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Abstract

Here, we calculate the hydrodynamic ejection force acting on a microscopic emulsion drop, which is continuously growing at a capillary tip.
This force could cause drop detachment in the processes of membrane and microchannel emulsification, and affect the size of the released drops.
The micrometer-sized drops are not deformed by gravity and their formation happens at small Reynolds numbers despite the fact that the typical
period of drop generation is of the order of 0.1 s. Under such conditions, the flow of the disperse phase through the capillary, as it inflates the
droplet, engenders a hydrodynamic force, which has a predominantly viscous (rather than inertial) origin. The hydrodynamic boundary problem
is solved numerically, by using appropriate curvilinear coordinates. The spatial distributions of the stream function and the velocity components
are computed. The hydrodynamic force acting on the drop is expressed in terms of three universal functions of the ratio of the pore and drop radii.
These functions are computed numerically. Interpolation formulas are obtained for their easier calculation. It turns out that the increase in the
viscosity of each of the two liquid phases increases the total ejection force. The results could find applications for the interpretation and prediction

of the effect of hydrodynamic factors on the drop size in membrane emulsification.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The method of membrane emulsification attracted a con-
siderable interest and found numerous applications during the
last decade. The method was applied in many fields, in which
monodisperse emulsions are needed. In food industry it was
used for production of oil-in-water (O/W) emulsions: dress-
ings, artificial milk, cream liqueurs, as well as for preparation
of some water-in-oil (W/O) emulsions: margarine and low-fat
spreads. Another application of this method is for fabrication
of monodisperse colloidal particles: silica—hydrogel and poly-
mer microspheres; porous and cross-linked polymer particles;
microspheres containing carbon black for toners, etc. A third
field is the production of multiple emulsions and microcapsules,
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which have found applications in pharmacy and chemother-
apy. Detailed reviews could be found in Refs. [1-5]. Closely
related to the membrane emulsification is the method employ-
ing capillary tubes or microchannels to produce monodisperse
emulsions [6-9].

The key problem of membrane emulsification is related to
the explanation and prediction of the dependence of the drop
size on the system’s parameters: pore diameter; flux of the dis-
perse phase along the pores; applied cross flow in the contin-
uous phase; viscosity of the oil and water phases; interfacial
tension and kinetics of surfactant adsorption, etc. (Here and
hereafter we call “disperse” the phase from which the drops
are made, despite the fact that this phase is continuous before
the drop detachment from the membrane.) Different approaches
have been used to solve this problem: by regression analysis
of experimental data [9]; by modeling of the drop expansion
and surfactant adsorption by surface evolver [10,11]; by three-
dimensional computational fluid dynamics simulations [12,13],
and by lattice Boltzmann simulations [14]. The quantitative the-
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oretical analysis demands one to determine the forces exerted
on the growing emulsion drop and to establish the mechanism
of drop detachment from the pores.

In some experiments, cross flow is applied in the continuous
phase parallel to the membrane surface. It gives rise to drag and
lift hydrodynamic forces that tilt the protruding drop and help
for its detachment from the membrane [4,14,15]. In addition,
the flow of the disperse phase through the capillary, as it inflates
the droplet, engenders a hydrodynamic ejection force that also
tends to detach the droplet from the pore [15].

It is possible to produce monodisperse emulsions by mem-
brane emulsification in the absence of cross flow in the outer
liquid phase [3]. In this case, the drag and lift hydrodynamic
forces are missing, but the ejection force alone is able to de-
tach the drops from the pores. The hydrodynamic estimates (see
Section 3 below) show that under typical experimental con-
ditions this process happens at small Reynolds numbers, for
which the inertial terms in the Navier—Stokes equation are neg-
ligible. Hence, under such conditions the ejection force has a
predominantly viscous (rather than inertial) character.

The full hydrodynamic problem for detachment of emulsion
drops in cross flow is rather complicated. It could be split into
two separate problems: (i) calculation of the ejection force in
the absence of cross flow in the outer liquid, and (ii) accounting
for the effect of the cross flow. Our goal in the present article is
to solve the first problem.

The paper is organized as follows. In Section 2, we con-
sider the kinematics of drop expansion. In Section 3, the basic
equations and boundary conditions are formulated. In Section 4,
appropriate curvilinear coordinates are introduced to transform
the three physical domains (capillary channel, drop and outer
phase) into rectangles. The hydrodynamic boundary problem is
solved numerically and the velocity field is calculated. Finally,
in Section 5 the hydrodynamic force acting on the emulsion
drop is computed and interpolation formulas are obtained for
its easier calculation. Details of the theoretical derivations are
given as appendices to this paper—see Supplementary material.

2. Kinematics of drop expansion

We consider the expansion of an emulsion drop, which is
growing at the tip of a capillary. Our purpose is to quantify the
hydrodynamic forces acting on the drops, which are formed at
the openings of the pores of an emulsification membrane. We
are dealing with microscopic drops, for which the gravitational
deformation of the drop is negligible. Here, we consider the
simpler case, in which there is no cross-flow in the outer lig-
uid phase; i.e., the only motion in the outer liquid is due to its
displacement by the growing drop.

Because we are dealing with small drops, we will simplify
our treatment by the assumption that the drop surface is (ap-
proximately) spherical. The membrane pore will be modeled as
a cylindrical channel, see Fig. 1. We will denote the radius of
the drop surface by R;, and the inner radius of the pore—by R;,.
To describe the process of drop formation, we will use cylindri-
cal coordinates (r, z), where the z-axis coincides with the axis

Z A
phase b 4

phasea|_©

pore wall
resm aod

rTman

velocity profile

Fig. 1. Drop from the liquid phase ‘a’ growing at the orifice of a membrane
pore. Phase ‘b’ is the outer liquid medium. Rp and Ry are, respectively, the
radii of the cylindrical pore and spherical drop surface. The “protrusion” an-
gle « characterizes the size of the drop (0 < « < 180°), whereas the angle 6
characterizes the positions of the material points at the drop surface; vs is the
surface velocity.

of rotational symmetry of the system, and the plane z = 0 coin-
cides with the outer membrane surface (Fig. 1).

The inner and outer liquids will be referred as “phase a” and
“phase b,” respectively. For example, “phase a” could be oil
and “phase b”’—water, or vice versa. Due to the symmetry, the
velocity fields, v, and vy, in the respective phases can be ex-
pressed in the form:

Va = Uge, + wye,, Vb = Upe, + wpe;, 2.1

where e, and e, are the unit vectors of the r- and z-axes. Inside
the cylindrical channel, far from its orifice, we have Poiseuille
flow of the inner liquid [16]:

’,.2
u, =0, wa=2vm<1——2>
RP

for 0 <r < Rpand z — —o0. 2.2)

Here vy, is the mean velocity, and the subscript “a” denotes the
inner liquid phase. The flow rate, Q, of the inner liquid is
dv

z )

where V is the volume of the growing drop, and ¢ is time. The
volume can be expressed in the form:

7TRI3, 2+ cosa
=——_—— " _sina,
3 (1 +cosw)?

where the angle o characterizes the protrusion of the droplet
from the pore (Fig. 1), and will be termed below “protrusion
angle.” The differentiation of Eq. (2.4), in view of Eq. (2.3),
yields:
da

i %:(1 —I—cosoz)z.

(2.4)

2.5)
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The time derivative of the drop radius, Ry, is

dRs d [ Rp 1+ cosa
=—(—)=—-vy———cosu
dt dt \ sina ™1 —cosa
Likewise, for the z-coordinate of the drop center, zq, we ob-
tain

(2.6)

dzq 1+ cosa

— =——(Rpcota) =vp———. 2.7

dt dt( pcoLa) vml—cosa @D
The spherical drop surface obeys the equation

F(rs, ) =r] +(zs —20)* — R} =0, 2.8)

where (7, z5) are the coordinates of a material point on the drop
surface with respect to the immobile cylindrical coordinate sys-
tem bound to the channel of the pore (Fig. 1); ry is the position
vector bound to this material point. In view of Eq. (2.8), the ma-
terial derivative of the function F (rs, ¢) should be equal to zero
[17-19]:

oF

— +4+vi-VF =0,
ot

where V is the spatial gradient operator. Substituting Eq. (2.8)
into Eq. (2.9), one derives the following relationship at the drop
surface:

f=a,b, 2.9)

Zs — 2d dRs  zg—zqadzq

rs

—us + we = s f= a, b. 2.10

R uf Ry f dt Ry dt ( )
It is convenient to introduce polar coordinates:

rs = Rgsiné, Zs = 2d + Rscos0, 2.11)

where 6 is the polar angle that characterizes the position of
the surface material points (Fig. 1). Further, with the help of
Egs. (2.1), (2.10), and (2.11) we deduce the following expres-
sion for the normal projection of the surface velocity with re-
spect to the drop surface:

14 cosa
n-vg=n-vi=vy——(cosf — cosa),
1 —cosax
f=a,b, (2.12)
where n is the running unit normal to the drop surface:
n=e,sinf + e, cosb. (2.13)

The magnitude of the normal component of surface velocity,
calculated from Eq. (2.12), is illustrated in Fig. 2. As it could
be expected, the normal surface velocity has a maximum at the
apex of the drop surface, where # = 0 and n- v¢/vy, = 1 4cos e,
and decreases with the increase of the protrusion angle, o
(Figs. 2a and 2b).

3. Basic hydrodynamic equations and boundary conditions

The formation and detachment of micrometer-sized drops
during membrane emulsification occurs at small values of
the Reynolds number. To check that, we present Eq. (2.3)
in the form nRSvm ~ 47 R3/(3At), where At is the pe-
riod of drop formation and Ry is the radius of the detached
drop. Then, the Reynolds number could be estimated as Re =

2.0
> a=30°
K]
o 15 Ta=50°
g
I a=10°
& 10
% a=90°
(7]
g 0.5 T
S
o
=z
0.0 t +— t
0.00 0.25 0.50 0.75 1.00
Polar coordinate, 8/«
()
1.00 -
o
."? a=90
8
< 075 ¢
>
3 a=110°
£ 050 +
=1
(7]
w o
1 @=130
£ 025
2
a=150°
0.00 : : i
0.00 0.25 0.50 0.75 1.00

Polar coordinate, 8/«
(b)

Fig. 2. The normal projection of the dimensionless surface velocity, n - vs/vm,
plotted vs the polar angle, 6, for different values of the protrusion angle:
(a) @ < 90°, (b) « > 90°.

pPvmRy/n & 4,0R3/(3anAt), where 7 is the dynamic viscos-
ity of the liquid. Substituting typical parameter values: density
o =1 g/cm?; dynamic viscosity n = 0.01 poises, At = 0.1 s;
R4~ 3Rp, and R, < 20 pm, one obtains Re ~ 0.14. Hence, the
Reynolds number is small and the classical Stokes equations
can be used to describe the flow in the inner and outer liquid
phases [20,21]:

f=a,b. (3.1)

V.v=0, V pe = 1¢V>vy,

As usual p, v, and 5 stand for pressure, velocity, and dynamic
viscosity; the subscripts “a” and “b” denote quantities related
to the inner and outer liquid phases, respectively (see Fig. 1).

It is convenient to introduce dimensionless variables, de-
noted by tilde, as follows:

r =Ry, 7= RpzZ, Va = UmVa, Vb = UmVp, (3.2)
20 Nalm .~ NMbVUm -~

= +—+ , = + —— Db, 33

Pa = Poo R, R, Da Pb = Poo R, Pb (3.3)

where p is the equilibrium bulk pressure in the outer phase
far from the forming drop; o is the oil/water interfacial tension.
With the help of Egs. (2.1), (3.2), and (3.3), we bring the system
of equations (3.1) in the form [20,21]:
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o
——(Fii — =0, 34
7 57 D) + 5 (3.4)
alra .. 8%y dpt

19 gur_ bt 3.5
oF [F af(”‘f)] TR T G-2)
10 (9w 9%y dpr
1 owr_ ot 3.6
F o7 (r o7 >+ 972~ oz G0

where f = a, b. Equations (3.4)—(3.6), along with the respective
boundary conditions (see below), form a system of equations
for determining py, s = ur/vy, and W = wg/vy. To obtain
a single partial differential equation for the considered prob-
lem, we apply a standard hydrodynamic approach that is based
on introducing a dimensionless stream function, ¢, as follows
[20,21]:
. oYy - 19,
uf=—— wf=—;5(r¢f),
In view of Eq. (3.7), the continuity equation (3.4) is auto-
matically satisfied and the stream function obeys the equation
[20,21]:

f=a,b. 3.7)

L[L(yp)]=0, f=a,b, (3.8)

where the linear differential operator L is defined as

L(f)—8 18(~f) +a2f (3.9)
~oF|For 072 '

where f is an arbitrary function. Note that the partial differ-
ential equation (3.8) is of the fourth order and two boundary
conditions at each boundary are needed for its solution [17,20,
21]. The pressure, pf, f = a, b, is simply related to the stream
function, ¥, through the basic Stokes equations (3.5) and (3.6).

An important step in the modeling of the drop expansion is to
transform the hydrodynamic boundary conditions in the terms
of the stream function.

At the axis of symmetry, 7 = 0, the radial velocity, uf, and
the curl of the liquid flow must be zero, irrespective of the value
of z. Therefore, the stream function must be an odd function
of r [20,21], and the following boundary conditions take place:

2
OV o i =0,
a2

Inside the channel of the pore, far from its orifice, we
have Poiseuille flow with a parabolic velocity profile given by
Eq. (2.2). Then, from Egs. (2.2), (3.2), and (3.7) we derive

73 Va

1!’:127—", 37

(3.10)

=0 at0<r<landZ— —o0.
(3.11)

At the solid wall of the cylindrical pore (¥ = 1, see Fig. 1),
we must have u, = w, = 0. Substituting 7 = 1 in Eq. (3.11), we
get ¥, = —1/2. Further, we substitute the latter relationships in
the expression for wr in Eq. (3.7) to derive:

1 oy 1 - -
%:_5’ E)Fazi atr=1and 7 <O.

Likewise, we have u, = wy = 0 at the solid surface Z = 0 for
7 > 1, which represents the boundary of the membrane with the
outer liquid (Fig. 1). For this boundary, we obtain

(3.12)

1 RN
I P
Here, we have used the fact that the substitution of ¥, o 1/7
into Eq. (3.7) yields w¢ = 0; the constant of proportionality is
determined from the condition Y, = ¥, = —1/2 at ¥ =1, see
Eq. (3.12).

At the drop surface we impose the kinematic boundary con-
dition given by Eq. (2.12); thus, we derive (Appendix A in
Supplementary material):

(1 4+ cosa)sinf cosa 1
Va=1Yp= . - =

(1 —cosa)sina \ 1 4+cosf 2
at the drop surface.

0 atr>1andz=0. (3.13)

(3.14)

It is important to note that the stream function (3.14) is continu-
ous at the edge of the pore, i.e., the value of i is equal to —1/2
at 0 = «, see also Egs. (3.12) and (3.13).

At the oil-water interface, the tangential components of the
velocities in the two phases should be equal, t- v, =t - v, [16];
here, t is a running unit tangent to the drop surface. In the
case of membrane emulsification, a high concentration of sur-
factant is used to stabilize the obtained emulsion droplets. The
adsorbed surfactant molecules give rise to a considerable sur-
face elasticity (Marangoni—Gibbs effect) and surface viscosity,
which have to be taken into account in the tangential stress bal-
ance [18,19,22]. It has been proven both experimentally and
theoretically [18,22—24] that the surface (Gibbs) elasticity and
viscosity damp the surface mobility even at very low surfactant
concentrations. Therefore, we could treat the oil-water inter-
face as tangentially immobile, i.e., t- v, =t - v, = 0 at the drop
surface. The tangential immobility leads to a boundary condi-
tion of Neumann type for the stream function (see Appendix A
in Supplementary material):

a
% + Yrsine =0  at the drop surface, (3.15)
n
where f = a, b. The directional derivative in Eq. (3.15) is
0 ] ]
Wt vy =sing Y 4 cosp VT (3.16)
on ar 0z

In view of Egs. (3.15) and (3.16), the problem splits into two
separate boundary problems in the phases “a” and “b.”

4. Solution of the problem in curvilinear coordinates

The hydrodynamic equations (3.8) for the stream func-
tions ¥, and vy, along with the respective boundary conditions
(3.10)—(3.15), have no analytical solution. To solve the prob-
lem numerically, we parameterized the three spatial domains of
the considered system by means of appropriate curvilinear co-
ordinates (Section 4.1). The derived equations are reformulated
in terms of the new coordinates (Section 4.2). The obtained nu-
merical results for the stream function and velocity components
are presented and discussed in Section 4.3.

4.1. Coordinate transformations

It is convenient to transform the physical space, occupied by
the two liquid phases, including the emulsion drop, into a finite
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Fig. 3. (a) Curvilinear coordinates (x1, x») introduced in Section 4. (b) The
pore interior, the drop interior and the outer phase are transformed into the
rectangular domains A, B, and C, respectively.

rectangular domain. For this goal, we consider three separate
domains (Fig. 3). Domain A represents the interior of the cylin-
drical capillary. Domain B is the interior of the emulsion drop.
Domain C is the outer liquid (the continuous phase of the emul-
sion).

In the domain A, it is convenient to replace the cylindrical
coordinates (7, z) by curvilinear coordinates (xi, x3), defined
as follows:

~ _zZ
7, X =1 :
Thus, the domain corresponding to 0 <7 < 1 and z <0, is
transformed into a finite rectangle, for which 0 < x; < 1 and
—1 < x2 <0 (Fig. 3). The coordinate surfaces x| = const. are
vertical cylinders, whereas the coordinate surfaces x, = const.
are horizontal planes. Using the curvilinear coordinates defined
by Eq. (4.1), we derive
A
aF  dxy 0z 0x2
Because the domains B and C are separated by a spherical
phase boundary (the drop surface), it is convenient to introduce
orthogonal toroidal coordinates in these two regions:

X1 4.1)

4.2)

. 2x . 1—x12 .
F= o 7= sin x», 4.3)
h=1+x}+ (1 —x})cosxa. (4.4)

The coordinates x| and x», defined by Egs. (4.3)-(4.4), are
similar to the conventional toroidal coordinates [25—-27]. In our

case, the coordinate surfaces x; = const. are toroids, whereas
the surfaces xo = const. are spheres (Fig. 3). The latter obey the
equation:

P2+ (Z + cotxg)2 =

——. 4.5)
sin” xp

One could check that (irrespective of the value of x;) all
spheres described by Eq. (4.5) are passing through the circum-
ference ¥ = 1, 7 = 0, which is the edge at the orifice of the pore.
Because the drop surface represents a sphere of dimensionless
radius R, = Rs/Rp = 1/sina (Fig. 1), from Eq. (4.5) we find
that x, = o at the drop surface (at the boundary between the
domains B and C). In addition, the boundary between the do-
mains A and B corresponds to x, = 0; see Eqgs. (4.1) and (4.3)
and Fig. 3. Thus, the domain B represents a rectangle, for which
0<x; <1andO0< x <a, whereas for the domain C we have
O0<xi<landa <xp <.

From the definition of the toroidal coordinates (4.3) and
(4.4), it follows that
o %[(1 —x7) + (1 +x7) cos x2],

0x1

37 1—x? oF
22 _Th o (4.6)
8)62 2 3)61

or 2 0z 2 0F
— = Zx{(1 = x?)sinx,, — =— —. 47
oy~ (I a)sine, = Err

The respective metric (Lamé) coefficients are [25,26]:
2 1 —x2

hi==,  hy= 1 4.8

1= 2 A (4.8)

Two other useful relationships connect the derivatives in
terms of the cylindrical and toroidal coordinates:
of 1 2 2 af
g = 5[(1 —xl) + (1 +X1)COSX2]a—x1

2x1 sinxz 8f
—— 4.9)
1 —x; 9x2
af
9z

2
— xsinn Ly <1+ L+ cosx2>ﬁ. (4.10)
dx1 1— x12 dx2
The introduced curvilinear coordinates are convenient, be-
cause the boundary conditions are imposed on coordinate sur-
faces. In the next sections, we specify the form of the differen-
tial equations and boundary conditions for the domains A, B,

and C.

4.2. Hydrodynamic equations and boundary conditions in
curvilinear coordinates

As mentioned above, the domain A is a rectangle for which
0<x; <1land —1 < x2 <0 (Fig. 3). In this domain, the linear
differential operator L, defined by Eq. (3.9), acquires the form:

32 f J2f 1 af

L(f)=—5+1+x)"'—5 +——
(D= + U+ Sa + ot

2+ L
8)62

. 4.11
2 (4.11)
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In the domain A, the stream function v, satisfies Eq. (3.8),
where the linear differential operator L is given by Eq. (4.11).

Furthermore, with the help of Egs. (4.3), (4.4), (4.9), and
(4.10), one can express the differential operator L in terms of
the toroidal coordinates (xi, x»):

13%f 19%f h 2x; \ 1 of
L= Yo "\ "1 ) mon
1 1 2 2 1

sinxy of f

Iy 512 h%x% . 4.12)
In the domains B and C, the stream functions ¥, and v, satisfy
Eq. (3.8), in which the linear differential operator L is given by
Eq. (4.12).

At the axis of symmetry, 7 = 0, which corresponds to x; =0,
the stream function is an odd function of x; [20,21], and the
boundary conditions (3.10) reduce to

32
— —wzfzo atx; =0and —1 < x» <0,
0xy
f=a,b. (4.13)
In the interior of the capillary channel, far from its orifice,
we have 7 — —oo and x = —1. Then, from the boundary con-
dition, Eq. (3.11), using Eq. (4.1) we derive
3
X d
wa:—l—xl, 1/fa:O at0<x; <land xp =—1.
2 0xo

4.14)

The second relation in Eq. (4.14) follows from the fact that
the perturbations of the Poiseuille flow in cylindrical chan-
nels decay exponentially with the distance z [20,21]. Therefore,
0,/ 07 decays faster for z — —oo than (1 +x2)2 for xo, — —1.

The solid wall of the cylindrical channel corresponds to
¥ = x1 = 1. With the help of the definitions in Eq. (4.1), the
respective boundary conditions, Eq. (3.12), can be rewritten in
the form:

1 Y

1
wa__i’ dx1 )

atx;=1and —1 < xp <0.
4.15)

At the outer membrane wall, where 7 =0 and x; = 7
(Fig. 3), with the help of Egs. (3.13), (4.3), (4.4), and (4.10),
we derive the following boundary conditions:
o=— b G 0<a <landxs =1,
2 8x2

At the drop surface (the oil-water interface), we have
x7 = «. With the help of Eqgs. (4.3) and (4.4), after some math-
ematical transformations one can express boundary conditions,
Egs. (3.14) and (3.15), in the form (Appendix B in Supplemen-
tary material):

(4.16)

wfz—);l—l[l + (1 —xlz)cosa] atxy =aand 0 < x; < 1,
4.17)

L oyr (4.18)

——— 4+ Yssina =0 atxp;=coand 0 < x; <1,
h2 3)(2

where f =a, b.

The present formulation of the problem introduces two ad-
ditional boundaries (Fig. 3b): (i) The circumference of the pore
edge, which is the point (1, 0) in cylindrical coordinates (7, z),
in curvilinear coordinates is expanded in the segment x| = 1
and 0 < xp < 7 of the domains B and C. (ii) The domains A
and B at x, = 0 are separated by an imaginary boundary, which
appears because of the used different coordinates and the re-
spective different forms of the differential operator L given by
Egs. (4.11) and (4.12).

At the edge of the pore, the values of the stream functions are
determined from Egs. (4.15) and (4.16). In addition, using the
nonslip boundary condition one derives (Appendix B in Sup-
plementary material):

1 dYf  COSXp
=T g T 2
andf=a,b.

atx; =1, 0<xp <,
4.19)

To have a continuous stream function at the boundary
between the domains A and B, the values of ¥, and its
z-derivatives on both sides of the boundary must be equal. To
fulfill this requirement, it is enough to have

_ Il _ Y|
wimo [0 (2%
3
{aa;a}=0 at0 <7 <1, (4.20)

where { f} means the jump of the respective function across the
boundary:

{fi= f|z»o+0_f’zﬁofo'

In terms of the introduced coordinates, the derivatives in
Eq. (4.20), calculated in the domains A and B have a different
forms. After some mathematical transformations, the boundary
conditions (4.20) can be represented in the form (Appendix C
in Supplementary material):

4.21)

3 2 9
Vi __2 o W)
0x2 |y—0—0 1 —x7 0x2 |,—040
92 9
( by m)
0x5 0x2 / ;=00
4 3 2x; 9
=[ - ‘/;a - ””a} : (4.23)
(I —x7)* 9x; 1 —x7 9x1 Jly,—0+0
93 92 9
( 1&33 + 6 1/;3. + 6 1/’3) —
ax; 0x5 9x2 /) |y,—0—0
_[ 8 W 120 9
“la —x12)3 Bxg 1 - xl2)2 0x10x2
4(143x3) 9
i) 13) I/’a] . (4.24)
(I —=x7)? 9x2 Jlx,—040

We solved numerically the partial differential equations,
Egs. (3.8), in which the linear differential operator L is de-
fined by Eqgs. (4.11) and (4.12), using the boundary conditions
(4.13)—(4.19) and (4.22)—(4.24). For this purpose, in each of
the domains A, B, and C a regular numerical grid of 101 x 101
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points was introduced. The derivatives appearing in the equa-
tions and boundary conditions were replaced by their finite
difference approximations of the second order [25,28-31]. The
resulting system of linear equations was solved by means of a
direct algorithm developed by us, which gives the exact solu-
tion in the frame of the computer’s double precision. Thus, the
problem was solved by one step, without iterations.

4.3. Results for the velocity field

The numerical solution of the boundary problem yields the
stream function, and the two components of velocity in each
phase: Y¢(x1, x2), tr(x1, x2), and we(x1, x2), f = a, b. First,
the stream functions, v, and v, are computed. Next, the radial
and z-components of velocity, ¢ and wy, f = a, b, are calculated
by using Egs. (3.7) and (4.2) in the domain A,

- a - 0

fa= (14?02 =WV
0x7 ax1 X1

and by using Egs. (3.7), (4.3), (4.9), and (4.10) in the domains B

and C:

(4.25)

d 1+x? 3
Uy = —Xx] sinxzﬂ + 1+ L cosxn ﬂ, (4.26)
0x1 1 —x% 0x2
~ 1 2 2 Ay
W = _E[(l —x7)+(1 +x1)cosx2]a—x1
2X1 sinxz 9 f h
_smn W b, 4.27)

l—x; 0x2  2xp

where f = a, b. The derivatives appearing in Egs. (4.25)—(4.27)
are determined numerically from computed values of v, f =
a, b, in the domains A, B, and C, using the respective finite dif-
ference approximations of the second order [25,28-31].

Illustrative contour plots of the z-component of velocity, wg,
are shown in Fig. 4 for « = 30°,90°, and 150°. The vertical
dashed lines in Figs. 4a, 4b, and 4c represent the boundaries
between the domains A, B, and C; see Fig. 3. As it could be
expected, wy is maximal at the axis of symmetry (x; = 0).
Moreover, wr decreases with the distance from the capillary
tip in the domains B and C. The role of the drop surface on
the flow inside the capillary (in the domain A) is more pro-
nounced for small values of the protrusion angle (Fig. 4a). For
o > 90°, the flow in the capillary does not deviate consider-
ably from the Poisseuille flow (Figs. 4b and 5c). In addition,
for o = 90° wr exhibits a significant change at the oil-water in-
terface. For o > 90° the magnitude of wy at the drop surface
is small and decreases with the increase of «. However, the in-
tegral effect of wy on the hydrodynamic drag force acting on
the drop surface is not negligible because of the increase of the
interfacial area (see Section 5).

Contour plot diagrams of the radial velocity component, ir,
f=a,b, are shown in Fig. 5 for protrusion angles o = 30°, 90°,
and 150°. For « = 30° (Fig. 5a), the radial component of the
velocity has a shallow minimum inside the capillary; its nega-
tive value means that the radial projection of velocity is directed
toward the axis of symmetry. In this region, the radial compo-
nent is much smaller than the z-component, |u,/w,| < 0.02.

For o < 90°, the maximum of iy is located in the outer phase,
domain C (Fig. 5a). For @ = 90°, the maximum of iy is on the
drop surface (Fig. 5b), whereas for o = 150° this maximum is
located inside the drop (Fig. 5¢). Moreover, for « > 90°, the ra-
dial velocity component iy is positive in the whole region, i.e.,
and the velocity vector is always tilted outwards with respect to
the axis of symmetry. Note also that for « = 90° (Fig. 5b), the
maximum of i¢ at the capillary tip is about 0.02, whereas for
a = 150° (Fig. 5¢) it increases up to about 0.18.

The toroidal coordinates (x;, x») are convenient for numeri-
cal calculations, and the contour plots (Figs. 4 and 5) are useful
for estimating the magnitudes of the stream function and ve-
locity components. However, these curvilinear coordinates are
not convenient for spatial presentation of the flow pattern, be-
cause they distort the shape of the real system. For this reason,
in Fig. 6 we show the velocity vector, v, recalculated in the con-
ventional Cartesian coordinates; as usual, the z-axis coincides
with the axis of symmetry of the system. The drop in Fig. 6 cor-
responds to Rs/Rp = 1/sina = 2/3/3(a = 120°). The general
pattern of the velocity field in Fig. 6 does not indicate existence
of vorticity structures inside the drop (symmetric curls on the
left and right of the z-axis in Fig. 1), as expected under other
physical conditions [32]. The flow is predominantly directed
along the z-axis, out of the pore, with a superimposed additional
radial flow, engendered by the radial expansion of the drop sur-
face. The flow pattern is similar (without vorticity structures in
the drop) also for the other values of «. We recall that the used
boundary conditions at the drop surface, Egs. (2.12) and (3.15),
physically correspond to a tangentially immobile oil-water in-
terface. In other words, the displacement vector of the material
points on the expanding drop surface is directed along the nor-
mal to this surface. Such a kinematic regime is expected when
adsorbed surfactant molecules give rise to a considerable sur-
face elasticity (Marangoni—Gibbs effect).

5. Hydrodynamic force acting on the emulsion drop
5.1. Hydrodynamic force coefficients

Our aim here is to calculate the hydrodynamic force, Fy,
acting on the drop. For this goal, we could formally consider
the drop that is protruding from the capillary (Fig. 1) as being
“solidified,” and could integrate the pressure in the surround-
ing phases over the drop surface, S. The latter surface consists
of the oil-water interface, i.e., the boundary Spc between the
domains B and C, and of the imaginary planar boundary Sap
between the domains A and B; Sap separates the drop from the
pore channel; see Fig. 3. Thus, F, can be presented as a sum of
contributions from the pressures in the phases “a” and “b”:

20
F,= f dsn - [Pa— (poo+ —)U:|,
R

SAB

m:/wmm—ww, (5.1)

SBc

where U is the spatial unit tensor; n is the outer running nor-
mal. In Eq. (5.1), we have subtracted the static pressure in the
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Fig. 4. Contour-plot diagrams of the dimensionless z-component of velocity, w¢(x1, x2), for different protrusion angles: (a) & = 30°, (b) « = 90°, (c) o = 150°.
The vertical dashed lines correspond to the boundaries between the domains A, B, and C in Fig. 3b.

respective phase from the pressure tensor. The pressure tensors,

P, and Py, are determined by the Newton’s law for a viscous
fluid [16-21]:

Py = piU — ne[Vve + (Vvp"], f=a,b, (5.2)

where the superscript “tr” means transposition. The Stokes
equations, Eq. (3.1), are equivalent to V - Pf = 0. Then, in ac-
cordance with the Gauss—Ostrogradsky theorem, the force Fy
given by Eq. (5.1) can be calculated at every mathematical sur-
face that together with Sgc forms a closed surface; this is the
Faxen theorem [20]. The calculation of Fy, is simpler if we
choose the surface z = 0 atr > R, as integration domain. Thus,
both integrals in Eq. (5.1) are taken over portions of the plane
z=0:at0 <r < Rp for Fy, and at R, <r < oo for Fy:

R
’ 20
F, =2me, Pz — Poo — A rdr, (5.3)
0 S
o
Fy, =2re, /(Pb,zz — Poo)r dr, 5.4

Ry

where the values of the tensorial components P, ,, and Py ;, are
taken at z = 0. Because, F, and Fy, have purely hydrodynamic
character, we could seek expressions for their magnitudes in the
conventional Stokes form [16,20,21]:

Fa= fanaRpvm, Fo = fonpRpvm. (5.5

Of course, the coefficients, f, and f, are, in general, different
from 677. Our aim below is to determine their values. For this
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goal, we express Pr ., from Eq. (5.2) and use the continuity
equation (3.1):

ows 10
Proo=pr—2nf—— = pr+ 2ne——(rug), f=ab. (5.6)
0z ror
From the boundary conditions, we have u,(r = Rp) = up(r =
Rp) = up(r — 00) = 0. Therefore, when substituting Eq. (5.6)
into Egs. (5.3) and (5.4), and integrating, the last term in

Eq. (5.6) gives zero contribution and the obtained results read:

R
] 20
Fa=2n/ pa—poo—? rdr atz=0, 5.7
0 S
o
Fb=2n/(pb—poo)rdr atz =0. (5.8)

Rp

Finally, in Eqgs. (5.7) and (5.8) we introduce dimensionless
variables in accordance with Eq. (3.3). As a result, we obtain
Eq. (5.5), where the dimensionless coefficients of the hydrody-
namic force are given by the expressions:

o
/ﬁbfdf
1

To determine the pressures p, and pp in the phases ‘a’ and
‘b,” we need two boundary conditions. In the bulk of phase ‘b’
this is the condition pp — peo. To obtain the respective bound-
ary condition in the phase ‘a,” we will use the Laplace equation
of capillarity. For this goal, we present p, and py, in the form:

1
fa=2m / Dar* drF,

0

fo=2n atz=0. (5.9

20
Rs

where p, dgyn and pp dyn are the respective dynamic contribu-
tions to the pressure. Next, we consider the force balance at the

Pa= Poo + =+ Pa,dyn, Pb = Poo t+ Pb,dyn, (5.10)

apex of the drop surface (Fig. 1), that is the point where the
z-axis pierces the drop surface:
)ap7

dwp
Po—2mb——) =|Pa—2na
92 Jap

where the subscript ‘ap’ denotes that the expression in the
parentheses should be estimated at the apex of the drop sur-
face. Substituting p, and py, from Eq. (5.10) into Eq. (5.11), we

get
dwp W,
Pb,dyn — 21mp =\ Pa,dyn — 21Na— .
9z Jyp 92/ 4p

Further, in view of Egs. (3.2), (3.3), and (5.11), we introduce
dimensionless variables in Eq. (5.12):

- dwp N D,
| Pb—2—= ) =na\Pa—2—) -
0z ap 0z ap

In the computations, it is convenient to express p, in the form:

)ap

where the last term in the parentheses is a constant (indepen-
dent of r). Equation (5.14) represents the definition of p, o (r).
At the apex of the drop surface, Eq. (5.14) gives the boundary
condition for p, o:

W,
0z

20
R,

5.11)

(5.12)

(5.13)

0w,
0z

Pa(r) = Pao(r) + (ﬁa -2 (5.14)

pao0|, = 28&)2l (5.15)
Pa,0 ap Y. w .
In view of Egs. (5.9), (5.13), and (5.14), we obtain
. oW m_ (- dwp
fazfa,0+7T<Pa_28—~a) =fa0+—7T<Pb_2 ~) ,
Z Jap Na 92 Jap
(5.16)

where
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Jao =21 | paordr 6.17)

1
0
Finally, in view of Egs. (5.5) and (5.16), we can express the

total hydrodynamic ejection force exerted on the drop in the
following form:

= Fa+ Fo = fuanaRpvm, (5.18)
where
fo= faole) + %[fb(oo + fan(@)], (5.19)
o
fanl@) =7 (ﬁb —2 awb) . (5.20)
Z Jap

B, and C in Fig. 3b.

Note, that because of the scaling procedure used in Section 3 the
coefficients f; 0, fb, and fap depend only on the protrusion an-
gle, a. Equation (5.19) shows that the total hydrodynamic coef-
ficient, fy, depends linearly on the ratio, n/1,, of the dynamic
viscosities of phases “b” and “a.” Numerical results, as well
as some approximate analytical expressions for f; o(a), fo (),
and fup (o) are given in Section 5.2.

5.2. Numerical results and discussion

In the computations, it is convenient to express the coeffi-
cients f3 0, fo, and fap in terms of the obtained solution for the
stream functions. After mathematical transformations given in
Appendices D, E, and F in Supplementary material, we obtain
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the following expressions for the three force coefficients:

fao=c1+c2+c3+cy, Sfab=c¢5—cy, (5.21)
2 3
x 9" Yp
=8r | —— dx| atx; =, 5.22
Jo ./(l—xf)z ™ 1 2 (5.22)
0
where the coefficients ¢;, j =1,...,5, are defined as follows:
c1 =—-2msina(l +cosa), (5.23)
82
¢ =—47 Va atx; =0and x, =0—0, (5.24)
0x10x2
o 83
3= T /(1 +cosx2)2 ‘ia dxs
3 axy
0
o
32
+4n/sinx2(1 + cosxp) Va dx;
3X13XQ

0

o

9
o / sin o V2 dxy atag =0, (5.25)
0x1
0
1 3By 3y oy
a a a 2
CAa=T — 46 +6 1 —x7)dx
! 0/( x| ox2 8xz>( 1)
atxy =0—0, (5.26)
5 == /(1 +cosxn)2 Y0y
3 8x13
o
b4
: 3%y
+ 4 | sinxy(1 + cosxp) dxy
0x10x2
o
r 9
o f sin o V2 dxy atxg =0, (5.27)
3)61
0

It is important to note that the integrands in Egs. (5.25)—(5.27)
do not have any singular points and they can be calculated by
using standard methods of numerical integration.

Knowing the values of stream functions, 1, and v, in the
nodes of the numerical domains A, B, and C, we calculated
their derivatives appearing in Egs. (5.22), (5.24)—(5.27) by us-
ing their finite difference approximations of the second order
[25,28-31]. Next, we calculated the integrals in Egs. (5.22),
(5.25)—(5.27) by means of the Simpson rule [29]. The latter has
a higher precision than the finite difference approximation for
the derivatives.

The calculated force coefficient f, o(«) is plotted in Fig. 7.
As it could be anticipated from the velocity distributions
(Figs. 4-6), fa,o0(cr) has a maximum value at o close to 90°.
The calculated maximal value of f, 0 is equal to 19.66 and
its position corresponds to o = 93.71°. Further increase of the
protrusion angle, «, leads to a decrease in f;, ¢ followed by
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Fig. 8. Plots of the numerical results for the force coefficients fy, fp,, and their
sum, vs the protrusion angle a.

a plateau at o« — 180°. The latter plateau corresponds to the
regime of free flow of liquid from a capillary. Our numerical
calculations yielded f, 0(180°) = 13.04. Analytical solution of
this problem cannot be found [21], because the operator L?
is not separable in the case of rotational symmetry. The value
Ja,0(180°) = 13.04 (and the full dependence f, 0(cr)) was not
known before our computations.

The obtained numerical results for the force coefficients fap
and fi, are shown in Fig. 8. The force coefficient f,, is ap-
proximately constant for protrusion angles o« < 40°. A further
increase of « leads to a fast decrease of fap to zero at o« = 180°.
The force coefficient fyp is positive for all values of «, which
means that it favors the drop detachment. We recall that f,, ac-
counts for the jump of the hydrodynamic pressure across the
drop surface at its apex. In contrast, the force coefficient fi is
negative for 0 < o < 127°, which means that f, opposes the
drop detachment from the pore (because of the hydrodynamic
resistance of the outer liquid).

For 127° < o < 180°, f; becomes positive and has a maxi-
mum value of 2.965 at @ = 162°; see Fig. 8. The positive values
of fp in this range of angles is due to the lifting action of the
hydrodynamic resistance against the displacement of the outer
liquid from the wedge-shaped zone between the drop surface

and the flat horizontal solid surface around the opening of the
pore (see Fig. 1). This lifting effect favors the drop detachment
for 127° < o < 180°.

Note that in the total hydrodynamic force coefficient, f},, the
contributions of fyp and f;, cannot be separated—they appear
as a sum fy + fp in Eq. (5.19). Fig. 8 shows that fip + fp
is positive for all values of the protrusion angle, . In other
words, the net effect of f,, + fp favors the drop detachment.
The limiting value of both fy, and f, for o« — 180° is zero
(Fig. 8).

To find the exact limiting values of f,, and fy, for « — 0, we
obtained an analytical solution of the respective hydrodynamic
problem (see Appendix G in Supplementary material). From
this solution, we obtained f;,(0) = 87 ~ 25.13 and f,(0) =
—32/3 ~ —10.67. Our independent numerical solution (Fig. 8)
gives practically the same values, with a relative error that is
smaller than 1074,

5.3. Approximate analytical expressions for the force
coefficients

In the process of membrane emulsification (without applied
cross flow), the radii of the detached drops are always greater
than 2R, [3]. This fact implies that the drop detachment oc-
curs at protrusion angles o > 150°. For easier calculation of the
forces acting on the drop in this case, we obtained accurate an-
alytical expressions for f, o(c), fab(ct), and fp(«), which are
applicable in the interval 150° < o < 180°.

Interpolating our numerical results for f, o(c), we obtained

Jfa,0~ 15.4891 — 1.5710cos(2x) — 3.0621 0052(201)

+2.1847 cos® 2a), (5.28)

which is applicable for 150° < a < 180° with a relative error
smaller than 1073, For the force coefficient, fab, We obtained
the following interpolation formula:

9 1 —433.64¢
~ — 1
Fab 2”§< + 12.063+9255.6g)’
&E=(+cosa)sina. (5.30)

Equations (5.29) and (5.30) are applicable for 150° < o < 180°
with a relative error smaller than 10~3. Note that the first term in
the right hand side of Eq. (5.29) corresponds to the combination
of an expansion flow and a motion of a sphere in a viscous
liquid [21], whereas the second term in the parenthesis is an
interpolation correction, which accounts for the role of the solid
surface (Fig. 1).

As mentioned above, for o > 127° the coefficient f, is dom-
inated by the hydrodynamic resistance against the displacement
of the outer liquid from the region between the drop surface and
the flat horizontal solid surface around the opening of the pore
(see Fig. 1). For « — m, we could consider m—« as a small pa-
rameter, and we could use the lubrication approximation [21] to
solve the hydrodynamic problem in this wedge-shape region. In
Appendix H in Supplementary material, we have solved exactly
this problem, in the framework of the lubrication approxima-
tion, and we have derived an analytical expression for the con-

(5.29)
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tribution, fwedge, Of the wedge-shaped region to the force co-
efficient, fp. The formula for fyedge contains cosine integrals,
and it is not so convenient for computations. More convenient
is its series expansion:

fwedge & 61 cot(%) [0.79381 —In(7 —a)

(r-a)? @ —a)“}

+ (5.31)

24 1440

which is applicable for 150° < o < 180° with a relative error
smaller than 10~7. In other words, Eq. (5.31) is practically the
exact solution of the problem in lubrication approximation. To
obtain f, we added to fyedge the effect of the flow around the
apex of the drop. To quantify the latter effect, we scaled the
contribution of the flow around the apex with the half of the
Stokes friction coefficient, and fitted the numerical results. The
final interpolation formula for f; reads:

o= fuedge — 37 cot(%) {1 +0.94095

X [1 - exp(—ZS.SZZcot%)} }

Equation (5.32) has a relative error smaller than 1073 for
150° < o < 180°.

Fig. 9 illustrates the accuracy of the approximate analyti-
cal expressions, Egs. (5.28)—(5.32). The symbols in the figure
correspond to the numerical results, whereas the solid lines are
drawn in accordance with Eqgs. (5.28)—(5.32). The plot confirms
the excellent accuracy of the interpolation formulas.

(5.32)

5.4. The total hydrodynamic force coefficient, fy

Equation (5.18) for the total hydrodynamic ejection force,
Fy, can be represented in the form:
Fu
Rpvm

= Nafh = Nafa0(@) + mo[ fan (@) + fo(@)]. (5.33)
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Fig. 10. Plot of the total hydrodynamic force coefficient, f},, vs the protrusion
angle, «, for four different values of the viscosity ratio, ny/na.

We recall that f; (@), fab(e) and fp(r) are universal func-
tions of «, which are independent of the viscosities of the two
liquid phases: 1, and 1. As seen in Figs. 7 and 8, for « — 0 we
have f, 0 — 0, whereas fy, + fo — 14.45. Hence, for small o
the hydrodynamic force is sensitive to the viscosity of the outer
phase, np, and insensitive to the viscosity of the inner phase, 7,;
see Eq. (5.33).

In contrast, for « — 180° we have f, 0 — 13.04, whereas
fab + fo — 0. Hence, for large o the hydrodynamic force is
sensitive to the viscosity of the inner phase, 1,, and not so sen-
sitive to the viscosity of the outer phase, ny; see Eq. (5.33).

To illustrate the effect of the total hydrodynamic force on
the viscosities of the two phases, in Fig. 10 we have plot-
ted the hydrodynamic force coefficient fj(«) for 150° < o <
180° and for four different values of the viscosity ratio, 7,/np.
The curves in Fig. 10 are calculated by means of Eq. (5.19),
along with Egs. (5.28)—(5.32). As mentioned above, the inter-
val 150° < o < 180° corresponds to the region where the drops
detach from the pore in the process of membrane emulsifica-
tion. Fig. 10 indicates that f}, noticeably increases with the rise
of np/na. Hence, at fixed n,, the increase of the viscosity of the
outer phase, 1y, will favor the drop detachment from the pore.
The latter effect is due to the lifting action of the hydrodynamic
resistance against the displacement of the outer liquid from the
wedge-shaped region between the drop surface and the flat hor-
izontal solid surface around the opening of the pore; see Fig. 1
and Eq. (5.31).

Finally, because fa 0 and fap + fp are nonnegative (Figs. 7
and 8), the increase of both 1, and ny, increases the total hy-
drodynamic ejection force, Fy,, see Eq. (5.33). The calculation
of Fj, is a necessary condition for prediction of the size of the
detached drops. In the second part of this study [33], a theo-
retical model is proposed, which assumes that at the moment
of breakup, the hydrodynamic ejection force acting on the drop
is equal to the critical capillary force that corresponds to the
stability—instability transition in the drop shape. In its own turn,
the capillary force is related to the effects of interfacial tension
and surfactant adsorption. A comparison of the full theory with
experimental data could be found in Ref. [33].
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6. Summary and conclusions

Our aim in the present study is to calculate the hydrody-
namic ejection force acting on a microscopic emulsion drop,
which is continuously growing at a capillary tip (Fig. 1). This
force could cause drop detachment in the process of membrane
and microchannel emulsification, and affects the size of the
released drops. Such microscopic drops are not deformed by
gravity and their formation happens at small Reynolds numbers
despite the fact that the typical period of drop generation is of
the order of 0.1 s.

First, we calculated the distribution of the velocity field in-
side the capillary, within the growing droplet and in the outer
liquid phase. For this goal, we introduced appropriate curvilin-
ear coordinates, which transform the inner and outer integration
domains into rectangles (Fig. 3). The hydrodynamic problem is
reduced to a single partial differential equation for the stream
function; see Egs. (3.8), (4.11), and (4.12). The respective
boundary conditions are represented in terms of the curvilin-
ear coordinates (Section 4.2). The boundary problem is solved
numerically and the spatial distributions of the stream function
and the velocity components are calculated (Figs. 4-6).

Second, we calculated the hydrodynamic force acting on the
drop. The problem is reduced to the determination of three uni-
versal functions of the protrusion angle, «, viz. f;0(c), fan(®),
and fy(); see Eqgs. (5.18)—(5.22). The latter functions are in-
dependent of the pore size, of the viscosities of the two liquids,
and of the characteristic rate of the process. These universal
functions were computed numerically and plotted in Figs. 7
and 8. In addition, for their easier calculation, simple interpo-
lation formulas are obtained; see Egs. (5.28)—(5.32) and Fig. 9.
It turns out that the increase in the viscosity of each of the two
liquid phases increases the total hydrodynamic force, Fy, and
its tendency to detach the drop from the tip of the capillary; see
Eq. (5.33) and Fig. 10.

The results of the present paper are utilized in the second
part of this study [33], where a physical condition for drop de-
tachment from the pore is formulated; the size of the detached
drops is calculated under the alternative conditions of constant
pressure and constant flow rate and, finally, the theory is applied
to interpret experimental size distributions of drops obtained by
membrane emulsification.
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Appendix A. Derivation of the boundary conditions (3.14) and (3.15)

From Egs. (2.13) and (3.7), we express the normal component of velocity at the drop
surface:

n-v; =sin9%—cose%—cof9y/f, (A1)
0z or r

where f = a, b. Equation (A.1) can be simplified with the help of spherical coordinates

connected to the drop center, O, with dimensionless coordinates (Tgy,,6):

=Ty, sing, Z =74+, cosd. (A.2)
Thus, Eq. (A.1) reduces to:

o1 @

n-vi=———— sing). A.3
f Fsph sin@ 60(% ) (A-3)

In view of Eq. (3.2), the dimensionless spherical coordinate at the drop surface is equal to
F;ph =1/sina . Using the expression for the normal velocity component at the drop surface,
Eq. (2.12), we bring Eq. (A.3) in the form:

i(y/f sine)=—1+Cosa(cose—cos(x)s_lﬂ. (A.4)
06 1-cosa sina

Further, we integrate Eq. (A.4) from 0 to #to obtain:



2 J—
weSing = _1 1+CO50[[005 0 1—00305(0036?—1)]. (A.5)
Sina 1-cosa 2

After mathematical transformations, Eq. (A.5) acquires the form:

_ (@+cosa)sing  cosa 1
" (1-cosa)sina 1+cos® 2

(A.6)

which is identical to Eq. (3.14). It is important to note that the stream function in Eq. (A.6) is
continuous at the edge of the pore, i.e. the value of yx is equal to —1/2 at 8 = «, see also Egs.
(3.12) and (3.13). With the help of Egs. (2.13) and (3.7), we calculate the tangential
component of velocity at the drop surface:

t-V; :cosé?@"[/f +s|n¢96"[/f S'E‘gwf, (A.7)
0z or r

where f = a, b. At the drop surface, T = (R sin#)/R_, and then Eq. (A.7) reduces to:

t-V; _sm¢9ay/f
or

sina . (A.8)

The sum of the partial derivatives in Eg. (A.8) is equal to the directional (normal) derivative
of the stream function at the drop surface:

W . Vi, _S|n<9a +cos«9al/lf (A.9)
on or 0z

which coincides with Eqg. (3.15).

Appendix B. Derivation of the boundary conditions (4.17)—(4.19)

In view of Eq. (A.2), the radial and vertical coordinates at the drop surface are related to
the polar angle, 6, as follows:

F_ s_|n6’ - cos@_— cosa . (B.1)
sina sina
Substituting Z from Eq. (4.3) into Eq. (B.1), and having in mind that x, = « at the drop

surface, we derive an expression for cosé:

1-x? . 1-x? + 1+ x2)cosa
1 sin? a0 +cosa = L+t X)

cosé = 5 - 5 5 :
1+ X +(L—x;)cosa 1+ X7 +(L—x{)cosa

(B.2)

With the help of Egs. (3.14), (B.1) and (4.3), the stream function at the drop surface can be
presented in the form:



_ (L+cosa)x, , 2cosa

= -1 atx;= o (B.3)
(I-cosa)h "1+cosd

l//a = l//b
Next, substituting cos@from Eqg. (B.2) into Eq. (B.3), one derives:

! ﬁ(hcosaz—l—cosaz) atx; = a. (B.4)
1-cosa h

Yo =Vp =

At the drop surface, Eq. (4.4) acquires the form:
h=1+x{ +(1-xZ)cosa atx, = a. (B.5)
Substituting Eqg. (B.5) into Eq. (B.4), we get:

1+(@1-x2)cosa

- atx; = ¢, (B.6)
"14x7 + (1-x2) cosa

Va=Vp =

which is equivalent to Eqg. (4.17). Further, with the help of Eq. (4.8), we express the

directional derivative in the form [1,2]:

Oyr _ L0y _ N OV 4y = gandf=a b, (B.7)
on  h, 0x, 1-xZ 0%,

The substitution of Eq. (B.5) into Eq. (B7) yields:

v, _(1+ X7

0
i >+ cosa) i
on  1-x; 0X,

atxo=aandf=a,b. (B.8)

With the help of Egs. (4.3) and (B.8), we bring the boundary condition, Eq. (3.15), in the

form:

2
(i+xl +cosa)gﬁ+l//f sina=0 atx;= aandf=a,b, (B.9)

2
— Xl X2

which is equivalent to Eq. (4.18). Furthermore, the projection e, - v; (Fig. 3a) is calculated

from the following general relationship [1,2]:

10r - 107 -~
e, Ve =——U: +——W, (f=a,b). B.10
2 f h2 8X2 f h2 6X2 f ( ) ( )
Substituting the radial and vertical velocity components from Eg. (3.7) into Eg. (B.10), we
obtain:

1 0r o 107 ,0
ez'Vf =T l{f e ( l/-/j

h, 0x, 07 h, 0x, Or

+%) (F=ab). (B.11)

With the help of Egs. (4.6) and (4.7), we transform the right-hand side of Eq. (B.11):

— 2 r 7 r
1= OF Oy 02 Vs O Viy (524 p). (B.12)

eZ'Vf:_ — ~
2h, 0x, 0r 0% 0Z OX T

Next, from Eq. (4.8) and (B.12) we derive:



1 a‘//f or y;
€, Ve =——0 f=a,b B.13
2 Ve =%, o X )( )- (B.13)

The circumference (r =1, Z =0), which represents the edge at the orifice of the pore,

corresponds to the coordinate line x; = 1. From Egs. (4.3), (4.4) and (4.8) it follows:

h=2,h =1, 2" —cosx, atxi = L. (B.14)
0%

Therefore, from Egs. (B.13) and (B.14) the non-slip boundary condition, v¢ = 0 at the edge

reads:

Zﬂ?wfcosxfcos’TX? atx =1,0<x<zandf=a,b; (B.15)
X

see Eq. (4.19).

Appendix C. Derivation of the boundary conditions (4.22)—(4.24)

With the help of Eq. (4.2), we express the derivatives in Eq. (4.20) for the domain A:

%z(ﬁxz)zg—l/g, (C.1)
82 = (1+X,)° a—[(1+x2) a‘/’a] L+ x,)* a)‘éﬁ+2(1+x2)3%, (C.2)
83 — 1+ %) =2 [+ x,)" ‘”a+2(1+x2)3 Way-
O, X2 0%,
easlﬂa 552‘//;,1 10y,
=1+x,) ox +6(1+x,) ox +6(1+x,) E (C.3)

From Egs. (C.1)—(C.3), we obtain the values of the derivatives at the boundary zZ =0, which

corresponds to x; = 0:

2 2 3 3
OVa _OVa  OWa _0W, ,0Va OV, _ 0V, 68 V/a+65 (C.4)

07  ox,  97% axk ax 073  oxd  oxk X,

With the help of Eq. (4.10), we calculate the first and second z-derivatives in the domain B:

8%‘ =—X, SiN X, (j;’//a +(1+1Jr X cosx,) ¥ p
X, — x? x2

(C.5)




2

2
a Za :—Xlsln X2 i[_xls"’] X2 al//a +(1+1+ X]é COSXZ
01 0% Xy —X% X2
14 x2 . 1+
+(1+ +X12 cosxz)i[—xlsm X, Vs N P cosxz)al//a] (C.6)
_Xl 2 8X1 1_ 1 X2

After some mathematical transformations, Eq. (C.6) reduces to:

2 2
a_‘flza = —X, Sin X, [—-sin x, — 0 —(x aWa) 2(1+1+ L cosx,) OV +4X1COSX2 8%]
0z 0X;, =~ 0% 1-x? 0%0X, (1-x7)? 0%,
2 2 2
+(1+1+X12 cosxz)[—xlcosxzawa +(1+1+X oS X 2)8 Va —1+X12 sin xzawa]. (C.7)
1-x X -X ; 1-x 2

At the boundary x, = 0, Egs. (C.5) and (C.7) yield:

07 1-x2 0%, 072 (@1-xH)? ox2 1-x2 dx

al//a _ 2 aWa a Ya _ 4 a Va 2Xl al//a (C8)

which, in view of Eq. (C.4), are equivalent to Egs. (4.22) and (4.23). Further, by
differentiation of Eq. (C.5) one obtains the third z-derivative at the boundary x, = 0:

o° 2 0 ,0°
Ya_ 2 94 '”a) (C9)
0z 1-x 0%,

Substituting Eq. (C.7) into Eq. (C.9) and setting x, = 0, we derive:

3 3 2 2
Py, 8 Oy, 12y Py, 41+3X)dy, at X, = 0, (C.10)

07°  (1-x)° ox} (1-x0)?2 %%, (1-x2)® dx,

Combining Egs. (C.4) and (C.10), one obtains Eq. (4.24).

Appendix D. Expression for the force coefficient f, o

To obtain a convenient expression for numerical calculation of the force coefficient f,,

we represent the integral in Eq. (5.17) as follows:

p o p 10
foo = 27| [Paof — == (FU)IAT = 7| [P, — = —= (FT,)]d(F* -1) atz=0. D.1
w0 = 28] (Buaf = 22 (UG = [Bug - o7 (PN -1 (D.D)

Integrating Eq. (D.1) by parts, one derives:

1

fao = 7[Bao —= ~(ru o - ﬁj(r 1) ~[ a0~ = ~(ru )]dF atz=0, (D.2)



where the subscript “O” denotes the respective value calculated at the origin of the cylindrical
coordinate system. Eq. (D.2) can be simplified by means of the Stokes equations, Egs. (3.4)
and (3.5):

~ ~

~ oW, ~ o°u, ,~
fao =7[(pa,0+8_—z~a)0 —ﬁ!(rz—l) azza dr

atz=0. (D.3)
Integrating the Stokes equation (3.6) with respect to the vertical coordinate, z, from 0 to the
apex of the drop, one obtains the following relationship at the axis of symmetry:

oW,
07

oW, ®1 0 - O,

70" 7ar !

(5a,0 )ap ( aO =0, (D-4)

where Z,, is the dimensionless vertical coordinate of the drop apex. Using Egs. (5.15) and

(D.4), we determine the pressure at the origin of the cylindrical coordinate system:

oW OW, aID1 0 8

p = A Wa = =0. D.5
(pa,O)O (8-2- )ap+(az )O Far ( )
Substituting Eqg. (D.5) into Eg. (D.3), we obtain:
where

oW
C = 7[(8_;)ap1 (D?)

__ jé@ 7 OW. -0, (D.8)
o ror
1 2~
o°uU, ,—» ~

C,=—rm|—2(r“-1dr atz=0. D.9
o= 3 (-] (D.9)

0
Our next task is to transform Eqgs. (D.7)—(D.9) in terms of the stream functions in the domains
A and B, which are parameterized by the respective curvilinear coordinates (Fig. 3). Because
the stream function is an odd function of the radial coordinate, its series expansion close to the
axis of symmetry reads [1]:

_ 1,0
'”f>ro 3Gl

Vi =

r°+..(f=ab). (D.10)

From Egs. (D10) and (3.7), we derive the respective series for the vertical velocity

component:



g d 03 685 _
\Mz—aggmo——x el o (LD o (=) (D.11)

Therefore, ¢; and ¢, can be calculated using the following expression:

~ 2
OWs __59Wa atr=p. (D.12)
01 oroz

From Egs. (4.9), (4.10), and (D.12) written at the drop apex (x; = 0 and x, = «), one obtains:

oW, oy, %y
1+ cosa)[sin 1+ cos a . D.13
((3 )ap = a)lsina— 5%, — 0!)6)(16)(2]ap (D.13)

With the help of Egs. (4.4) and (4.8), the boundary condition (4.18) can be represented in the

form:

1+ x2 +(1-x2)cosa Oy,
L-x7) 0%,

+y,Sina=0atx; = o (D.14)

The first derivative of Eq. (D.14) with respect to x;, written at the drop apex, reads:

2
[(L+cosar) 2 Ve (D.15)
X10 X, Xy
Using Egs. (D.13) and (D.15), we calculate:
oW : oy
(a—';)a" =2sina(l+ COSa)(a—Xj)ap. (D.16)

The first derivative of the boundary condition (4.17) with respect to xi, written at the drop
apex, gives:

oy,
=-1. D.17
(axl)ap (D.17)

Thus, we obtain the following exact analytical expression for c;:

c, =—2zsina(l+cosa). (D.18)
Egs. (C.4), (D.12) and (D.7) imply that ¢, could be calculated easier at the boundary of the
domain A. Thus we obtain:

2
C, =—4r 0¥y at x; = 0 and x, = 0-0. (D.19)
0 X,0 X,

To calculate c3, defined by Eqg. (D.8), the values of the derivatives of the vertical velocity
component at the axis of symmetry have to be obtained. From Eq. (D.11) it follows:

~ 3
F@%: 8(6 e

W - AT N S (D.20



and therefore,

8%,
35078

)= atr=0andf=a,b. (D.21)

For: or

—~
=

In view of Eq. (D.21), the expression for c3 reduces to:

Zp A3
¢, =" a%";d'z‘ atr=0. (D.22)
3y or
From the expression for the first derivative, Eq. (4.9), we deduce the following formula for

the second derivative of the stream function with respect to the radial coordinate:

2 2 2 2 A2 _
0 l//f :[(1 X1)+(1+X1)COSX2] 0 Wf + Xl(COSXZ 1) [(1—X]_2)+(1+X12)C05X2]al//f +
or? 4 Ox; 2 0%
2x, Si 2 _ 1+ %
A= X2) + L+ X2) cos X, ][t 22 Ovs snx2+—leza‘/’f]—
X (1+x2)sin?x, Oy, 4xZsin®x, 6%y, 4xZsinx,cosx, dy
_ M 1 2 f+ 1 2 f+ 1 2 2 f (D23)

1-x¢ ox,  ([1-x{)? ox} 1-x2)? 0%,
Egs. (4.9) and (D.23) imply that at the axis of symmetry (r = 0) we have:
O’y

3 2
8 Oy = (1+C0sX,)? +12sin x, (1+COS X,) O —6sin? x, Wi (D.24)
1+cosx, or® oxs X0 X, 0%,

From Eq. (4.6), we calculate the differential of the vertical coordinate in the domains B and C
at the axis of symmetry:

dx,

—= —atx;=0. (D.25)
1+ cosx,

dz =

Finally, from Egs. (D.22), (D.24), and (D.25) we derive the following expression for cs:

a 3 21 2
Cs =£J‘(1+cosx2)2 0 l//; dx, +47zjsin X, (1+COSX,) oY dx, —
3% OX; 5 X0 X,
—27z.|.sin2 X, Wa dx, atx;=0. (D.26)
5 0%

Substituting the definition (3.7) into the integral in Eq. (D.9), one obtains:
13

c4:—zjaTW;(F2—l)dF atz=0. (D.27)
0 02

In view of Eq. (4.1), this integral is simpler in the domain A:

aal//a 2 — —
753 (1-x;)dx, atz=0-0and x, = 0-0. (D.28)
z

1
0



Finally, using the formula for the third derivative in Eq. (C.4), we obtain:

;zj( ‘”a 60" Ve +622)4-x2)dx, at xo = 0-0. (D.29)
0%,
0 03 8 X5

Appendix E. Expression for the force coefficient f,

Integrating by parts in Eq. (5.9), we get:
fo = 7] By d(F2 ~1) =~z [ (F? ~1) Iobolr atz=0. (E.1)
1 1

The derivative of pressure, which appears in the last integral, can be expressed from the

Stokes equation (3.5), having in mind that the velocity at the membrane surface is zero:

f, = —ﬂj(FZ Fatz=0. (E.2)
1

With the help of the definition of the stream function, Eq. (3.7), we bring Eq. (E.2) in the

form:

o0

fo = [ (F? D V’bdr atz=0. (E.3)
1

To calculate the last integral in terms of the curvilinear coordinates (Fig. 3), we apply the
definitions (4.3) and (4.4) at the membrane surface:

Fo— df=-2% atx=z (E4)

From Egs. (E.3) and (E.4), one obtains:

_ (1% 63'//b
e

l

dx, atz=0. (E.5)

To calculate the third derivative that appears in Eq. (E.5), we substitute Eqg. (C.7) into Eq.

(C.9) and estimate the result at X, = 7.

83V/b__ 8x; 83‘//b+ 12x' 3%y, +4X14(3+X12)a‘//b (E.6)
07°  (1-x3)® oxX  (@1-x2)?ox0%  (1-x2)° ox, '

From the boundary condition (4.16), it follows that the last two terms in the right-hand side of
Eq. (E.6) are zero, and therefore Eq. (E.5) reduces to the following final expression for the
force coefficient:



1
‘//b
dx, atx, = E.7
!(1 N (&)

see Eq. (5.22).

Appendix F. Expression for the force coefficient fyp

To calculate the pressure at the drop apex, we in the Stokes equation (3.6) we set r = 0,
and integrate with respect to the vertical coordinate. The result reads:

(B, aWb)ap T; ~(~8 2)d7 atr=0 (F.1)

We took into account the fact that the dynamic pressure and the velocity vanish at infinity.
Substituting Eq. (F.1) into Eq. (5.20) we obtain:

_ [ ~5Wb = =
fly __ﬁ(a__Z~ - Zj :—~( ~—9)d7 atr=0. (F.2)
ap
Using the definition (D.7) and introducing the new notation,
T10 _0W,, =
Cc=—7 | —— dz atr=0, F.3
5 =7 For (r oF —=) (F.3)
ap
we present the force coefficient fy, in the form:
With the help of Egs. (D.21) and (F.3), we obtain:
8z T Py, -
Cc=— | —=~dZ atr=0. F.5
° 3 I or? (5

Zap

In Eq. (F.5), Z,, corresponds to x, = « and the infinity point is given by x, = z Then,

combining Egs. (D.24), (D.25), and (F.5), we derive the final expression for cs:

:—j(1+cosx2) l/jbdx2+47zjsmx2(1+cosx2) Vo dx, -
X1 o X0 X,
—ZnTsinzx Wb g4y atx; = 0; (F.6)
2ox,  ° ’

1

see Eq. (5.27).
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Appendix G. Solution of the hydrodynamic problem in the outer phase for =0

If the protrusion angle « is equal to zero, the hydrodynamic problem in the outer phase
(described in Section 3) has an exact solution. Indeed, eliminating the velocity from the
Stokes equations (3.4)—(3.6), we obtain a Laplace-type equation for the pressure:

—~ 2~
10 7Py, 0P
ror  or 072

=0. (G.1)

Using the Hankel transformation [3], and the fact that the pressure tends to zero at large

distance z from the capillary, the general solution of Eq. (G.1) can be presented in the form:
p,(r,z) = jA(k)JO(kF)exp(—k'z”)kdk, (G.2)
0

where Jp is the zero-order Bessel function and A(k) is an unknown function, which is to be
determined from the boundary conditions. Substituting the general solution (G.2) into the
Stokes equation (3.6), and solving the resulting equation, we derive the following integral

expression for the vertical velocity component:
w, (r,7) = J'[A(k)% +B(k)]J, (kr)exp(-kz)k dk . (G.3)
0

Eq. (G.3) contains a new unknown function, B(k), that could be found from the boundary
conditions.

Because of the boundary conditions, the radial component of velocity, up, is equal to
zero at z = 0 for « = 0. Hence, from the continuity equation (3.4), written at z = 0, it follows
that:
%:0 atz=0. (G.4)

From Egs. (G.3) and (G.4), we obtain:

_ Alk)
B(k) = oK (G.5)
and
w, (r,7) = %]9 AK)Q+kZ)J,(kr)exp(-kz)dk . (G.6)
0

The boundary condition, Eq. (2.12), reduces to the Poiseuille-flow expression, Eq. (2.2) for «

= 0, which can be presented in terms of the dimensionless variables:
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W, =2(1-T?)atz=0and 0<T <1. (G.7)
From the integral representation (G.6), from the boundary condition at the membrane surface,

and from Eq. (G.7) it follows that the unknown function A(k) must satisfy the following

conditions:

J'A(k)JO(kF)dk=4(1—F2) at 0< 7 <1, (G.8)
0

jA(k)JO(kF)dk:O at1<r. (G.9)
0

Taking the inverse Hankel transformation of Egs. (G.8) and (G.9), we derive [4]:
h 8 |

A(K) = 4k [ 3 (KF)(L-T*)F dT = J2(0), (G.10)
0

where J; is the second order Bessel function.

From the definition (5.20), we obtain the force coefficient, f, for a = 0:

f,,(0)=7xp,(0,0). (G.11)
Substituting Egs. (G.2) and (G.10) into Eq. (G.11), one derives [4]:

fab(O):SﬂIJz(k)dkz&r. (G.12)
0

To determine the value of the force coefficient, f,, we will use the definition (5.1), which

yields:
1

f,(0) =27 [ B, (F,0)F dT . (G.13)
0

Combining Egs. (G.2) and (G.10), we obtain an expression for the pressure at z = 0:
By (T,0) = 8] 3, (k) Jo (k7 d k. (G.14)
0

Substituting Eq. (G.14) into Eq. (G.13), we derive:

o) 1 0
fb(O)=—16ﬁj32(k)[j30(k’r‘)‘r'd'r']dk= 16 j (k)J Tz (K) 4 (G.15)
0 0

0
where J; is the first order Bessel function; see Ref. [4]. The integral in the right hand side of
Eq. (G.15) is of Weber-Schafheitlin type [4] and can be solved exactly. The result reads:

f,(0) = 332 (G.16)
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Appendix H. Application of the lubrication approximation in the wedge-shaped region

of the outer phase for large protrusion angles

For a—r, the difference 7 — « can be used as a small parameter when solving the
hydrodynamic problem in the outer phase. We will denote by v; and v, the components of the
dimensionless velocity in the outer phase with respect to the curvilinear coordinate system.
From the general assumptions of the lubrication approximation [5], it follows that: (i) The
leading order function for the pressure depends only on the coordinate x;:

Py (X1, X2) = Py (%), (H.1)
(if) The velocity components obey the following general conditions:

v, >>V, and oy z% (H.2)
0X 0X,

With the help of the vectorial identity [1]

V2, =V(V-V,)-Vx(VxV,) (H.3)
we represent the Stokes equations (3.1) in the form:

n,Vx(Vxv,)=-Vp,, (H.4)
where V is the spatial gradient operator. In the case of rotational symmetry, the curl of

velocity has only one component directed along the vector e4, where ¢ is the azimuthal angle.

In our curvilinear coordinates, the dimensionless curl is [1]:

~ 1 0 0

Vxv,), =—[—(hv,)———(hVv,)]. H.5
(Vx b)¢ hyh, [8X1( 2V>) 0%, (hyvy)] (H.5)
In view of Eq. (H.5), the Stokes equation (H.4) acquires the following dimensionless form:

1 0 - ~ 10p,
————Ir(Vxv =, H.6
h,r 8x2[ (Vo )] h, 0x (H6)
1 0 - ~ 1 0p,
——[r(Vxv =— . H.7
h,r 8x1[ (Vo) ] h, dx, (H.7)

Equation (H.7) confirms that in lubrication approximation, the pressure depends only on x;
[5], in agreement with Eq. (H.1). Therefore, using Egs. (4.3), (4.4), and (4.8), we obtain the
lubrication approximation of Eq. (H.6):
dp, 1
dx, h

OV xTy),]= % (1K) (H.9)

0 X,

Integrating Eq. (H.8) with respect to x,, one derives:
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~

d
dxf D(Xy, %) — A (%) (H.9)

T(VxVp), ==X (L-x{)

where Aj(xy) is an unknown function, which is to be determined from the boundary

conditions; the function d(xs,x2) and ¢(x1,X,) are defined as follows:

DX, X,) = M L (%, X,) = arctan[x, tan(’%)] . (H.10)
1

In view of Eq. (H.2), equation (H.5) reduces to:

~ 1 0o
\% =————(hyv,). H.11
(VxVp)y hoh, o, (hyvy) ( )
Substituting Eq. (H.11) into Eq. (H.9), and using Egs. (4.3), (4.4), and (4.8), we obtain:
0 22 A Pp [ P(X, %p)  A(X)
—(hyvy)) =(1-x . H.12
aXz(ll) (1-x7) OIXl[ ot (H.12)

Integrating Eq. (H.12) with respect to x,, one derives:

d P, D2 (X, X,)
h.v. :(1_X2)2 b[ 112
1Y1 1 Xm 2

+ A (X)) D (X, %) + Ay (X,)] (H.13)

where Ay(x1) is an unknown function, which is to be determined from the boundary
conditions. At both drop and membrane surfaces, which correspond to x; = « and x; = 7,
respectively, the velocity component v; is equal to zero. Appling these boundary conditions to
Eq. (H.13), we get the final expression for the velocity component:

CV2\2 4
i, = 4207 4By
2 d X,

[D(Xy, X;) = DXy, )] [P (X, Xp) = D(Xy, 7)] .- (H.14)

Note that the pressure distribution in Eg. (H.14) is unknown and it must be calculated, which
is a usual procedure in the lubrication approximation [5]. For this goal, we use the continuity

equation in curvilinear coordinates [5]:

0 - 0 -
—(h,rv;) + —(yrv,)=0. H.15
6X1(2 1) axz(l 2) (H.15)
Equation (H.15) is integrated with respect to x, from « to 7z to obtain:

(H.16)

Xo=7 '

d T, - - -
d_xlq h,Tv,dx,) = hlrv2|X2=a —hyTV,|

The last term in the right-hand side of Eq. (H.16) is equal to zero because the velocity at the
membrane surface is zero. The first term in the right-hand side of Eq. (H.16) is to be
calculated from the boundary condition at the drop surface, Eq. (2.12). Thus, Eg. (H.16)
reduces to:
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4x, (1—x2)

1+cosa)?. H.17
[l+x12+(1—x12)cosa]3( ) (H17)

d . -
d—)(l(lhzrvldxz) =
Integrating Eq. (H.17) from x; to x; = 1 (the edge of the pore), and taking into account that the

velocity at the edge of the pore is zero, one obtains:

1-x2)* (L +cosa)?
[+ x2 +(1-x?)cosa]®

.[hz’r'vldxz =- (H.18)

After some mathematical transformations, using Egs. (H.14), (4.3), (4.4), and (4.8) one

derives the following expression for the term in the left-hand side of Eq. (H.18):

X (1- X1) dpb
2

h,Fvydx, = f[cb(xl,xz) D(x,, )][D(x, X,) - cD(xl,zr)]— (H.19)

R 3

The integral in the right-hand side of Eq. (H.19) can be solved analytically:

(L-x)* dPy 7

3
1% dxl[ —p(x, Q)] (H.20)

Thz'r“vldx2 =-

where we have used also the definition of the function ®(x1,x,), Eq. (H.10). From Egs. (H.18)
and (H.20), we derive the final analytical expression for the gradient of pressure:

(L-x7)dp,
xZ dx

= 6(L+coscr)’[L+ x2 + (L— x2) cos a]_z[% —p(x, ). (H.21)

To obtain the contribution, fuedge, Of the hydrodynamic resistance in the wedge-shaped region

between the drop and the horizontal solid wall (Fig. 1), we represent Eq. (E.1) in the form:

l
d
wedge - J- 2 pb d (H22)
0 l l
Substituting Eq. (H.21) into Eq. (H.22), we derive the final expression for the respective force
coefficient:
1
Fretge = 67(1+cosa@)” [[L+ X7 +(1—x{) COSa]‘Z{% —arctan[x, tan(%)]}‘3 dx, . (H.23)
0

Introducing a new integration variable, t = arctan[x, tan(«/2)], the right-hand side of Eq.

(H.23) can be simplified:

al?

2
~6root(2) [ 2L
2 0

f
(7 -2t)°

(H.24)

wedge

The integral in Eq. (H.24) can be expressed as follows [4]:
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al? 2 _ _ - _
8cos t3 dt :Ci(ﬁ)—Ci(ﬂ—a)+1 cos(z 20{) N sin(z —a) _3, (H.25)
o (m-2t) (7 -a) r-a
where ci is the cosine integral [4] defined by the relationship:
Gi(x) = _j%stdt. (H.26)
X
In our case, 7— « is a small parameter, and then Eq. (H.25) can be expanded in series:
al?2 2 _ 2 — 4
SLStsdt 079381 In(z — o) + £=9)" _(7=2) (H.27)
oy (m—2t) 24 1440

Substituting Eq. (H.27) into Eq. (H.23), we obtain the final asymptotic expression for fyedge:

(r-a)" (ﬂ—a)“].
24 1440
see Eq. (5.31). We checked the precision of the asymptotic formula (H.28) and found that it

f (H.28)

wedge

— 67 cot(%) [0.79381— In(7 — a) +

gives the value of the integral (H.24) with a relative error smaller than 107" for 150° < & <
180°.
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