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Liquid imbibition into polymer wicks, where a clear liquid front can be seen rising
during the wicking process, is modeled using the concepts of flow in porous media.
The flow of liquid behind the moving liquid front is modeled using the physics of sin-
gle-phase flow in a porous medium where the Darcy’s law is combined with the conti-
nuity equation and a capillary suction pressure is imposed at the liquid front. A novel
numerical simulation PORE-FLOW® based on the finite element/control volume
method is proposed to model such imbibitional flows in wicks of complex shapes. A
validation of the simulation is obtained by achieving an excellent comparison of its
predictions with an experimental result, an analytical solution, and the Washburn
equation for the case of wicking against gravity in a cylindrical wick. The simulation
is also used to predict a case of two-dimensional (2D) wicking in the altered cylindri-
cal wicks with two different cross-sectional areas. Once again an excellent match is
obtained with the experimental results, while analytical solutions for the single and
double cross-section cases along with the Washburn equation fail to predict the
2D wicking. Later, some other types of altered wicks with sharp changes in their
cross-sectional areas were analyzed numerically for their wicking behavior. It was
observed that the height of liquid front in a vertical wick as a function of time, which
is proportional to the history of liquid imbibed, is strongly dependent on the extent of
reduction in the wick cross-sectional area as well as its location vis-a-vis the wick
entrance. © 2010 American Institute of Chemical Engineers AIChE J, 57: 1132-1143, 2011
Keywords: absorption, wicking, imbibition, Washburn equation, Darcy’s law, PORE-
FLOW, FEICV method, suction pressure, polymer wicks

Laboratory for Flow and Transport Studies in Porous Media, Dept. of Mechanical Engineering, University of

Introduction

Wicking is suction of a liquid into a porous medium due
to the negative capillary pressure at the liquid front. This
suction capillary force arises as a result of wetting the sur-
face of solid particles by the invading liquid that causes a
change in the surface energy of the particles.
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Lucas,' Washburn,” and Poiseuille® were the three scien-
tists who first studied the relation between wicking rate and
time in a porous substrate. They modeled the imbibition of
liquid in such a substrate as the Hagen—Poiseuille motion of
liquid in a set of parallel capillary tubes behind a clear liquid
front. They obtained a linear relation between the imbibed
liquid mass and the square root of time when the effect of
gravity is negligible. Szekely et al.* modified the Lucas—
Washburn equation (also referred to as the Washburn equa-
tion) based on the capillary model to include the inertial
forces and gravity effect and developed an ordinary
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differential equation for the wicking rate. Masoodi et al.’
showed a method to improve the predictions of liquid
absorption in the polymer wicks using the capillary model:
the hydraulic and capillary radii were shown to be independ-
ent and were to be measured separately to improve the pre-
dictions. In general, the Washburn equation has been studied
extensively through experiments by several researchers,
where the suggested equation was shown to be valid for
most liquid-absorbing materials.® An excellent review of the
most important previous work on wetting and wicking has
been conducted by Kissa.” Some more recent reviews of lit-
erature on wicking phenomenon are available in Refs. 8,9.

Although the Washburn equation is an important relation
that has been widely used for modeling absorption and wick-
ing into porous substrates,’® it is important to reflect on its
limitations. One of its chief drawbacks is that as it is based
on the model of Hagen—Poiseuille flow through a bundle of
aligned and parallel capillary tubes, it can predict only one-
dimensional (1D) imbibitional flows along the direction of
capillary tubes. It cannot, due to the unidirectional nature of
its flow model, predict the three-dimensional (3D) flows in
wicks of complicated shapes. Moreover, the use of the
Washburn equation implies that the complicated flow paths
of liquids in a real porous medium are replaced by straight
and hypothetical flow paths through cylindrical tubes. Hence,
this model will always have a parameter, such as the hydrau-
lic radius, which due to its origin in the pipe flow physics, is
physically irrelevant and is often used as a fitting parameter.

While modeling the flow of water through sand, Darcylo
proposed a simple relation between the average liquid veloc-
ity and the pressure drop that has stood the test of time as a
reliable and simple model for the flow of single liquids (i.e.,
single-phase flows) in porous media. The flow physics based
on the Darcy’s law is quite well established in the porous
media literature where it is regularly used to model flow in
porous media.'*"? Although relatively new in the field of
wicking-flow modeling, the application of Darcy’s law for
modeling wicking flow in various types of porous media has
been done in the recent past. Masoodi et al.'® used Darcy’s
law—based models for predicting liquid absorption in the
polymer wicks where a clear liquid front is discernible with
only liquid flow behind the front, and the suction pressure”
at the liquid front is the primary flow driver. Similarly, Pillai
and Advani'* had used a similar approach to model flow
across a bank of parallel fibers.

Sometimes a clearly marked liquid front cannot be dis-
cerned in porous wicks during wicking and there is a gradual
change (over a finite distance) in saturation from one to zero
at the front.” For such situations, the unsaturated flow model
has been used to model changes in saturation during the lig-
uid imbibition process.'>™'7 A heat equation—like equation
called the Richard’s equation has been used to model the
time-dependent, diffusion-like migration of saturation during
wicking. As the Richard’s equation can be derived from the
generalized Darcy’s law used to model the simultaneous
flow of two different fluids through a porous medium,'® such
an approach for modeling liquid imbibition in wicks can still
Wenergybalance principle, a new formula to predict the suction pressure
in the porous media composed of sphere-like polymer beads was proposed. '’
"Saturation is defined as the fraction of pore volume of the porous medium occu-

pied by the invading liquid. As a result, the saturation takes a value between zero
and unity.
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be called a Darcy’s law—based approach. Incidentally, the
Richard’s equation approach has been quite successful in
modeling moisture distributions in soils above a water ta-
ble.'®'? However, the approach has its difficulties as com-
plex experiments need to be used to measure important pa-
rameters such as the relative permeability and capillary pres-
sure so that the moisture diffusion coefficient can be
estimated. In the absence of an easy estimation of the coeffi-
cient, very often an exponential or power-law form of the
moisture diffusion coefficient is assumed while applying this
approach.18

In general, the use of the Darcy’s law—based flow models
not only raises the scientific level of a wicking flow model
and enables one to draw on the vast research done in the
area of porous-media flow and transport but also makes it
possible to predict 3D wicking flows in porous wicks of
complex shapes. In this article, we are going to model 3D
liquid flow in polymer wicks of complex shapes using the
Darcy’s law-based approach using the single-phase flow
assumption behind a clearly defined liquid front. PORE-
FLOWG®, a computer program based on the finite element/
control volume (FE/CV) method to model free-surface flows
in porous media,"? is used to solve the flow equations within
the complex-shaped polymer wicks and to predict the loca-
tion of liquid front (It is the first time that such an FE/CV-
based flow-modeling software is used to solve for such 3D
wicking flows). Complex (altered) wicks are created from
the ordinary cylindrical polymer wicks by changing their
diameters for certain lengths at certain axial locations. First,
the experimental validation of our computational flow model
will be undertaken for the simple and altered wicks. Then,
this numerical study will estimate how effective this tech-
nique (of altering the cross-sectional areas) is in controlling
and reducing the liquid absorption rate in wicks.

Geometry of Plain and Altered Wicks

As we can see in Figure la, commercial polymer wicks
are cylindrical in shape and have a constant diameter along
their entire length. A typical diameter and length of such
wicks are 0.0072 and 0.075 m, respectively. We created an
altered wick by sharply changing the wick diameter along
the wick length at several locations with the help of a mill-
ing machine. Figure 1b shows planned changes in the plain
wick and the names assigned to the dimensions to be
changed. Table 1 lists the values of these dimensions in the
five different altered wicks considered in this study. In the
table, wick A is a simple wick without any manipulation
while wicks B, C, D, and E are altered wicks.

Theory of Wicking

During a previously reported study,13 we tested 10 differ-
ent polymer wicks and discovered that six of them created a
clear liquid front during the wicking process; in the other
four wicks, a capillary fingering effect caused the liquid
front to be unstable and no clear front could be discerned. In
other words, the saturation changed from one to zero over a
finite distance, unlike the case of a clear liquid front where
it jumps from one to zero over a very small distance. It
means that we can use the single-phase Darcy’s law models

DOI 10.1002/aic 1133



Ln

Hy

(a) (b)

Figure 1. (a) A photo of a cylindrical polymer wick; (b)
an altered wick section showing changes in
its cross-sectional area as well as various
associated dimensions.

to study fluid flow in about 60% of the wicks, while its two-
phase version will be needed for modeling the remaining
40%. The wicks that we have considered in this study
belong to the first group. Therefore, the theoretical approach
presented here involves the single-phase flow inside porous
wicks with a clear liquid front.

The momentum equation, also called the Darcy’s law, for
the flow of a single liquid in an isotropic porous medium
under isothermal conditions is

V:—Eﬁp (1)

where V is volume-averaged liquid velocity and P is the pore-
averaged modified pressure.” Here, K is the permeability of the
porous medium while p is the liquid viscosity. Another
governing equation for the flow of an incompressible liquid in
a solid porous medium is the macroscopic continuity or mass
balance equation

V-V=0 2)

The effect of gravity-induced liquid motion in a porous
medium and pore averaged hydrodynamic pressure p are
included in the modified pressure P as

P =p+pgh )

where £ is the height of a point within the fully saturated
porous medium. If the permeability and viscosity are

*The macroscopic flow description in porous media seeks to average flow quanti-
ties over the pore space of an averaging volume and thus create a continuum of
such volume-averaged quantities for the purposes of flow modeling. The volume
average, also referred to as the phase average, and the pore averaged, also referred
to as the intrinsic phase average, are two different types of averages used in po-
rous media studies.”® The former pertains to averaging a quantity over the whole
of the averaging volume, while the latter refers to averaging over the pore space
within the averaging volume.
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considered to be constant, then a combination of Eq. 1 with
Eq. 2 leads to a Laplace equation for the modified pressure as

VP =0 4)

After solving Eq. 4 for P in a domain, Eq. 1 yields the velocity
distribution and subsequently, the location of liquid front in
the wick.

Analytical Solution for the Single
Cross-Section Wick

For now, we are going to consider the 1D fluid motion in
a simple wick as shown in Figure la with a constant cross-
sectional area. Figure 2a shows the test setup consisting of
the dynamic contact angle analyzer, which is usually used
for the wicking tests. The analytical solution for the liquid
motion will be presented in brief here—details of its deriva-
tion can be found elsewhere.'?
For the 1D flow described in Figure 2b, the Laplace equa-
tion for the modified pressure, Eq. 4, reduces to
d*P
=0 (&)
The relevant boundary conditions in terms of the pore
averaged hydrodynamic pressure p are

P =Pam at h=20 (6a)

P = Pam — Ps at h = ht (6b)

The suction pressure pg, created at the liquid front due to the
capillary action, is responsible for “pulling up” the liquid
column along the vertical wick. Using Eq. 3, Egs. 6a,b can be
transformed in terms of the modified pressure P as

P=pum at h=0 (7a)

P = (pum —ps) + pght at h = hy (7b)

The general solution of Eq. 5 using boundary conditions 7a
and 7b results into the following expression for the modified
pressure

h
P(h) = Pam + ,Dgh _psE (8)

Note that this solution is valid for 0 < & < kg (¢). The liquid-
front location /¢ can be obtained by relating the front speed %
with the Darcy velocity (obtained from Eq. 1) at the front as

dhy V(h = hg)
dr e

K dpP
endh

(C))

Table 1. Values of the Dimensions Shown in Figure 1b for
All the Five Wicks Studied in This Article

Wick L, (mm) R, (mm) R, (mm) L, (mm) H, (mm)
A 75 7 0 0 0
B 75 7 3 5 10
C 75 7 5 5 10
D 75 7 3 15 0
E 75 7 5 15 0

Figure 8 provides an easy visualization of the geometries B, C, D, and E.
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Figure 2. (a) A schematic of the experimental wicking
test setup; (b) a schematic of the 1D flow
and liquid-front position in a plain cylindrical
wick.?

Using Eq. 8 in Eq. 9 leads to

dhy K ps

—=—(== 10

T ( I g) (10)
which is an ordinary differential equation to be solved with the
initial condition i (+ = 0) = 0. After the separation of
variables and subsequent integration, the final implicit
equation for the liquid-front height /; in the wick as a function
of time is

2,2

Ds pgK

ps — pght

psln — pghy = t (11)

Once the location of liquid front A¢ is known, following
equation can be used to estimate the absorbed liquid mass as a
function of time

m = epnR2 he (12)

Using the energy balance model suggested earlier for polymer
wicks,13 one can estimate pg as
3(1 —&)ycos(0)

g =— 1
p R, (13)

where R., the effective beads radius, can be computed using
the equation

00 3
r o DR )R, .

Jo~ Reh(Ry)dRy,
with ¢ (Ry) being the probability density function for bead
radius® Ry,

Analytical Solution for an Altered Wick with a
Step Change in Cross-Sectional Area

It turns out that the flow physics applied for developing an
analytical solution for a plain cylindrical wick in the last section
can also be used to fashion an analytical solution for wicking in
an altered wick with step-like variations in its cross-sectional
area.

For a wick with a sharp change in the cross-sectional
area, such as the wick “D” of Table 1, we have two regions:
Region 1 with a smaller wick radius Ry, up to height /;, and
Region 2 with larger wick radius R, (see Figure 3).
$The polymer wicks are made from polymer beads through a sintering process. So

on studying the wick cross section under a microscope, one cannot only estimate
bead radii but also study their distribution.
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Fluid flow is expected to be 1D everywhere in the altered
wicks except near the point of change in the wick cross-sec-
tional area. If we assume the flow to be 1D in the entire
wick, then there will be an error in our analytical solution
due to the anticipated three-dimensional (3D) flow around
the sharp change in the cross-sectional area. However, this
error is expected to decrease as the front moves away from
this point. If the difference between R,,; and R, is small,
then this error is expected to be insignificant as well.

On imposing the 1D flow assumption in each region of Fig-
ure 3, the Laplace equation for pressure, Eq. 4, reduces to

d’P
— =0 15
e 15)
Solution of this equation in Regions 1 and 2 can be expressed as
Py =Bh+C, (16a)
P2 IBzh+C2 (16b)

where subscripts 1 and 2 refer to the two wick regions. Now
the four boundary conditions needed to find four constants in
Egs. 16a,b are

Pl =pam at h=0 (17a)

Pi=Py at h=h; (17b)

P2 = pam — ps + pghs at h = hy (17¢)
Q1 =0,=B\R,, =ByR>, at h=1I; (17d)

The last condition is obtained from the equality of mass flux at
the common boundary of Regions 1 and 2. The use of these
four boundary conditions in Eqgs. (16) yields the following
expressions for the four constants.

_ Iﬁ pghe — ps

B, (18a)
R&/l hy — Iy +h111:—§3
wi
C1 = pum (18b)
h=h, |

Figure 3. Different regions and liquid-front location in
an altered wick with two different cross-sec-
tional areas.
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Figure 4. A schematic describing a typical finite element
mesh along with the surrounding control vol-
umes for application with the FE/CV method to
model the motion of liquid front in the wicks.

pght — ps

By =P (18¢)
he — hi + hi 23
wl
he —
C2 = pam — ps + pghe — he L5 (184)
he — h; + h; RTWZ
wl

On using Darcy’s law in association with the front velocity in
Region 2, we get
dhy  KdPy| K pght —ps
dt e dh h=hg ep he — hi + h R,

i R2
Ry

19

On integrating after separating the variables and later
assuming /¢ (t;) = h;, we can derive following expression for
Region 2.

R?,
Ps— P81 = FE) po — pgh
124 ps — pghs

(20)
Note that we can get the equivalent relation for Region 1 by
imposing the condition /#; = t; = 0 in Eq. 20 and obtain an
expression identical to Eq. 11. We can develop the following
compact form for the implicit expressions for /¢ () in both the
wick regions.

h; — hy +

el
t=t +——
,+Kpg

R2
ps—pghi(1-33%)

R Wi Ps—pghi .
_ ti + Kpg hi — hg + ] lnpsﬁ)ghf , he > h;
_euhe SUPs Ds .
Kpg T Kp'g? lnprpghf v he<h;
(21

Although we can develop a similar analytical solution for the
other wick type (wicks B and C of Table 1), we will confine
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the development of such an analytical solution to the present
case only. This is because we have used a wick of the type
shown in Figure 3 for conducting experiments and used those
results for validating our simulation. Hence, the analytical
solution will be useful in providing another point of reference
for our code.

Analytical Solution for a Simple Wick Using the
Modified Washburn’s Capillary Model

As mentioned in the Introduction, the wicking model pro-
posed by Washburn remains a powerful technique used by the
research community to predict 1D wicking in porous substrates.
We intend to use it as the third analytical solution to highlight
its limitation for the cases where 3D flows are involved during
wicking.

Under the Washburn’s capillary model, the considered po-
rous medium, a polymer wick, will be assumed to be equivalent
to a bundle of vertically aligned capillary tubes. If the gravity
effect is negligible, then the capillary model yields the well-

Initialization according to the
boundary conditions

v

—»  Detfermine the pressure

4

Calculate the velocity field

i

Determine the time

v

Update the fill factors

All control
voluimes
filled ?

Termimate the simulation

Figure 5. A flow chart describing the FE/CV algorithm.
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Figure 6. A comparison of the numerical prediction
with the experimental result and analytical
solution for the case of wicking in a simple
wick.

known form of Washburn equation that predicts the location of
liquid front /4 as a function of time ¢ as

yD. cos(0) ,

he =
f A

(22)

where D., the effective pore diameter, is obtained through

D;
D, =—-1 23

D. (23)
such that D, is the capillary diameter and Dy, is the hydraulic
diameter of the capillary tubes (The capillary and hydraulic radii,
R. and Ry, respectively, are half of these diameters).

In general cases where the gravity is not negligible, one can

derive an implicit relation between /¢ and time ¢ as

ngzRﬁ

8u

Pe ‘
pe — pght

peln — pghs = t (24)

which can be termed as the alternate form of the Washburn
equation with the gravity effects. The capillary (suction)
pressure for capillary tubes p., a parameter in Eq. 24, is
obtained with the help of the Laplace equation as

2y cos(0)

R. (25)

Pc =
As the right-hand side of Eq. 24, a linear expression in ¢, is a
function of the left-hand side expression for /g, it is very easy
to estimate ¢ for a given value of h—the ordered pairs for
Washburn equation plots of Figures 6 and 7a were made using
this method.
A detailed derivation of the forms of Washburn equation
can be found in Ref. 5

Numerical Approach
We will describe an FE/CV method to solve the 3D wick-
ing flow, using the single-phase flow physics described in
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geometry of plain and altered wicks sections by Egs. 1-4.
The FE/CV is a well-proven method to model free-surface
flows in porous media. One of the chief applications of the
method is in numerically simulating the transient mold fill-
ing in the liquid composite molding processes used for the
manufacture of composite materials.” The FE/CV method
will be used here to model the transient free-surface problem
encountered during wicking in porous wicks.

FE/CV Method

In the proposed algorithm, the transient fluid flow in the
wicks involving a moving boundary is divided into multiple
time steps. After assuming a quasi-steady condition during
each time step, Eq. 4 is first solved for modified pressure in
the wick region that has been saturated by the moving liquid
front. We then use the computed pressure field to estimate
the velocity field using Eqs. 1 and 2, and then use the field
to find the new location of liquid front at each time step.

As the liquid front is moving, so the hybrid FE/CV method is
used to track the flow surface. This method uses an Eulerian
fixed mesh to track the flow front and is highly efficient compu-
tationally as it avoids frequent remeshing of the flow domain as
opposed to a Lagrangian algorithm. Equation 4 is first solved in
the fully saturated region behind the moving front. As shown in
Figure 4, P behind the moving wicking front is solved in the
fixed FE mesh. By applying the standard Galerkin weighted re-
sidual method to Eq. 4 and integrating by parts, the weak formu-
lation of pressure governing equation is given by

owop Owop B
/ [8x 8x+ By By] dxdy = ?gw(v.n)ds (26)

where w is the weight function, v is the Darcy velocity, and r
is the unit vector normal to the boundary.”” The pressure is
approximated by the shape function N and nodal pressure p as

p= ZN X y)pj 7

where 7 is the number of nodes in an element. On substituting
Eq. 27 into the weak formulation Eq. 26 while using the relation
w; = N;, we obtain a set of linear equations for one FE as

ON;ON;  ON; ON;
Z/ [ax o 8—8—] dxdy| p; = ﬁNi(v‘n)ds

(28)
As the domain is divided into a number of elements, the
assembly of Eq. 28 for each element results in a set of algebraic
linear equations as

[A[{P} = {F} (29)

where the coefficient matrices are defined as
Z / ON; ON; 8N ON; dxdy
Ox ax 8y 8y
ne ne .
A:Z]K F:Z}]j-‘ (30)
e= o=

The velocity normal to the boundary is zero except at the inlet,
where a nonzero value is automatically satisfied by the FE method
(often referred to as the natural boundary condition). The capillary

= ¢r. Ni(v.n)ds
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Figure 7. For wicking in wick “D,” a comparison of the
numerical prediction with the analytical solu-
tions corresponding to the one and two dif-
ferent cross sections for wick and the experi-
mental result.

(a) A comparison of the flow-front height hy vs. time t plots.
Scatter bars show confidence interval of 95%. (b) A com-
parison of the flow-front locations for the wick “D” at time
t = 20 s. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

suction pressure ps, obtained from Eq. 13, will be used for imposing
the modified pressure boundary condition at the front using Eq. 7b.
The pressure boundary conditions implemented in our model are

P =pym at h=0 (31a)
dP
— =0 at R =R, for h<hs (31b)
dn
P= (Patm _ps) + pghe at h = hy (31¢)

Note that the hydrostatic variation in liquid pressure is
accounted for in the modified pressure through the use of
expression given in Eq. 3.

The final set of linear algebraic equations corresponding
to Eq. 29 are solved by a large parallel sparse direct solver
MUMPS.?? Later, the distribution of P behind the front is
used to furnish V with the help of Darcy’s law, Eq. 1, at the
interfaces of the CSs defined around the node points, which
is then used to determine the flow-front velocity and to
advance the front after each time step as follows.
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We have defined a filling factor f; that is used to track sat-
uration in the CV defined around any element i and can be
expressed as

fi = 1 for CVs behind the liquid front that are

filled with the liquid (32a)
0<f; <1 for CVs near the liquid front that filled
partially with the liquid (32b)

fi =0 for CVs beyond the liquid front in the dry region
(32c¢)

The time increment of each time step for advancing the flow
front is determined by the shortest time to completely fill one
CV expressed as

At = min [%} (33)

where Q; is the flow rate into a CV computed by integrating
normal velocity on the surface of the CV as

0, = / —(V.A)dTey =Y / —(V.A)dTy  (34)
T PERAY:

After each time step 7,,, we have to update the filling factor before
going into next time step ¢, + 1; the following expression is used
to modify the filling factor for each time increment

=+ Ly (35)
SV,'

This FE/CV algorithm (described using a flow chart in Figure 5)
is used by PORE-FLOWO, a computer program developed at
University of Wisconsin, Milwaukee'” for modeling liquid flow
in porous media. Note that the FE/CV algorithm has been used in
the past to model wetting of fibrous porous media in liquid
molding processes to manufacture polymer Composit6521’22’24;
however, this is the first time that this simulation technique is
used to model the wicking flows in polymer wicks.

Note that as the flow is essentially 1D along the wick length,
except near places with sharp jumps in the cross-sectional
area, a 2D flow simulation is enough to capture fluid flow in
the axisymmetric geometry of the essential cylindrical wicks.
So, even though a full 3D flow simulation can be conducted
by PORE-FLOW for more complex wick geometries, a 2D
flow simulation is sufficient in the modeling of wicking flow
in this article. As a result, the meshes described in Figure 8§ are
flat, 2D shell meshes. However, a thickness is assigned to
these meshes to conduct flow rate computations while doing
mass flow estimation into the CVs. The thickness is chosen in
such a way that the cross-sectional area of the entrance of 2D
meshes matches the wick cross-sectional area—such a step
ensures that the Darcy velocities in the real wick and the 2D
FE model are equal for a given flow rate.

Results and Discussions

It is important to test the accuracy of our simulation.
Therefore, we tested our code against experimental results as
well as the analytical solutions.

May 2011 Vol. 57, No. 5 AIChE Journal



(a) (b)

0.07 007
0.06 0.06
0.05 0.05
0.04 0.04
> >
0.03 0.03
0.02 0.02
0.01 001
9 o0z ° 002
X X
© (COR
007f 007
0.06 |= 006 =
005 005
004 004 F
2 >
003 003
002 002f
001p 001p
: L L 1 L l L : 1 A 1 ' l 1
% 0.02 % 0.02
X X

Figure 8. The finite element meshes generated for the
wicks B, C, D, and E.
(a) Wick B. (b) Wick C. (c) Wick D. (d) Wick E. [Color

figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

The wicking experiments were conducted using a microba-
lance shown in Figure 2. The cylindrical wick (simple or
adapted) was suspended from the balance and made to touch
the surface of a liquid; the wicking starts as soon as the contact
was made. The weight gain in the wick due to liquid imbibi-
tion is recorded by the microbalance and is recorded with the
help of a computerized data acquisition system hooked to the
microbalance (Details of the wicking experiment are given
elsewhere in Ref. 13). The properties of the wick and liquid
used in our experiments are listed in Table 2.
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First, the case of 1D wicking in a simple wick, as ana-
lyzed earlier, will be considered. The analytical solutions for
this case are given by the Darcy’s law approach (Eq. 11)
and the Washburn equation (Eq. 24). A plot of the front
height predicted as a function of time is given in Figure 6—
as we can see, the numerical prediction match very well
with the analytical solutions, which in turn match very well
with the experimental results. So it is heartening to see such
a good validation of our numerical simulation.

Now we consider a more difficult case of wicking in a cy-
lindrical wick with a single step change in the diameter, i.e.,
wicking in wick D, for the validation of our code. Figure 7
shows a comparison of the numerical prediction of the flow-
front height /¢ as a function of time ¢ with the analytical 1D
solutions developed for one and two different cross sections
of the wick (Egs. 11 and 21, respectively), the Washburn
equation (Eq. 24), and the experimental data for wick “D.”
In the plot of experimental results, the confidence interval of
95% is shown by the scatter bars. Figure 7 shows that the
use of the double cross-section model when compared with
the single cross-section model improves the analytical pre-
diction but it is still not as good as the numerical prediction.
Similarly, the limitations of the 1D approximation—based
Washburn equation are exposed in this case of the 3D wick-
ing flows where the equation over predict the flow-front
height.

Such a good validation for the cases of wicking in the
simple 1D flow and the altered 3D flow wicks inspires confi-
dence in the accuracy and correctness of our simulation
PORE-FLOWG®.

Let us turn our attention to a parametric study done with
the four different geometries of the altered wick listed in Ta-
ble 1 and their FEM meshes shown in Figure 8. Numerical
simulations for wicking were done for these four different
altered wicks with four different sharp changes in their
cross-sectional areas. The results are compared with each
other as well as with the predictions for the simple wick
with a constant cross-sectional area.

Figures 9 and 10 show the liquid-front movements in the
wicks C and D as predicted by PORE-FLOWG®. Figure 9
shows that after entering the notched area, the liquid front
near the boundaries is a little higher than the liquid front in
the middle. The reason for this discrepancy is that the flow

Table 2. Characteristics of the Wicks and the Liquid Used
in Our Validation Experiments*

Property Value Unit
Density of the liquid 773 Kg/m3
Viscosity of the liquid 0.00334 m Pa s
Surface tension of liquid" 22.24 mJ/m>
Length of wick Ly, 0.076 m
Wick radius R,, 0.0036 m
Wick porosity & 0.4 -
Effective bead radius R, 482 Hm
Permeability K 4.84¢ — 10 m?
Contact angle 0 0 -

The wick was made from polypropylene while the liquid was hexade-
cane.

“The experimental procedures for measuring these parameters are explained
in Ref. 13.

TPreviously, we had used a higher value for surface tension in Ref. 13, which
came from some other source (Ref. 29); while here, we have measured the
value of surface tension directly.
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Figure 9. Pattern of liquid-front movement in the wick C.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

that is to go in the “removed” pores must be distributed into
all the remains pores; however, as the pores close to the
boundaries are closest to the removed pores, so they have a
higher flow rate compared with the pores in the middle that
are far away from the removed pores. Note that this imbal-
ance is corrected after a while as the flow front becomes
perfectly horizontal once again. We see an exactly opposite
effect after the passage of the front through a constriction
and into a wider cross section. In the parts 4 and 6 of Figure
9 as well as in parts 2 to 5 of Figure 10, we can observe a
little bulging of the front due to an enlargement in the cross-
sectional area. It implies that the pores in the middle regions
face higher flow rates when compared with the pores in the
border regions, and hence, the liquid front is a little higher
in the middle after the expansion of the wick cross-sectional
area. This unbalance in the flow rate is compensated as the
front moves away from the expansion point, and the liquid
front acquires the perfectly horizontal profile during the later
stages of the wicking process.

Figure 11a plots the evolution of the dimensionless liquid-
front height (h¢/L,,) for the wicks A, C, and E. Note that the
slope of these plots is equal to the speed of the liquid front.
It is clear that beyond ¢ = 1 s, the liquid front has traveled
the farthest in the simple wick A. However, the speeds of
their liquid fronts are almost identical beyond r = 5 s; hence,
the curves are almost parallel beyond this point. It is clear
that reduction in the distance traveled as well as reduction in
the speed is related to (1) the reduction in the cross-sectional
area of these wicks and (2) the length over which the
reduced area is maintained. Although the diameter reduces

1 2 3 4 5 ] 7

Figure 10. Pattern of liquid-front movement in the wick D.
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Figure 11. A comparison of evolution of the dimension-
less and numerically predicted liquid-front
height (hs/L,,) in the wicks A, C, and E.

(a) The comparison till the time of full saturation. (b) The
comparison in the first 2 s. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]

by same amount in the wicks C and E, the smaller diameter
is retained for a longer length in E. If we propose that these
two factors are related to the resistance offered by a wick,
then the resistance in the wick C is less than that in the
wick E. As a result, the liquid front travels farther in the
wick C when compared with the wick E. Figure 11b gives
more details of the first 2 s of the absorption process. Ini-
tially, the wicking speeds in A, C, and E are almost identi-
cal. This is understandable as the wicking process is purely
1D in all these wicks in the beginning and hence, variations
in the cross-sectional areas are immaterial. However, the
wicking speeds up in C at around ¢+ = 0.25 s when the front
hits the first notch of the constriction in C. The C and E
fronts are in the constricted region till + = 0.5 s; from this
point onward, the sectional area remains constant in these
two wicks and hence, we see a constant pattern for the C
and E curves. Note that at + = 0.45 s, the liquid-front height
is about 9% higher in C compared with A.

Figure 12 plots the dimensionless liquid-front positions as a
function of time for the wicks A, B, and D. As the wicks B
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Figure 12. A comparison of evolution of the dimension-
less and numerically predicted liquid-front
height (h¢/L,,) in the wicks A, B, and D.

(a) The comparison till the time of full saturation. (b) The
comparison in the first 2 s. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]

and D are similar in shape to the wicks C and E, respectively,
we see the same patterns as in Figure 11. However, the differ-
ences in terms of diameters between the altered wicks B and D
with the simple wick A are more. Once again, in comparison
to the simple wick A, the absorption speed has reduced in B
and D due to a reduction in the cross-sectional area. As before,
the reduction in diameter is the same in wicks B and D but the
length of the constriction is longer in D. According to Figure
12a, the curve of D is below the curve B, which implies that
the wick D offers more resistance to wicking when compared
with B. Figure 12b gives more detail of the first 2 s of absorp-
tion. The front is in the notched region till # = 0.45 s; from ¢ =
0.45 s onward, the sectional area remains constant for altered
wicks and hence, we see a constant, almost linear pattern for
each curve. Based on Figure 12b, the absorption rate in the
wick D is similar to that of the wick A for up to t = 0.5 s and
after that it decreases. The wick B has a higher liquid front
than the wick A from r = 0.2 s to t = 0.75 s. The liquid-front
height in B is about 18% higher than in A at t = 0.39 s, but
then B’s front speed decreases and its front height becomes
6% less than that of A after 12 s.
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Figure 13 compares the dimensionless liquid-front heights
as a function of time in all the four altered wicks. The wicks B
and C have the same shape but B has a smaller diameter in the
constricted region. Similarly, the wicks D and E also have the
same shape but the diameter of the constricted region is
smaller in D than in E. According to Figure 13a, the highest
wicking rate is in wick C, while the lowest is in wick D. The
time to traverse the whole length of the wick (0.075 m) is sur-
prisingly almost identical in the wicks B and E, even though
they are completely different in terms of their shapes. Accord-
ing to Figure 13b, just after leaving the sharp changes in the
cross-sectional area (i.e., around ¢ = 0.4 s), the highest liquid
front is in the wick B while the lowest liquid front is in the
wick E.

We would like to evaluate the relative performance of the
altered wicks with respect to the simple wick in yet another
way; the middle column of Table 3 lists the exact time
needed for liquid front to reach the height of 0.07 m (Since
the length of a commercial wick is between 0.07 and 0.075
m; therefore, we chose this final height for the comparison
of wicking performance of different wicks). As shown in the
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Figure 13. A comparison of evolution of the dimension-
less and numerically predicted liquid-front
height (hs/L,,) in the wicks B, C, D, and E.
(a) The comparison till the time of full saturation. (b) The
comparison in the first 2 s. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.
com.]
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Table 3. Exact and Relative Time for Liquid Front to Reach
Height of 0.07 m in Different Wicks

T7 (Time to {[T7(A) — T7]/T7
Wick Reach 7y = 0.07 m) (s) (A)} x 100 (%)
A 11.1471 0
B 13.091 —17.4
C 11.6152 —4.2
D 16.1555 —44.9
E 12.573 —12.8

right-most column of Table 3, which lists the relative wick-
wetting time with respect to the wick A, alteration of wick
geometry causes delay in reaching the wick end by the lig-
uid front. All the altered wicks take more time to wet when
compared with the simple wick. Note that the shortest and
longest delays are in the wicks C and D, respectively.

As the absorption rate (or absorption speed) is inversely
proportional to the measured times, so the right-most column
is also indicative of the relative absorption rates in various
wicks. It indicates that the wick alteration has reduced the
absorption rate in general and this reduction is related to the
length and diameter of the altered regions. The wicks C and
D with 4.2 and 44.9% increase in the wicking time have the
smallest and the largest reduction in the absorption rate
when compared with the simple wick A.

Summary and Conclusion

Although the Washburn equation—based approach to model
wicking in porous substrates is well established, the approach is
not accurate for modeling the 2D and 3D capillary pressure—
driven imbibitional flows as it is based on the assumption of 1D
flow through a bundle of aligned tubes. We model the imbibi-
tion of liquids into polymer wicks, where a sharp flow front is
clearly visible during the wicking process, using the flow
physics of single-phase flow in porous media for flow behind
the front. A computer program called PORE-FLOW®O based on
the FE/CV algorithm for the Darcy’s law—based single-phase
flow is developed to model the 3D wicking flows in complex-
shaped wicks. The predictions of the program are first validated
against the experimental results as well as the Darcy’s law and
Washburn equation—based analytical solutions for the 1D imbi-
tion in a cylindrical wick—it is observed that the numerical pre-
dictions follow the experimental results and the analytical solu-
tions very closely. Later, the code is validated against the exper-
imental results pertaining to imbibition in a complex wick with
two different diameters. While the numerical predictions follow
once again the experimental results very closely, the analytical
solutions based on the Darcy’s law and Washburn equation and
using the 1D flow assumption, fail to be accurate. The excellent
validation of our numerical simulation for the 1D and 3D wick-
ing situations not only highlight the power of the single-phase
Darcy’s law—based wicking model but also point to another
advantage of this model (vis-a-vis the Richard’s equation
approach described in the Introduction) in terms of being able to
measure the model parameters quite easily.

Later, the code is then used to study wicking in four differ-
ent wick shapes obtained by shaving off portions of cylindrical
wicks. It is observed that these changes in the wick shape can
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have a significant impact on the mass of liquid imbibed into
the wick, and reducing the wick diameter at appropriate places
can be an effective way of controlling the wicking rate.

Notation
English letters

coefficient matrix (Egs. 29 and 30)
constant coefficient (Egs. 16a,b)
constant coefficient (Eqs. 16a,b)
diameter (m)

coefficient matrix (Egs. 29 and 30)
parameter related to each element (Eq. 30), also filling factor
acceleration due to gravity (m/s%)
head (m)

coordinate system aligned with the wick centerline (Figures 2
and 3)

permeability (m?)

absorbed liquid mass (kg)

element shape function (Eq. 27)
normal vector (Egs. 26 and 30)
modified pressure (Eq. 3)

liquid pressure (Pa)

flow rate (Eq. 17d)

radius (m)

surface area (m?)

= time (s)

liquid velocity in & direction (m/s)
volume (m?)

velocity vector (m/s)

weight function (Eq. 26)
x-coordinate (Eq. 26)

y-coordinate (Eq. 26)

Greek letters

=T m0Nwk

= = T <« <% o uw 0T v =TI X

0 = contact angle (°)

surface tension of the liquid (N/m)

viscosity of the liquid [kg/(m s)]

: = porosity of the wick

p = liquid density (kg/m?)

¢ = probability density function (Eq. 14)

\/ = gradient operator

I' = surface area of a CV surrounding an FE node (Eq. 34)

IR~
I

Superscripts

e = related to an element
t, = nth time step

Subscripts

initial value

corresponding to the first wick region (Figure 3)
corresponding to the second wick region (Figure 3)
atmosphere

bead

capillary

effective

liquid front

hydraulic

interface between the two regions (Figure 3), also initial (time)
(Egs. 20 and 21)

I R == V=)

Jj = index related to element number
k = element number

L = loss

s = suction

w = wick
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