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The unstable concentration of the difficulty in utilizing low-concentration CBM causes a large amount of CBM to be discharged
into the atmosphere. In order to ensure the safe and stable operation of the CBM utilization device, the gas mixing unit is used to
stabilize the concentration of feed gas. Generally, the resistance of the gas mixing unit is not higher than 500 Pa and the uniformity
of gas is not less than 90%. In order to solve the problems of heavy resistance and low uniformity of the existing CBMmixing unit,
a three-dimensional calculation model is established, and the structural parameters such as the number of spiral blades, blade
length, and pitch in the gas mixing unit are adjusted and verified by experiments to achieve optimal performance. The
dimensionless mathematical correlation between the resistance loss and the uniformity of gas is refined, and the maximum
error between the resistance loss and the simulation results is controlled within 10%; it provides a theoretical basis for the
uniformity and low resistance mixing of different gases in the gas industry. When the flow is 7000Nm3/h, 50000Nm3/h, and
160000Nm3/h, respectively, the optimal structural parameters of the mixing zone are as follows: the number of blades is 3, 3,
and 2, respectively, the pitch is 1000mm, 2000mm, and 2636mm, respectively, and the length of blades is 500mm, 1600mm,
and 1845mm, respectively. The optimal structural parameters of the small pipe area are as follows: the mixing device with a
flow of 50000Nm3/h is not equipped with blades, the number of blades of the other two devices is 4, the pitch is 1400mm,
and the length of blades is 700mm.

1. Introduction

Coalbed methane (CBM) is homologous with coal, and its
main component is methane [1]. Methane is the second
largest greenhouse gas after carbon dioxide [2], and its
warming effect and potential are higher than carbon dioxide,
which has a significant impact on the global greenhouse
effect [3]. In recent years, methane emission reduction has
become the focus of many areas of research [4]. To eliminate
the phenomenon of “no exploring CBM or exploring CBM
without producing,” the policy of “producing gas first, pro-
ducing coal second” must be implemented [5, 6]. In addi-
tion to producing coal mines, a large amount of CBM is
released during coal mining [7–9]. Anthropogenic methane
emissions on earth are mainly produced from the process

of coal mining and agricultural production [10]. The meth-
ane leakage in the global oil and gas industry is 80 million
tons, of which the methane emission from coal mines is 40
million tons in 2018. As a clean energy [11–13], CBM has a
low utilization rate, and a large amount of CBM is dis-
charged into the atmosphere, resulting in environmental
pollution [14, 15].

In 2021, the United States and China reached the China-
US Joint Statement on Climate Crisis [16] and the Glasgow
Joint Declaration of the United States and China on Intensi-
fied Climate Action in the 2020s. It proposes to formulate a
methane emission reduction action plan and control non-
carbon dioxide greenhouse gases [17], which is the “first
move” for China and the United States to lead global climate
governance. As the impact of methane on climate is 25 times
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that of carbon dioxide [18], coalbed methane has a huge
potential for carbon reduction in the mining process [19],
so the utilization of CBM should be an area of focus.

Low-concentration CBM has low calorific value and
pressure is uneconomical to reuse after long-distance trans-
portation and can only be used locally in coal mining areas
[20]. The low-concentration CBM with a concentration of
10% to 30% is generally used for power generation. How-
ever, the generator requires that the methane concentration
in the CBM should not change more than 2% within 30 sec-
onds. If the concentration change exceeds this range, the
generator will automatically shut down. Low-concentration
CBM with a concentration below 10% generally provides
heat to users by means of heat storage and oxidation [21].
However, excessively low concentration will result in insuffi-
cient heat generated by the unit to maintain the heat balance
of its own operation and ultimately lead to furnace blowout,
and excessively high concentration may cause explosions
[22]. Therefore, in order to ensure the safe and stable oper-
ation of CBM thermal storage oxidation unit and coalbed
methane power generation unit, it is necessary to adopt a
gas mixing unit to stabilize the concentration of raw
gas [23].

CBM is mainly extracted from a fractured coal seam by a
water ring vacuum pump [24], and the pressure is generally
only about 5000Pa. If the air mixing device resistance is too
large, it is impossible to ensure the continuous and stable
operation of the rear end utilization unit. Regenerative oxi-
dation unit for feed gas of methane in the cross section of
average concentration is around 1.2% [25]. Since the diame-
ter of the inlet pipe is generally not less than 1 meter, if the
uniformity of the gas mixing device is not enough, it is very
likely that the concentration of methane in some areas of the
cross-section of the pipe will be greater than 5% (the lower
explosion limit of methane), resulting in the explosion of
the thermal storage oxidation device. According to experi-
ence, it is generally required that the resistance of CBM gas
mixing unit is not more than 500Pa and the uniformity is
not less than 90%.

Aiming at the problems of low gas mixing uniformity
and large resistance of CBM mixing unit, this paper studies
the construction method of three-dimensional calculation
model of internal flow and gas mixing process of CBM mix-
ing unit, reveals the influence of spiral structure parameters
on the uniformity and resistance loss, optimizes the number,
length, and pitch of spiral blades in the device, and carries
out experimental verification. The dimensionless mathemat-
ical correlation between resistance loss and the uniformity is
refined, which provides a theoretical basis for the uniformity
and low resistance mixing of different gases in the gas
industry.

2. Model Construction

2.1. Geometric Model. In the process of numerical simulation
of the low-concentration CBM gas mixing unit, UG software
was used for 3D modeling, HYPERMESH software was used
for mesh division, and ANSYS was used for material cal-
culation. Figure 1 shows the geometry of the 7000Nm3/h

gas mixing unit. For convenience, the outlet of high-
concentration methane pipeline to the outlet of the gas
mixing unit is defined as the mixing zone, the inside of
the high-concentration methane pipeline is defined as the
tubule zone, and the flange inlet of the unit to the outlet
of the high-concentration methane pipeline is defined as
the large pipe zone, as shown in Figure 2. The inner blade
of air mixing unit uses a spiral structure with thickness of
6mm. The gas in the large pipe area and the small pipe
area is separated by the pipe wall of the small pipe area.
Before entering the mixing area, the two gases do not con-
tact. After entering the mixing area, they begin to contact
and mix. The small pipe extends radially into the center of
the large pipe area from the hole on the pipe wall of the
large pipe, and a 90° elbow is used to change the direction
from radial to axial, and spiral blades are set from the end
of the elbow.

The CBM at the two inlets in Figure 1 comes from two
different gas extraction pump stations. During the actual
operation, the concentration will often change, but the
CBM utilization device requires that the concentration at
the outlet of the gas mixing device be stable. The measure
to ensure the stability of the concentration is to adjust the
opening of the regulating valves installed on the two inlet
pipelines according to the change of the outlet concentration
through the pre-set program of the PLC system.

At the beginning of the simulation, gas outlet is set at the
cut-off position of the end of the mixing unit. Through
calculation, it is found that there is an obvious backflow at
the outlet of the unit, which affects the convergence of the
calculation results [26]. The main reason lies in that the vor-
tex generated by the flow in the gas mixing unit is not
completely in the calculation domain at the outlet, which
affects the free flow of gas in the flow field. The front end
of the vortex outlet is a shrinking body, and the downstream
is connected to a straight cylindrical pipe. The streamline of
the fluid will change at this outlet. If the calculation is
stopped suddenly, the convergence of FLUENT calculation
may be affected, resulting in inaccurate calculation results.
Therefore, the outlet extension of 6m and the inlet extension
of 1m are set in all computational domain models in this
paper. In addition, considering that the existence of the
nut hole in the actual model affects the mesh quality, in
the geometric model adopted in this time, the spiral blades
and the pipe wall are set as a seamless connection, and the
blades are connected with each other through a solid shaft.
A tetrahedral mesh generation method is adopted in the
gas mixing device, with a size of 20mm and a total mesh
of about 1.2 million. Since the blades of the unit are in the
high-speed gas collision region, the mesh of local blades is
encrypted to improve the calculation accuracy.

2.2. Mathematical Model. In the process of solving, the SIM-
PLIE algorithm is used to solve the governing equation, and
the second-order upwind difference scheme is used to realize
discreteness [27]. The convergence accuracy is 10-6. When
the monitoring results remain constant after 5000 iterations,
the calculated results are considered to have converged. The
numerical simulation of gas mixing unit is essential to solve
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the continuity equation, momentum equation, energy equa-
tion and component transport equation, and its expression
is as follows:

Continuity equation:

∂
∂xi

ρuið Þ = 0, ð1Þ

where ρ is the density of the mixture, ui is the velocity com-
ponent in i direction, and xi is the coordinate component in
each direction.

The following is the momentum conservation equation:

∂
∂xj

ρuiuj − τij
� �

= −
∂p
∂xi

, ð2Þ

where p is the pressure and τij is the pressure tensor.
The following is the energy conservation equation:

∂
∂xj

ρujh + Fh,j
� �

= uj
∂P
xj

+ τij
∂ui
∂xj

, ð3Þ

where h is the static total enthalpy and Fh,j is the energy flux
in the xj direction.

The following is the component transport equation:

∂
∂xj

ρujml + J l,j
� �

= Rl: ð4Þ

In the component transport equation, ml is the mass
fraction of component l, J l,j is the diffusion flux of compo-
nent l in the xj direction, and Rl is the formation rate of
chemical reaction of component l.

The resistance of the gas mixing unit ΔP is determined
by calculation and compared with the experimental mea-

sured value to verify the accuracy of the calculation. The
experimental measured value is the pressure difference
between the inlet and outlet sections of the gas mixing instal-
lation value, which is collected by the differential pressure
transmitter. In the calculation, the resistance of the unit
includes local resistance loss and resistance loss along the
path, among which the local resistance loss is mainly caused
by collision and vortex, and the resistance of the expanding
area of the inlet section, the shrinking area of the outlet sec-
tion, and the resistance of the spiral blade are mainly consid-
ered in the calculation process [28]. The resistance ΔP is
calculated by the following formula:

ΔP = λ
L
d
ρu2

2 + ξ
ρu2

2 , ð5Þ

where λ is the resistance coefficient along the way, ξ is the
local resistance coefficient, L is the length of the channel, u
is the average gas velocity, and d is the equivalent diameter
of the fluid channel.

According to Engineering Design Code for Utilization of
Low-concentration Gas Oxidation in Coal Mines (NB/
T10362-2019), the uniformity of gas mixing unit can be cal-
culated as follows:

U = 1 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n
〠
n

i=1

ci −�c
�c

� �2
s" #

× 100%, ð6Þ

where n is the number of values of methane concentration
on the outlet section (uniform distribution points), ci is the
methane concentration at each point (mole fraction, the
same below), and �c is the average value of methane concen-
tration at i measuring points on the section.

The Reynolds number Re is used to measure the change
of internal flow of the gas mixing unit. Its physical meaning
is the ratio of inertial force and viscous force of the fluid in
the flow field [29], which is calculated according to the fol-
lowing formula:

Re = 4ρQV

μπd
, ð7Þ

where ρ and QV are, respectively, the density and volume
flow of CBM at 101325Pa and 0°C, u is the average axial
flow velocity of the section, d is the diameter of section,
and μ is dynamic viscosity.
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Figure 1: Geometry of the 7000Nm3/h gas mixing unit.

Tubule zone

Large pipe zone
Mixing zone

Figure 2: Naming of mixing unit area.

3Geofluids



The boundary conditions are set as follows:

(1) Inlet boundary conditions: the velocity inlet is
adopted, and the mole fraction of methane and air
at each inlet is given.

(2) Exit boundary conditions: at the exit boundary, the
flow is considered to be fully developed and the exit
is far away from the backflow zone.

(3) Solid wall conditions: the wall velocity meets ui = 0,
and the pressure meets ∂P/∂n = 0.

3. Calculation Results and Discussion

The structural parameters of air mixing unit mainly include
the number of spiral blades, blade pitch, and spiral length. In
the following, a gas mixing unit with a flow rate of
7000Nm3/h is taken as an example to study the influence
of changes in structural parameters on the overall flow char-
acteristics of the unit and to analyze the general rule of
changes in structural parameters on the uniformity of gas
mixing and resistance loss of the unit, so as to lay a data
foundation for subsequent correlation fitting analysis. Based
on the previous study [30], when the author carried out
numerical simulation on the air mixing unit with a flow rate
of 7000Nm3/h, the spiral combination mode inside the unit
was set as follows: the spiral direction of the small tube area
was left, the spiral direction of the mixing area was right, and
there was no spiral blade in the large tube area.

3.1. Number of Spiral Pieces in Mixing Zone. Figure 3 is the
cloud diagram of uniformity of gas at 1m distance from
flange outlet under different blade numbers in the mixing
zone. Figure 4 is the curve diagram of uniformity and resis-
tance loss corresponding to different blade numbers. It can
be seen that with the increase of the number of spiral blades,
the uniformity of the unit shows an overall trend of rising
first and then falling. Among them, when the number of spi-
ral blades rises from 1 to 2, the uniformity is improved. This
is because when 2 or more spiral blades are used, the flow
channels in the circular tube can be reasonably and evenly
distributed. When only one spiral blade is arranged, the
mixed gas cannot be fully mixed after flowing around the
blades. When the number of spiral blades is 2 or more, the
uniformity of gas decreases with the increase of the number
of spiral blades. This is because when spiral blades are
arranged in a fixed diameter circular tube, with the increase
of the number of spiral vanes, the port number of the gas
also increases and methane and air mixed flow around inside
the flow channel. Continuing only to increase the number of
spiral vanes cannot improve the uniformity of gas, so this
should be noted in engineering practice. In addition, the dia-
gram also can present such a trend; namely, fluid flow resis-
tance losses increase corresponds to the increase of the
mixing zone number of spiral vanes. This is because the
increase of spiral vanes makes the pipe fluid flow around
the interrupted area ratio increase; the fluid increases the
chance of collisions between molecules, and intuitively
reflects the increase of the overall resistance of the unit.

3.2. Length of Spiral Blade in Mixing Zone. According to the
air mixing characteristics in the pipe of the unit, the influ-
ence of the length of spiral blade in the mixing zone on the
uniformity and pressure loss at the outlet of the unit is fur-
ther investigated, as shown in Figures 5 and 6. When the
blade length increases from 500mm to 1300mm, the unifor-
mity of gas at the outlet of the unit decreases as a whole,
while the resistance loss increases. On the basis of constant
pitch of spiral blade in the mixing zone, increasing blade
length will reduce the uniformity. This is because when
low-concentration gas flows around the mixing zone, it only
moves centrifugally to increase the kinetic energy of radial
flow of the fluid itself. In this process, the gas itself does
not mix effectively. Mixing begins when the gas flows out
of the range of spiral blades in the mixing zone. However,
since the total length of the mixing zone is constant, increas-
ing the length of the spiral blade in the mixing zone actually
reduces the effective mixing space. Therefore, with the
increase of the length of spiral blades in the mixing zone,
the uniformity of gas decreases. The average flow energy
around the blade increases with the increase of blade length,
but it is at the cost of the increase of the resistance loss inside
the unit. Therefore, in practical engineering application, the
length of spiral blade in mixing zone should be appropriately
reduced under the condition of ensuring the uniformity of
gas.

3.3. Pitch of Spiral Blade in Mixing Zone. Figure 7 shows the
cloud diagram of components at the outlet of the unit corre-
sponding to different pitch in the mixing zone, and Figure 8
shows the variation trend of the uniformity of gas at the out-
let and the resistance loss with the pitch of the blade in the
mixing zone. As can be seen from the figure, on the premise
that the total length of the spiral blades in the mixing zone
remains unchanged, increasing the pitch of the spiral blades
in the mixing zone will make the uniformity of the unit
decrease slowly at first and then rapidly after reaching a cer-
tain value. Conversely, resistance loss decreases rapidly and
then slowly. For the 7000Nm3/h air mixing unit, when the
blade pitch in the mixing zone changes from 400mm to
1000mm, the resistance loss of the unit decreases signifi-
cantly, while the uniformity of gas decreases from 97% to
95%, with little change. This is because the total length of
the spiral is unchanged, and the increase of the pitch means
the number of spiral turns decreases, that is to say, the
included angle between the spiral blade and the fluid
becomes smaller, weakening the effect of gas turbulence.
When the screw pitch in the mixing zone increases to
1200mm, the mixing effect of screw pitch on the fluid is
not obvious, and only the diversion effect exists. This rule
is crucial for subsequent CBM mixing. In practical engineer-
ing design, it is necessary to find the inflection point of the
pitch value to design the air mixing unit that meets the
requirements more efficiently.

3.4. Number of Spiral Pieces in Tubule Zone. Under the con-
dition of keeping the structural parameters of the mixing
zone unchanged, the influence of the number of spiral blades
in the tubule zone on the uniformity of gas and pressure loss
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is investigated. Figure 9 shows the component cloud dia-
gram at the outlet of the unit under different blade numbers
in the small tube area. Figure 10 shows the variation trend of
uniformity of gas and resistance loss at the outlet of the unit
with the number of blades in the tubule zone. It can be seen
that the change in the number of blades in the tubule zone
has little influence on the uniformity of gas and pressure
loss. For the performance of air mixing, the effect of the
number of spiral blades in the tubule zone is not obvious,

and the curve is flat as a whole. Therefore, in practical engi-
neering, we can appropriately reduce the number of spiral
blades in tubule zone to reduce the processing cost of the
unit.

3.5. Length of Spiral Blade in Tubule Zone. By changing the
length of spiral blade in the tubule zone, the influence law
on the uniformity of gas and resistance loss of the unit is
investigated. The related cloud diagrams and curves are
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Figure 3: Effect of the number of helical blades in the mixing zone on the uniformity.
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shown in Figures 11 and 12. It can be seen from the figure
that the uniformity of gas and resistance loss of the unit
decrease with the increase of the length of the spiral blade
of the tubule, but the variation range is small. When the
length of spiral blade increases from 400mm to 1000mm,
the resistance loss decreases only about 10Pa. Although
the first three points in Figure 12 rise, the increase is only
2Pa, and the uniformity of gas is almost unchanged. It
shows that increasing or decreasing the length of spiral blade

has little effect on the performance parameters of air mixing
unit. Therefore, the selection of tubular spiral blades should
be balanced according to the corresponding indicators. Con-
sidering the manufacturing process and cost comprehen-
sively, keeping the length of tubular spiral blades at a small
level is a good choice.

3.6. Pitch of Spiral Blade in Tubule Zone. Figures 13 and 14
show the cloud map of methane composition at the outlet
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Figure 6: Influence of length of spiral blade on flow parameters in mixing zone.

400 mm 600 mm 800 mm 1000 mm

1800 mm1600 mm1400 mm1200 mm

0.08307
0.08116
0.07924
0.07733
0.07542
0.07351
0.07160
0.06968
0.06778
0.06586

Mole fraction of CH4

Figure 7: Influence of blade pitch on the uniformity in mixing zone.

Pitch of spiral blade in mixing zone (mm)

Re
sis

ta
nc

e l
os

s (
Pa

)

U
ni

fo
rm

ity
 (%

)

400

400

200

600

600

800

800

1000 1200 1400 1600 1800 2000

100

95

90

85

80

75 0

Figure 8: Influence of blade pitch on flow parameters in mixing zone.

6 Geofluids



of the device and the change rule of corresponding curves
when the pitch of spiral blade in the tubule zone is changed.
Similar to those of the mixing zone screw pitch change, with
the increase of the small batch screw pitch, unit flow resis-
tance is decreased at the first, then gradually levels off; this
is because when the total length of the spiral is fixed, the
smaller the pitch means the greater spiral angle of blade
and the gas flow. The small area of gas results in more
intense collisions with spiral screw blade centrifugal effect
of CBM becoming more intense. At this time, the flow rate
of methane gas escaping from the small tube increases, and

the collision with the fluid in the large tube becomes more
intense. When the screw pitch increases to a certain value,
the centrifugal effect of the screw on the fluid in the tube is
weakened and only the basic diversion effect exists. Unlike
the pitch change in the mixing zone, the small batch pitch
increase will improve overall uniformity of mixed gas unit.
This is because the pitch is small, spiral unit for a small tube
of methane gas centrifugal effect is bigger, and the methane
gas escape tubular will gain greater centrifugal momentum.
This means that the centrifugal speed increases when leaving
the small tube. As can be seen from Figure 13, when
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Figure 9: Influence of the number of spiral blades in the tubule zone on the uniformity.
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methane is mixed with the large pipe fluid in the mixing
zone, centrifugal action makes methane gas unable to dis-
perse well in the mixing zone, resulting in agglomeration.
At this point, the gas uniformity of the unit can be improved
by appropriately increasing the pitch of the blade in the
tubule zone to reduce its centrifugal effect on methane gas.
Therefore, for a 7000Nm3/h air mixing unit, an appropriate

increase in the pitch of the small tube zone can both improve
the uniformity of the unit and reduce the resistance loss.

3.7. Influence of Mixed Gas Flow Rate. After the gas mixing
unit is processed and installed according to the designed
structure, the structure and size cannot be changed, but the
flow rate of CBM is easily changed due to the influence of
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Figure 12: Influence of spiral blade length on flow parameters in tubule zone.
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gas extraction conditions in the coal mine. In order to ensure
the operation safety of downstream CBM utilization units,
the resistance and uniformity of CBM mixing must reach
the standard even if the flow rate changes.

Figures 15 and 16 show the variation trend of the mixing
performance of the 7000Nm3/h mixing unit with the change
of the operating flow rate. It can be found that with the
increase of the flow rate, the resistance loss of the unit pre-
sents a linear increasing trend, and the uniformity of gas
has little change within the range of the Reynolds Number
of 275000-375000. However, it increases slightly after Re >
375000. According to the calculation results, the increase
of uniformity can be ignored, so the designed mixing unit
can still meet the requirements of uniformity of gas when
the flow rate decreases. However, it is inevitable that the
resistance loss increases with the increase of Reynolds
number because the structure and size of the unit do not
change. With the increase of gas kinetic energy, the more
kinetic energy is lost due to the presence of resistance; that
is, the resistance loss of the unit increases with the
increase of gas flow.

4. Performance Parameter Prediction Model

The work above introduces the optimization process of the
structural parameters of the 7000Nm3/h flow mixing unit,
which is applied to the design of the mixing system of the
low-concentration CBM power generation unit. The gas
mixing units are analyzed and optimized with the rated flow
rates of 50000Nm3/h (used for coal bed methane power gen-
eration) and 160000Nm3/h (used for coal bed methane ther-
mal storage and oxidation) and finally obtain uniformity of
gas and pressure drop of the three units under different
structures and variable flow rates. The main factors affecting
the gas mixing effect of each unit are analyzed, which can be
used to guide the practical engineering application. Next, the
influence of each influencing factor on the gas mixing effect
is quantified, and the prediction of flow and gas mixing per-
formance under each working condition is realized through
mathematical correlation formula; that is, the prediction
model of resistance and uniformity can be obtained.

The uniformity of gas is a dimensionless number, and
the structural parameters of air mixing unit, including the
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Figure 15: Influence of air mixture flow change on the uniformity of gas.
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Figure 16: Influence of mixed gas flow change on flow parameters.
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number of spiral blades, spiral length, pitch, and air mixing
flow rate, all have units. Therefore, these parameters should
be treated dimensionless first, so that they are only quantita-
tively related. The unit of spiral pitch and spiral length is the
same as the unit of pipe diameter. It can be dimensionless by
division, and the flow rate is generally expressed in the form
of Reynolds number. The prediction model of uniformity U
is as follows:

U = A1 ×
Lm
dm

� �a

× Pm

dm

� �b

× Ls
ds

� �c

× Ps

ds

� �e

× Mm

Ms

� �f

× Reg:

ð8Þ

The unit of resistance loss is Pa, and its prediction model
is as follows:

ΔP = f × ρu2

2 , ð9Þ

where f is friction and form resistance factor and is a dimen-
sionless number. Considering the influence factors of fric-
tion and shape resistance factor f , the prediction model of
the resistance ΔP in equation (9) is as follows:

ΔP = A2 ×
Lm
dm

� �h
× Pm

dm

� �i

× Ls
ds

� �j

× Ps

ds

� �k

× Mm

Ms

� �l

× Ren × ρu2

2 :

ð10Þ

In equations (8) and (10), Re is the Reynolds number; L
is the length of the main spiral blade in the mixing zone; P is
pitch; d is the inner diameter of the pipeline; M is the num-
ber of spiral blades. Subscript m is the mixing area, and s is
the tubule zone. The physical meanings of Lm/dm and Ls/ds
are the length-diameter ratio of spiral blades in the mixing
zone and the tubule zone, respectively; the physical meaning
of ρu2/2 is kinetic energy lost per unit volume of fluid. The
task of correlation fitting is to determine the coefficients A1
, A2, a, b, c, e, f , g, h, i, j, k, l, n, and so on.

Linear regression is performed on the calculated data to
obtain the prediction mathematical models of resistance and
the uniformity of gas of each air mixing device.

The following is the prediction model of 7000Nm3/h gas
mixing plant:

U = 1:0768 × Lm
dm

� �−0:527
× Pm

dm

� �−0:139
× Ls

ds

� �−0:022

× Ps

ds

� �0:033
× Mm

Ms

� �−0:241
× Re0:01,

ð11Þ

ΔP = 55:5845 × Lm
dm

� �0:082
× Pm

dm

� �−1:854
× Ls

ds

� �−0:058

× Ps

ds

� �−0:114
× Mm

Ms

� �0:099
× Re0:006 × ρu2

2 :

ð12Þ

The following is the prediction model of 50000Nm3/h
gas mixing plant:

U = 0:1198 × Lm
dm

� �0:052
× Pm

dm

� �−0:456
× Lb

db

� �−0:003

× Pb
db

� �−0:053
× Mm

Mb

� �−1:177
× Re0:156,

ð13Þ

ΔP = 5:977 × 10−5 × Lm
dm

� �0:033
× Pm

dm

� �−1:696
× Lb

db

� �0:519

× Pb

db

� �−0:968
× Mm

Mb

� �0:162
× Re0:94 × ρu2

2 :

ð14Þ

The following is the prediction model of 160000Nm3/h
gas mixing plant:

U = 5:3924 × Lm
dm

� �0:04
× Pm

dm

� �−0:104
× Ls

ds

� �−0:015

× Ps

ds

� �0:027
× Mm

Ms

� �−1:568
× Re−0:156,

ð15Þ

ΔP = 2:0198 × Lm
dm

� �0:323
× Pm

dm

� �−1:859
× Ls

ds

� �0:013

× Ps

ds

� �−0:069
× Mm

Ms

� �0:096
× Re0:041 × ρu2

2 :

ð16Þ

By comparing the numerical simulation and prediction
model of three sets of gas mixing units, the prediction model
corresponds well with the simulation value on the whole
(Figure 17 shows the comparison between the simulated cal-
culated value and the associated predicted value of some
structural parameters of the 7000Nm3/h unit, and the com-
parison diagrams of 50000Nm3/h and 160000Nm3/h are
omitted here). Both the uniformity of gas and the resistance
loss are basically consistent in the overall trend, and the
maximum relative error between most of the simulated
values and the calculated values of the prediction model is
less than 10%. Local parts cannot fit well; the main reason
is as follows: first of all, because there are as many as seven
variables in each formula and each independent variable
influences the uniformity of gas and resistance loss differ-
ently, in the process of formula fitting, in order to ensure
the main influencing factors for gas mixed results, the influ-
ence of secondary parameters effect is weakened. Secondly, it
can be seen from Figure 17 that the results of simulation
operation fluctuate in some places. The mathematical model
expressed in equations (11)–(16) has weakened the influence
of these fluctuation points. Therefore, near these points, the
relative error between the simulation value and the calcu-
lated value of the prediction model is large, which belongs
to the normal phenomenon of simulation operation.
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Figure 17: Continued.
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5. Comparison of Experimental Results

In order to evaluate the accuracy of the above calculation
results, it is necessary to carry out experimental verification.
According to the numerical simulation results, three sets of
CBM mixing units are processed according to the structural
parameters shown in Table 1, with rated flows of 7000Nm3/
h (used for CBM power generation), 50000Nm3/h (used for
CBM power generation), and 160000Nm3/h (used for CBM
heat storage and oxidation), respectively. In the gas mixing
device with a flow rate of 50000Nm3/h, the flow rate and
concentration in the small pipe area are 45000Nm3/h and
0% (air), respectively, and the flow rate and concentration
in the large pipe area are 5000Nm3/h and 10%, respectively.
The average concentration of methane after mixing is 1%. In
the gas mixing device with a flow rate of 160000Nm3/h, the
flow rate and concentration of small pipe are 150400Nm3/h
and 0% (air), respectively; and the flow rate and concentra-
tion of large pipe are 9600Nm3/h and 10%, respectively.
The average concentration of methane after mixing is 0.6%.

After processing, they are installed on the inlet pipe of
the front end of each service CBM utilization unit. Differen-
tial pressure transmitters are arranged at the inlet and outlet
of the mixing unit to measure the resistance loss of the unit.
In the test system, uniformity is calculated from methane
concentration values at different radial positions on the out-
let section. As shown in Figure 18, the methane concentra-

tion sensor is arranged on the same section of the mixer
outlet, and the sampling pipe is also distributed in the center
line in the cross section. The amount of methane concentra-
tion sensors can be set according to the size of diameter of
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Figure 17: Comparison between simulation and correlation predicted value of gas mixing unit (7000Nm3/h).

Table 1: Structural parameters of gas mixing unit during processing.

Flow (Nm3/h)
Tubule zone Mixing zone

Number of slices Pitch (mm) Length (mm) Number of slices Pitch (mm) Length (mm)

7000 4 1400 700 3 1000 500

50000 Not set 3 2000 1600

160000 4 1400 700 2 2636 1845

Methane concentration sensor

Figure 18: Layout of gas uniformity measuring points of gas
mixing unit.
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mixed instruments and limitations of cost. In this experi-
ment, 6 sets of methane concentration sensors are arranged
in each mixing unit. After measuring methane concentration
at each point at the same time, uniformity can be calculated
according to the equation (6).

After the CBM utilization unit ran stably, the resistance
and uniformity of three units are tested at a rated flow rate,
and compared with the calculated values (as shown in
Table 2). A certain error is found between the calculated
values and the measured values.

The roughness of the wall surface and the processing
technology of the spiral blade could be the key factors caus-
ing resistance error in the experimental unit. Increasing the
wall roughness can improve the pressure drop of the unit.
Ordinary carbon steel is used in the processing of the air
mixing unit, and the wall roughness is set at 0.06 during cal-
culation, which may be different from the actual value of the
unit (as shown in Figure 19). In terms of processing technol-
ogy, the blade of the unit is not formed by mold integration,
but by a manual bending method. Therefore, in the process
of manufacturing and assembly, the change of blade cross
section angle and the reservation of necessary clearance in
the process of manufacturing will lead to the increase of
measuring pressure loss of the unit, but these factors cannot
be fully reflected in the numerical simulation.

CBM utilization unit requires that the resistance of mix-
ing unit is not more than 500Pa and the uniformity of gas is
not less than 90%. If the machine parameters are not reason-
able, it is difficult to meet the above two performance
requirements. Although there are errors between the calcula-
tion results and the experimental measured values, the struc-
tural parameters of the unit are optimized to meet the

requirements of the CBM utilization unit for the resistance
and uniformity of the gas mixing unit. Through numerical
simulation, technical measures can be provided to reduce
the resistance of the unit, improve the uniformity of CBM
mixing with different concentrations, and provide safety
guarantee measures for the downstream CBM utilization
unit.

6. Conclusion

(1) The concentration of low-concentration CBM
extracted from underground coal mine changes fre-
quently, which brings risks to the safe operation of
oxygenated CBM utilization unit. The gas mixing
unit can provide feed gas with stable methane con-
centration to ensure the safety and stability of the
operation of the oxygenated CBM utilization unit.
In the utilization of CBM, the resistance of the gas
mixing unit shall not be greater than 500Pa and
the uniformity shall not be less than 90%.

(2) In this paper, the construction method of three-
dimensional calculation model of low-concentration
CBM gas mixing unit is studied, and the three-
dimensional calculation model is constructed. The
experimental unit is processed according to the struc-
tural parameters optimized by the model, and the
calculation results are verified experimentally. Due
to the defects in the processing technology of spiral
blade structure, there are errors between simulation
calculation and experimental measurement data.
However, numerical simulation can provide techni-
cal measures for reducing the resistance of the unit
and improving the uniformity of CBM mixing with
different concentrations

(3) The overall spiral structure parameters are optimized
for three sets of units with different flow rates, and
the effects of different structure parameters on the
mixing effect of the unit are studied. On this basis,
the optimal structural parameters are optimized for
three sets of units with different flow rates. When
the flow rate is 7000Nm3/h, 50000Nm3/h, and
160000Nm3/h, the number of blades in the mixing
zone is 3, 3, and 2, and the pitch is 1000mm,
2000mm, and 2636mm, respectively. Blade length
is 500mm, 1600mm, and 1845mm; for the small
tube area, the mixing unit of 50000Nm3/h is not
equipped with blades. The number of blades of the
other two units is 4, the pitch is 1400mm, and the
blade length is 700mm

(4) The dimensionless mathematical correlations are
established for the uniformity of gas and flow resis-
tance of the three sets of units, respectively, and
the maximum error is controlled within 10% with
the simulation results, which provide guidance for the
design of other scale gas mixing units

Table 2: Comparison between calculation and measured results of
gas mixing unit.

Flow
(Nm3/h)

Resistance ΔP (Pa) Uniformity U
Calculated

value
Measured
value

Calculated
value

Measured
value

7000 81 94 97.80% 99.20%

50000 286 325 90.76% 98.80%

160000 498 485 91.46% 97.20%

Figure 19: Arrangement of spiral blades in the experimental unit.
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