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Microfabricated pillar arrays are a new type of chromatographic columns, which can improve the performance
of separation. However, because microstructure fabrication concerns many problems such as multi-scale flow,
heat transfer and so on, the quality control of microstructure is quite complicated. Therefore, there is certain
difference of structure parameters between design and actual till now. In the study, the effect of vacancy,
damage and dimensional accuracy on flow and mass transfer is discussed. The volume averaging method is
applied by the software COMSOL. Vacancy in pillar arrays can increase the reduced plate height significantly.
When some micropillars are damaged, the corresponding influence on mass transfer in pillar arrays depends
on the size of the missing part. When the arch height of the missing part is less than 30 % of the original diameter,
the difference can be ignored. The effect could be neglected when the pillar size fluctuates within the small
range. The present results would be useful for the process optimization and the design of high efficiency
microstructure.

1. Introduction

Nowadays, microfabrication is used in a wide variety of energy and chemical process industries. For example,
Zhu et al. (2017) used solar air collectors with many micro-fins, micro-channels and micro-grooves to enhance
the heat transfer. Santana et al. (2015) investigated the mixing performance of the spiral microchannels, and
Rahim et al. (2017) focused on the design and optimization of microstructure. Much attention has been devoted
to the microstructure. In analytical chemistry, theoretical research and experimental data indicate that the
performance in microfabricated pillars is significantly better than that in packed bed columns. Although many
sophisticated techniques (Seeger and Palmer, 1999) can be used to control the parameters of the arrays to a
certain degree, a precise control over the periodicity, the height of the pillars and their aspect ratio remains a
challenge (Sinitskii et al., 2007). Wang et al. (2013) find that the bonded and bent nanopillars can be observed
after etching. Fee et al. (2014) demonstrate the use of 3D printing to create porous media, but the difference of
structural parameters between the computer aided design (CAD) models and printed models is greater than
1 %. Yan et al. (2015) investigated the hydrodynamic dispersion in rectangular microchannels. In their research,
it is expected to fabricate ideal rectangular channels. Nevertheless, the cross-sectional shape is similar to the
“T-shape”. Therefore, the differences between the design parameters and real parameters are ubiquitous. Much
work has been carried out on the improvement of the processing technology to obtain as close replications of
idea models as possible. However, the influence of the differences has seldom been discussed, and the
connection between the differences and performance change is not clear. In this paper, the effect of the defects
from fabrication processing on separation performance is systematically investigated.

2. Volume-averaging equations

In this section, the method of volume-averaging will be employed to describe separation performance of pillars
with a thin uniform stationary phase coated on the pillar surface for the retention capacity (Buyuktas and
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Wallender, 2004). The liquid mobile phase is driven by pressure. It is assumed that the medium is homogeneous
(Yan et al., 2010). The mobile phase is governed by the Stokes equation:

Vp = uV?V 1)

where p, x and v are the pressure, viscosity and velocity.
In general, we consider that the molecular diffusion coefficient is constant. The concentration of the analyte Cm
is calculated by solving the advection-diffusion equation (Buyuktas and Wallender, 2004):
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where Cnm is molar concentration, t is time, and Dm is the molecular diffusion coefficient. The boundary condition
on the fluid-solid surface is:

-n,,-D,VC, =0 3

where nms is the unit normal pointing from mobile phase to solid.
The intrinsic average concentration is given by

(c)" == j C,dv 4)
m Vi
where <C>"M s the intrinsic average concentration of Cm in the mobile phase and Vm is the volume of the mobile
phase. We assume near equilibrium conditions at the stationary phase-mobile phase interface. By using the
above assumptions and definitions, it can writen (Yan et al., 2010)
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where <v>M is the intrinsic local volume average velocity and D* is the total dispersion tensor. This makes the
longitudinal dispersion coefficient Dxx of a given structure as follows
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where k and u are the retention factor and the longitudinal velocity. n_ is the longitudinal component of the unit
normal vector n pointing from the mobile phase to the particles. Ams is the area of the interface in the cell. f, and
f, are the closure variables (Yan et al., 2010).

The reduced interstitial velocity vi is defined as

f—judV/D (7)

mV

where dp is the pillar diameter. The reduced plate height h represents separation performance of a given
structure. In this paper, it has the form

h_2D, /D,
e (®)

The lower reduced plate means better performance. It is independent of the molecular diffusion coefficient and
the characteristic dimension. In the numerical simulation, no slip boundary conditions are adopted on the walls,
and the periodic boundary conditions are applied for solving the velocity vector and the two closure variables.
All the equations are solved with COMSOL™,
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3. Model verification

De Smet et al. (2007) computed the reduced plate heights of the channel with different pillar heights. The pillar
had a diameter of 5 um and the sides of the equilateral triangles making up the positioning grid were equal to
6.15 pm. To verify the theoretical model and calculation, we compared the predictions with prior work. We
selected the channels with the pillar heights hp of 5 um and 12 um for the verification. We chose water with the
density of 1,000 kg/m?3, the dynamic viscosity coefficient of 1.0x10-® Pa-s and the molecular diffusion coefficient
of 1.0x10° m?/s as working fluid. We give the noslip conditions at the walls of the unit cells. Periodic boundary
conditions are adopted for the others. The grid independence of all the computational cases in this paper must
be checked for accurate results. By mesh refinement, it should be ensured that the variation between the results
is less than 1.0 %. When the maximum element size is 6.0x10"7 m for the subdomain, the computational results
of two unit cells with different heights are good enough for different interstitial velocities. In the simulation, the
total element numbers of the unit cells with the pillar heights of 5 um and 12 um are 7,010 and 21,949.

In the range of parameters considered here, the maximum and average deviations with all the given pillar heights
are less than 12.5 % and 4.0 %. It can be considered that the results are consistent with the data in De Smet et
al.’s paper (2007). The volume-averaging method would be feasible and reliable for investigating the flow
characteristics and separation performance of pillar arrays with the staggered arrangement.

4. Results and discussion

Pillar arrays are usually fabricated in the staggered arrangement. According to the volume averaging method,
a representative unit cell with appropriate boundary conditions is an available choice. In this paper, we focus on
the performance of the 2D structure. Figure 1 shows a representative unit cell used in our calculation. The pillars
and channels are shown in gray and white. The pillar has a diameter of 1.00 mm and the sides of the equilateral
triangles making up the positioning grid were equal to 1.23 mm. The computational zones for investigating the
effect of defects consist of several unit cells in Figure 1.

Flow

Figure 1: The schematic diagram of a representative unit cell used in our calculation of the pillar array
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Figure 2: The reduced plate heights for pillar arrays with complete unit cells and vacancy under (a)
nonretentive conditions (k=0) and (b) retentive conditions (k=10)



1018
4.1 The effect of vacancy

In this section, the effects of vacancy on separation performance are examined. In this paper, vacancy is defined
as the conditions that one pillar is missing in a given computational zone formed by several unit cells. Figure 2
shows the variations of the reduced plate heights for pillar arrays with the absence of one pillar in one row under
nonretentive and retentive conditions. The computational zones in different cases consist of 4 - 7 unit cells in a
row. In Figure 2, V1x4, V1x5, V1x6 and V1x7 mean one vacancy in a row with 4, 5, 6 and 7 unit cells. It is found
that the reduced plate height of a complete unit cell is the lowest. Moreover, with the increase of the unit cell in
a row, the results of the cases with vacancy become smaller gradually. Compared with the results (vi=100) of a
complete unit cell, the reduced plate height of the vacancy case with seven unit cells increases by 317.75 %
and 30.00 % under nonretentive and retentive conditions.

In order to give further details and more explanation about the effect of vacancy, more cases are investigated.
When the computational zones consist of a row with several unit cells, the vacancy rate is high. Therefore, we
considered the cases with multi-row and multi-column unit cells to obtain the effect of lower vacancy rate. V4x4,
V6x6, V8x8 and V10x10 mean one vacancy in 4, 6, 8 and 10 rows and columns with the same unit cell. As can
be seen in Figure 3, the results between a complete unit cell and the cases with multi-row and multi-column unit
cells still have obvious differences. Compared with the results (vi= 100) of a complete unit cell, the reduced
plate height of the vacancy case with ten rows and ten columns (the vacancy rate = 0.5 %) increases by 28.13 %
and 7.07 % under nonretentive and retentive conditions. If we want to obtain better performance, the vacancy
rate should be within a very small value.
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Figure 3: The reduced plate heights for pillar arrays with complete unit cells and vacancy under (a)
nonretentive conditions (k=0) and (b) retentive conditions (k=10)

4.2 The effect of damage

In this section, the effect of damage on the reduced plate height is discussed, and the computational zones
consist of four unit cells in a row. In the paper, damage means the cases with different arch heights of the
missing part. First, the effect of the damage position is investigated. The position of the missing part in the flow
field is shown in Figure 4. The arch height of the missing part is 0.1dp. In Figure 5 and 6, D1/10, D3/10, D5/10,
D7/10 and D9/10 mean that the arch heights of the missing part are 0.1dp, 0.3dp, 0.5dp, 0.7dp and 0.9dp. a, b, ¢
and d represent the spatial relationship between the damaged pillar and flow direction, as shown in Figure 4.
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Figure 4: Schematic description of the spatial relationship between the damaged pillar and flow direction

U

Figure 5 shows the variations of the reduced plate heights for pillar arrays with different damage positions under
nonretentive and retentive conditions. As revealed by the graph, no significant changes are found in the



influence of damage positions on the reduced plate height when the damage part is small. In the staggered

arrangement, the influence of damage positions can be reduced or even eliminated to some extent.
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Figure 5: The reduced plate heights for pillar arrays with complete unit cells and one damaged pillar under
(a) nonretentive conditions (k=0) and (b) retentive conditions (k=10)
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Figure 6: The reduced plate heights for pillar arrays with complete unit cells and one damaged pillar under
(a) nonretentive conditions (k=0) and (b) retentive conditions (k=10)
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Figure 7: The reduced plate heights for pillar arrays with complete unit cells and one fabrication inaccurate
pillar under (a) nonretentive conditions (k=0) and (b) retentive conditions (k=10)

For further study, the size of the missing part is considered as an important parameter. The arch heights of the
missing parts in the computational zones are from 0.1dp to 0.9dp. Figure 6 shows the reduced plate heights for
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pillar arrays with different arch heights of the missing parts. It is found that the significant increase of the reduced
plate height appears when the arch height of the missing part is more than 0.3 dp. The results of the case with
vacancy are superior to those of D7/10 and D9/10. A possible explanation for this is that badly damaged pillars
impede longitudinal flow. Compared with the results (vi= 100) of a complete unit cell, the reduced plate height
of D9/10 increases by 789.32 % and 74.97 % under nonretentive and retentive conditions.

4.3 The effect of fabrication inaccuracy

In this section, the computational zones consist of four unit cells in a row. In order to investigate the effect of
fabrication inaccuracy, one pillar in the computational zones are shrunk or enlarged and the others remain the
original diameter. Sh1l and Sh5 mean the computational zone with one pillar shrunken by 0.01dp and 0.05d,, .
Enl and En5 represent the computational zone with one pillar enlarged by 0.01d, and 0.05dp. Figure 7 shows
that the reduced plate heights for pillar arrays with one fabrication inaccurate pillar. In the first and second case,
one pillar in computational zones is shrunk by 0.05d, and 0.01dp. In the third and fourth case, one pillar in
computational zones is enlarged by 0.01dp and 0.05dp. As can be seen in Figure 8, the results between the
cases with one fabrication inaccurate pillar have no significant difference. Compared with the results of a
complete unit cell, all the average deviations are less than 2.3 %.

5. Conclusions

In this paper, we have studied the effect of vacancy, damage and dimensional accuracy on separation
performance by the method of volume averaging. Vacancy has remarkable influence on separation performance.
Even though the vacancy rate is very low, the influence cannot be neglected. When the size of the missing part
is greater than 0.3dp, the differences can be observed. Serious damage can lead to lower performance of the
system than that of the case with vacancy. The effect of fabrication inaccuracy on the reduced plate height is
not obvious in the range of our study. Therefore, it is advisable to pay due attention to vacancy and serious
damage in industrial production.
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