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Fluids in porous media driven by the capillary force are greatly affected by capil-
lary’s geometrical structure. The steady flow in a non-uniform capillary is nu-
merically analyzed by the finite element method. With the given initial and
boundary conditions, the flow velocity distribution with different geometrical pa-
rameters is obtained, and the result is in a good agreement with the experimental
data.
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Introduction

Fluid-flow management in porous media has significant applications in water collec-
tion [1, 2], separators for batteries [3, 4], microfluids [5-7], capillary vibration [8], functional
textiles [9, 10], and solar steam generation [11, 12]. In most situations, porous media have an
irregular complex inner structure. With the development of science, fluid-flow in non-uniform
capillaries of a porous medium attracted more and more interest of researchers. Erickson et al.
[13] found theoretically that the non-uniform cross-sectional capillaries exhibited remarkably
slower wetting behavior than straight capillaries. Young et al. [14] obtained the same result
by constructing a simple formulation based on analysis of the Lucas-Washburn equation for
simulation of the interface progression in a non-uniform capillary. Liou et al. [15] further de-
veloped the non-uniform cross-sectional capillary flow model based on the Navier-Stokes
equations, incorporating inertial and viscous terms, which are applicable to different wall var-
iations. Shou et al. [16] investigated the geometry-induced fluid-flow in multi-section porous
paper layers, and suggested that the two-section structures with a negative gradient of radius
against the absorption direction have faster absorption rates than those with uniform radius.
Recently, we established the lotus-rhizome-node-like non-uniform capillary model which il-
lustrated the relationship between the wicking behavior of the non-uniform capillary and its
geometrical structure parameters [17]. Yang et al. [18] used the spinneret’s geometrical struc-
ture to fabricate shaped fibers, and a non-uniform capillary can be formed when the shaped
fibers are combined together. He and Ji [19, 20], He [21], and Ain and He [22] suggested a
Taylor series method and a two-scale thermodynamics to deal with non-linear problems using
two scales. Fan et al. [23] explained the cell orientation on non-uniform capillaries that con-
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structed by nanofibers of different orientation by the geometric potential theory. All of the in-
vestigations suggest that the irregular fluid transport path has a substantial influence on the
fluid-flow performance, and the fluid transport process can be controlled by adjusting the
structure of the porous media.

In this paper, the steady flow behavior in the non-uniform capillaries will be numer-
ically investigated based on the finite element method. The influence of the geometrical pa-
rameters of the non-uniform capillary on the capillary flow velocity is analyzed.

The lotus-rhizome-node-like non-uniform capillary

For the capillary flow in a porous medium, a liquid will spon-
taneously find a continuous channel driven by the capillary force,
forming a non-uniform capillary in porous media. For a homoge-
[ L nously porous media, such as sponge, yarns, the non-uniform capil-

lary can be simplified as a capillary composed of a series of alterna-
tively arranged converging and diverging sections, shown in fig. 1.
The width and the height of the diverging section are a; and h;, and

" J the width and the height of the converging section are a; and hy, re-
11T spectively. The n is defined as the length ratio between the converg-
&l ing section and diverging section, and m is defined as the width ra-
L1 tio between the converging section and diverging section, respec-
Ll tively; letn>1and0<m< 1.

To investigate the effect of the different geometrical parame-
ters of the capillary on the steady-state fluid-flow performance. We
establish three groups of non-uniform capillaries, each group of ca-
pillaries has the same volume, shown in tabs. 1-3.

Figure 1. Schematic
diagram of non-uniform
capillary

Table 1. Non-uniform capillaries with different alternate frequency between the converging
and diverging sections (n =2, m =0.3)

Sample Number of sections Type Height [pum] Width [um]
Divergin 150 60
a 16 g -g
Converging 300 18
Divergin 75 60
b 32 g -g
Converging 150 18

Table 2. Non-uniform capillary with different width ratio between the converging
and diverging section

Sample Height and width ratio Type Height [pm] Width [um]
Diverging 75 60
b n=2,m=0.3
Converging 150 18
Divergin 75 48
c n=2,m=05 9ing
Converging 150 24
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Table 3. Non-uniform capillary with different width ratio between the converging and diverging section

Sample Height and width ratio Type Height [pm] Width [um]
Diverging 100 60
d n=2,m=04
Converging 200 24
Diverging 50 72
e n=5m=04
Converging 250 28.8

Finite element model

In order to avoid complex calculation, we choose 3.5 mm non-uniform capillary
model as the representative unit cell for fluid-flow simulation, as was shown in fig. 2.

(a) — (b) — (c) (d) — RE

Figure 2. Physical model of non-uniform capillary with different geometrical parameters bar = 500 pm
(the structural parameter of samples a-e are listed in tabs. 1-3)

The physical models of the non-uniform capillaries were then imported into ANSYS
Workbench. All triangles method were used to mesh the unit cells. The optimal mesh density
was obtained after verification that the refinement does not affect the result, and the number
of nodes and elements are listed in tab. 4. Figure 3 shows the partial enlarged detail of each
non-uniform capillary.

Table 4. The number of nodes and elements of the non-uniform capillaries

Sample Nodes Elements
a 26707 49088
b 24763 44864
c 27220 50091
d 23854 43271
e 23017 41560

The 1-D fluid-flow in non-uniform capillaries is driven by the capillary force, which
can be express by Young-Laplace law:
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where y [Nm™] is the surface tension of liquid, a [m] — the width of capillary, 6 [°] — the con-
tact angle.

(a) i_ (b) I () I (d) !

Figure 3. Mesh generation of non-uniform capillaries with different geometrical parameters
(part map) bar = 100 pm (the structural parameter of samples a-e are listed in tabs. 1-3)

(e)

For the case that water flow in the non-uniform capillary composed by polypropyl-
ene fiber, the water surface tension is y = 7.2-102 N/m, the contact angle between polypro-
pylene and water is 8 = 66.5°. Setting the diverging section as the liquid entrance of the non-
uniform capillaries. The width of liquid entrance a for each non-uniform capillary is listed in
tab. 5. Considering that the atmosphere pressure at the entrance and outlet is offset. The inlet
pressure of non-uniform capillaries is set as the capillary force of the diverging section of
each capillary. The inlet pressure of each capillary was calculated according to eq. (1) and
listed in tab. 5. The outlet pressure are set as zero.

Table 5. Inlet/outlet pressure and the entrance dimension of the capillaries

Sample Entrance pressure Outlet pressure a[m]
a 960 Pa 0 6-10°m
b 960 Pa 0 6-10°m
c 1200 Pa 0 4.8:10°m
d 960 Pa 0 6-10°m
e 800 Pa 0 7.2:10°m

When fluid-flows in thin capillary, the water flow velocity is relatively low. Thus,
the water wicking phenomenon in thin non-uniform capillary corresponds to a small Reynolds
number value. As a result, we choose the Phan-Thien-Tanner model as the physical model.

Numerical results and analysis

The steady-state fluid-flow velocity distribution and the steady-state fluid-flow ve-
locity on the axis of the converging and diverging sections are shown in fig. 4, and the
fluid-flow velocity on the axis of the converging and diverging section is listed in tab. 6.
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Table 6. Maximum and minimum fluid-flow velocity on axis of the converging and diverging section

Sample | Velocity on axis of converging section [ms] Velocity on axis of diverging section [ms]
a 4.9.10°° 15.8-10°3
b 5.10°3 15.2-10°3
c 16.25-103 32-10°3
d 6.8:103 19.1-10°3
e 11-10°8 20.6-10°°

Figures 4(a) and 4(b) suggest that when capillaries have the same height and width
ratio between the diverging and converging sections but different alternate frequencies, the
capillary with low alternate frequencies between the diverging and converging sections has a
relatively faster flow velocity with a maximum flow velocity of 15.8-10-3m/s, fig. 4(a) on the
diverging section, while the capillary with high alternate frequencies between the diverging
and converging sections has a relatively slower flow velocity with a maximum flow velocity
of 15.2:10-3 m/s, fig. 4(a) on the diverging section. The high alternate frequency between the
diverging and converging sections increases the unevenness of the capillary. Thus, the capil-
lary with low alternate frequency of segments has a faster flow velocity.

It can be seen from figs. 4(b) and 4(c) that when the height ratio between the con-
verging and diverging sections of capillaries is same, the capillary with a larger width ration
between the converging and diverging section exhibits a distinct faster flow velocity of
32-10°m/s, fig. 4(c) on the diverging section, which is over two times of that, 15.2:103 m/s,
fig. 4(b), on the capillary with a smaller width ration between the converging and diverging
section. That is because when the width ration between the converging and diverging section
increases, the width different between the converging and diverging section decreases, thus,
the evenness of capillary increases, and the capillary with larger width ratio between the con-
verging and diverging section has a faster flow velocity.

Comparing figs. 4(d) and 4(e), we found that when the width ratio between the con-
verging and diverging sections of capillaries is same, the capillary with larger height ratio be-
tween the converging and diverging sections has a relatively faster flow velocity of
20.6-102 m/s on the diverging section and 11-10-3 m/s on the converging section, fig. 4(e),
while flow velocity of the capillary with smaller height ratio between the converging and di-
verging sections has a slower flow velocity of 19.1-10-2 m/s on axis of the diverging section,
and 6.8-102 m/s on the converging section, fig. (d). That is due to the short converging sec-
tion of the capillary with larger height ratio between the converging and diverging sections
has a relatively larger effective diameter comparing with that of the capillary with small
height ratio between the converging and diverging sections. As a result, the capillary with
larger height ratio between the converging and diverging sections has a relatively faster flow
velocity.

The previous numerical results were in consistent with the analytical solution of the
normalized total flow time equation previously reported in reference [17].

Conclusions

In this study, the steady-state fluid-flow in non-uniform capillary are numerically
investigated using the finite element method with Phan-Thien-Tanner model. The fluid-flow
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velocity profile suggests that the geometrical structure of non-uniform capillary has a great ef-
fect on the wicking behavior of liquid. For non-uniform capillaries with same volume, the
non-uniform capillary which has a low alternative frequency between the diverging and con-
verging section, larger width ratio between the converging section and diverging section, and
larger height ratio between the converging and diverging sections shows a relatively faster
fluid-flow velocity due to the relatively more evenness of the capillary. The results obtained
are in agreement with the analytical solution we previously reported.
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