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A computational model comprised of two particles connected with aid of a liquid
interlayer served as a basis for investigation in capillary pressure value in the liquid and
in basic parameters of particles influencing this value. Both water absorbed from the
environment, and liquid components of dispersive compositions can form this interlayer.
Interaction between variously shaped and sized particles was investigated. The offered
computational model assisted with numerical methods can be used to explore how capil-
lary pressure and parameters of both dispersive and liquid components influence values
of capillary adhesion force between particles in powder-like compositions.

Introduction

Capillary forces are the most significant forces acting between par-
ticles of dispersive components during their storage, processing, and use
under natural conditions. These forces are generated in the liquid interlayer
between particles that is formed, in particular, by either moisture absorbed
by powders from the environment, or liquid components of dispersive
compositions within a narrow gap between particles. Values of these forces
are dependent on various parameters characterizing powder-like materials
and the environment; at this point, capillary pressure in the liquid between
particles is a parameter insufficiently investigated so far [1-3].

This work aims at investigation in how basic parameters of disper-
sive particles influence capillary pressure and, consequently, values of
capillary forces acting in the liquid interlayer between particles of pow-
der-like compositions.

Calculation part

Two particles with the liquid interlayer between them (Fig. 1) were
opted as the computational model. At this point, the interlayer can be
formed by both moisture absorbed by any powder from the environment
under real conditions of storage and processing, and liquid components
of dispersive composite materials.

Interaction of a liquid’s molecules between themselves and disper-
sive particles results in the distorted meniscus of the liquid’s surface
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[4-8], this phenomenon causing additional pressure (P) that, in accord
with the Laplace equation, equals:
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here, p, p, — pressure values in the liquid and gas phases, respectively;

o — coefficient of surface tension of the liquid; 7, r, — curvature radii of

main mutually perpendicular sections of the liquid’s surface.

A B

Fig. 1. Computational cell to determine capillary pressure value in liquid interlayer
during interaction of sphere-shaped (A) and cone-shaped (B) particles

Microscopic investigations in the shape of the liquid meniscus con-
ducted earlier by us [6], as well as the works by other authors [4, 5, 9,
10] enable approximating the liquid meniscus as a circular arc. With this
in mind, the curvature radii of interlayer (7, /) between two interacting
spherical particles equal:

D,(1-cosa,)+D,(1-cosa,)+2h

T 2| cos (a, +6)+cos (a, +6)| @)

1= %Dlsinoc1 —r [ 1-sin(a, + 9)] = %DQSin% - ’”[1 -sin(aL, + 9)] (3)

here, D,, D, — particle dimensions; a,, a, — angles generated by straight
lines: (a) particle center—wetting perimeter, (b) Y axis, and characteriz-
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ing the liquid interlayer for both particles, respectively; 7 — gap between
particles; 0 — wetting angle.

The liquid’s volume is determined as the volume of a figure gener-
ated by a circular arc with radius 7 turning around the vertical axis Y
minus volumes of the particles V submerged into the liquid:

v =x[[F(y)fay -7, (4)

here, F(y) is the equation of the curve generating surface of revolution
around the Y axis; y,, y, — integration limits determined as ordinates of
the circumference points wetted by the liquid.

With substituted F(y), V', and y,, y,, the eq. (4) can be re-written as:

N\
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VI — 7 7Cos a1+t9)

> (9)
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After replacement of curvature radii (r, /) with expressions (2, 3) in
eq. (5), after integration and transformation of eq. (5), the finite expres-
sion to calculate the volume of the liquid in interlayer can be obtained.
Numerical calculation of eq. (1-5) gives the capillary pressure values in
the liquid interlayer.

Results and discussion

Fig. 2 mirrors capillary pressure and the constituent F_of capillary
forces as dependent on the relative volume w during interaction of identi-
cal spherical particles and at variable parameters of these particles (here,
w 1s the ratio of the liquid’s volume to the interacting particles’ volume).

As is apparent from Fig. 2, particle dimensions and wetting angle are
basic parameters influencing the capillary pressure value during interac-
tion of identical spherical particles. In accord with the obtained equations,
the maximal rarefaction value is attained at zero wetting angle and lesser
dimensions of particles. The distance between particles is a less significant
factor; at this point, a larger rarefaction is characteristic of a lesser value of
h (e.g., the curve 5 as compared with the curve 4, or the converging curves
5, 4 as compared with the curve 3). Variations of the h value, especially at:
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Fig. 2. Capillary pressure in the liquid interlayer (A) and capillary force constituent (B)
as dependent on relative volume of interlayer during interaction of spherical particles and
at variable (A) D (um):

1 —100; 2-5 - 10; h, um: 7, 2, 4 —0.01; 3 - 0.1; 5 — 0.2 nm; 0 (degrees): /, 3-5 - 0;
2-50; (B)yh/D: 1 —4-10*% 2—-10.001; 3 —0.01; 4 —0.025; 5—0.05; 6 — 0.1. D=5 um,
0=50°-6=72.8 mN/m

(a) £ <0.1% of D (curves 4 and 5), and (b) up to 1% (curve 3) are observ-
able only with small portions of the liquid. It appears from this that sig-
nificant proportions of water contribute to apparition of a repulsive force
between the particles. As is apparent also (Fig. 2.B), the increased distance
between the particles results in the maximal value of the capillary force
constituent F  shifted to large volumes of the liquid interlayer.

In accord with eq. (1), the capillary pressure value is dependent on
the ratio between curvature radii of liquid interlayer. In turn, the ratio
between r and / values is determined by values of (a) wetting angle,
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and (b) portions of the liquid between the particles. As confirmed by the
performed calculations, this ratio follows from the dependence of the
interlayer volume on the 0 angle (Fig. 3). This dependence is obtained
under conditions of zero value of the Laplace pressure within the liquid
interlayer between identical spherical particles. Also, this dependence is
confirmed by the curves presented in Fig. 2.

10 B=====so=- .
0 15 30 45 60 75 90

Fig. 3. Relative volume of the liquid in interlayer as dependent on wetting angle at zero
capillary pressure and variable gap (%) between particles (2 = %D): 1, 2 — 5 nm (0.05);
3,4-10nm (0.1); 5, 6 —0.1 um (1); 7, 8§ — 1 um (10). D =10 pm, 6 = 72.8 mN/m

The P = 0 condition is realized for two volumes of the liquid inter-
layer: (a) the minimal (curves 2, 4, 6, § in Fig. 3), and (b) the maximal
(curves 1, 3, 5, 7 ibid.). As is apparent, these curves shape an arca fea-
tured by capillary rarefaction (P < 1). In Fig. 3, P = 1 corresponds to
1 atm, or 101325 Pa. Either separation of particles, or the gap between
them increased from 0.05% up to 10% of D leads to an appreciable dimi-
nution of this area. The poor wetting of the particle surfaces also results
in diminution of this area. For values P > 1, capillary pressure in the
liquid interlayer contributes to repulsion of particles.

In accord with eq. (1-3), the P = 0 condition — with identically sized
particles — is not dependent on particle dimensions, but is determined by:
(a) the portion of liquid in interlayer, (b) wetting angle and (c) distance
between the particle surfaces. Consequently, this condition is apprecia-
bly dependent on the properties of particle material, of the liquid, and of
the environment.

Fig. 4 reflects how the volume of the liquid requisite to attain the
zero value of capillary pressure in the liquid interlayer is dependent on
the relative distance between identical spherical particles at the variable
wetting angle.
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Fig. 4. Relative volume of the liquid interlayer as dependent on relative distance between
particles under conditions of P=0 and variable wetting angle 0 (degrees):
1,8-0;2,7-50;36-80;4,5-89. D=5 um, 6 =72.8 mN/m

As is apparent, the P = 0 condition is attained at two volumes of the
liquid: the minimal (P, . = 0, curves 5-8) and the maximal (P, = 0,
curves /-4). At this point, the area restricted by the mentioned curves con-
taining limit values of the liquid’s volumes is featured by rarefaction and,
respectively, by maximal value of the capillary force. The poor wetting of
the particle surfaces results in diminution of this area and in a narrower
diapason of the liquid’s volume contributing to apparition of cohesive
forces between the particles. For proportions of liquid, both exceeding
the maximal (¥ ) and lesser the minimal (V. ) values, capillary pressure
contributes to repulsion of the particles. At this point, the capillary pressure
values in areas over the curves /-4 (P, = 0) and below the curves 5-8
(P,.. = 0) are determined by both different constituents of the force caused
by surface tension of the liquid along its perimeter, and capillary pressure
in the liquid interlayer, respectively.

It appeared from the calculation results that basic parameters in-
fluencing the capillary pressure value in the liquid interlayer between
contacting spherically-shaped particles are the distance between these
particles and the wetting angle. At this point, more marked rarefaction is
attained under the following conditions: zero wetting angle, lesser dis-
tance between the particles, and small volumes of the liquid interlayer.
With growing interlayer, the mentioned parameters equalize their influ-
ence; also, capillary pressure and the respective capillary force constitu-
ent disappear.

Analogically, computational investigations in capillary pressure
were performed for the interacting cone-shaped particles. Fig. 5 and 6
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demonstrate how capillary pressure is dependent on the relative volume
of liquid interlayer wc during contact of identical cone-shaped particles.
(Here, w_stands for the ratio of the liquid’s volume to the volume of the
particles submerged into the liquid, at maximal wetting perimeter).

As is apparent from Fig. 5, the cone shape appreciably influences
the capillary pressure value. So, with growing angle at the cone vertex,
significant capillary rarefaction (P < 0) contributing to cohesion of par-
ticles is observed. As is noticeable (Fig. 5.A and 5.B), with larger gap
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Fig. 5. Capillary pressure in the liquid interlayer as dependent on relative volume of the

liquid during interaction of the cone-shaped particles and at variable angle B (degrees)

of the cone vertex: / —40; 2 — 80; 3 — 120; 4 — 140; 5 — 160; 6 — 170. 6 = 0°, & (Mmm):
A-0.01,B-0.001. 6 =2.8 mN/m
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Fig. 6. Capillary pressure in the liquid interlayer as dependent on relative volume of
the liquid during interaction of the cone-shaped particles and at variable wetting angle
O(degrees): 1 —0; 2 —20; 3 —40;4—-60; 5—80.=130° 2=0.01 um, o =72.8 mN/m

between particles, capillary pressure to a larger extent contributes to re-
pulsion of particles (P > 1), rather than to their cohesion. The decreased
h value leads to the capillary pressure value markedly shifted towards
the rarefaction diapason and, respectively, to more intensive coalescence
of particles.

As evidenced by the curves presented in Figure 6, the improved wet-
ting contributes to growth of capillary rarefaction and to cohesion of the
particles, as 1s the case with the spherically-shaped particles (Fig. 2-4).

Conclusion

Thus, the offered computational model enables exploring how basic
parameters of dispersive particles and of the liquid interlayer influence
the capillary pressure value in the interlayer between dispersive compo-
nent particles. The offered model can be used to numerically investigate
how capillary pressure and dispersive component parameters influence
the values of cohesive capillary forces.
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