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Abstract. Capillary action or Capillarity is the ability of a liquid to flow in narrow spaces
without the assistance of, and in opposition to, external forces like gravity. Three effects contribute
to capillary action, namely, adhesion of the liquid to the walls of the confining solid; meniscus
formation; and low Reynolds number fluid flow. We investigate the dissipation of energy during
one cycle of capillary action, when the liquid volume inside a capillary tube first increases and
subsequently decreases while assuming quasi-static motion. The quasi-static assumption allows us
to focus on the wetting phenomenon of the solid wall by the liquid and the formation of the meniscus.
It is well known that the motion of a liquid on an non-ideal surface involves the expenditure of
energy due to contact angle hysteresis. In this paper, we derive the equations for the menisci and the
flow rules for the change of the contact angles for a liquid column in a capillary tube at a constant
temperature and volume by minimizing the Helmholtz free energy using calculus of variations. We
describe the numerical solution of these equations and present results from computations for the
case of a capillary tube with 1 mm diameter.

1. Introduction

Capillarity and wetting phenomena play prominent roles in soil science, plant biology, surface
physics, and hence, both fields gain more attention from researchers in various areas like chemistry,
physics, and engineering. Studies on wetting phenomenon mainly look at how liquid spreads on
a solid surface. Industrial processes, such as cleaning, painting, coating, and adhesion [1] widely
use the key concepts of wetting. As an example, in the automobile industry, surfaces are prepared
prior to painting, and tires are treated to promote adhesion on wet roadways.

The surface chemistry of a solid substrate is the key factor in determining its wetting behavior;
hence, the specific wetting properties can be obtained by modifying the surface chemistry. At large
scales, research on wetting properties of a liquid is used to increase the deposition efficiency of
pesticides on plant leaves and the cooling of industrial reactors. On smaller scales, it is used to
improve the efficiency of microfluidic and nanoprinting devices [2].

Capillarity is the study of the interface between two immiscible fluids, or between liquid and
air. These interfaces change their shape to minimize the surface energy [3]. The two fundamental
equations that describe the macroscopic theory of capillary surfaces are the Young-Laplace equation
and the Kelvin equation. The wetting of a solid surface by a liquid in the presence of vapor is
described by Young’s equation [4].

e The Young-Laplace equation describes the shape of a capillary interface. When a curved

capillary interface is in equilibrium, a pressure difference, dp, forms across the interface. Young-

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1



MURPHYS-HSFS-2014 IOP Publishing
Journal of Physics: Conference Series 727 (2016) 012003 doi:10.1088/1742-6596/727/1/012003

Laplace equation relates the pressure deficiency to the curvature of the interface, and it reads

op =2y H, (1)

where H denotes the mean curvature of the interface [3].

e Lord Kelvin’s equation describes the evaporation or condensation of liquid from a capillary
surface. In particular, this equation describes the change in the pressure of the vapor as a
function of the temperature. This change in the vapor pressure leads to a change in the shape
of the capillary surface in accordance with the Young-Laplace equation.

e Young’s equation describes the boundary condition at the three phase line where a capillary

surface meets a solid surface.
Consider a liquid drop on a solid substrate, where one encounters three different interfaces:
solid-liquid (SL), solid-gas (SG), and liquid-gas (LG). We assume that the contact line is a
differentiable function so that one may assign a tangent direction at any point. We also assume
that the solid and liquid surfaces are differentiable so that we may assign normal directions at
any point. The contact angle 6 between the solid and the liquid is defined to be (please refer
to Figure 1) as the angle between the normal vectors to the solid and the liquid at a point on
the contact line [5].

Capillary interface

Solid substrate VSL sG
vsG A O

(a) (b)

Figure 1: (a) Geometric definition of the contact angle for a 3-D droplet on a solid substrate [5]:
vg is the normal to the solid substrate at the contact line, and vy is the normal to the droplet
surface at the contact line. The angle between vg and vy is the contact angle. On the tangent
plane to the solid substrate, let g be the unit vector perpendicular to the contact line pointing
away from the wetted region. The vector vg;, = —rgg is the unit vector pointing into the wetted
region. On the tangent plane to the capillary interface at the contact point, let vrg be the unit
vector perpendicular to the contact line pointing away from the solid. (b) Forces per unit length of
magnitude vsa, vsr, and yrg respectively act along the unit directions vgg, vsr, and vig. Force
balance in the vgg direction yields the Young equation.

Forces per unit length of magnitude ~sr, vsq, and vyrg act along certain directions
perpendicular to the contact line as described in Figure 1(b). Balancing the forces on the
tangent plane to the solid surface yields Young’s equation [3]:

YSG — YSL = YLG cos 0. (2)

The contact angle, 6, is not simply the tangential angle at the point of contact. In the region
of the triple-point line (the line of contact between the substrate, air, and liquid), the liquid
exhibits three distinct regions: the molecular region, the transition region, and the capillary
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region [6]. It is at the transition region where one should measure the angle of contact. The
angle that the transition region makes with the substrate is the contact angle to be used in the
Young’s law [7]. This subtlety in the notion of the contact angle will be important in Section
2.2. The scalar quantities vsr, vsqa, and yrg can also be understood as the energies of the
interfaces per unit area.

In this article, we continue the work presented in [8] and compute the energy that must be
expended by an external agent while changing the volume of a liquid column in a capillary tube
through one cycle. The liquid volume itself could be changed slowly by changing the temperature of
the system through Kelvin’s effect described earlier. The very fact that a liquid column exists in a
vertical capillary tube implies that the angles at the upper and lower menisci have different contact
angle values. This is only possible due to the contact angle hysteresis phenomenon described next.

1.1. Contact angle hysteresis

Consider a liquid droplet on a solid surface with a contact angle of 6 (Fig. 2). Experiments show
that if the liquid is carefully added to the droplet via a syringe, the volume and contact angle of
the droplet will increase without changing its initial contact area. Further increase of its volume
results in an increase in the contact area with the contact angle fixed at 64 (refer to Fig. 2(a)).
Similarly, if the liquid is removed from a droplet, volume and contact angle of the droplet decrease
but retain the same contact area. Continuing this process results in a recession of the contact area
at a contact angle of 0g. These two limiting values, 84 and 0g, are referred to as advancing and
receding angles. For a symmetric droplet, one can obtain a hysteresis diagram for the contact angle
0 verses droplet diameter D as depicted in Figure 2 (b).
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Figure 2: (a) Contact angle hysteresis effect: advancing 64, and receding 6 contact angles of a
liquid drop. (b) Plot of the contact angle 6 verses contact diameter D for a drop on a solid surface.

1.2. Effect of surface chemistry and roughness

The contact angle 6 at the contact line may be found by solving (2). It has been known since
the work of H. L. Sulman and H. Picard [9] that there is a difference in the contact angle at the
solid-liquid-gas contact line between rising drops and falling drops. They called this phenomenon
contact angle hysteresis. The amount of hysteresis depends on the chemical compositions of the
solid and the liquid, and the physical roughness of the solid surface [10]. Several researchers have
shown that even for solids with surface height variation in the nanometers and drop sizes that are
2 or 3 orders of magnitude larger, there is still significant contact angle hysteresis [11, 12, 13, 14].
These results show that the solid-liquid chemistry is the primary reason for contact angle hysteresis.
The same experiments have also shown that increase of surface roughness changes the amount of
contact angle hysteresis but in a consistent manner [10, 15].
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As experiments have pointed out that the primary reason for contact angle hysteresis is the
chemistry between the solid and liquid, the practice of assigning only a single value for the interfacial
energy sz was questioned by Penn and Miller [12]. Recently, Snoeijer and Andreotti [16] have
shown through a theoretical analysis at the microscopic level of a liquid drop on a smooth surface
with no surface roughness and with no chemical impurities that the macroscopic (or apparent)
contact angle cannot have a single value. Extrand[17] started with the assumption that the
advancing and receding contact angles are known and concluded that the interfacial energy of
the solid-liquid must be set valued if the angles are different.

Due to the above mentioned reasons, we assume sy, takes values in the set [ysr, . s YSLma]- 1N
the next section, we follow the theory outlined in [8] to derive the equations satisfied by a finite
column of liquid in a capillary tube.

1.3. Derivation of equations
We obtain the governing equations for a capillary surface by minimizing the total energy of the three-
phase system (solid-liquid-gas) in a capillary tube for a constant liquid volume and temperature,
while subject that vsr, € [YSL,...» VSLmax) [8]- Consider a capillary surface formed between a three-
phase system: liquid, gas, and a solid boundary. Let the domain occupied by the liquid be € and
the domain of the capillary interface be S. Further, S,, denotes the area of the wetted part of the
solid boundary. The total energy of this system consists of three main terms [18]:
(i) Free surface energy,

(ii) Wetting energy, and
(iii) Gravitational potential energy.

The free surface energy, &, of a capillary interface is proportional to the area of the liquid
surface that is not in contact with the solid. Then, if the energy per unit area (surface tension) is
VLG,

& = 'YLG/dS- (3)
s

In equation (3), dS represents the surface area element on the capillary interface. In equation (4),
wetting energy, &,, is the adhesion energy between the liquid and the solid substrate, and

Ew= [ (vsL —vsG) dSw. (4)
/

Note that in this quantity, vsz is not a constant function. Finally, the gravitational potential
energy, &, in terms of the height coordinate z and volume element dV is

&= [ rgzav. (5)
Q

where p and ¢ are the liquid density and gravitational acceleration, respectively. The total
Helmholtz energy at constant temperature of the system is then given by:

Etot = & + Ew + &y (6)

One obtains equations for the capillary surfaces and the boundary conditions at the contact line
from first-order necessary conditions arising from the minimization of the total energy functional
subject to a constant liquid volume constraint and ysr, € [YSL..s VS Luax) -
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2. Liquid column in a capillary tube: Effect due to the contact angle hysteresis
Experiments suggest that a thin, vertical capillary can hold a finite column of liquid. Consider a
liquid column trapped in a capillary tube with radius R. Let 61 and 65 be the equilibrium contact
angles of the upper and lower menisci, respectively. Hence, for the static equilibrium of the liquid
column, it satisfies the equation:

2Ry (cosfy —cosby) = pgV, (7)

where v is the interfacial tension between the liquid-gas interface, and p, V' denote the density
and volume of the liquid respectively. Thus, the existence of such a capillary column implies that
the equilibrium contact angles 1 and 65 satisfy 67 < 0,.

Given V, to find the angles 6; and 62, we mathematically model the capillary menisci formed
in a liquid column trapped in a cylindrical tube. As our goal is to find concrete values for energy
losses for comparison purposes, we restrict ourselves to the case where the capillary interface is
axisymmmetric. Governing equations for the upper and lower menisci are obtained using calculus
of variations [18, 19, 20] after minimizing the total energy functional at a constant temperature
subject to the constraint that vsr, € [YSL,..s VS Lumax)-

Consider an axisymmetric capillary column in a tube with radius R. Let the liquid density be
p. The profiles of the upper and lower menisci are hi(r) and ha(r) with contact angles ¢, and
2, respectively. Consider the Cartesian coordinate system as depicted in Figure 3. The distance
between the origin with the minimum of the upper meniscus and maximum of the lower meniscus
are Hy and Ha; po is the capillary pressure at the origin, and pg = p(0) — patm. Interfacial tensions
between the solid-gas, solid-liquid, and liquid-gas are vysg, vsr, and yrg-
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Figure 3: Schematic drawing of a liquid column in a capillary tube with gravity acting along
the —z direction. Upper and lower contact angles satisfy 81 < 3. The capillary surface heights
zi = hi(r), i = 1,2 are measured from the base of the surface as shown in figure with z direction
as positive — hence, ho is a non-positive function whilst h; is a non-negative function.
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Let the total surface area of the tube be A;. The total energy functional, &, is

Hi+h1(R) Hi+hi(R)
Eiot = (At — 2R / dz> vsa + 27R / vsr(z)dz +
Ha+ha(R) Ha+ha(R)
R R
fyLG/Qmw/l + W2 (r)dr + vra / 2mry/ 1+ W2 (r) dr +
0 0
R Hi+hi(r)
/ / 271 pg z dz dr. (8)
0 Hytha(r)

In (8), the first two terms are the energy contribution due to the non-wetting and wetting surfaces,
on the capillary tube, respectively. These two energy terms are described by the integrals over the
wetting and non-wetting area of the capillary tube. In the second term, vg; takes values in the
interval [Ysr,..,VSLma) and it is considered to be z-dependent. The third and the fourth terms
describe the capillary surface energy of the upper and lower meniscus profiles. This energy term
is related to the capillary-free surface area. Gravitational potential energy term is represented by
the last term and is defined over the liquid volume; liquid density is p, and g is the gravitational
acceleration.
Expression (8) may be simplified to

Hi+hi(R) R
Eiot = Ayysg +27R / (vsr.(2) —vsa) dz + v / 27ry /1 + h’f(r) dr +
Ha+ho(R) 0

[(h1(r) + H1)? — (ha(r) + H2)?] dr. (9)

N3

R R
VLG / 2y /1 + hE(r)dr + 27Tpg/
0 0

2.1. Derivation of the equilibrium conditions: First variation of the total energy functional
By minimizing the total energy of the system at constant volume and temperature subject to the
constraint vsr, € [YSLin» VSLmax)» We find the equilibrium meniscus profiles: hi(r) and ha(r) and
the liquid column heights: H; and Hs. This approach results in the associated Euler-Lagrange
equation for hi(r), ho(r), Hi, and Hy together with the boundary conditions at the three-phase
contact line [21, 18, 22]. These boundary conditions yield the corresponding Young’s equation at
the upper and lower contact lines. Furthermore, we also obtain flow rules for the change in the
contact angles when the contact lines move.

Although volume V is considered to be constant, the wetting area is allowed to vary, and
therefore, we take the first variation of (9) with respect to the variables: Hy, Ha, hi(r), and ha(r).
Denote the Lagrange multiplier corresponding to the constant volume constraint as p. Then,
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6&ot — POV = QWR[WSL(Hl + hl(R>) — 75@]<5H1 + (5h1(R>) —
2mR[ys(Hz + he(R)) — vscl(6Hz + 6ha(R)) +

/ /
h’l(r) / h ( ) (Sh/ d?"-‘—

V' 1+ hE(r) \/

R
2mpg / P{(ha(r) + H2)(Oha(r) + 6H1) — (ha(r) + Ho)(Sha(r) + 0H)] dr —

0
R
27p / [5h1( ) +6H, — 5h2(T) — 5H2] dr
0

< 0, (10)

where the inequality is due to the fact that equality may not be attained due to the constraint
YSL € [YSLuins VSLmax)- BY using integration by parts, the first integral in (10) may be recast into

/

T) * —/R 77%;(7") Oh;i(r)dr

R
hi(r)
—— 2t Shldr = A —
/ \/1+h’2 ,/1+h;2(r) 1+ h2(r)
fori e {1,2},
(11)
and hence, (10) can be rewritten in the form:
0ot —]5<5V = R['ySL(Hl + hl(R)) ]((5H1 + 6h1(R))
Rlysr(Ha + ha(R)) — VSG](5H2 + 0ha(R)) +
i (1) g () "
7511 r) + ——={Sho(r
R h’ , R h/( ) /
r rhb(r
Shy(r)dr — /2 Sha(r) dr +
PYLGO/ < NaEo) h’2 ) 1r)dr = / ( T+ h’f(r)) )
R
pg/ + Hl (5}11(?”) + (5H1) — (hg(T‘) + HQ)(5h2(T) + 6H2)] dr —
0

R

/’I” 5h1 —|— 0H, — (Shg( ) 5H2] dr.

0

(12)

The necessary condition for & to have an extremum is 0E;,s — poV < 0. Now, § hi(r) and § ha(r)
have no restriction on sign and so we get:



MURPHYS-HSFS-2014 IOP Publishing

Journal of Physics: Conference Series 727 (2016) 012003 doi:10.1088/1742-6596/727/1/012003
) )
rhi(r _
-6 | ———=| —pr+pgr(hi(r)+Hi) = 0, 13
gl ( 1+h’12(7')> pgr(ha(r) ) (13)
/
rhy(r) _
—YLG +pr — pgr(hy(r) + Hs = 0. 14
gl ( ) pr — pgr(ha(r) ) (14)

Similarly, § H; and § Ho have no restriction on sign and this leads to:

R? R2
<75L(H1 + hi(R)) — 'VSG>R Pt pg/?“fn(?“) dr+pgHi— = 0, (15)
0
R
R2 R2
_ (’YSL(HQ + ho(R)) — ’YSG)R +157 - pg/rhg(r) dr — ng27 = 0. (16)
0

These equations are satisfied for r € [0, R]. With these deductions, the inequality 6&, — pIV <0
reduces to:

6ot —pOV = RlyspL(Hi + hi1(R)) — vsc] 0h1(R) — Rlysr(Hz + ha(R)) — vsc] 0ha(R) +
rhi (r) " e T g g
1 + h/12 (7’) 0 1 + hIQQ(T') 0

< 0. (17)

YLG dha(r)

Note that the contact line variation dhq(R) and dhe(R) are related to 6 and 65 respectively. For
a particular 6; value, dh;(R) is determined by the inequality (17). To simplify notation, denote:

vsa —vsL(Hi + hi(R))

= cosby,, "
YLG
_ H.
vs¢ — ysp(Ha + ha(R)) cos Oy,, .
VLG

Note that for i = 1,2, cosfy, € [cosf4,cosfr]. Then, using the fact that h{(R) = cotf; and
h%(R) = — cot 62, inequality (17) becomes:
(cos By — cos By, ) 0hi(R) 4 (cos by — cos by, ) 0ha(R) <0 (20)

. Dlel;ine: cosfy = WSG;Z# and cosfg =
t=1,2

(i) If cos®; € (cosfa,cosbr), then ¥ 0y, (cosb; — cosfy,) < 0. Hence by (20) 6h;(R) = 0.
(ii) If cos®; = cos b4, then VOy;, (cosB; — cosfly;) < 0. Thus, by (20) dh;(R) > 0.

(iii) If cos6; = cosOr, then V0y,, (cosf; — cosfy;) > 0. Hence, by (20) dh;(R) < 0.

YSG=YSLpin

We have the following cases. For
VLG

The above inequalities yield the flow rules for the contact line motion and correspond to observed
results from experiment described in Section 1.1.
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2.2. Concept of capillary pressure and solution of the system of equations

First, we provide a physical interpretation to the Lagrange multiplier term p. The left hand side
of Inequality (10) may be thought of as the first variation of the augmented energy functional
Eaug = Etot — p V. From Equation (8), we see that the last (gravitational energy) term of Eqyq is

R Hi+hi(r)

/ / 2r (—p+pgz)dzdr.

0 H2+h2(7’)

This expression allows us to interpret p as the pressure at the origin z = 0. We term this pressure
as the Capillary pressure.
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Figure 4: Schematic drawing showing the top meniscus with a liquid column underneath. Force
balance on this meniscus is given by Equation (21).

Equation (15) may be rewritten after multiplication by 27 as:

R
cosfy, yoa 27 R) + (p— pg Hy) (7 R?) = pg/27rrh1(r) dr. (21)
0

Equation (21) represents the balance of forces for the liquid column under the meniscus z; = hy(r)
(see Figure 4). It is interesting to note the first term on the left hand side. As the real contact
angle is 61, the difference (cosfy, — cos61)vra (27 R) represents the additional force due to the
adhesion between the solid wall and the liquid column — a similar or same interpretation may be
found in Joanny and de Gennes [23].

Now, to facilitate computation, we make the assumption that the height of the liquid column
under the meniscus as shown in Figure 4 is much smaller than the height of the entire liquid
in the capillary tube. This assumption is a minor one and facilitates the computation of the
quantities easily as we can re-state the assumption as 6y, = 6;. Similarly, we assume that
0y, = 602 by considering the bottom meniscus. Note that, with this assumption, (18) yields:
vsa — vsr(H1 + hi(R)) = ~yrg cos 6y which is Young’s law applied to the contact line of the top
meniscus.

Denote by a = pgR?. Solving (15) and (16) for H; and Ha, we get

R

2 cosbtR  pR> 2
Hl _ YLG - 1 + pa Zg hl( )d (22)

R

P 0 2

o, = 2rccostelt pR i) / rha(r (23)
0

« [0

Substituting H; from (22) into Equation (13), we obtain a partial differential equation for hq(r)
that depends on the parameter p. Similarly, we may obtain a partial differential equation for ho(r).
We solve these PDEs using COMSOL®) Multiphysics software.
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2.3. Energy dissipation due to hysteresis

In [8], it is shown that the energy that must be input by an external source over the time interval
[0, 7] for the volume to change according to the profile given by V(¢) (assumed to be differentiable
with respect to t), where ¢t € [0,T] is given by:

¢
w= [ p(t) V(t)dt, (24)
to
where p(t) is the capillary pressure associated with the volume V'(t). The above formula states
that if the capillary pressure p is plotted against the volume then the area of the region under the
curve yields the energy input from the external source that is causing the volume to change. As the
relation between p and V' shows hysteresis (see Section 3), Equation (24) equivalently represents
the energy loss due to contact angle hysteresis when the volume of the liquid is changed in a cycle.
If the initial and final volumes are not the same, then Equation (24) also includes the internal
(potential) energy change in addition to the energy loss. Although capillary effect is a complex
phenomenon, it is interesting to note that the energetics of the system may be described by two
scalar variables - the volume of the liquid and the capillary pressure!
In the next section, we consider a specific profile for the volume change and compute the energy
that must be input by an external source to complete a cycle.

3. Numerical results and Discussion

The formation of an axisymmetric liquid column in a capillary tube is depicted in Figure 3. In the
present study, we investigate the dissipation of energy during one cycle of capillary action, when the
liquid volume inside the capillary tube first increases and subsequently decreases. Figure 5 shows a
hysteresis diagram obtained by considering the variation of wetting area with the liquid volume. Let
f, and 62 be the upper and lower contact angle values and assume both angles are invariant along
the corresponding contact lines. Ar,, is the initial wetting area. Recall the necessary condition:
01 < 02 for the static equilibrium of the liquid column. We first consider the increase in the liquid
volume at 01 = 0 and O < 03 < 04 (refer Figure 5). During this process, assume both 6; and 6,
increasing until f5 reaches its advancing angle 64, and Or < 61 < 04 (segment 1-2). Once 05 equals
0 4, further continuation of liquid addition results in a downward motion of the lower contact line
with a constant contact angle 4 and a decrease in the upper contact angle 6, (segment 2-3). At
point 3, let the wetting area be Aggn, and 6 is still in the interval [0g, 64]. Paths 3-4 and 4-1 refer
to the decrease in the liquid volume. As volume is quasi-statically removed, assume both 6; and
05 decrease until #; approaches its receding value, and let 62 be in the interval [#r,04] at the point
4. Hence, segment 3—4 depicts a constant wetting area. Since #; = 6, now the lower meniscus
begins to recede with constant contact angle 8z. Liquid is removed until the column arrives at the
initial configuration: that is, wetting area Ay, and liquid volume V;. This formulation assumes
that both upper and lower contact lines be pinned during the segments 1-2 and 3—4.

On vertical segments 1-2 and 3-4 the wetting area is fixed at Ay, and Aggp, respectively. On
segments 2-3 and 4-1, 65 = 64 and 6; = Op, respectively. Thus, we solve the governing equations
(13) — (16), for the upper and lower menisci with appropriate boundary conditions (described
below) using the COMSOL®) Multiphysics software.

Upper and lower capillary surfaces are numerically computed by using the boundary conditions:
R1(0) = h5(0) = 0, W) (R) = cot by, and hhH(R) = — cot fy with prescribed 6; and 6. Additional
wetting area constraint is imposed to calculate the capillary surfaces that correspond to the line
segments 1-2 and 3-4. For the numerical computations, we consider capillary tubes with a
diameter of 5mm and 1mm. All the numerical computations are made with v, = 73mJ/m?, p =
1000kg/m3, and g = 9.82m/s? [3].

Wetting area, liquid volume, and area of the upper and lower interfaces are numerically computed
for each solution.
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Figure 5: A hysteresis diagram for a capillary column: the liquid volume variation with respect to
the wetting area of the liquid column.

Results of numerical computations of upper and lower menisci in a capillary tube of diameter
2R = 5mm are displayed in Figure 6. Upper and lower contact angles are at 35° and 65°,
respectively. The liquid column volume is 4.63 x 1078 m?. For any pair of {f1,6}, the volume
V' of the liquid may be calculated using the static equilibrium condition:

2y R(cos 01 — cosBy) = pgV, (25)

hence, we use the criterion (25) to validate our meniscus profiles.

We calculate the energy losses when the liquid volume inside the capillary tube first increases and
subsequently decreases. The corresponding energy diagram is in Figures 7. Area under each closed
loop denotes the energy dissipation due to the capillary pressure. Table 1 presents the variations
of the energy terms for different upper and lower contact angle (6; and 6s) values.

450 —— Upper meniscus
= = =Lower meniscus

Upper and lower menisci heights (m)

Figure 6: Upper and lower menisci profiles. The capillary tube diameter is 5mm, and the capillary
pressure at the origin p(0) = —10N/m?2. In this numerical simulation, the upper and lower contact
angles are §; = 35° and 6, = 65°, respectively. The liquid bridge has the wetting area 5.76 x 107> m?
with volume 4.63 x 10~8 m3.
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Table 1: Energy variations with capillary tube with diameter of 1 mm. Initial and final wetting
areas are 4.00 x 107 m? and 4.18 x 107° m?. All the numerical computations are performed under
the assumptions of advancing angle 84 = 66° and receding angle p = 30°.

doi:10.1088/1742-6596/727/1/012003

01 0 Wetting Volume Capillary
area x1078(m?) Pressure

x1075(m?) (N/m?)

30.0 62.0 3.99 1.85 7.05
30.8 62.6 4.00 1.86 -11.32
33.6 64.4 4.00 1.87 -15.28
36.0  66.0 4.00 1.88 -18.94
358 66.0 1.02 1.89 1851
35.6  66.0 4.04 1.90 -18.20
354 66.0 4.06 1.91 -17.88
35.2 66.0 4.08 1.92 1757
35.0 66.0 4.10 1.93 -17.25
348 66.0 4.12 1.94 -16.93
34.6  66.0 4.14 1.95 -16.62
342 66.0 418 1.97 -16.07
33.0 65.2 4.18 1.96 14.22
31.2 64.0 4.18 1.95 -11.52
30.0 63.2 418 1.94 9.6
30.0 63.0 113 1.03 0.23
30.0 62.6 4.07 1.90 -8.37
30.0 62.4 4.04 1.88 -7.90
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Figure 7: Energy diagram for capillary pressure versus liquid volume. Capillary tube diameter is
1mm, and in this numerical simulation fr = 30° and 84 = 66°. The low and high wetting areas are
4.00 x 1079 m? and 4.18 x 107° m?, respectively. Energy required to complete the cycle 1-2-3-4-1
is approximately 8.21 nJ.

Table 1 shows the capillary energy variations with volume of the liquid column. Rows 1-4,
5-11, 12-15, and 16-18 of the table correspond to the volume variations that also correspond to
line segments 1-2, 2-3, 3-4, and 4-1, respectively (see the hysteresis diagram: Figure 5). Figure 7
depicts the capillary pressure variation with volume of the liquid column with diameter of 1 mm.
Energy required to complete the cycle 1-2-3—4—1 is approximately 8.21 nJ.

3.1. Energy losses due to viscosity of the liquid
A study of the energy mechanisms involved in wetting and drying of water in soil is very important
in the field of climate change, and also for determining optimal irrigation procedures for agriculture
[24]. Soil pore spaces are micro capillary tubes which fill-up and dry-out due to rainfall and/or
irrigation. Completion of one cycle of wetting and drying involves motion of the contact line. There
are two different mechanisms for energy lost in this process — (1) hysteresis that originates due to
contact angle hysteresis, which is rate-independent; (2) viscous friction opposing fluid motion.
Numerical computation presented in Section 3 shows that the energy demand due to rate-
independent hysteresis for a capillary tube with diameter of 0.1 c¢m, approximate wetting area of
0.4 cm?, and capillary surface motion of 0.006 cm (corresponding to wetting area change of 0.018
cm?) is 0.0821 ergs. Next, we consider viscous friction during contact line motion so that one may
compare numbers and get an idea of the more dominant mechanism of entropy increase (or increase
in internal energy of the liquid and surroundings) in capillary effect. To enable analysis, and for
clarity, a simpler configuration of a liquid bridge is chosen as shown in Figure 8 for analysis [25, 26].
In the previous research work [25, 26], we investigated the viscous energy dissipation of a fluid
flow that results as a consequence of the deformation of a capillary interface. In particular, we
considered a capillary surface between two parallel, non-ideal solid surfaces and assumed the
invariance of the interface in z—direction (see Figure 8). The fluid flow was analyzed using
the Navier-Stokes and Continuity equations, and the viscous energy dissipation was numerically
computed during the deformation of the interface. The distance between two plates is 0.1 cm and
the wetting area change is approximately 0.01 cm?. During the motion of the capillary interface,
we found the energy dissipation due to viscosity to be 3.64 x 10~% ergs. For this reason, hysteresis
energy loss seems to be significantly greater (by a factor of more than 200) than energy loss due to
viscosity for comparable dimensions.
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Figure 8: Two vertical plates, which are immersed in a liquid. Capillary interface is invariant in
the z—direction.

4. Conclusions

In this study, we investigated the energy dissipation due to the effect of contact angle hysteresis
using a liquid column formed in a capillary tube in which volume of the column first increases and
subsequently decreases. Equations for the upper and lower menisci were obtained by minimizing
the Helmholtz energy at a constant volume and temperature subject to the constraint that the
energy of the interface between the solid and the liquid takes values in an interval. We present
numerical solutions of the derived equations for the case of a capillary tube with 1 mm diameter.
The energy required to overcome contact angle hysteresis seems to be 2 orders of magnitude greater
than that required to overcome fluid viscosity for a comparable liquid bridge. This suggests that
contact angle hysteresis is the dominant mechanism of energy loss in nano-fluidics.
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