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A new design of staggered array semi-packed micro gas chromatographic column was presented based on the micro
electromechanical system (MEMS) technology. It was a sensor for gas sample analysis. The internal velocity fields of ten
types of semi-packed micro gas chromatographic column were studied. The effects of array spacing and dislocation spacing
on the flow field distribution were investigated. The results show that on the basis of ensuring the formation of virtual wall,
with the increase of array spacing, the maximum velocity difference between the flow channels in the vertical direction
decreases gradually, but the velocity difference in the flow channels a and b increases. When the inlet velocity was set to be
0.18 m/s, the maximum velocity difference in the channel of the staggered semi-packed micro gas chromatography column
3 (CSAC3) was 0.05610 m/s. The maximum velocity difference in the channel a was 0.09160 m/s. The maximum velocity
difference in the channel b was 0.02401 m/s. CSAC3 had a more uniform velocity field distribution, which can effectively
suppress the laminar flow effect during chromatographic separation, and had a smaller pressure distribution, which puts
forward lower requirements for carrier gas system. The staggered array semi-packed micro gas chromatography column
proposed in this paper can effectively improve the velocity field distribution and pressure distribution in the channel, and
provide a theoretical basis for the design of the new micro gas chromatography column structure.

Keywords: micro electromechanical system (MEMS), micro gas chromatography
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1. Introduction

With the rapid advancement of industrialization, micro-
sensing detection has also developed rapidly. Compared with
the traditional detection instruments, micro-sensors have ex-
cellent performance in reducing power consumption and sav-
ing costs.[1–3] Micro gas chromatography (GC) is a kind of
sensor for gas composition analysis, which is widely used in
medical detection, environmental detection and other fields.
In the process of responding to emergencies, higher require-
ments have been put forward for rapid on-site analysis and
detection.[4,5] The traditional GC is limited to be used in the
laboratory because of its large size, heavy mass and large en-
ergy consumption.[6] Therefore, the development of miniature
gas chromatographic column is of great significance to the
miniaturization of GC system, the realization of outdoor de-
tection and energy conservation and emission reduction.[7]

In recent years, some progress has been made in the re-
search of micro GC column. The micro electromechanical
system (MEMS) was used to fabricate the micron scale gas
chromatographic column structures on silicon wafers.[8] In
the comparative study on the separation performance of semi-
packed micro GC columns embedded with columns of differ-
ent cross-sections, it has been proven that a rectangular cross-
section posts with a high aspect ratio can achieve higher sep-
aration performance.[7,9,10] In order to improve the separation

efficiency, some researchers put forward the study of multi-
channel micro GC column. The experiment proved that the
multi-channel micro GC column had a greater improvement
in separation efficiency compared with the single-channel col-
umn, but also put forward a higher requirement for the pres-
sure provided by carrier gas system.[11] Some researchers have
proposed the design of a semi-packed micro GC column,
which can improve the separation efficiency while maintain
the pressure of the carrier gas system.[12,13]

The semi-packed micro gas chromatographic column was
fabricated by MEMS technology on the silicon wafer to pro-
duce the micro channel structure and micro posts, and then the
silicon wafer was encapsulated by the silicon wafer bonding
technology.[8,11] The stationary phase coating with uniform
film thickness was formed in the channel by using the sta-
tionary phase coating technique.[8] Uniform flow field is the
key to uniform coating of stationary phase coating.[14] The
optimization of micro-sensing structure has an important ef-
fect on the improvement of sensing performance.[15,16] The
problems of flow field control and separation performance
in stationary phase coating process of chromatographic col-
umn can be realized by optimal configuration and reasonable
microstructure design.[17,18] Reasonable chromatographic col-
umn microstructure design can make the liquid-phase coat-
ing material have a good uniform flow rate distribution dur-
ing the coating process, to form a uniform stationary phase

†Corresponding author. E-mail: zhanglq4158@ujs.edu.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb　　　http://cpb.iphy.ac.cn

010701-1

http://dx.doi.org/10.1088/1674-1056/ac0902
zhanglq4158@ujs.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B 31, 010701 (2022)

coating.[19] In addition, it can effectively suppress the eddy
current diffusion phenomenon generated by the separated gas
during the separation process, thereby making the chromatog-
raphy column have better separation performance.[20,21] In
the study of semi-packed micro GC columns, some schol-
ars conducted a comparative study on the effect of micro-
packed columns with square cross-sectional shape, circular
cross-sectional shape and elliptical cross-sectional shape on
the separation performance.[22,23] Some researchers also im-
proved the uniformity of the velocity field inside the col-
umn by optimizing the position parameters of the micro-
packed column.[24] In previous studies, a regular rectangu-
lar array was generally used for the arrangement of micro-
packed columns.[25] By simulating the velocity field of a tra-
ditional rectangular array semi-packed micro GC column, the
results show that there are obvious velocity fluctuations in the
channel direction. In order to effectively suppress it, a cross-
semi-packed array micro GC column chip design method was
proposed in this paper. Based on the finite element method,
the semi-packed micro gas chromatography column with stag-
gered array and the traditional rectangular array semi-packed
micro GC column were compared and studied.

2. Modeling of microstructure flow field
2.1. Structure design of semi-packed micro GC column

The semi-packed rectangular micro GC column structures
used in previous studies all adopt a serpentine channel layout,
which has better separation performance compared to the cir-
cular spiral layout and square spiral layout.[26] Therefore, the
structure of the serpentine channel layout is used in this study.
The channel adopts a cross-section channel with a height of
240 µm and a width of 200 µm. The channel is divided into
multiple straight channel parts and connected curve parts, with
total length of 1 m. The traditional rectangular array of semi-
packed micro GC columns (CRAC) and the staggered array of
semi-packed micro GC columns (CSAC) were provided with
three rows of micro-packed columns inside the straight chan-
nel (Fig. 1). Both CRAC and CSAC use the same layout po-
sition parameters. According to previous studies, more uni-
form velocity distribution between flow channels can be ob-
tained by the non-equidistant arrangement. Therefore, non-
equidistant arrangement was also adopted between the three
rows of micro-filled columns proposed by us. The spacing be-
tween the specific micro-packed column and the channel wall
was 30 µm, 25 µm, 25 µm, and 30 µm, respectively.

We will carry out a comparative study of the velocity
field distribution and pressure distribution of the micro-packed
columns with circular cross-sections in the traditional rectan-
gular array arrangement and the staggered array arrangement.
The effects of array spacing and dislocation spacing along the
channel direction on the velocity field are discussed separately.

Channel a

Channel b

Channel c

Channel d

Silicon

PDMS

Glass

Fig. 1. This is a diagram of a semi-packed staggered micro chromatographic
column. The light green material is type 100 silicon wafer, the orange ma-
terial is fixed phase coating material (PDMS), and the light blue material is
heat resistant glass sheet (Pyrex). Three rows of micro columns divide the
flow into four channels: a, b, c, and d.

For semi-packed micro gas chromatography columns, the
array spacing is an important factor affecting the velocity field
distribution. In this paper, the effect of different array spac-
ing on the velocity field distribution of CRAC was studied.
In the design of five groups of structures, the micro-packed
columns are all circular cross-section columns with a diame-
ter of 30 µm. Therefore, the effective width of the five groups
of structures was 110 µm. The array spacing was set to be
50 µm, 55 µm, 60 µm, 65 µm and 70 µm, respectively, and
the dislocation spacing was set to be 0 µm.

The staggered semi-packed micro chromatographic col-
umn structure presented in this paper is formed by the second
row of the provided three rows microarray columns moving
backwards or forwards. The effect of CSAC on the velocity
field distribution by setting different dislocation spacing was
studied. The dislocation spacing was set to be 10 µm, 20 µm,
30 µm, 40 µm, and 50 µm, respectively, under the same array
spacing of the micro-packed columns which was 60 µm.

3. Results and discussion
3.1. Effect of velocity field on the performance of GC col-

umn

In the separation process of the GC column, the compo-
nents to be separated will undergo mass transfer between the
mobile phase and the stationary phase, as well as the random
diffusion caused by the thermal motion of the molecules. Due
to the different dissolution and adsorption capacity of differ-
ent components in the stationary phase, the mixed components
can be gradually separated in the flow process of the column.
Van Deemter in 1956[27] proposed the velocity theory of chro-
matographic columns with the purpose to better describe this
phenomenon,[27]

N = 5.54
(

VR

W1/2

)2

, (1)

where W1/2 and VR are the half-width and the retention vol-
ume, respectively, and N is the number of theoretical plates.
This is an important indicator to quantify the separation per-
formance of GC columns.
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In the chromatographic separation process, the uniform
flow rate distribution has an important impact on the results
of chromatographic column separation. The uniformity of the
velocity field contributes to the consistency of the longitudinal
velocity of the material during the adsorption and desorption
during mass transfer, which means that the adsorption and des-
orption time in the column is equal. This effectively reduces
the broadening of the chromatographic peak. From Eq. (1),
it can be seen that reducing the peak broadening can obtain a
higher number of theoretical plates.

In the mass transfer process of the separated compo-
nents in the mobile phase and the stationary phase, the mass
transfer resistance is an important part that affects the height-
equivalent-to-a-theoretical plate (HETP).[28] The equation for
the transmission resistance in the stationary phase is as fol-
lows:

HETP = A+
B
u
+Cu, (2)

B = 2 f1 f2DG, (3)

Cs =
2kd2

f (w+h)2

3(1+ k)2 h2DS
, (4)

Cm =

(
1+9k+ 51

2 k2
)

f1w2

105(1+ k)2 f2DG
, (5)

where A is the eddy diffusion term, B is the molecular diffusion
term, and C is the mass transfer resistance term. It has been
known from previous studies that the effects of eddy diffusion
terms are negligible for semi packed micro GC columns. B is
mainly related to the irregular motion caused by thermal mo-
tion of molecules. Mass transfer resistance coefficient C is
divided into stationary phase transfer resistance (Cs) and mo-
bile phase transfer resistance (Cm). df is the film thickness of
the stationary phase. w and h are the width and height of the
rectangular channel, DG and DS are the diffusion coefficients
of solute in carrier gas and fixed phase, respectively, f1 and
f2 are the correction coefficients of gas compression. Station-
ary phase coating is an important part of column preparation.
Whether using static coating technology or dynamic coating
technology, the stationary phase solution needs to be pumped
into the chromatographic column. In this link, the velocity
distribution affects the residence time of the stationary phase
solution at each position in the column. Therefore, uneven
flow velocity will cause uneven film thickness of the station-
ary phase. When df is not uniform, the mass transfer resistance
is different. This causes to additional band broadening of the
chromatographic peak. Cm is only related to the channel width
(w), mass transfer coefficient DG, retention factor k and correc-
tion coefficients of gas compression. In conclusion, in order to
obtain superior separation performance, the velocity between
the four runner segments of semi-packed column should be as
consistent as possible.

3.2. Effect of array spacing on flow field distribution

In order to explore the influence of the array spacing on
the semi-filled micro gas phase column, the flow field analysis
module of COMSOL multiphysics software was used. Under
the conditions of setting the same inlet velocity, ambient tem-
perature and gas parameters, the steady-state flow field distri-
bution of five semi-filled micro gas phase columns including
CRAC1, CRAC2, CRAC3, CRAC4, and CRAC5 were ana-
lyzed (Fig. 2).

It can be drawn from Figs. 2(a)–2(e) that the three rows of
micro-packed columns of CRAC1, CRAC2, CRAC3, CRAC4,
and CRAC5 all create virtual walls in the flow field distri-
bution. These virtual walls divide the column into four flow
channels and number the four flow channels. The velocity field
distribution in the four flow channels is symmetrical. The vir-
tual wall between the flow channels can effectively suppress
the vortex diffusion phenomenon generated by the gas to be
separated in the separation process.

.
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(e)

Fig. 2. The flow field analysis module in the COMSOL Multi-physics
software was used to analyze the flow field in channels of CRACs. (a)
CRAC1 flow field distribution. (b) CRAC2 flow field distribution. (c)
CRAC3 flow field distribution. (d) CRAC4 flow field distribution. (e)
CRAC5 flow field distribution.

The generation of the virtual wall can refer to the regular-
ity of gas flowing around the cylinder.[29] When the fluid goes
around the cylinder, the velocity of the fluid exceeding a cer-
tain velocity is tangent to the cylinder when it leaves the cylin-
der. Therefore, a stagnant area appears behind the cylinder.[30]
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For parallel double cylinders, when the space between the two
cylinders is suitable, the flow rate and pressure in the middle
area of the two cylinders are very low.

The formation of this velocity stagnation zone is related
to the Reynolds number, cylinder spacing and fluid velocity.
At a certain flow rate, with the increase of cylinder spacing,
the stagnant area formed in the middle becomes more unsta-
ble and passes through the fluid gradually. In this case, it is
easy to cause the mixed flow between the flow channels and
produce eddy current effect, which affects the width of the
spectral band. Therefore, the velocity difference between the
runners was studied under the condition of stabilizing the vir-
tual wall. Based on the previous research and considering the
actual flow rate of the gas chromatography column, the inlet
velocity was set to be 0.18 m/s.[14,21,23] The array spacing was
set to be 50 µm, 55 µm, 60 µm, 65 µm, and 70 µm, respec-
tively.

According to the velocity field cloud map shown in Fig. 2,
it can be found that the velocity fluctuation of channels a and
d decreases gradually with the decrease of the array spacing.
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Fig. 3. Calculate the velocity values in each flow channel of five
CRACs. (a) Maximum speed difference between the flow channels
in the vertical direction of CRACs. (b) Maximum speed difference in
CRAC channel a and channel b.

Then further compare the internal flow fields of the five
CRACs. According to the calculations, when the inlet veloc-
ity was set to be 0.18 m/s, the maximum velocity of each sub-
channel in the X and Y directions was calculated separately,
and the difference was taken according to the demand. The

maximum velocity difference in the vertical direction (∆Vmaxy)
between the five columns of CRAC is shown in Fig. 3(a). As
shown in Fig. 3(b), ∆Vmaxa is the maximum speed difference
of channel a, and ∆Vmaxb is the maximum speed difference of
channel b.

In the analysis of Fig. 3, it can be found that, as the ar-
ray spacing increases, the maximum velocity difference be-
tween the flow channels of CRAC changes in opposite direc-
tion to the velocity difference between the flow channels of a
and b. According to Fig. 3(a), as the array spacing increased
from 50 µm to 70 µm, ∆Vmaxy decreased from 0.10843 m/s
to 0.07726 m/s. However, as shown in Fig. 3(b), ∆Vmaxa in-
creased from 0.07095 m/s to 0.1488 m/s, while ∆Vmaxb in-
creased from 0.13924 m/s to 0.2176 m/s. It can be found that
the velocity distribution in the channel was the most uniform
when the array spacing was set to be 60 µm.

3.3. Optimization of velocity field distribution in the chan-
nel

For semi-packed micro GC columns, the position struc-
ture of the micro-packed posts embedded in the channel has a
great influence on the velocity field inside the channel. Ali
studied the effects of three different cross-sectional shapes
such as square, diamond and long hexagon on the velocity
field in the channel.[12] The study found that the abnormity of
the long hexagonal packed column was significantly improved
compared to the rhomboid packed column. In the process of
coating the stationary phase, the micro GC column with long
hexagon and square packed column structure causes the pres-
sure inside the channel to increase sharply, which makes the
stationary phase coating fail. In order to improve the problem
of non-uniform velocity field in the channel of the GC col-
umn, some researchers had proposed a micro-packed column
with an elliptical cross-sectional shape. The micro-packed col-
umn structures in the above studies all adopted the traditional
rectangular array arrangement.

u u

θ

θ

ha2ha
hb1

hb2

θ

θ

(a) (b)

Fig. 4. Schematic diagram of gas flow around a cylinder. The red ar-
rows represent the direction of flow. The blue area is cylinder and the
light blue area is retention area. u is the linear velocity of the micro
fluid in the flow field.

This article tries to explain the formation of virtual wall
and the generation of velocity fluctuation at the physical level.
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As shown in Fig. 4, by streamlining the fluid flow in the flow
field, when the gas bypasses the cylinder, part of the gas ve-
locity direction is affected by the cylinder. The gas will flow
along the tangent direction of the cylinder with an angle of θ ,
and it will form a retention zone with no fluid flow.

For the traditional parallel arrangement of micro-pillar
structure, when the fluid flows vertically through the central
line of the cylinder, the width of the vertical channel between
the two cylinders is ha1. After t seconds the channel width of
the microfluidic becomes ha2. The following equation can be
derived:

ha2 = ha1 +2t·usinθ , (6)

hb2 ≈ hb1 + t·usinθ . (7)

According to the continuity equation of fluid flow, it can
be found that in the absence of leakage and replenishment of
the pipeline, the mass of the fluid flowing into any section is
equal to that of the fluid flowing out of another section,

ρA1u1 = ρA2u2, (8)

where ρ is the density of the micro fluid, A1 is the cross-
section area at the inlet, and A2 is actual cross-sectional area
where the fluid is after t seconds. In this paper, the continuity
equation can be rewritten according to the reality because the
height the cross section (l) is the same,

ρh1u1 = ρh2u2. (9)

Since there is a difference between h2 and h1, it can be found
that there is a difference between u2 and u1. From the compar-
ison between Eqs. (5) and (6), the following inequality can be
derived:

hb2−hb1<ha2−ha1, (10)

ub2−ub1<ua2−ua1. (11)

According to the deduced results, it can be found that displac-
ing the second row of cylinders backward can effectively re-
duce the width difference of the actual fluid in the flow pro-
cess. Therefore, the velocity fluctuation in the flow chan-
nel can be effectively reduced. In this paper, micro-packed
columns arranged in a staggered array are introduced to im-
prove the velocity field (Fig. 5).

With the initial speed set to be 0.18 m/s and the array
spacing is 60 µm, the internal channel flow field of five semi-
packed micro gas chromatography columns including CSAC1,
CSAC2, CSAC3, CSAC4 and CSAC5 was analyzed. From
Fig. 5, it can be found that as the dislocation spacing in-
creases, the velocity fluctuations in the flow channel are ob-
viously suppressed. In order to further quantitatively analyze
the speed difference between the four flow channels divided

into the micro-packed column and the speed difference in the
four flow channels. This paper calculates the velocity values
in four channels of five sets of CSAC. The maximum speed
difference of the five groups of CSAC in the vertical direction
is observed in Fig. 6(a), and the maximum speed difference in
channels a and b is shown in Fig. 6(b).
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Fig. 5. The flow field analysis module in the COMSOL Multi-physics
software was used to analyze the flow field in channels of CSACs. (a)
CSAC1 flow field distribution. (b) CSAC2 flow field distribution. (c)
CSAC3 flow field distribution. d) CSAC4 flow field distribution. (e)
CSAC5 flow field distribution.

According to Fig. 6, as the dislocation spacing increased
from 10 µm to 50 µm, ∆Vmaxy of CSAC structures de-
creased from 0.08594 m/s to 0.0561 m/s and then increased
to 0.0996 m/s. The ∆Vmaxa decreased from 0.1082 m/s to
0.0916 m/s and then increased to 0.1159 m/s, and the ∆Vmaxb

decreased from 0.13619 m/s to 0.02401 m/s and then increased
to 0.1614 m/s.

Therefore, considering the maximum speed difference
between the runners and the speed difference in the channels
a and b, it was optimal when the displacement distance was
30 µm.

Finally, we comprehensively verify that the staggered ar-
ray can effectively improve the uniformity of velocity distribu-
tion in the flow field. We choose a staggered structure with an
array spacing of 60 µm and a staggered spacing of 30 µm to
compare with the traditional rectangular array structure with
an array spacing of 60 µm. In other words, the velocity in the
cross section of CSAC3 and CRAC3 was compared.
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Fig. 6. Calculate the velocity values in each flow channel of five CSAC.
(a) Maximum speed difference between the channels in the vertical di-
rection of the CSACs. (b) Maximum speed difference in CSAC channel
a and channel b.
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Fig. 7. Compare the flow field velocity distribution of CSAC3 and
CRAC3 profiles. (a) CSAC3 profile velocity value. (b) CRAC3 pro-
file velocity value.

The direction along the flow channel is defined as the
X direction, and the direction of the vertical flow channel
is the Y direction. We take X = 0.47 mm; X = 0.48 mm;
X = 0.49 mm; X = 0.50 mm and other four groups of cross-

section velocity values for calculation. From the comparison
between Figs. 7(a) and 7(b), it was found that the curve con-
sistency of CSAC3 is higher than that of CRAC3.

By combining Figs. 3, 6, and 7, it can be found that com-
pared with the traditional rectangular array semi-packed struc-
ture, the ∆Vmaxy decreased from 0.09676 m/s to 0.0561 m/s.
The ∆Vmaxa decreased from 0.10072 m/s to 0.0916 m/s, and
∆Vmaxb decreased from 0.18946 m/s to 0.02401 m/s.

In the previous studies, some scholars proposed the de-
sign of the filled column with elliptical section and simulated
the flow field in the channel of the semi-packed gas chromato-
graphic column with elliptical section.[23] A more uniform ve-
locity distribution can be obtained by filling the column with
an elliptical section. On the basis of the previous study, the
length of the long axis and the length of the short axis of the
elliptical filled column were set to be 40 µm and 30 µm, re-
spectively, and the array spacing was 60 µm. The velocity
fields under staggered arrangement and rectangular array were
compared and analyzed respectively. The results are shown in
Fig. 8.
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Fig. 8. Using the flow field analysis module in COMSOL Multiphysics
software, the flow field in the channel of elliptic semi-packed column with
rectangular array and staggered array was analyzed. The flow field distribu-
tion of the rectangular array is shown in the figure above, and the flow field
distribution of the staggered array is shown in the figure below.

In order to further study the influence of staggered array
layout on the velocity field, the maximum velocity difference
in the channel under staggered array and rectangular array was
calculated in this paper. In the case of rectangular array, the
∆Vmaxy is 0.05776 m/s, the ∆Vmaxa is 0.08417 m/s, and the
∆Vmaxb is 0.14925 m/s. In the case of setting the interlaced
spacing at 30 µm , the ∆Vmaxy is 0.04653 m/s, the ∆Vmaxa is
0.07887 m/s, and the ∆Vmaxb is 0.02711 m/s. Therefore, the
staggered array structure improved the uniformity of the flow
field of the semi-packed GC column with elliptical cross sec-
tion.

3.4. Pressure field distribution in the channel

It has been mentioned in previous studies that the smaller
the array spacing of the micro-packed columns embedded in-
side the channel, the greater the pressure inside the channel,
and the higher the requirement for the gas carrier system of
the gas chromatograph.[25] Using a rational structure design
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to reduce the pressure distribution inside the channel has a
positive effect on the miniaturization process of the chromato-
graph. In this paper, the channel structure of CSAC1, CSAC2,
CSAC3 and CRAC3 with a length of 1 mm was used for com-
parative study of pressure distribution (Fig. 8). The maximum
pressure in the column of CSAC3 was only 48.5 Pa, which
has a better performance in terms of energy saving than other
CSACs structures. The maximum pressure value of CSAC2
was 50.1 Pa; CSAC1 was 52.5 Pa, and CRAC3 was 53.5 Pa.
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Fig. 9. Calculate the pressure distribution of CSAC1, CSAC2, CSAC3 and
CRAC3. (a) CSAC1 pressure distribution. (b) CSAC2 pressure distribution.
(c) CSAC3 pressure distribution. (d) CRAC3 pressure distribution.

4. Conclusion and perspectives
Based on the MEMS technology, a staggered array semi-

packed micro GC column structure was proposed. The veloc-
ity field distribution and pressure distribution in the channel
of ten semi-packed micro GC column structures were studied.
The results show that as the array spacing increases within a
certain range, the maximum velocity difference between the
flow channels in the vertical direction gradually decreases, and
the maximum velocity difference between the channels a and
b increases. Compared with the traditional semi-packed rect-
angular array structure, the optimal staggered array structure
proposed in this paper reduced the ∆Vmaxy from 0.09676 m/s
to 0.0561 m/s. The ∆Vmaxa was reduced from 0.10072 m/s to
0.0916 m/s, and the ∆Vmaxb was reduced from 0.18946 m/s
to 0.02401 m/s. Therefore, in the design of the micro GC col-
umn structure, the overall uniformity of the velocity field in the
channel can be improved by reducing the array spacing. The
semi-packed micro GC column structure of the staggered ar-
ray proposed in this paper had more uniform velocity distribu-
tion, whether it was filled with a circular section or an elliptical

section. Using the staggered array structure can effectively im-
prove the pressure distribution in the channel compared with
the traditional rectangular array structure. In a sense, the struc-
ture design method we proposed provides a theoretical basis
for exploring new micro GC column structures.
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