Computers and Fluids 238 (2022) 105376

Contents lists available at ScienceDirect COMPUTERS

&FLUIDS

Computers and Fluids Ihe y 5

ELSEVIER journal homepage: www.elsevier.com/locate/compfluid

Check for

Enhanced wickability of single-columnar, non-uniform pore-size wick using [%&s
Lattice Boltzmann Method

Mohammad Borumand ?, Taehun Lee ", Gisuk Hwang *

@ Department of Mechanical Engineering, Wichita State University, Wichita, KS 67260, United States
Y Department of Mechanical Engineering, The City College of New York, New York, NY 10031, United States

ARTICLE INFO ABSTRACT

Keywords: Optimal wick designs are essential to develop high heat flux two-phase thermal management systems in various
Rate-of-r_is-e applications including miniaturized power electronics, energy, high power battery, and spacecraft systems, as
Permeability they require both large permeability and improved capillary pressure, i.e., enhanced wickability. The enhanced

Capillary flow

Effective capillary meniscus radius
Graded porous media

Two-phase flow

wickability is examined using non-uniform pore size wicks, while the larger pores increase the permeability and
the smaller pores improve the capillary pressure. A two-phase single component free-energy-based Lattice
Boltzmann Method (LBM) is employed to study the enhanced wickability, i.e., pore-scale rate-of-rise through
wicks. The rate-of-rise is predicted for uniform and non-uniform pore size wicks having a single-column-particle
between the two parallel plates for given porosities (¢ = 0.67 and 0.8) and pore size ratios (I = 1.3 and 2.6). The
study shows that the non-uniform pore size wicks enhance the rate-of-rise and capillary pressure up to 298 and
157%, respectively, compared to those of the uniform pore size wicks, by improving the permeability through
larger pores and increased capillary pumping capability through smaller pores. Also, the wickability enhances as
the pore size ratios increase at given porosity or the porosity decreases at given pore size ratio. The cumulative
enhancements of the maximum/minimum dimensionless liquid heights and the liquid saturation of non-uniform
pore size wick are found to be up to 90, 114, and 112%, respectively, at ¢ = 0.67 and I = 2.6. The capillary
pressure enhancement of non-uniform particle size wicks results from the presence of the small pores. Also, the
vertically graded wicks increase the capillary pressure due to the smaller pores at the top of the wicks, while they
marginally decrease the rate-of-rise compared to the non-uniform pore size wicks at given porosity and pore size
ratio. The simulation results provide insights into the optimal thin wick structures for high heat flux two-phase
thermal management system by enhancing the wickability through the non-uniform pore sizes.

effective pore size of the wick structure, which are a function of the
porosity, tortuosity, and pore size. In uniform pore size wick, such
coupled relations have been extensively studied in meshes [4-6], sin-
tered particles [7-10], and grooves [11,12]. To improve the
viscous-capillary limit, i.e., the maximum heat flux, various
non-uniform wicks have been examined. Semantic and Catton [13] have
studied the enhanced pool boiling performance of bi-porous wicks and
conditions [1,2]. Two-phase cooling systems such as heat pipes and reported 73% Critical Heat Flux (CHF) enhancement for the thin wicks
vapor chambers offer high heat flux thermal management by using a compared to mono-porous wicks. The CHF enhancement is related to the
latent heat compared to conventional single-phase cooling systems. A combined effects of the continued liquid supply and increased active
key design element is a wick structure which supplies a coolant to the evaporating capillary menisci of the bi-porous wick. Byon and Kim [14]
heated surface via a capillary flow. However, the maximum cooling have developed a semi-analytic model to predict and optimize the
power, ie., heat flux, is limited by the coolant chocking via a enhanced wickability (K/ref) of bi-porous wicks and reported up to 11
viscous-capillary limit where the viscous pressure drop reaches the times wickability enhancement compared to the mono-porous wicks.

capillary pumping capability [3]. Albu et al [15]. have experimentally characterized the rate-of-rise of the
The viscous-capillary limit is related to the absolute permeability and

1. Introduction

As the high power electronic and energy conversion systems minia-
turize, the need for efficient, compact high heat flux thermal manage-
ment systems become increasingly important for desired operation
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Nomenclature
Bo Bond number
Cs speed of sound
D liquid-vapor interface thickness
d, average particle size
Ep bulk free energy
e microscopic particle velocity vector
F intermolecular interaction force
fa distribution function
fa equilibrium distribution function
g gravitational acceleration
h liquid height
ho liquid submerged depth
h; liquid depth
* dimensionless liquid height
K permeability
L. capillary length
L characteristic pore size
I pore size ratio
LP large pore
Oh Ohnesorge number
w parameter for contact angle calculation
re capillary meniscus radius
Tp particle radius
s liquid saturation
Sp small pore
P pressure
t time
t* dimensionless time
u, U macroscopic velocity
[8) uniform pore
w plate spacing
wy liquid reservoir width

® cumulative enhancement of non-uniform wick
y capillary pressure enhancement of non-uniform wick
subscripts

c capillary, contact angle

d dynamic

eq equilibrium

ext outer surface of the parallel plates

l liquid

nu non-uniform

P particle or pore

s surface

sat saturation

u uniform

v vapor

Greek symbols

density

surface tension

parameter for contact angle calculation
x-direction lattice spacing

y-direction lattice spacing

time spacing

relaxation time

dimensionless relaxation time

dynamic viscosity

chemical potential

gradient parameter

constant

contact angle

porosity

dimensionless wetting potential

angle related to equilibrium contact angle
constant related to density on solid surface
mixing energy density

maximum instantaneous enhancement of non-uniform
wick

TME SR D™ %mxsxa»g(gkmma‘u

bi-particle size thin sintered wicks and achieved wickability enhance-
ment. Egbo et al [16]. have measured the phase-change heat transfer of
the non-uniform wicks, enhancing CHF up to 1.48 times compared to the
uniform wick depending on the wick thickness, particle size, and wick
superheat. They concluded that the enhanced wickability of the
non-uniform wick results from the simultaneous increase in the
permeability and capillary pressure from the large and small pores,
respectively. Zhou et al [17]. have measured the enhanced capillary and
thermal performance of a novel bi-porous spiral woven mesh wick by
using the advantage of large permeability, capillary force, and low cost
of bi-porous wicks. Wang et al [18]. studied the effects of gradient
porous media on fluid flow and heat transfer in microchannels to
improve the heat transfer efficiency by adjusting the gradients of pore
size or porosity of porous architecture. Dai et al [19]. studied the effects
of porosity and pore size arrangement on themohydraulic performance
of graded microchannel with microencapsulated phase change material,
i.e., linear and stepwise increasing and decreasing porosity, however,
their study mainly focused on a thermal resistance analysis without
analyzing wickability enhancement. Although the previous studies have
shown the enhanced wickability of the non-uniform pore size wicks, the
pore-scale wickability enhancement mechanisms have still been poorly
understood.

The Lattice Boltzmann Method (LBM) is an ideal simulation tool for
pore-scale, two-phase flow in complex geometries such as the wick
structures [20,21], due to the convenient boundary condition imple-
mentations of complicated porous media and low computational costs

compared to the Level Set Method (LSM) [22] and the Volume of Fluid
(VOF) [23] methods. However, the previous LBM studies have focused
on single-phase flow [24,25], or considered the capillary flow only in
fibrous pore networks [26]. Hoef et al [24]. have examined the
permeability and drag force of low Reynolds-number gas flow over
mono- and bi-disperse arrays of spheres using single-phase LBM. Pan et
al [27]. have examined single-phase flow through two 3D porous
media-a body-centered cubic array of spheres and a random-sized
sphere-pack-and studied the effects of the LBM simulation parameters
such as the lattice size, relaxation time, and fluid-solid boundary con-
dition schemes on the accuracy of the flow simulation including
viscosity-dependent permeability. Dorai et al [25]. have studied the
single-phase flow through a packed bed of cylindrical particles including
the effects of particle shape and polydispersity on pressure drop.
Nabovati et al [26]. have developed a 3D single-phase LBM to study fluid
flow in random fibrous porous media over a wide range of void fractions
and permeability using the Darcy law. Khabbazi and Bazylak [28] have
employed a single-phase LBM to calculate the absolute permeability of
two simulated porous structures: periodic arrays of (a) staggered parallel
infinite cylinders and (b) spheres and predicted the Kozeny—Carman
porosity-permeability relationship for the geometries examined. Gharibi
et al [29]. have combined LBM and Smoothed Profile Method (SPM) to
simulate the single-phase flow in granular porous media and investi-
gated the effects of porosity, particle size and shape, and the structure of
porous media on the permeability and drag coefficient. Luo et al [30].
developed a single-phase LBM to study a novel Leaf-vein-inspired
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Fig. 1. Schematic of the liquid-filled sintered particle wick with (a) uniform
small particle (or pore), (b) uniform large particle (or pore), and (c) non-
uniform particle (or pore). Uniform and non-uniform capillary meniscus radii
are also shown.

Table 1
LBM simulation parameters.

LBM Parameter Magnitude in Lattice Unit

5 1

5 1

5 1

plsat 1

pvsat 0.2

Ocq 30°

cs 1/4/3
! 0.5

o 1.365x1072
Vi 0.01

I 0.0128
D 4

ho 75

hy 200

wy 400

w 100

Gradient Porous (LGP) wick structure by comparing the contours of
velocity magnitude and temperature between LBM and Finite Volume
Method (FVM) simulations and illustrated the superior flow and heat
transfer performance of the LGP wick.

Huang et al [31]. have extended the LBM boundary condition for
single phase flow to simulate immiscible two-phase displacement in
complex heterogeneous porous media with significantly reduced
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Gradient-Free B.C.

Gradient-Free B.C.
"D’ 931,]-JUSIPLID)

Wall B.C.

Fig. 2. Rate-of-rise between two parallel plates in contact with a liquid reser-
voir (Case 0). Liquid, vapor, plates, space between the plates, W, liquid height,
h, liquid-submerged depth, hy, liquid depth, h;, liquid reservoir width, wy,
dynamic contact angle 64, gravitational acceleration, g, and domain size, L, and
L, are also shown.

Table 2
Summary of the LBM simulation parameters for two parallel plates (Case 0).

Simulation parameter

Magnitude, Lattice Unit (Case 0)

w 100
gx107 4.55
Ly 910
L, 600

0.6 T T T T T

Eq. (17)

s - |

044  'LBM

/| Eq.(15)

Dimensionless Liquid height, /
o =)
) W
1 1

=
—_
1

00 W=100 &, g = 4.55x107 &v/6F, 0, =30°
. T T T T T

T T T T T T
0 50 100 150 200 250 300
Dimensionless Time, ¢

Fig. 3. Predicted LBM results for the rate-of-rise between parallel plates (Case
0) with W = 100 6x, 6,4 = 30°, and g = 4.55x10"7 6x/8t%, compared with
closed-form solution, i.e., the Bosanquet equation, Eq. (15). The predicted
liquid height at equilibrium, h.q using Eq. (17) is also shown. The dynamic
contact angle, 64, for Eq. (16) is also shown.

spurious currents and better numerical stability and obtained the three
typical flow patterns, namely stable displacement, viscous fingering, and
capillary fingering, over a wide range of capillary numbers and viscosity
ratios. Liu et al. [32,33] simulated immiscible two-phase flow in ho-
mogeneous and heterogeneous pore networks using LBM and studied
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Uniform Pore (UP)  Large Pore (LP) Small Pore (SP)\
w / W
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Fig. 4. Single-column, particle wicks between two parallel plates with the
spacing of W for (a) Uniform Pores (UPs) (Cases Al and B1), (b) non-uniform
pores (horizontal rearrangement only, Cases A2, A3, B2, and B3), (c) non-
uniform pores (horizontal/vertical rearrangements, Cases A4 and B4). The
plate spacing, W, square particles sizes, L, and pore sizes ([; to [3) including the
Uniform Pores (UP), Small Pores (SP), and Large Pores (LP) are also shown. The
contact angle 6., domain sizes (W, h;, hg, w;, Ly and L), and the bounadry
conditions are the same as those of Fig. 2.

Table 3

Summary of the LBM simulation parameters for uniform and non-uniform sin-
gle-column particle wick shown in Fig. 4(a)-(d) with two different porosities, ¢
= 0.67, and 0.8. The parallel plate spacing and gravitational acceleration are W
=1006xandg=1.4 x 1077 8x/52, respectively. The domain sizes hj, hg, w1, Ly,
and L, are same as those of Table 2.

Magnitude, Lattice Unit

Simulation Case Case Cases Case Case Cases
parameters Al A2 A3, A4 Bl B2 B3, B4
€ 0.67 0.67 0.67 0.8 0.8 0.8

L 50 50 50 36 36 36

1; (UP) 25 25 25 32 32 32

1> (SP) - 22 14 - 28 18

I3 (LP) - 28 36 - 36 46
L=13/lzorly/l; 1 1.3 2.6 1 1.3 2.6

the effects of flow properties such as the capillary number, viscosity
ratio, surface wettability, and porous media heterogeneity on the pat-
terns of the three typical wetting fluid displacement. Huang et al [34].
have also studied two-phase immiscible displacements in
randomly-packed spheres and characterized the effects of capillary
number, viscosity ratio, and wettability on the dynamics of displace-
ment and the relative permeability. Falcucci et al [35]. have employed
the LBM to study the pulsed reactive flows in transitional Knudsen
number regimes. They have characterized the conversion efficiency of
catalytic particles for different geometries and configurations, including
single catalytic particle and nanoporous gold spheres, within
pulsed-flow reactors. Montemore et al [36]. have utilized a
multi-component LBM to explore the possibility of oxidation reactions
on nanoporous gold, an AgAu bimetallic catalyst using microscopy and
image reconstruction to obtain the morphology of a two-dimensional
slice of a nanoporous gold sample. Li et al [37]. have used a 2D
pore-scale, two-phase LBM to study the dynamics of simultaneous flow
of immiscible two-phase fluids at the steady state in the capillary
force-dominated regime by calculating the capillary pressure and rela-
tive permeability as a function of fluid saturation. Wang et al. [38] have
investigated the immiscible displacement in porous media with the
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displaced fluid being shear-thinning using a two-phase LBM and
explored the influence of the heterogeneous viscosity field on viscous
fingering. Gu et al [39]. have studied the pore-scale, spontaneous liquid
imbibition through an oil-saturated artificial 2D porous matrix for oil
recovery applications by employing color-gradient, two-phase (water--
oil) LBM. Falcucci et al [40]. have used the LBM-based extreme flow
simulations to study flow in deep-sea glass sponges with highly complex
porous geometry. Li et al. [41] have examined the capillary pumping
processes of the reconstructed random porous wicks at pore scale by
using a 3D two-phase LBM. They have also investigated the evolutions of
two-phase interface and the variations of the transient imbibed liquid
volume fraction for the different porosity, pore structure, and surface
wettability to compare with the macroscopic scale homogenous model.
However, the pore-scale capillary flow in the non-uniform thin wick
have been still poorly understood, mainly due to the expensive
computational cost. Recently, Borumand et al. [42] have studied the
enhanced wickability of non-uniform wicks using LBM, and they pri-
marily focused on pore-scale enhanced capillary flows through the
non-uniform pore-size distributions.

In this study, the tailored capillary flow in non-uniform thin wick is
examined using two-phase free-energy-based LBM, aiming at under-
standing the enhanced wickability including porosity, pore size distri-
bution, and pore size ratio effects Section 2. discusses the working
principles of enhanced wickability in non-uniform wick, and Section 3
describes the LBM and simulation details Section 4. includes the LBM
validation and predicted rate-of-rise in uniform and non-uniform thin
wicks, followed by the conclusion in Section 5.

2. Working principles

The optimal wick structure requires both the large permeability and
capillary pressure for the development of the high heat flux two-phase
cooling system. However, the wick permeability, K is proportional to
the particle size squared, as given as [2]

3.2
&r,

K:a—2
(1-¢)

®

where ¢ is the porosity, a is the constant, and 1, is the particle radius,
while the capillary pressure, p, is inversely proportional to the capillary
meniscus radius (or particle size) as given as [2]

_ 20cos(6)

Pe=—"""" (2

re

where o is the surface tension, ¢ is the contact angle, and r. is the
capillary meniscus radius. In other words, it is challenging to simulta-
neously increase the permeability and capillary pressure using the uni-
form particle size (or characteristic pore size). To overcome this
challenge, the non-uniform particle size wick is employed to achieve the
increased capillary pressure from the small particle size and the large
permeability from the large particle [43,44] as shown in Fig. 1.

Fig. 1(a) shows that the small uniform pore size wick suffers from the
low permeability, while Fig. 1(b) illustrates the poor capillary pressure
in the large uniform pore size wick. However, the combination of the
small and large pores, i.e., the non-uniform pore size wick shown in
Fig. 1(c), can lead to the simultaneous enhancement of permeability and
capillary pressure. Note that Fig. 1 schematically shows the working
principle based on sintered-particle wick, however, we employ a simple
2D non-uniform pore size wick with non-uniform rectangular pore size
between the two parallel plates to fundamentally understand the
enhanced wickability without losing a generality. The details of various
non-uniform pore arrangements are found in Section 3.3.
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Case B1 B2 B3 B4
L.=1 l,,=1.3 l,,=2.6
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&= 0.67

8:0.8

Fig. 5. Snapshots of all single-column particle wicks at t* = 0. The uniform pore wicks, i.e., Cases Al and B1 [see Fig. 4(a)], non-uniform pore wicks with horizontal
rearrangement, i.e., Cases A2-A3 and Cases B2-B3 [see Fig. 4(b)], and non-uniform pore wicks with horizontal and vertical rearrangements, i.e., Cases A4 and B4 [see
Fig. 4(c)] are shown. The porosity and pore size ratio, i.e., € and [, are also shown.

@7r=0 () =3 ()r=35 (d)r=96

FIHEEE

(@) =169 (h) ¢ =480

i

(e) =147 =157

Fig. 6. Snapshots of rate-of-rise in single-column-particle uniform pore size wick with ¢ = 0.67 (Case A1) from (a) the initial time, t* = 0, to (h) the equilibrium

condition t* = 480. Given dimensionless time, t*, for each snapshot is also shown.

3. LBM simulation
3.1. Lattice Boltzmann Method (LBM)

To simulate the pore-scale capillary flow in the single column par-
ticle wicks, a two-phase single component free-energy-based LBM is
used. In this paper, only the key governing equations and approaches are
given, and the details are found in the previous works [45-47]. The
discrete Boltzmann equation (DBE) for the van der Waals fluid using
Bhatnagar-Gross—Krook (BGK) collision operator can be written as [48]

au a — o a ‘F
Lopepup, = Sty p;) ®

where f, is the single-particle distribution function, e, is the microscopic
velocity f “? is the equilibrium distribution function, 1 is the relaxation

time due to collision, u is the macroscopic velocity, p is the density, c; is
the speed of sound, and F is the averaged external force experienced by
each particle, i.e., intermolecular interaction force. Note that ¢, = ¢/ \/ 3,
where ¢ = 8,/ &; is the lattice speed, and 6y, J,, and &; are unity,
respectively. The D2Q9 scheme is chosen for this study. To minimize the
parasitic currents, which are small-amplitude velocity fields at the phase
interface arising from imbalance between thermodynamic pressure-
gradient term and the interfacial stress term as a result of truncation
error [45,49], so called potential forcing scheme, is used to eliminate the

parasitic currents to round-off, which is given as
F=Y(pc}) = pV (uy —£V°p) )

The chemical potential, ug, and the gradient parameter, x, can be
found using Egs. (5) and (6), respectively
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Fig. 7. (a) Maximum dimensionless liquid height, hyax*, (b) minimum

dimensionless liquid height, hyn*, and (c) liquid saturation, s, as a function of

dimensionless time, t*, for uniform wick with ¢ = 0.67 (Case Al) and ¢ = 0.8

(Case B1). The time-label for the rate-of-rise snapshots shown in Fig. 6(a)-(h),

the location of the 4 particles for Cases Al and B1, and the plate spacing, W, are
also shown.
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0k
Ho = a 6]

jDZ sat __ sat 2
P (/),8 ) ©)

where Ej is the bulk free energy, p® and p,*™ are the liquid and vapor
densities at saturation, respectively, f is a constant related to the
compressibility of the bulk phase, and D is the interface thickness which
should be greater than 3 lattices to avoid numerical instability. Here, D
= 4 and # = 0.01 are used. Given « and p, surface tension can be
computed as
sar sar 3

oo PP e ) ap @)

An approximation for the bulk free energy E, can be expressed in the
vicinity of the critical point by simplifying the equation of state,
resulting in

Eo(p) = Blp — p*)’ (p - p)’ ®

To find the total free energy of an isothermal thermodynamic system
that contains wall boundaries, Eq. (9) is used

‘Pb+‘PS:/<E0(p)+f|Vp|2>d97/ga1pde ©)]
Q 2 r

where yy, is the mixing energy density, p; is the density at the solid
surface, and y, is the wall energy density that contains only the linear
term [46]. The relation between ¢; in Eq. (9), the dimensionless wetting
potential Q, and the equilibrium contact angle 6., can be expressed by

o= ;g (10)
( pfm _ ﬂf,'”)
g1 a a1\ 3

Q= ngn(i—é)eq) (cos(E) [1 — cos (5)]) an
where
a = cos™' (sinb,,) (12)

The boundary condition at the wall for Vzp in Eq. (4) takes the form
of
knp, = —¢, 13)

where n is the unit vector normal to the wall. Therefore, y = jig-kV2p in
Eq. (4) can be treated as a scalar, discretized in like manner, and this
results in the elimination of the parasitic currents at the phase interface.

Table 1 summarizes the values of the LBM parameters used in the
present study.

To find the unknown particle distribution at the wall, equilibrium
boundary condition is implemented in which p; is calculated based on
the bounce back rule after streaming step followed by immediate
relaxation toward the equilibrium state [46,50]. Therefore, the density
p and chemical potential y at the wall boundary should be calculated
using

P(X;s + e,01) = P(X; — €,6t)
P (X, + 2€,6t) = p(x, — 2€,5t) (14)

where ¢ stands for p or u, xs represents the wall node, and & is the time
step. However, the special wall boundary treatment is needed at the
sharp corners of solid particles and surfaces due to the unavailability of
the explicit normal vector. In this study, the isotropic method is used
[47].
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(=130 (g) =150 (h) =480

||

Fig. 8. Snapshots of rate-of-rise in single-column non-uniform pore size wick with ¢ = 0.67 and [, = 1.3 (Case A2) from (a) t* = 5.4 to (h) the equilibrium state t* =
480. The dimensionless time, t*, corresponding to each of the snapshots are also shown.

3.2. Rate-of-rise in two parallel plates

To validate the LBM, the rate-of-rise between the two parallel plates
using the LBM are compared with the closed-form solution, so called
Bosanquet equation [51], given as

5

: * * dh *
+ (B* 4+ hy) = — = acos6y — bh 15)

(W +hy) —+ 7

dr’ dr-

d*h* (dh*
where h*=h(t)/W and hy*=hy/W are dimensionless liquid height above
the liquid-vapor surface and dimensionless liquid-submerged length,
respectively, as shown in Fig. 2. The W, g, and ¢ are the parallel plate
spacing, gravitational acceleration, and surface tension, respectively, 64
= 04 (t) is the dynamic contact angle, t* =t/t is the dimensionless time,
and to = p; (W?)/12, @ = 2p; (W)o/(12u)? and b = p2 (W)® g/(12u)>.
Note that the dimensionless liquid height, h* in the LBM predicts the
maximum (capillary meniscus liquid front near the plate) and the min-
imum heights (central part of the capillary meniscus recess), and only
minimum height is shown in Fig. 2. The dynamic contact angle is
calculated using

0, = g —sin”! {% sin [g - 9(5)] } (16)

where 6(5) is the contact angle calculated at the distance § from the
internal plate surface [52] Table 2. summarizes the LBM simulation
parameters including the equilibrium contact angle, 6.4, parallel plates
spacing, W, gravitational acceleration, g, the reservoir liquid depth, hy,
the parallel plates submersion length, hy, the domain size from the side
boundaries to the external surface of the plates, wj, and the overall
domain sizes in both directions, Ly and Ly, as shown in Fig. 2. The
Bosanquet equation was solved using 4th order Runge-Kutta method.
The liquid height at equilibrium, heq, can be found given as

26c0s(6)

W 17

P18heg =

3.3. Rate-of-rise in two parallel plates (Validation of LBM simulation)

The LBM simulation predicts the rate-of-rise between two parallel
plates (see Fig. 2) and compares with the closed-form solution, i.e., the
Bosanquet equation, Eq. (15) for validation as shown in Fig. 3, showing
RMS error below 2%. Note that the LBM simulation and Eq. (15) use W
=100 6x, f¢g = 30°, and g = 7 x 1077 5x/6t2, and Fig. 3 shows the rate-of-
rise only after the liquid-vapor meniscus is fully formed at t* = 0. The
LBM-predicted rate-of-rise sharply increases at t* < 100, and it reaches

plateau as it approaches the equilibrium height. The LBM-predicted
equilibrium height agrees the closed form solution, Eq. (17).

3.4. Single-column, uniform and non-uniform pore size wicks

To investigate the effects of non-uniform pore size distribution on the
enhanced wickability, the rate-of-rise in the single-column particle
wicks with uniform and non-uniform pore size distributions are simu-
lated using LBM, as shown in Fig. 4(a)-(c) Fig. 4.(a) illustrates the
parallel plates with the spacing of W and the single-column square
particles, where the pore sizes are uniform near the particles, i.e., Uni-
form Pore (UP) (Cases Al and B1 at ¢ = 0.67 and 0.8, respectively).

For the non-uniform pore size wicks, three particle arrangement
variations are examined Fig. 4.(b) shows the horizontal particle rear-
rangements only to create the smaller, [ < [;, and the larger pore sizes I3
> 1; for given parallel plate spacing, W = 100 6x, and porosity (Cases A2
and A3 with [, = 1.3 and 2.6, respectively, at ¢ = 0.67, and Cases B2 and
B3 with [ = 1.3 and 2.6, respectively, at ¢ = 0.80). Note that the first two
bottom particles are served as a building block, the total four particles
are used to ensure the enhanced wickability between the two building
blocks. Furthermore, two different wick porosities, ¢ = 0.67 and 0.80,
and two different pore size ratios, [, = 2.6 and 1.3, are simulated to study
the effects on the wickability enhancement. To understand the effects of
the horizontal and vertical non-uniform pore sizes, Fig. 4(c) shows the
horizontal/vertical particle rearrangements, i.e., additional vertical
particle rearrangement compared to that shown in Fig. 4(b). This rep-
resents the Cases A4 with . = 2.6, respectively, at ¢ = 0.67, and Case B4
with . = 2.6, respectively, at ¢ = 0.8. To ensure the lattice size inde-
pendent LBM simulations, the minimum pore size of 14 6x is used for all
the LBM simulations as the details are found in Appendix. Note that the
contact angle of 6., ¢ = 90° is used for the outer wall, to prevent the
liquid from forming the capillary meniscus at the outer wall Table 3.
summarizes the LBM simulation parameters including the porosity, ¢,
particle size, L, the uniform pore size, [;, the small pore size, Iy, and the
large pore size, I3, for the uniform and non-uniform wicks shown in
Fig. 4.

Fig. 5 shows the LBM snapshots of the single-column particle wicks at
t* = 0 which includes wicks with lower porosity (¢ = 0.67), i.e., Cases
Al-A4, and Cases B1-B4 which have higher porosity, i.e., e = 0.8. Cases
Al- and B1 are uniform pore size wicks which correspond to Fig. 4(a),
Cases A2 and B2, and Cases A3 and B3 are non-uniform pore wicks with
low and high pore size ratios, i.e., [, = 1.3 and 2.6, respectively, while
Cases A4 and B4 are non-uniform wicks with high pore size ratio (I, =
2.6) that have additional non-uniform pore distribution, i.e., decreasing
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pore size in the upward flow direction.
4. Results and discussion

The rate-of-rise through the single-column, uniform and non-
uniform pore size wicks within the two parallel plates (see Fig. 4) are
predicted using the LBM to understand the enhanced wickability of the
non-uniform pore size wicks including the pore size distribution, pore
size ratio, and porosity effects. The rate-of-rise is characterized by
considering maximum dimensionless liquid height, hpax*, minimum
dimensionless liquid height, h;;;*, and liquid saturation, s. Note that all
the LBM parameters are found in Tables 1 and 2, but a lower gravita-
tional acceleration is used, i.e., g = 1.4 x 1077 8x/8t? to achieve the
higher equilibrium height, i.e., the top layer of the wick. Note that the
presence of the wicks particles between the two parallel plates reduces
the effective pore size, which in turn results in the higher equilibrium
height than that of the parallel plates only. However, the “true” equi-
librium height cannot be predicted using analytical expression, i.e.,
Young-Laplace equation due to the unknown pinning effects at the sharp
corner of the square particles. Thus, we adjust the gravity using a trial-
and-error approach to maintain the equilibrium within the simulation
domain. Two different porosities and pore size ratios are considered to
study their effects on enhanced wickability, and three different non-
uniform pore size distributions are studied as shown in Fig. 4(b)-(d).

4.1. Uniform pore size wick: porosity effect

Fig. 6 shows the LBM simulation snapshots of the rate-of-rise from
the initial time to equilibrium state for the single-column-particle uni-
form pore size wick with ¢ = 0.67, i.e., Case Al (see Fig. 5) Fig. 6.(a)
shows the initial liquid height within the two plates, which stays in the
same level as the liquid pool at t* = 0 Fig. 6.(b) illustrates the formation
of the first capillary meniscus between the particle and plates at t* = 3
by equally filling the pore space between the particle and plates, which
in turn results in the sharp rate-of-rise. At t* = 35, Fig. 6(c) shows that
the minimum liquid height sticks to the sharp upper corner of the first
particle, while the maximum liquid height continues to rise along the
inner plate surface, i.e., pining [53], and it delays the rate-of-rise. Note
that the capillary meniscus radius gradually increases between t* = 3
and 35, i.e., the capillary pressure decreases during the pinning process
due to the increasing capillary meniscus radius. At t* = 96, Fig. 6(d)
shows that as the maximum liquid height increases above the threshold
height, the minimum liquid height detaches from the upper
particle-corner, i.e., depinning. Then, it begins to laterally spread over
the top surface of the particle, i.e., stick-slip flow, without changing the
minimum liquid height. At t* = 147, Fig. 6(e) shows that the meniscus
radius remains large during the stick-slip flow until the triple-phase
fronts finally bridge to form the capillary meniscus across the two
plates. At t* = 157, Fig. 6(f) illustrates that the liquid begins to interact
with the bottom side of the second particle to form the small capillary
menisci, followed by the second sharp rate-of-rise between the particle
and the plate at t* = 169 [Fig. 6(g)]. The liquid continues to rise until it
reaches the top surface of the second particle, and then it does not
significantly change the height due to the meniscus pinning. At t* = 480,
Fig. 6(h) shows that the decreased capillary pressure due to the pinning
is lower than the hydrostatic pressure, i.e., the liquid front has reached
equilibrium state.

Fig. 7(a) and (b) shows the LBM predicted maximum and minimum
dimensionless liquid heights, hyax*, and hpin*, respectively, as a func-
tion of dimensionless time, t*, for the single-column-particle uniform
pore size wicks with two porosities, ¢ = 0.67 (Case A1) and 0.8 (Case
B1), at given parallel plate spacing, W = 100 éx. The time label for the
rate-of-rise snapshots given in Fig. 6(a)-(h) and the location of the 4
particles for Cases Al and B1 are also shown [see Fig. 4(a)]. They show
the sharp rate-of-rise at t* = 0 [Fig. 6(a) or point (a)] and t* = 3 [point
(b)] by quickly forming the capillary meniscus between the particle and
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Fig. 10. Snapshots of rate-of-rise in single-column uniform pore size wick with ¢ = 0.67 and I, = 2.6 (Case A3) from (a) t* = 5.4 to (h) the equilibrium state at t* =
515. The dimensionless time, t*, corresponding to each of the snapshots are also shown.

plates, followed by a plateau due to the meniscus pinning at the upper
particle-corner, i.e., point (c). During the pinning, the maximum height
continues to rise along the inner plate surfaces, whereas the minimum
heights do not change due to the pinning at the upper particle-corner.
Once depinned from the particle corner, it initiates the stick-slip flow
over the top surface of the first particle, i.e., point (d), until it bridges
between two capillary menisci for another minimum liquid height step-
wise rise, i.e., point (e). Note that the maximum liquid height decreases
moderately and the minimum liquid height jumps due to the formation
of the capillary meniscus across the two plates compared to the point
(d). Then, the liquid front interacts with the two bottom corners of the
second particle to form the three small capillary meniscus radii, i.e.,
point (f). At this point, due to the relocations of the capillary menisci,
both the maximum and minimum liquid heights slightly decrease, fol-
lowed by the second sharp rate-of-rise between the particle side walls
and the plates inner surfaces, i.e., point (g). The liquid rises until it
reaches the same level of the second particle top surface, where the
maximum dimensionless liquid height gradually increases along the
plate inner surface while the minimum dimensionless liquid height re-
mains unchanged due to the pinning at the particle corner. At point (h),
i.e., t* = 480, the maximum dimensionless liquid height has reached the
equilibrium state. For Case B1, a similar first step-wise, rate-of-rise is
observed both for maximum and minimum liquid heights, but Case B1
shows the early second sharp rate-of-rise due to the larger pore size
between the particle and inner plate surfaces, i.e., earlier formation of
the capillary meniscus across the two plates after the stick-slip flow
regime, and earlier liquid front interaction with the two bottom corners
of the second particle, as indicated at (i) and (ii), respectively. Note that
in terms of capillary meniscus front shape, (i) and (ii) are similar to
points (e) and (f) in Fig. 6, respectively, i.e., meniscus formation be-
tween the parallel plates and meniscus interaction with the next particle,
respectively.

Fig. 7(c) shows the liquid saturation, s, for Cases Al and B1, to
predict the rate-of-rise by characterizing the average liquid height. The
larger porosity wick, i.e., Case B1, allows for the early step-wise liquid
height increase compared to that of Case Al, indicating that the
increased permeability by the larger pores outperforms the reduced
capillary pressure by the smaller pores. Note that in Fig. 7(a) and (b), the
maximum and minimum liquid equilibrium heights for Case Al is
slightly higher than that of Case B1 because the top surface of the second
particle of Case Al is placed higher than that of the Case B1, i.e., the
larger particle size of Case Al. However, Fig. 7(c) shows that the liquid
saturation at equilibrium is similar for both cases, indicating that the
relative liquid filling is the same.

4.2. Non-uniform pore size wicks

The enhanced wickability of the non-uniform wick is investigated by
comparing the rate-of-rise between the single-column-particle uniform
(Case Al, I, = 1) and non-uniform pore size (Case A2, [ = 1.3) wicks at ¢
= 0.67 [see Fig. 5] Fig. 8.(a)-(h) shows the pore-scale capillary meniscus
front movement of the non-uniform wick (Case A2). At t* = 5.4, Fig. 8(a)
shows that the liquid level during the first sharp rate-of-rise is similar
between the small and large pores, since the pore size ratio is relatively
small, i.e., [ = 1.3. During the meniscus pinning, subsequent depinning,
and the following stick-slip flow as shown in Fig. 8(b) and (c), i.e., t* =
21 and 105, the maximum liquid level is higher in the large pore due to
the extended meniscus crescent in the larger pore. At t* = 110, Fig. 8(d)
shows the early liquid interaction with the right bottom corner of the
second-layer particle breaks the one large capillary meniscus into two
smaller capillary menisci, which enhance the vertical and horizontal
capillary flows through the right and bottom pores next to the second-
layer particle as shown in Fig. 8(e) at t* = 119 due to the larger capil-
lary pressure, i.e., smaller capillary menisci. At t* = 130 and 150, Fig. 8
(f) and (g) shows the quick capillary fillings through the pores near the
second-layer particle, and the smaller pore near the right plate enhances
the vertical capillary flow. At t* = 480, Fig. 8(h) shows that the
decreased capillary pressure due to the pinning of the left and right
menisci is lower than the hydrostatic pressure, i.e., the liquid front
reaches equilibrium state, and the left meniscus is slightly higher than
the right meniscus due to the larger flow area.

Fig. 9(a) and (b) compares the LBM predicted maximum and mini-
mum dimensionless liquid heights, hy,.x*, and hyin*, respectively, as a
function of dimensionless time, t*, for the single-column-particle uni-
form and non-uniform pore size wicks Case Al (I, = 1) and Case A2 (I, =
1.3) at given parallel plate spacing and porosity, W = 100 6x and ¢ =
0.67, respectively, including the elapsed time label for the rate-of-rise
snapshots given in Fig. 8(a)-(h).

The initial sharp rate-of-rise is very similar between Cases A1 and A2,
i.e., [see Fig. 8(a) or point (a)]. However, starting from point (b), i.e., t*
= 21, the maximum liquid height for Case A2 begins to show the
moderate enhancement compared to Case Al until it reaches point (c), i.
e., t* =105, while the minimum liquid height for both cases is at the top
surface of the first particle (pinning followed by stick-slip flow).

At point (d), i.e., t* = 110, the meniscus-particle interaction results in
the sharp rate-of-rise in the maximum liquid height, however, it takes
time for the minimum height to rise because the liquid needs to fill the
pore between two particles, i.e., Fig. 8(e) at t* = 119. At t* = 130, i.e.,
Fig. 8(f), Case A2 yields the sharp rate-of-rise for both minimum and
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maximum liquid height in the large and small pores near the second-
layer particle, respectively. At t* = 150, Fig. 8(g) shows that the
maximum liquid height is pinned, while the minimum liquid height is
about to reaching the particle top surface level. At t* = 480, i.e., point
(h), the maximum and minimum dimensionless liquid height have
reached equilibrium state, as shown in Fig. 9(a) and (b), respectively.

Fig. 9(c) shows the liquid saturation, s, for Cases A1 and A2. The non-
uniform wick, i.e., Case A2, allows for the early step-wise liquid height
increase compared to that of Case Al at t* = 110, point (d), due to the
early interaction between the liquid and second-layer particle, followed
by the enhanced capillary pressure from the smaller capillary menisci
through the smaller pores near the second-layer particle, i.e., points (e)
to (g). The liquid saturation for Case A2 shows the marginally-increased
equilibrium height, i.e., point (h), due to the minor maximum liquid
height increase in the large pore, i.e., the marginally-extended meniscus
crescent.

4.3. Non-uniform pore size wick: pore size ratio effect

This section studies the effects of non-uniform pore size ratio on
enhanced wickability by comparing rate-of-rise for Case A2 (I = 1.3
with Case A3 (I, = 2.6) at given porosity ¢ = 0.67 Fig. 10.(a)-(h) shows
the LBM rate-of-rise snapshots for Case A3 [see

Fig. 5 Fig. 10.(a), i.e., t* = 5.4, illustrates the larger rate-of-rise in the
large pore, i.e., the pore between the first layer particle and the right
plate, due to the larger permeability compared to the left pore. At t* =
21, Fig. 10(b) shows that the enhanced capillary flow continues through
the large pore, while the meniscus pinning occurs at the right top corner
of the first-layer particle. At t* = 36, Fig. 10(c) shows the early capillary
meniscus-particle corner interaction which results in the enhanced
capillary flow rise, followed by the second sharp rate-of rise through the
smaller pore as shown in Fig. 10(d) and (e), i.e., t* = 53 and 76. This
higher rate-of-rise in Case A3 (I, = 2.6), compared to Case A2 [[, = 1.3,
Fig. 8(c)—(f)1, results from the earlier liquid-particle corner interaction
by the larger pore size ratio. At t* = 248, Fig. 10(f) shows the third sharp
rate-of-rise, since the capillary meniscus interacts with the bottom
corner of the third particle.

At t* = 285, Fig. 10(g) shows that the meniscus in the small pore has
already reached the top surface of the third-layer particle, while the
right capillary meniscus fills the pore between the third-layer particle
and right plate Fig. 10.(h), i.e., t* = 515, shows that the decreased
capillary pressure due to the pinning of the left and right menisci is
lower than the hydrostatic pressure, i.e., equilibrium state is reached.

Fig. 11(a) and (b) compares the LBM predicted maximum and min-
imum dimensionless liquid heights, hyax*, and hpin*, respectively, as a
function of dimensionless time, t*, for two non-uniform wicks with
different pore size ratios, I, = 1.3 (Case A2) and . = 2.6 (Case A3), at
given parallel plate spacing and porosity, W = 100 6x and ¢ = 0.67,
respectively, including the elapsed time label for the rate-of-rise snap-
shots given in Fig. 10(a)-(h). The maximum liquid height for Case A3
shows the enhancement at t* = 21 and 36 [see Fig. 10(b) and (c) or
points (b) and (c)] compared to Case A2, due to the earlier interaction
between the liquid and right bottom corner of the second-layer particle.
However, the minimum liquid height for Case A3 is same as those for
Case A2 until at t* = 53, i.e., point (d), since the two menisci pin at the
top corners of the first-layer particle. At point (d), the left meniscus
finally detaches from the top surface of the first-layer particle after
filling the pore between the first- and second-layer particles, while the
right meniscus has already reached the level of the top surface of the
second-layer particle due to the high capillary pressure from the small
pore with the left side of the meniscus pinned at the particle top right
corner and the right side rising slowly at the right plate inner surface. At
t* = 76, i.e., point (e), Fig. 11(a) shows the small rate-of-rise of the
maximum liquid height due to the reduced capillary pressure from
meniscus pinning at the second particle top right corner, while Fig. 11
(b) shows that the minimum liquid height quickly rises near the second-
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Fig. 12. Snapshots of rate-of-rise in single-column uniform pore size wick with ¢ = 0.8 and [, = 2.6 (Case B3) from (a) t* = 116 to (h) the equilibrium state t* = 875.

The dimensionless time, t*, corresponding to each snapshot is also shown.

layer particle, i.e., second sharp rate-of-rise. Similarly, t* = 248 corre-
sponds to the third sharp maximum liquid rate-of-rise, as shown at point
(f) in Fig. 11(a), and t* = 285 is associated with the meniscus detach-
ment and the third sharp rate-of-rise for the minimum liquid height as
shown at point (g) in Fig. 11(b).

At t* = 515, Fig. 11(a) and (b) shows that the maximum and mini-
mum liquid heights reach the equilibrium condition with 52.4% and
75% enhancement compared to that of Case A2, respectively, resulting
from the larger pore size ratio compared to Case A2 Fig. 11.(c) shows the
liquid saturation, s, as a function of dimensionless time, t*, for Cases A2
and A3. The non-uniform wick with the higher pore size ratio, i.e., Case
A3, shows not only the larger saturation level at t* = 36-76, i.e., points
(c)-(e), but also the larger saturation beyond point (f), since the smaller
pores near the plates offer the early capillary rise from the enhanced
liquid-surface interaction and increase the capillary pressure via a
smaller effective capillary meniscus radius.

4.4. Non-uniform pore size wick: porosity effect

This section examines the effects of porosity on the enhanced wick-
ability of non-uniform pore size wicks by comparing the rate-of-rise for
Case A3 (¢ = 0.67) and Case B3 (¢ = 0.8) at given pore size ratio, [, = 2.6.

Fig. 12(a)—(h) shows the LBM snapshots for Case B3 [see Fig. 5] from
t* = 116 to 875 (equilibrium state). The rate-of-rise and capillary front
movement are similar between Cases A3 and B3 until t* = 116, i.e.,
Fig. 12(a), where both the left and right menisci reach the same level of
the second-particle top surface. However, compared to Case A3, Case B3
decreases the rate-of-rise due to the poor interaction between the left
meniscus and left bottom corner of the third-layer particle resulting from
the larger pore between the second- and third-layer particles and be-
tween the third-layer particle and the left plate. However, the right
meniscus depinnes from the top right corner of the second-layer particle
due to the large capillary pressure from the small pore between the
second-layer particle and the right plate, and slowly flows over the top
surface of the particle, i.e., stick-slip flow, shown by Fig. 12(b), i.e., t* =
217. The extended slow stick-slip flow continues until t* = 618, i.e.,
Fig. 12(c), where the right meniscus bridges with the left meniscus to
form a new meniscus between the two parallel plates. At t* = 637,
Fig. 12(d) shows that the meniscus rises between the parallel plates. At
t* = 651, Fig. 12(d) shows that the meniscus interacts with the particle,
followed by the sharp rate-of-rise at t* = 658 and 688, i.e., Fig. 12(f) and
(g). At t* = 875, Fig. 12(h) shows the two menisci pinned at the top
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corners of the third-layer particle, i.e., equilibrium state has reached.

Fig. 13(a) and (b) compare the LBM predicted maximum and mini-
mum dimensionless liquid heights, hpyax*, and hnyin*, respectively, as a
function of dimensionless time, t*, for Cases A3 and B3, and the rate-of-
rise behaviors are very similar at t* < 217. Beyond point (b), Case B3
shows the delayed rate-of-rise due to the lateral stick-slip flow from t* =
217 to t* = 618, i.e., points (b) to (c), which is associated with the poor
interaction between the meniscus front and left bottom corner of the
third-layer particle from the larger pores around. This is followed by the
two menisci merge and rise, i.e., points (c) and (d), and the meniscus
interaction with the third particle resulting in the third sharp rate-of-
rise, i.e., points (e) to (g). At t* = 875, i.e., point (h), the menisci
reach the top level of the third-layer particle and the equilibrium state is
reached.

Fig. 13(c) shows the liquid saturation, s, as a function of dimen-
sionless time for Cases A3 and B3. At t*< 217, i.e., points (a) and (b),
Case B3 shows the moderately higher liquid saturation than that of Case
A3, due to the larger permeability from the large pores (higher porosity).
However, the larger pores also lower the capillary pressure, which in
turn reduces the rate-of-rise including the delayed sharp rate-of-rise at t*
> 618, i.e., points (c) to (). In other words, the reduced porosity of non-
uniform wicks increases the rate-of-rise at given pore size ratio, which
indicates the significant impact of the small pores on enhanced rate-of-
rise. Eventually, both Cases reach a similar saturation at the equilibrium
state. Note that the larger pore is expected to reduce the equilibrium
height by lowering the capillary pressure, however, the pining effect is
dominant over the capillary pressure difference (both minimum liquid
heights sit near the top surface of third-layer particle), which results in
the similar equilibrium height.

4.5. Non-uniform pore size wick: effects of decreasing pore size in the flow
direction

The effects of upward stream-wise, non-uniform pore size distribu-
tion on enhanced wickability is investigated by comparing the rate-of-
rise between horizontally non-uniform pore size wicks (Case A3) and
horizontally/vertically non-uniform pore size wick (Case A4, see Fig. 5)
at ¢ = 0.67 and I, = 2.6. Fig. 14(a)-(h) shows the LBM rate-of-rise
snapshots of Case A4. At t* = 93.2, Fig. 14(a) shows that the right
meniscus is about to interacting with the second-particle bottom right
corner, while both menisci have already been depinned and slowly flow
over the top surface of the first-layer particle, i.e., stick-slip flow. The left
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0.8 (Case B3) at given pore size ratio (I, = 2.6) and parallel plate spacing (W =
100 6x).
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meniscus spread over the top surface of the particle is more significant
than the right meniscus spread, resulting from the larger capillary
pressure from the small pore. Comparing with the sharp rate-of-rise at t*
= 36 for Case A3, i.e., Fig. 10(c), the large pore between the first- and
second-layer particle for Case A4 slow down the rate-of-rise due to the
relatively late meniscus-particle interaction. At t* = 113, Fig. 14(b)
shows that the right meniscus quickly rises to the top of the second
particle due to the large capillary pressure from the small pore, while the
left capillary meniscus fills the large pore between the first and second-
layer particles and detaches from the top surface of the first-layer
particle.

At t* = 358, Fig. 14(c) shows that the left meniscus interacts with the
bottom left corner of the third-layer particle, while the right meniscus
has already depinned (due to the large capillary pressure from the small
pore between the second-layer particle and the right plate) and is
spreading over the top surface of the second-layer particle, i.e., stick-slip
flow. At t* = 372, Fig. 14(d) shows that the left capillary meniscus rises
in the small pore between the third-layer particle and left plate, while
the capillary meniscus between the second- and third-layer particles fills
the pore. At t* = 422, Fig. 14(e) shows the left capillary meniscus pins at
the top left corner of the third-layer particle, while the right capillary
meniscus rises between the third-layer particle and the right plate. At t*
= 513, Fig. 14(f) shows the right capillary meniscus rises quickly by
interacting with the fourth-layer particle bottom right corner, i.e., early
interaction from proximity to particle surface. At t* = 550, Fig. 14(g)
shows that the right and central menisci quickly fill the small pores due
to the large capillary pressure. At t* = 900, Fig. 14(h) shows the equi-
librium condition with both menisci pinned at the fourth-layer particle
top corners.

Fig. 15(a) and (b) compares the LBM predicted maximum and min-
imum dimensionless liquid heights, hpnax*, and hpyin*, respectively, as a
function of dimensionless time, t*, for the stream-wise, uniform (Case
A3) and non-uniform, i.e., decreasing (Case A4) pore size wicks with
horizontally non-uniform pore size distribution at given porosity, ¢ =
0.67, pore size ratio, [, = 2.6, and parallel plate spacing, W = 100 éx,
including the elapsed time label for the rate-of-rise snapshots given in
Fig. 14(a)-(h). While the overall pattern (or trend) of rate-of-rise is
similar between Cases A3 and A4 form initial time, i.e., t* = 0 to point
(f), i.e., t* = 513, i.e., similar periods of sharp rate-of-rise and plateaus,
the maximum and minimum liquid heights for Case A4 are slightly
behind those of Case A3 due to larger pore size in the bottom side of the
wick. More specifically, the larger pores in the bottom side of the wick
does not promote early meniscus-particle interaction, which can be
observed in point (a), i.e., meniscus interaction with the second-layer
particle, and in point (c), i.e., meniscus interaction with the third-
layer particle, i.e., t* = 93.2 and t* = 358, respectively (compare with
Fig. 10(c) and (f), i.e., snapshots of Case A3 at t* = 36 and t* = 248,
respectively). Contrary to Case A3 in which the liquid reaches equilib-
rium state at around the level of the top surface of the third particle, for
Case A4 the maximum liquid height experiences the third sharp rate-of-
rise through interaction with the fourth-layer particle at t* = 513, i.e.,
point (f). At point (g), i.e., t* = 550, the maximum liquid height has
reached the fourth and final plateau while the minimum height is about
to experience the fourth sharp rate-of-rise after detaching from the top
surface of the third-layer particle. Point (h), i.e., t* = 900, corresponds to
the equilibrium state for both maximum and minimum liquid heights.
From initial time to point (f), i.e., t* = 0 to t* = 513, liquid saturation of
neither cases have superiority over the other resulting from the
competing effects of increased capillary pressure from small pore for
Case A3 and increased permeability from the large pores for Case A4,
however, beyond point (f), liquid saturation for Case A4 continues to rise
above those of Case A3 due to liquid rise to the fourth particle resulting
from increased capillary pressure from the small pore on the top side of
the wick until it reaches equilibrium at point (h), i.e., t* = 900.
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Fig. 14. Snapshots of rate-of-rise in single-column non-uniform pore size wick with non-uniform pore distribution in stream-wise direction with ¢ = 0.8 and . = 2.6
(Case A4) from (a) t* = 93.2 to (h) the equilibrium state, i.e., t* = 900. The dimensionless time, t*, corresponding to each snapshot is also shown.

4.6. Summary of the enhanced wickability of non-uniform wicks

To further evaluate the wickability enhancement of non-uniform
wicks compared to the uniform wicks, three new parameters are intro-
duced, i.e., a maximum instantaneous rate-of-rise enhancement, a cu-
mulative (time integration) rate-of-rise enhancement, and a capillary
pressure (equilibrium height) enhancement. The predicted cumulative
and maximum instantaneous rate-of-rise and capillary pressure en-
hancements of non-uniform pore size wicks are summarized in Table 4
as well as the dimensionless times at which the maximum instantaneous
rate-of-rise enhancements occur. The maximum instantaneous rate-of-
rise enhancement, ¢ is calculated as

£ = max (M)

18
o(r), 18

where ¢ is either the maximum dimensionless liquid height, hpax*,
minimum dimensionless liquid height, hpiy*, or liquid saturation, s,
respectively. The cumulative (time integrated) rate-of-rise enhance-
ment, @ is given as

Jo ()48 — [ (r°) dr

: 19
0’”‘ @(r),dr*

w =

where t*¢; is the dimensionless time for the equilibrium height. The
equilibrium dimensionless time is determined at the time when both the
maximum and minimum dimensionless heights become constant over at
least 100 dimensionless time periods, i.e., At* > 100, as the predicted
dimensionless equilibrium height h*,; and time t*; are found in Table 4.
Note that the dimensionless equilibrium height refers to the dimen-
sionless minimum equilibrium height. Also, the wicks with the smaller
porosity at given pore size ratio, i.e., A2-A4 reaches the equilibrium state
earlier than the counter parts, i.e., B2-B4, due to the enhanced rate-of-
rise from the presence of the smaller pores. However, we use the
larger equilibrium time to calculate the cumulative rate-of-rise en-
hancements of the non-uniform wicks using Eq. (19) with t*.4 = 490 for
Cases A2 and B2, t*,; = 875 for Cases A3 and B3, and t*.; = 1400 for
Cases A4 and B4.

Also, note that the t*q increases as the equilibrium height increases

13

at given porosity, i.e., t¥eq (Case A4) > t¥*q (Case A3) > t*eq (Case A2)
and t*eq (Case B4) > t*¢q (Case B3) > t*q (Case B2).
The maximum capillary pressure enhancement, y is predicted as

O ) eq = P ) g

20
o 0

y=

where ¢ is either the maximum dimensionless liquid height, h*pax,
minimum dimensionless liquid height, h*niy, or liquid saturation, s at
equilibrium state, respectively.

For Case A2, the maximum instantaneous rate-of-rise enhancement is
found at the minimum dimensionless liquid height t* = 136, £ = 180%,
resulting from the early meniscus-particle corner interaction [see Fig. 8
(f), left pore near second layer particle]. This maximum instantaneous
enhancement is found at the maximum relative height difference where
the sharp rate-of-rise occurs in the non-uniform wick, and this height
difference is more pronounced for the minimum liquid height than the
maximum liquid height. The cumulative rate-of-rise enhancements, on
the other hand, are relatively small, i.e., ® < 7%, mainly due to the
minor equilibrium height increase, i.e., y < 2%. For Case B2, the
maximum instantaneous rate-of-rise enhancements are much smaller
than those of Case A2, i.e., 11 < ¢ < 18%, due to the smaller rate-of-rise
from the presence of the large pores. The cumulative rate-of-rise
enhancement and capillary pressure enhancement are likewise very
small, i.e., w < 2% and y < 2%, respectively. Similar observation is found
for Case B3 vs A3, and Case B4 vs A4, i.e., the enhanced wickability of
the non-uniform wicks decreases as the porosity increases at given pore
size ratio. Note the maximum instantaneous rate-of-rise enhancements
for all cases are much larger than the cumulative rate-of-rise enhance-
ments, since the cumulative rate-of-rise reflects the time integrated
enhancement, i.e., time average over the entire rate-or-rise period.

For Case A3, the maximum instantaneous rate-of-rise enhancement is
found at the minimum dimensionless liquid height t* = 129, & = 298%,
which is larger than that of Case A2 due to the larger permeability and
capillary pressure from the larger and smaller pores, respectively [no
snapshot is given but it occurs in the left pore near second-layer particle
somewhere between Fig. 10(e) and (f)]. The Case A3 cumulative rate-of-
rise enhancements are much larger than Case A2, i.e., 51 < @ < 65%,
resulting from enhanced capillary pressure (or equilibrium height), i.e.,
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Fig. 15. (a) Maximum dimensionless liquid height, hmax*, (b) minimum
dimensionless liquid height, hmin*, and (c) liquid saturation, s, as a function of
dimensionless time, t*, for stream-wise uniform (Cases A3) and non-uniform, i.
e., decreasing (Cases A4) pore size wicks with horizontally non-uniform pore
size distribution at given porosity (¢ = 0.67), pore size ratio (Ir = 2.6), and
parallel plate spacing (W = 100 &¢&).
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55 <y < 75 (up to 75% for minimum height), due to the presence of
small pores. For Case B2, the maximum instantaneous rate-of-rise en-
hancements is found at the minimum dimensionless liquid height t* =
65, £ = 244%, and the cumulative enhancements are up to 27% due to
the enhanced capillary pressure from the small pores (up to 79% for
minimum height). For Case A4, the maximum instantaneous rate-of-rise
enhancement is found at the minimum dimensionless liquid height t* =
136, £ = 228% [no snapshot is given, but it occurs in the left pore near
second-layer particle somewhere between Fig. 14(b) and (f)]. This
enhancement is slightly smaller than the maximum instantaneous rate-
of-rise enhancement of Case A3 (¢ = 298%), due to the smaller rate-
of-rise from the larger pores in the bottom side of the wick in Case A4.
On the other hand, the cumulative rate-of-rise enhancement is up to
114% for the minimum height, which is the largest among all cases. This
results from the large capillary pressure enhancement (up to 150% for
the minimum height), due to the presence of the small pores in the top
side of the wick.

For Case B4, the maximum instantaneous rate-of-rise enhancement
occurs at equilibrium time, i.e., t* = 1400, £ = 157% (for minimum
height), due to the small rate-of-rise from the large pores in the bottom
side of the wick. The cumulative rate-of-rise enhancements are found up
to 65% (for minimum height) due to the enhanced capillary pressure (or
equilibrium height), i.e., 106 < y < 157 (up to 157% for minimum
height), due to presence of the small pores in the top side of the wick.

5. Conclusion

This study examines the enhanced wickability of the non-uniform
pore size wicks by employing the free-energy-based, single-compo-
nent, two-phase Lattice Boltzmann Method (LBM). The single-column,
four-layer, uniformly/non-uniformly distributed square particles
within the two parallel plates are considered with the variations of the
porosity, pore-size ratio, and stream-wise pore-size distribution. The
enhanced wickability is predicted by calculating the instantaneous and
time-integral enhancements of the liquid heights and saturation as well
as the capillary pressure enhancement of the non-uniform pore wicks.
The main conclusions are summarized below.

- Compared to the uniform pore wick, all the non-uniform pore wicks
enhance the wickability by increasing the permeability from the
large pores and improving the capillary pressure from the small
pores. The enhancement increases as the pore size ratios increase at
given porosity or the porosity decreases at given pore size ratio.
The non-uniform wicks with small pore size ratio (I. = 1.3) show the
large maximum instantaneous rate-of-rise enhancement, i.e., up to
180 and 18% at porosity of 0.67 and 0.8, respectively, but only
marginal cumulative rate-of-rise enhancement, i.e., < 7% due to the
similar small pore size for capillary pressure improvement.

The non-uniform wicks with large pore size ratio (I, = 2.6) show not
only the large maximum instantaneous rate-of-rise enhancement, i.
e., up to 298 and 244% at porosity of 0.67 and 0.8, respectively, but
also the large cumulative rate-of-rise enhancement, i.e., up to 65 and
27%, due to the improved permeability from the large pores and
enhanced capillary pressure from the small pores.

The non-uniform wicks with high pore size ratio and decreasing pore
size in the flow direction show the best overall performance mainly
due to the smaller pores in the top side of the wick that gradually
increase the capillary pressure as the liquid flows, i.e., the capillary
pressure gradually increases to compensate the increasing hydro-
static pressure. The maximum instantaneous and cumulative rate-of-
rise enhancement and capillary pressure enhancement are found to
be up to 228, 114, and 150% at porosity of 0.67 and 157, 65, and
157% at porosity of 0.8, respectively.

The rate-of-rise shows the step-wise capillary meniscus front in-
crease, i.e., sharp rate-of-rise followed by periods of slow rate-of-rise
due to the meniscus pinning and stick-slip flow. Further studies on



M. Borumand et al. Computers and Fluids 238 (2022) 105376

Table 4

Equilibrium height h*,4 and time, t*.;, cumulative and maximum instantaneous rate-of-rise enhancements and capillary pressure (equilibrium height) enhancement of
the maximum dimensionless liquid height, h* .y, minimum dimensionless liquid height, h*;,, and liquid saturation, s, for all the non-uniform wicks compared to the
corresponding uniform wicks, i.e., Cases A2-A4 compared to Case Al (¢ = 0.67), and Cases B2-B4 compared to Case B1 (¢ = 0.8). The dimensionless time, t*, cor-
responding to each of the maximum instantaneous enhancements are also shown.

Rate-of-Rise Enhancement,%

Case # h¥*eq at t*e Maximum Instantaneous, ¢ Cumulative, @ Capillary Pressure,y
h*max at t* h*min at t* satt* h*max h*min s h*max h*min s
A2 1 at 480 95 at 155 180 at 136 82 at 146 7 5 6 2 0
B2 0.86 at 490 18 at 94 18 at 90 11 at 90 2 0 1 2 0 1
A3 1.75 at 515 118 at 155 298 at 129 126 at 103 51 65 62 55 75 70
B3 1.54 at 875 69 at 73 244 at 65 93 at 66 21 26 27 54 79 69
A4 2.5 at 900 114 at 900 228 at 136 142 at 900 90 114 112 116 150 145
B4 2.2 at 1400 106 at 1400 157 at 1400 137 at 1400 46 65 61 106 157 137
the capillary pressure changes during the pining/depining/stick-slip Software, Writing — review & editing. Gisuk Hwang: Conceptualization,
flow processes are needed. Supervision, Funding acquisition, Writing — review & editing.

This study employs the simple square particles for the simplicity
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Appendix

Particle (or Pore) Size Sensitivity

A particle (or a pore) size sensitivity is examined to determine the minimum pore and particle sizes for LBM simulation by changing the pore and
particle sizes, I, = 10, 12, 14, 16 6x as shown in Fig. Al. To represent the same rate-of-rise simulations with the different pore and particle sizes, the
Bond and Ohnesorge numbers are fixed by changing the gravitational acceleration and dynamic viscosity, which are given in Egs. (A.1) and (A.2)

Apgl? 2
Bo - Ar8h” _ (Lﬁ) (A1)
o L.
u

Oh = (A.2)

Vol

where Ap is the density difference between the liquid and vapor, g is the gravitational acceleration, L, is the characteristic pore and particle size, o is the
surface tension force, L. = \/ o/Apgis the capillary length, u is the surface tension force, and p; is the liquid density. The dynamic viscosity can be found
using y = piA/3, where 1 is the relaxation time.

Fig. Al shows the simulation setup including single column of uniformly arranged particles with uniform size for the particle (or pore) size
sensitivity study.

Table A1l summarizes the 4 cases (I, = 10, 12, 14, and 16 6x) simulated for the particle (or pore) size sensitivity study to ensure the reasonably large
pore and particle sizes for the prescribed liquid-vapor interface thickness over 4 lattices.

Fig. A2 shows that the rate-of-rise and/or equilibrium height significantly change as the pore (or particle) size increases from I, = 10 éx to [, = 14
8x, since the pore (or particle) size is not substantially large enough compared to the prescribed liquid-vapor interfacial thickness. Note that the case
with [, = 10 6x (Case C1) overpredicts the equilibrium height compared to the cases with I, = 14 and 16 dx, and the cases with [, = 10 §x (Case C1) and
I, = 12 6x (Case C2) shows higher rate-of-rise than the cases with [, = 14 and 16 éx. However, the rate-of-rise and equilibrium height are nearly
identical between [, = 14 and 16 6x, which concludes that I, = 14 éx is large enough to reasonably predict the capillary flow. Therefore, [, = 14 6x is the
minimum pore and particle size in the LBM simulation.
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Fig. Al. A schematic of two parallel plates filled with single-column, uniform particles for lattice sensitivity study. The pore or particle sizes, [, and width of the two

plates, W are also shown.

Table Al

Two parallel plates with a single column of particles for particle (or pore) size sensitivity (Cases C1-C4).

Magnitude, Lattice Unit

Simulation parameter Case C1 Cc2 C3 C4
w 30 36 42 48
I, 10 12 14 16
gx10° 1.28 0.89 0.65 0.5
L 0.40 0.43 0.47 0.5
hy 30 36 42 48
h; 90 108 126 136
wy 180 216 298 360
Ly 390 468 546 696
L, 236 298 322 360
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Fig. A2. (a) Maximum dimensionless liquid height, hp.x* and (b) minimum dimensionless liquid height, hpy;,*, as a function of dimensionless time, t*, for four

different characteristic pore and particle sizes, i.e., I, = 10, 12, 14, and 16 éx.
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