106)

To connect composite variables with those of the thermodynamic system under study, let us use the
following relationship:
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pc = c1p1 + cap2, (107)

D=1, 0(1) =0 (T-Ty), ®c=const, ul.# ph. (108)
2 02

The second formula from (108) represents the Langmuir isotherm, that is, the curve of equilibrium
adsorption, which holds true in the low concentration domain. Concentrations ¢y, coo characterize the
initial distribution of concentrations at temperature Ty. It is assumed that the time needed for local
equilibrium adsorption to establish is small. The term linear with respect to temperature describes the
temperature shift for the equilibrium curve. The pressure shift for the equilibrium adsorption curve is not
taken into account. Generally, one needs to consider kinetics of local adsorption.

Formula (104) must be identical to (11):

dEy = TdS + pudp + (/Lz — i+ j;’) dps + Zde, (109)
p=p1+ (pe —p1) e, Z = (pe— p1)p, (110)

SO
p:—E0+TdS—|—up+(M2—M1+m)dpg. (111)

Bringing (104) to the same form as (109), we arrive at the relationship between parameters p, p1, peo,
Z and the corresponding thermodynamic variables related to the subsystem. To this end, it is necessary
to transform expression Apide; + vpades from (104) in terms of variables used in the first principle of
thermodynamics (109). Taking into account (107), (108), we have two equations for finding differentials
of concentrations in components:

pidcy + padcy = pde + (¢ — c1) dp + (e1 — ¢2) dp, (112)

codey — cydey = @, AdT. (113)

The essence of the procedure performed is identifying the dependence of concentration differentials on
differentials of thermodynamic variables in (109). Let us introduce this parameter:

pic1 pP2C2
uTzu{c—<u{ +4d ) (114)
pc pc

As a result, the solution to the set of Egs. (112), (113) determines this sum:
p1p2 C3
Aprder + vpades = pippde + piy (¢ — c1) dp + pir (c1 — c2) dpa + (A — v) ) e d.dT. (115)

Using (108), we can bring (101) to the following form:

— — _ _ _ go’
dEy =TdS + (i1 + pr (¢ — 1)) dp + (m — 1+ pr(c1 —e2) + m) dp2 + prpde. (116)

This equation corresponds to pressure as per its thermodynamic definition:

_ — _ _ _ go’
p=—Eo+TS+ (i1 + pr (c —c1)) p+ <N2_N1+NT(61_C2)+ m)pz- (117)

On the other hand, we have a combined definition of pressure based on the relationship below:
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Ey=(1—-¢)E1+ ¢E> = (1 —¢) (—p1 +TS5; + /11/){) + ¢ (—pz + TS5 + ﬂ2/7£)

=—((1=@)p1 + ¢p2) + TS+ fup + (A2 — fir) p2 (1 + c2) (118)

which is definitely true. We find pressure form the latter equation (p; = p2):

p1=p2=((1—9)p1+ ¢p2) = —Eo+ TS+ fup+ (fiz — fi1) p2 + (fiz — fix) paca. (119)

This expression is invariant with respect to this transform:

2 2
Eo=FEo+ (v—2\) plzzcz’@cT, S=8+(—2A) plzzc%c. (120)

Let us demonstrate that pressure p; and pressure po differ from pressure p by the same value. Indeed,

p1=p — (fia — fir) pac2 + prc1pe, D2 = p — (fiz — fi1) p2c2 + [irC1pPe. (121)

The difference between p; or po and p of the composite system is based on dependence of concentrations
c1, co on phase equilibrium condition or Langmuir equilibrium adsorption curve, while p; and ps
characterize the homogeneous system with arbitrary concentrations of surfactants in it.

Equation (116) represents the first principle of thermodynamics for the composite system. We assume
that internal energy and entropy are determined by (120). Only in this case will the first principle of
thermodynamics (116) hold true.

Thus, for the medium representing the two-component system with surfactant, densities of internal
energy and entropy are not additive functions as per (116). Evidently, when these equations hold true:

p1 = fi1 — fpCl,  flo = fl2 — prC2, e = i1 + pir (1 —c1) (122)

Eq. (116) becomes (109). Therefore, the first principle of thermodynamics of the two-component system
has this form:

dEy = TdS + udp + </L2 — ;‘Z) dps + Zde, (123)

where chemical potentials are related with chemical potentials of homogenous subsystems as per (122).
To identify the link between concentrations ¢1, ¢o, concentration ¢, and densities p, p2, one should use
the following formulas:

pc pct
— , — , 124
P (160 T phtp(1-0) (124)
pl=ul (0. Tc1), pl,=pf.0.Tc1), nfe=1d (0T c). (125)

The kinetic correction (quadratic with respect to velocities) to the equation of state (123) is calculated
based on (11)[18]:

Eo = Eoly_y_o+ p; (u—v)2. (126)
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DIFFERENTIAL SCHEME FOR TWO-VELOCITY EQUATIONS

The computational algorithm for numerical analysis of the two-velocity continual hydrodynamic
system is based on the method of controlled volume [24, 25]. Discretization of the key equations for
this model is performed using a uniform rectangular grid (Fig. 1), where the computational nodes for
the vector components of velocities (grids s!, s2) are shifted with respect to the computational nodes for
other variables of the model (grid s°).

The scheme used is entirely implicit with respect to time. When approximating convective summands
to compute the flows via the faces of control volumes, the HLPA (Hybrid Linear/Parabolic Approxima-
tion) scheme of the second order [26] is realized, which satisfied the quantitative accuracy requirement
and the convection boundedness criterion (CBC). When approximating diffusive summands, the central
difference scheme is used. To compute the pressure field coordinated with the flow field, a scheme
similar to the [PSA (Inter-Phase Slip Algorithm) procedure [27] is realized. When approximating the
summands determining the forces between interacting phases, an entirely implicit scheme is used.
Within the framework of the computational algorithm developed, the continuity equation is not solved
explicitly. Its discrete counterpart:

AxAy 1 )
(61 = tis) At T (Coro)iiye, = (oro)iyn ;) Ay

+ ((Plvy)z;_iUQ - (Plvy)z;__ll/g) Az =0 (127)

is used when obtaining discrete counterparts for all other equations and when obtaining the correction
equation for pressure.

As aresult of this approach and using the selected approximation scheme, the discrete counterpart of
the motion equation for the component v, of the velocity vector of the carrier component takes this form:

R ot
Qo,it1/2,5Vs 41725 — M0,i4+3/2,3V5 43725 T 0,i=1/2,iV%-1/2,

n+1

, ol 4 oo ntl A+1/2,5 (pn+l  pntl
F00i+1/2,5+1V 11172, 541 T O,i+1/2,j-1V iy1/2,5—1 nt1 By Ph;) Ay
i+1/2,5

| |
| |
| |
| |

O L4 O @ O
I Pij+1
| P |
[ Ky !

. LL LT LAY S

| uy, ij+1/2
| 0 | 1
I S 1S

O L 2 O L 4 O

Piy : Uy ing| Pij : Uy jing| Pivy
| |
e R e Tt ek aht

: u, i1
| |

O——0O—6—0
| plj 1 |
| |
| |

Fig. 1. The computational grid.
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n+1

Prit1/2,5
+m erzn+411/2j nl-i-l/ ’ (O-?-:_ll,] B zn;_1> Ay + bv i+1/2,55 (128)
Pit1/2,5
n+1 41 Ay 1
ariv1/o41,j = (o107 )z+1/2:|:1/2,j Ay + 3 Re, Aa:n? i+1/2+41/2,5°
A, it1/2,5%1 = (pz y)z+1/2 jE1/2 Rel Ay m, z+1/2,]:|:1/2’

_.n n+1
ay i+1/2,5 = Q@ +ap i+3/25 t a1 i-1/2,5 T Q1 it1/2,541 T a1 i41/2,5-1 T bPL Z-+1/2,]A33Ay,

n_n AxAy
1 = P1,it+1/2,5 At
b ; = + bt utl AzAy + w + v
1, i+1/2,5 = A1 Vg, Z+1/2,J pl 7,+1/2,] z, i+1/2,5 Y l, 7,+1/2] l,i+1/2,5°

In Egs. (127), (128), the superscript index denotes the time step number,

T — . . ¥ _ . .
Vg it1/241/2,5 — WaX (Fv,it1/241/2,4,0) Uy it1/2,+1/2 = Max (Foy,it1/2,j41/2:0)

n+1
Wi it1/2,5
n+1
T1i4+1/2,5

this model are found in a similar way. We have studied hydrodynamic problems involving different types
of boundary condition. For example, for the motion equation at the boundary I, we either set pressure
plp = const, or velocity vectors u| = const, v| = const, or we approximate the infinity (du/0y)| =
0, (Ov/0y)|lp =0, (Ou/0x)|r =0, (0v/0x)|p = 0. Differential approximation of boundary conditions
in both cases is done similarly and is based on the scheme of the second order [28].

To compute the velocity field, which would satisfy the continuity equation and the pressure field
coordinated with it, a version of iterative procedure SIMPLE [24] was realized, which is similar to
[PSA. When passing to the next time step, the initial assumption regarding an approximate value of
the pressure field P* is made, and the true value is found via correction P’

includes nonlinear antidiffusion corrections in accordance with the HLPA scheme, while

is a result of integrating diffusive summands. Discrete counterparts for all other equations in

P=P +P. (129)

Similarly, corrections for velocity vector components are introduced:

/ / / /
Vg = Uy + Uy, Uy = U, Up = Uy Uy, Uy = Uy U (130)

Further on, by subtracting the exact and the approximate discrete counterparts for motion equations
and eliminating several summands as allowed by the basic version of the SIMPLE procedure, the
following corrections are introduced:

Ay priv1/2,j
Vrit1/2,) = (P - By (131)
/2 1,i4+1/2,5 Pi+1/2,5 ( +1])
Ax  prij+1/2
v = d pl;— P, (132
Béd+1/2 arij+1/2 Pij+1/2 ( tav1) )
Ay Ps,it1/2,5
U it1/25 = P2 (PL = PLay), (133)

s, i+1/2,5 Pi+1/2,5
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Az Psij+1/2
o _ b Pi/'_ i/' . (134)
v hitl/2 As,ij+1/2 Pij+1/2 ( 7 ’J+1)
A special feature of the IPSA is using a discrete counterpart for the continuity equation, which would
be general with respect to the phases, to obtain the pressure correction equation:

o\ ATAy
(pi,j - pi,j) At + ((psux)i.u/g,j - (Psux)i_1/2,j> Ay + ((plvm)iﬂ/z,j - (plvx)i_l/lj) Ay

+ ((Psuy)i7j+1/2 - (Psuy)m_lp) Az + <(plvy)i,j+1/2 - (Plvy)i7j_1/2> Az =0. (135)

Substituting (130)—(134) in (135), we arrive at the set of equations for computing the pressure field
(linear coefficients are not listed here due to being cumbersome and also not informative):

Ai P = Aiy1 Py + Ai1 Py j+ Aija Pl + Aij 1P ;1 + Bij, (136)
where B; ; contains residuals of the continuity equations and is a necessary indicator of convergence for
the iterative process. The step-by-step application scheme for this procedure is as follows: 1) Initial
assumption regarding the approximate pressure field P*; 2) solving discrete counterparts (128) in
order to find the velocity vector components for the approximate field (u},u}) and (v}, v); 3) finding

pressure correction P’ by solving correction Eq. (135); 4) computing the new pressure field P from
(130); 5) computing the new fields for velocity vector components (ug,u,) and (vg,v,) via (131)—
(134); 6) solving discrete counterparts for other equations of the model; recalculating the density and
temperature fields using the equation of state, expressions for surface tension and chemical potential of
surfactant; 7) presenting the corrected pressure field P as new P*, returning to Step 2 and repeating the
procedure until the iterative process converges.

To solve numerically the systems of linear algebraic equations for discrete counterparts of core
equations and correction equation for pressure, the method of alternating direction and the PARDISO
solver parallel to the line are used, the latter realized as part of the mathematical library Intel MKL [29].

COMPUTATION RESULTS: CHARACTERISTICS OF FORCED TWO-PHASE FLOW

Computational domain is set as a rectangular annulus of characteristic dimensions L, = 0.5 m,
L, = 0.2 m, limited from above and below by nonmoving horizontal planes. Gravity has components
g = (0, g) (see Fig. 2).

Formulation of the problem: On the top and bottom surfaces, there are no orthogonal or vertical
velocity components. These planes serve as adiabatic insulation. Between the inlet and outlet bound-
aries, the pressure drop Ap is set. At the inlet boundary of the computational domain, the Dirichlet
conditions for surfactant concentration and temperature of the medium are set. At the outlet boundary
of the computational domain, the Neumann conditions for surfactant concentration and temperature of
the medium are set. Computations are performed for a dispersed mix of viscous, barely compressible

Fig. 2. Computational domain for a flat annulus. The water—oil mix with surfactant is flowing through its sides, left to
right.
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Fig. 3. The linear interval of the curve representing dependence of surface tension on surfactant concentration for
different surface activity.
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Fig. 4. The velocity profile for oil motion at Ap = 50 Pa and different surface activity for the moment of time ¢t = 2.2 s.

fluids. Physical parameters of the dispersed phase (oil droplets, flow rate u) correspond to the technical
data for oils: p{ = 880 kg/m3, a; = 1.2-1071° Pa~1, 5, = 0.1 kg/(ms). For the carrier phase (water,
flow rate v), physical parameters correspond to the technical data for water: plf =998 kg/m3, a; =

4.7-107% Pa—!, i = 0.001 kg/(ms). The bulk fraction of water at the initial moment of time is ¢ = 0.5.
Thermodynamic parameters are linked as follows:

dp = padp — pBT, s =c,6T /T — Bop/p. (137)

JOURNAL OF ENGINEERING THERMOPHYSICS  Vol.26 No.2 2017



178 DOROVSKY et al.

0.5
T MM
v, M/s
0.4 \
03 |4 iR
0.2
-, =0.1 N/m
d,=0.5N/m
0.1
“*d,=1N/m
==d,=2N/m
0 ! l
0 0.1 0.2 0.3 04 x,m 0.5

Fig. 5. The velocity profile for water motion at Ap = 50 Pa and different surface activity for the moment of time ¢ = 2.2 s.
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Fig. 6. The velocity profile for water—oil relative motion at Ap = 50 Pa and different surface activity for the moment of
timet = 2.2s.

The chemical potential of surfactant was described with this dependence:

/.ledlp—{—dgT—i-R*Thl c, (138)
where d; = 0.1 m3/kg, do = 0.001 m?/(Ks?), R* is the gas constant. Surface tension was found via
a:al(Tc—T)/(Tc—Tref)—agln(l—i-agc), (139)
where T. = 513 K, Tyey = 293 K, a1 = 7-1072 N/m, a2 = 0.1,0.5, 1, 2N/m, a3 = 1.
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Fig. 7. The velocity profile for oil motion at Ap = 50 Pa and different surface activity for the moment of time ¢t = 2.2 s.
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Fig. 8. The velocity profile for water motion at Ap = 50 Pa and different surface activity for the moment of time ¢ = 2.2s.

In the computations, dissipative parameters were used: A; = 1076, \y = 1072 kg/(m-s?). The
diffusion coefficient for surfactant in water is set at D = 2 - 1072 m?/s. Thermal conductivity is typically
defined as k = Bgy/T. Because x = k/pc,, we have x = Baa/pc,T: x = 1.34 - 1077 m?/s. Computa-
tions were performed using a 80 x 60 grid with the time step At = 1072 s. When performing numerical
analysis in the full set of equations, we did not take into account: mutual (912 = 0) and bulk (12,57 = 0)
viscosities of the components, and thermodiffusion (Ba3 = 0).

Oil components, which include various compounds, affect physics and chemistry of oil. Of special
interest are organic compounds whose presence can be assumed when oil contains oxygen, sulfur,
and other elements. The amount of these compounds (naphthenic acids, asphaltenes, and resins) in
natural oil is negligible. However, oxygen and sulfur-containing compounds have significant influence
on properties of interfaces between layers within the formation, on distribution of fluids and gases in the

JOURNAL OF ENGINEERING THERMOPHYSICS  Vol.26 No.2 2017



180 DOROVSKY et al.

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

P adRREe

{

{ --a, =0.1 N/'m
0.08
h
X ==a, =0.5N/m
!
0.12 s “-d,=1N/m
—+d, =2N/m

0.16 W N
\&

Yy, m

=

0.2

Fig. 9. The velocity profile for water—oil relative motion at Ap = 50 Pa and different surface activity for the moment of
timet = 2.2s.

borehole flow, and motion patterns of components. Sulfur content in oil may reach 6%. Sulfuris present
in the free state or as hydrogen sulfide, but more often it may be part of the sulfur compounds or resins.
Oxygenated oil components include naphthenic and fatty acids, phenols, ketones, and other compounds.
The contents of naphthenic and fatty acids vary from hundredth fractions of percent to 2%. Because oil
contains naphthenic and fatty acids, alkalis can be used to increase oil recovery. Later, these compounds
enter the borehole shaft and affect subsequent dynamics of the multiphase mix. Interaction between
alkalis and oil acid yields water-soluble surfactants, which decrease surface tension at the interface
between oil and water. Macromolecular oil compounds containing nitrogen, sulfur, oxygen, and metals
are resins and asphaltenes. Their special feature is the ability to adsorb on the phase surface and affect
fluid and gas motion when the water—oil system travels along pipes. For this reason, it is essential to
analyze the impact surfactants have on dynamics of the mixture.

Below, it is assumed that dependence of surface tension on surfactant concentration is (139). As
we consider only the linear interval of the curve, we can set a; = 1 without violating the generality of
discussion (Fig. 3).

The parameter ay characterizes the derivative of surface tension as a function of surfactant concentra-
tion and determines its surface activity. Surface tension at the interface between water and oil is between
50 mJ/m? and 10 mJ/m?. These boundaries are, obviously, tentative because solvable surfactants are
always present in natural oil at different concentrations. The parameter a9 for specialized surfactants
may be 100 mJ/m? and up, and can reach tens of thousands. As we had in mind natural surfactants, we
intentionally set very low ay when studying surfactant’s role in the two-phase flow. The results obtained
are likely the estimates of the lower limit of this effect. There are no exact data reported for dependence
o (¢, T) for surfactants like resins and asphaltenes, which contain sulfur and oxygen. Also, there are no
such data for soluble paraffins, silica gels, and other natural surfactants found in water—oil mixtures.
Information of this kind is kept as a trade secret.

A strong impact of az on the motion of water and oil motion is due to low flow rates. As one can see
from dynamic equations (106), (107):

0 s J

ps 4 (VY u=-""Vp—pc’ Vo +..., (140)
ot P P
0 J

Pl V+pl(v,V)v:—prp+plg Vo+..., (141)
ot P P
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Fig. 10. The velocity profile for surfactant distribution at Ap = 50 Pa and different surface activity for the moment of
timet = 2.2s.

it is the pressure gradient Vp < 0 and surface tension gradient Vo > 0 that act as the moving forces
in the system. These two forces accelerate water and decelerate oil. Below, Figs. 4—6 demonstrate
longitudinal profiles for corresponding velocities where the pressure drop Ap = 50 Pa is applied to the
system. The profiles cross the center of the flat cannel. The bends on the curve are due to the bends on
the spatial distribution curve for the surfactant concentration.

When surface activity is low and varies within the neighborhood of 0.1—2.0 H/m, one can observe
a strong influence on velocities of components (oil and water) and on their difference; see the figure
showing the changes in velocity to the left from the front. The greatest impact on the dynamic process is
observed when surface activity reaches as = 2.

Figures 7—9 show cross-section profiles for corresponding velocities at Ap = 50 Pa. The profiles
cross the center of the computational domain.

The profiles are shown for the moment of time ¢ = 2.2 s for the cross section going through the center
of the computational domain. When surface activity changes from 0.1 N/m to 2.0 N/m, oil velocity
drops by almost half while water velocity almost doubles. Of special interest are cross-section profiles of
surfactant distribution shown in Fig. 10. The profile crosses the center of the computational domain.

CONCLUSIONS

Thus, with the two-component model whose carrier component contains dissolved surfactant,
we were able to demonstrate the impact of surfactant on fluid dynamics. The surfactant accelerates
the carrier component and considerably decelerates the motion of the oil droplets continuum in the
nonstationary fluid flow. This fact requires considerable adjustments to phase flow rates computed taking
into account hydrodynamics of multiphase flows. If we do not take into account the above, significant
errors will be introduced to measurements of the mass phase ratios via the cross section of the pipe.

The hydrodynamic analysis of the system is based on the physical two-velocity model of the medium
whose equations were obtained exclusively from the conditions of satisfying the conservation laws and
the first principle of thermodynamics for the two-velocity system.
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