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Abstract: Multi-layer micro-capillary films (MCFs) have
broad application prospects in the micro-fluid field. These
films consist of two-dimensional arrays of hollow microca-
pillaries. The arrangements of hollow microcapillary arrays
in extrusion die strongly influence the shape and size of
multi-layer MCFs. However, most of the studies focus on a
single-layer film. In this study, the models of multi-layer
MCF extrusion die with hollow capillary arrays from one
layer to four layers have been modeled. Numerical simula-
tions show that when the hollow capillary arrays in dif-
ferent layers are aligned, the aspect ratio of the capillary
is smaller and the flow resistance is small, so this kind of
multi-layer MCF is suitable for micro-reactor and melt
pump. When the hollow capillary arrays in different layers
are non-aligned, the aspect ratio of the capillary is relatively
larger and the specific surface is bigger, so this kind of multi-
layer MCF has a high capability of heat exchange and is
suitable for micro heat exchangers.

Keywords: micro-capillary, multi-layer MCF model, hollow
microcapillary arrays, aspect ratio of capillary

1 Introduction

Micro-capillary film (MCF) extrusion is a novel process for
the manufacturing of continuous MCFs. It was put forward
by Hallmark (1,2) in 2003. In this process (B. Hallmark,
April 2007, Apparatus and method for producing a film
having a tear guiding region, and an extruded film having
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such a tear guided region, U.S. patent 20080248147A1), the
polymer is extruded through an array of hollow extrusion
die. Then, in the holes of the extrusion die, a high-pressure
gas is injected into the polymer melt to form continuous
MCFs (Figure 1).

The low density polyethylene (LDPE) film, polyvinyli-
dene fluoride film, and fluorinated ethylene propylene
copolymer film with 19-, 42- (3), or 10 capillaries have
been fabricated with 30-500 um capillaries (4). The advan-
tages of MCFs include thin walls, good optical properties,
large A/V, small capillary diameter, plug flow, multi-capil-
laries, simple fluidics, disposability, and low cost. They have
potential applications in photonics heat exchange, non-inva-
sive tracking, adsorbent material, fast kinetics, bioprocessing,
and micro-reactor technology.

The MCF can be effectively used for micro-heat exchanger,
micro reactions, and bioprocessing. The efficacy of heat transfer
of the MCF is close to metallic microfluidic devices (5). It pro-
vides an effective means of either heating or cooling fluids, or
removing heat from a hot surface (6). It has been successfully
used to fabricate plastic solar collectors (7) and made into
spirals or solid discs adopted in microreactors (8).

The MCF can also be effectively used for micro-flow,
drug delivery (NS Grasman , Microcapillary polymer films
for drug delivery, May 2017, US patent 20170119692A1), mass
transfer, and purification. The fluid flow in a capillary tube
exhibits high-performance “plug” features (9). It can be
designed for miniaturized microfluidic biosensing devices
(10), CECs in water, and viruses and bacteria removal
devices (11), phase change materials (R ] Koopmans, MCFs
containing phase change materials, Jan 2013, US patent
20140113112A1), and superparamagnetic nanoparticle purifi-
cation (12). The purities are typically more than 95% (13).

The MCF can also be used in bioanalytical techniques,
such as rapid point-of-care quantitation of bacterial (14),
semi-quantitative determination of hydrogen peroxide (15),
protein chromatography, multiplex immunoassays (16), and
fluorescence immunoassay quantitation of Escherichia coli
optical microfluidic test (17).

However, in the aforementioned studies, the MCF is a
single-layer film. A multi-layer MCF has higher mechanical
strength than the single-layer MCF. It has potential prospective
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Figure 1: MCFs and the MCF extrusion process.

applications in biomedical, life science, engineering science,
and physical science. It has been fabricated by heat melding of
multiple single-layer MCFs to form MCF monoliths (18). Some
patents introduced an extrusion die for manufacturing multi-
layer MCFs (D Joseph, 7 Nov 2018, System and method for
producing a multi-layer MCF, EP Patent 2867000B1). However,
the influence of the arrangement of capillary arrays on the
shape and size of the external film has not been studied sys-
tematically. In this study, the numerical simulation method is
adopted to study the multi-layer MCF extrusion process.
Section 1 describes the development, process, and
application of an MCF. Section 2 details the modeling,
meshing, rheological parameters, constitutive equations,
and boundary conditions used in the numerical simulation
of multiple-layer MCFs with typical 9 capillaries in the same
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layer. Section 3 discusses the effect of the arrangement of
capillary arrays on the shape and size of the external film or
internal capillary within single- and multi-layer MCF.

2 Numerical simulation

2.1 Models of single- and multi-layer MCFs

The cross section of single- and multi-layer MCF models
modeled in this study have nine types of hollow capillary
arrays from one layer to four layers (Figure 2). Some capil-
lary arrays in different layers are aligned, and some of
them are non-aligned.
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Figure 2: Cross section of single- and multi-layer MCF models with different capillary arrays. (1) Single-layer MCF with 9 capillaries. (2) Bi-layer MCF
with 18 capillaries. (3) Bi-layer MCF with 17 capillaries. (4) Three-layer MCF with 27 capillaries. (5) Three-layer MCF with 26 capillaries. (6) Three-layer
MCF with 25 capillaries. (7) Four-layer MCF with 36 capillaries. (8) Four-layer MCF with 16 capillaries in the middle. (9) Four-layer MCF with 18 capillaries

in the middle.
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The diameter of the capillaries is 0.50 mm, and the
spacing between capillaries is 0.50 mm. The width of the
models is 9.50 mm. The thickness of the MCF model, shown
in Figure 2(1), (3), (4)-(6), and (7)-(9), are 1.50, 2.50, 3.50, and
4.50 mm, respectively.

The 3D models were established (Figure 3). There are
outer and inner domains in the models: one domain repre-
sents inside the extrusion die (length = 2mm), and the
other domain represents outside the die (length = 7 mm).
1/4 bisymmetric axis models are used for saving the
CPU-solving times.

Detailed information on MCF models is shown in Table
1. Porosity is the ratio of the area of capillaries on the cross
section to the area of the whole MCF film. From single-
layer to four-layer MCF with capillaries aligned, the poros-
ities are 12.39, 14.87, 15.93, and 16.52%. Under the same
layer numbers, the films with aligned capillaries have
more holes than nonaligned capillaries. The number of
meshes for each model is about 10,000. The geometric
models were meshed using Gambit software.
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2.2 Material parameters

In this work, a generalized Newtonian constitutive equa-
tion, the Carreau—Yasuda model in Eq. 1 is used to describe
LDPE rheology:

NP = Mas(lp + N1 + Y)Y §)

where n, and 1, are the shear viscosities at zero and high
shear rates, respectively; p is the shear rate; A is the relaxation
time; a is the material data; and n is a non-Newtonian index.
This model is suitable for the description of the viscosity
functions in the terminal and in the shear-thinning regime:
1, = 13,800 Pa's, n = 0.34, a = 0.93, and A = 0.17 s (19).

2.3 Boundary condition sets

Boundary conditions inflow, wall, free surface, outflow,
and plane of symmetry are set in Ansys software. The
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Figure 3: 1/4 bisymmetric axis model and mesh of single- and multi-layer MCF models. (1) Single-layer MCF with 9 capillaries. (2) Bi-layer MCF with
18 capillaries. (3) Bi-layer MCF with 17 capillaries. (4) Three-layer MCF with 27 capillaries. (5) Three-layer MCF with 26 capillaries. (6) Three-layer MCF
with 25 capillaries. (7) Four-layer MCF with 36 capillaries. (8) Four-layer MCF with 16 capillaries in the middle. (9) Four-layer MCF with 18 capillaries in

the middle.
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O inflow boundary is a fully developed flow with a total volu-
£ metric flow rate of 5 cm>s™. At each end of the model, a stretch
> force has been exerted. The geometric model and boundary
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From the numerical simulation results, every model is
obviously divided into two subdomains, one is inside of the
die and the other is outside of the die. At the end of the
MCF, a stretch force is exerted. Under the action of normal
force, the shape and the size of the MCF have been
changed.

The upper and lower surfaces of the MCF inside the die
are both flat, while the upper and lower surfaces outside
the die are waved. This is because the die-swell effect of the
polymer makes the surface of the MCF film contract and

Effect of capillary arrays on the profile of multi-layer MCFs === 5

expand in different parts. As shown in Figure 5a, b, d, and
g, the hollow capillary arrays are aligned. The upper and
lower surfaces of the MCF are slightly waved. As shown in
Figure 5¢, e, f, h, and i, the hollow capillary arrays are non-
aligned. The end of the upper and lower surfaces has
obviously warpage deformation, especially as shown in
Figure 5f, h, and i.

The sides of the MCF film are also not flat. As shown in
Figure 5a, b, d, and g, they are slightly wavy. However, as
shown in Figure 5c, e, and h, they are obviously swelled,
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Figure 5: The shape of the multi-layer MCF in the extrusion die and outside the die. (a) Single-layer MCF with 9 capillaries. (b) Bi-layer MCF with
18 capillaries. (c) Bi-layer MCF with 17 capillaries. (d) Three-layer MCF with 27 capillaries. (e) Three-layer MCF with 26 capillaries. (f) Three-layer MCF
with 25 capillaries. (g) Four-layer MCF with 36 capillaries. (h) Four-layer MCF with 16 capillaries in the middle. (i) Four-layer MCF with 18 capillaries in

the middle.
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while, in Figure 5f and i, they are obviously sunk. From the
whole modeling, including the upper and side surfaces, the
shape of the multi-layer MCF with hollow capillaries and
aligned arrangement will be closer to the shape of the
extrusion die. While the shapes of the multi-layer MCF
with hollow capillaries and non-aligned arrangement are
seriously deformed. Therefore, the hollow capillary array
has a great effect on the shape of the multi-layer MCF.

3.1.2 Film size

The width and thickness of the single and multi-layer MCF
were smaller under the effect of a 3N stretching force.
Detailed data are shown in Table 2.

Table 2 shows the width and thickness of the die size and
film size in the nine types of MCF models under a stretch
force of 3N. In the nine models, from one to four layers, the
shrinkage of the width increases from 64% to 67%, and the
shrinkage of the thickness increases from 68% to 74%. In the
same layer models, more capillaries have higher shrinkage in
size. In models h and i, the polymer content is the same but
the shrinkage is different. It is because the warpage deforma-
tion caused by the polymer swell leads to a change in the film
shape and film size.

The aspect ratio of the MCF die (Ag) is the width to
thickness of the MCF extrusion die in Eq. 2. Similarly, the
aspect ratio of the MCF film (Agy,) is the width to thickness
of the extrudate film in Eq. 3. Agie and Agy, are the profile
parameters of the multi-layer MCF before and after stretching
in this study:

M/die
Agie = 2
¥ 7 Thge @
I/Vﬁlm
Afilm = ——— 3
fim = e (3)
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Agie 1s a constant value in the nine types of models of the
extrusion die. However, as shown in Figure 6¢, the Agp,, value is
not the same in the nine types of models because the polymer
swell and porosity are different in these nine models. Ag/Agie
is the ratio of the width to thickness of the MCF before and after
stretching. Figure 6c shows that Ag/Agie changes from 1.17 to
1.28 in the nine models. All Ag/Agie Values are greater than 1,
because of the application of a stretch force at the end of the
films, and the Ag/Agie values are higher when the two-dimen-
sional hollow capillaries are arranged regularly and orderly.

3.2 Capillary shape and size

Under the action of a tensile force, the shape and size of the MCF
and capillaries are changed. The inter-capillary aspect ratio is of
the width to depth and Acapinary is greater than or equal to 1.
&
w

Acapillary = F (Acapillary 1)

3.2.1 Single-layer MCF

As shown in Figure 7a, the shape of the external film and
the internal capillary in a single-layer MCF are changed
after stretching. In the extrusion die (before stretching),
the internal capillary is all circle. The model is meshed
by a triangle grid and uses the nonlinear densification
technology. After the melt leaves the die, the film becomes
thin and narrow under the action of a stretch force, and
the internal capillary shapes are no longer circular. The
inter-capillary aspect ratios are shown in Figure 7b. The
internal aspect ratios of the capillaries located on both
sides of the MCF film are nearly 1, i.e., the deformation

Table 2: Size shrinkage of the width and thickness in the multi-layer MCF under a stretch force of 3N

Model Width Thickness Adie Afiim  Afiim/Adie
Die size (mm) Film size (mm) Shrinkage (%) Die size (mm) Film size (mm) Shrinkage (%)
1 9.50 322 66 1.50 0.40 73 633 805 127
2 9.50 322 66 2.50 0.66 74 380 4.838 128
3 9.50 3.37 65 2.50 0.75 70 380 449 118
4 9.50 3.16 67 3.50 0.91 74 271 347 128
5 9.50 334 65 3.50 0.99 72 271 337 124
6 9.50 3.75 66 3.50 112 68 271 335 123
7 9.50 EX 67 4.50 119 74 211 261 124
8 9.50 3.36 65 4.50 130 n 211 258 1.22
0 9.50 3.38 64 4.50 137 70 211 246 117
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Figure 6: Agie and Agm in nine MCF models. The size of the (a) extrusion die and (b) MCF film and (c) Agie @and Afim, and Afim/Adie-

of the capillaries is small. The internal aspect ratio of the
capillary in the central is the largest.

3.2.2 Bi-layer MCF
As shown in Figure 8, the shape and size of the external film

and internal capillary in the bi-layer MCF with 18 or 17 capil-
laries have changed after stretching. After the polymer melt

leaves the die, the film becomes thin and narrow under the
action of a stretch force; its four surfaces (including upper,
down, left, and right) are no longer flat and the capillary
shapes are no longer circular. As shown in Figure 8b, on
the upper left and upper right, there are two corners with
an obvious swell because of the viscoelasticity of the polymer.

The inter-capillary aspect ratio of the bi-layer MCF is
shown in Figure 8c and d. The inter-capillary aspect ratio
in the bi-layer MCF with 17 holes is higher than that in the
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Figure 7: The cross section of a single-layer MCF before and after stretching, and aspect ratios of all holes. (a) Single-layer MCF with nine holes before
and after stretching. (b) Inter-capillary aspect ratios of the single-layer MCF.
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bi-layer MCF with 18 holes and the aspect ratio of 11 capil-
laries is stable near 1.6. This shows that the two-dimen-
sional hollow capillary array has a great effect on all
hole shapes.

In the bi-layer MCF with 18 capillaries, the inter-capil-
lary aspect ratio in the first layer is the same as in the
second layer. In the same layer, the inter-capillary aspect
ratio is higher in the central and lower on the two sides.
From the central to the side, the aspect ratio decreases. But
in the bi-layer MCF with 17 capillaries, the first layer has
8 holes, and the second layer has 9 holes. So, the inter-
capillary aspect ratio in the first layer is different from
the second layer.

C¥
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3.2.3 Three-layer MCF

The cross section of the three-layer MCF before and after
stretching and the inter-capillary aspect ratio of all holes
are shown in Figure 9.

As shown in Figure 9, all the surfaces (upper, down,
left, and right) in the three-layer MCF are not flat: in Figure
9h, it looks like a drum, and in Figure 9c, it looks like a dog
bone shape. This shows that the two-dimensional hollow
capillary array has a great effect on the film shape and
film size.

The aspect ratios of the internal capillaries are shown
in Figure 9d-f. The inter-capillary aspect ratios in the
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and after stretching. (b) Bi-layer MCF with 17 holes before and after stretching. Inter-capillary aspect ratios of the single-layer MCF with (c) 18 holes

and (d) 17 holes.
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Figure 10: The cross section of the four-layer MCF before and after stretching, and the aspect ratios of all holes. (a) Four-layer MCF with 36 holes
before and after stretching. Four-layer MCF with 34 holes before and after stretching, and the numbers of holes in middle layers are (b)16 holes, (c) 18
holes. Aspect ratios of the internal capillaries with (d) 36 holes, (e) 34 holes (16 holes in the middle), and (f) 34 holes (18 holes in the middle).
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three-layer MCF with 26 and 25 capillaries are higher than
that of the three-layer MCF with 27 capillaries.

In the three-layer MCF with 25, 26, and 27 capillaries,
the inter-capillary aspect ratio in the first layer is the same
as the third layer but higher than the middle layer. The
aspect ratio is higher in the central and lower on the two
sides in all layers. In the three-layer MCF with 25 capil-
laries, the inter-capillary aspect ratio values with capil-
laries are higher than 1.6; in the three-layer MCF with
26 capillaries, the inter-capillary aspect ratio values with
6 capillaries are higher than 1.6; and in three-layer MCF
with 27 capillaries, the inter-capillary aspect ratio with
only 2 capillaries is higher than 1.6. The highest value of
Acapillary 18 176, it appears in the 25-capillary film. The
lowest value of Acspinary is 1.01, and it appears in the
27-capillary film.

3.2.4 Four-layer MCF

The cross sections of the four-layer MCF before and after
stretching are shown in Figure 10. As shown in Figure 10b,
it looks like a drum, and in Figure 10c it looks like a dog
bone. The inter-capillary aspect ratios are also shown in
Figure 10d-f. The inter-capillary aspect ratios in the four-
layer MCF with 16 and 18 capillaries in the middle are
higher than that of the four-layer MCF with 36 capillaries.

In the four-layer MCF, the inter-capillary aspect ratios
in the first layer are the same as in the fourth layer, and the
inter-capillary aspect ratios in the second layer are the

Effect of capillary arrays on the profile of multi-layer MCFs = 11

same as in the third layer. The inter-capillary aspect ratios
are bigger in the first and fourth layers but lower in the
second and third layers. In the four-layer MCF with
16 capillaries in the middle, the inter-capillary aspect ratios
with about 10 holes are higher than 1.6. In the four-layer
MCF with 18 capillaries in the middle, the aspect ratio
values with about 8 holes are higher than 1.6. In the
four-layer MCF with 36 capillaries, no aspect ratio values
are higher than 1.6.

3.3 Effects of two-dimensional hollow
capillary array on the flow efficiency of
the MCF

The geometric models of the multi-layer MCF belong to the
bi-axial symmetric geometric model. In order to avoid data
duplication, a 1/4 geometric model is taken to investigate
the influence of the capillary arrays on the effect of the
multi-layer MCF. The results are shown in Table 3.

Every capillary is elliptical in shape or oval. As a result,
an equivalent radius, Req (20), was calculated from Eq. 4
and used to indicate the actual capillary radius. In Eq. 4,
a and b are the major and minor semi-axes of the ellipse,
respectively. N is the number of the holes. The area of all
the elliptical holes can be calculated by Eqs. 5 and 6. A is
the cross-sectional area of the MCF film, which is calculated
with the Ansys software. The porosity of the film is the
ratio of all the elliptical hole areas to the whole cross-sec-
tional area (Egs. 7 and 8):

Table 3: Relationship between the capillary arrays and the average of Acapiary and porosity in the multi-layer MCF

Model Capillary array Hole layer Aspect ratios of internal capillaries Porosity film (%)
1 2 3 4 5 Average Psy Ps, Average

1 Aligned 1 112 1.08 1.31 1.48 1.50 1.30 13.6 13.4 13.5

2 Aligned 1 114 1.32 141 1.53 1.59 1.40 16.1 15.7 15.9

3 Non-aligned 1 1.40 1.24 1.51 1.68 1.7 1.50 13.8 133 13.6
2 1.12 1.59 1.65 1.64 —

4 Aligned 1 1.14 1.20 1.45 1.44 1.62 134 18.4 17.2 17.8
2 1.01 1.50 1.25 1.36 1.45

5 Non-aligned 1 1.50 1.46 1.54 1.68 1.7 1.49 16.1 15.5 15.8
2 117 1.39 1.52 1.54 —

6 Non-aligned 1 1.31 1.61 1.67 173 — 1.56 15.6 14.4 15.0
2 1.45 1.31 1.47 1.74 1.76

7 Aligned 1 1.14 1.29 1.4 1.53 1.53 1.32 18.3 18.0 18.2
2 1.00 1.20 133 1.37 1.42

8 Non-aligned 1 1.48 1.44 1.58 1.67 1.75 1.46 16.5 16.0 16.3
2 1.16 1.29 1.44 1.46 —

9 Non-aligned 1 1.24 1.50 1.62 1.76 — 1.43 16.6 16.2 16.4
2 112 1.20 1.40 141 1.46
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As shown in Table 3, the aspect ratios of the internal
capillaries range from 1.01 to 1.76. The porosity of the film
ranges from 13.5% to 18.2%. Under the conditions of the
same layer, when the capillary array is aligned, the por-
osity of the MCF is high and the capillary aspect ratio is
small. When the capillary array is non-aligned, the porosity
of the MCF is small and the aspect ratio of the capillary is
relatively higher.

The flow efficiency of the multi-layer MCF depends on
two factors: flow resistance and specific surface area.
When the aspect ratio of the capillaries is close to 1, the
shape is close to circular, and the flow resistance is
the minimum under the same volume flow rate. When
the aspect ratio of the capillaries is far away from 1, the
specific surface area is the maximum under the same

16 -

14 -

film porosity/%

12 =
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volume, and the heat exchange is also the maximum. If
the multi-layer MCF is used for fluid transportation, such
as the micro melt pump and microreactor, the multi-layer
MCF with aligned capillary arrays should be chosen. It is
very beneficial for reducing fluid resistance and improving
fluid transmission efficiency. If the multi-layer MCF is used
for exchange energy, such as a micro heat exchanger, the
multi-layer MCF with a non-aligned capillary array should
be chosen.

The function of the multi-layer MCF depends on two
important parameters: the film porosity and the capillary
aspect ratio. The aligned four-layer MCF film has the
highest film porosity and the smallest capillary aspect
ratio in the multi-layer MCF. It is very beneficial for redu-
cing fluid resistance and improving fluid transmission
efficiency. So, the aligned four-layer MCF film is suitable
for use for fluid transportation, such as micro melt pumps
and microreactors. In order to improve the efficiency of
microheat exchangers, MCF should have higher film por-
osity and a higher capillary aspect ratio. In multi-layer
MCF films, non-aligned MCFs have a higher capillary
aspect ratio than their arranged MCFs. The three/four-
layered MCF film arranged in a non-aligned manner
has higher film porosity than the two-layer MCF. It is
best to choose three/four-layer MCF films arranged in a
non-aligned manner for energy exchange, such as micro
heat exchangers (Figure 11).

1.3

Capillary aspect ratio
-
T

Figure 11: Film porosity and capillary aspect ratio in the nine models.
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4 Conclusions

Under the conditions of the inlet flow rate Q =5 cm®s ™' and

the tensile force is 3 N, the influence of the hollow capillary

array on the shape and size of the whole multi-layer MCF is
studied through numerical simulation.

(1) After the MCF separates from the extrusion die, the
shape of the capillary changes from circular to ellip-
tical or oval. The central capillaries have a large ratio
of width to depth, and the edge capillaries have a small
ratio of width to depth. The aspect ratios of capillary
change from 1.01 to 1.76.

(2) With the same layers, when the two-dimensional hollow
capillary array is aligned, the multi-layer MCF has a small
aspect ratio of capillary and large film porosity. When the
two-dimensional hollow capillary array is non-aligned,
the MCF has a large aspect ratio of capillary and small
film porosity.

(3) In the four-layer MCF, if the capillary array is aligned,
the aspect ratio of the capillaries is lower and the film
porosity is higher. They are suitable for micro-reactors
and melt pumps. In the three- and four-layer MCF, if
the capillary arrays are non-aligned, the high aspect
ratio of capillaries and higher film porosity will be
obtained. Therefore, they are suitable for micro heat
exchangers.
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