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Abstract: Liquid concentration detection systems have been widely used in food, chemical, pharma-
ceutical, and many other industries. When the liquid flows, a large number of vortices will usually be
generated, resulting in increased turbulence intensity, which will interfere with the detection of the
concentration of the suspension. In this paper, a method for concentration detection by differential
pressure based on turbulence elimination is proposed to improve the reliability of concentration
detection results. The changes in the internal flow field corresponding to different lengths of the
turbulence elimination structure and different inlet angles are analyzed through numerical simulation.
Finally, the influence of changes in structure parameters on the accuracy of concentration detection is
tested through experiments. The results show that when the length of the turbulence elimination
structure is small, the vortex zone inside the concentration detection device changes with the inlet
velocity. When the length of the turbulence elimination structure is 150 mm, the vortex zone is
basically not affected by the inlet velocity. The stability of the flow field increases with the increase
in the inlet angle. When the inlet angle increases to 60°, a stable zone of turbulence will form in the
region where Y > 0.4 m. When the length of the turbulence elimination structure is 150 mm and
the inlet angle is 60°, the expected experimental results are obtained, and the actual needs of liquid
concentration measurement are met.

Keywords: concentration detection; differential pressure; turbulence elimination structure; numerical
simulation; optimal operating conditions

1. Introduction

Accurate detection of the liquid concentrations is very important for many industries
and production processes, including food processing, the chemical industry, and the
pharmaceutical industry [1-3]. Researchers around the world have studied some related
parameters, such as solid content, particle distribution, and flow rate [4-6]. At present, the
most commonly used detection techniques include optical methods, acoustic methods, and
differential pressure methods [7,8].

The effect of light scattering is produced when light rays are projected onto waterborne
particles. Optical detection methods use such effects to perform detection tasks [9]. Such
methods are mostly used to measure the content of particles suspended in the water and
the turbidities of liquids, and have been widely used in water quality monitoring and
water treatment [10,11]. Early optical detection methods, such as the Jackson Candle
Turbidimeter, mainly rely on the human eye to identify different turbidities. These methods
cannot perform automatic detection, and their detection accuracy is relatively low. For these
reasons, such methods cannot be used for detection in turbulent flows [11,12]. The precision
of commonly used turbidity meters has been improved, and these turbidity meters are
used more often for turbidity detection in low-turbidity liquids and for the processing of
small samples [12,13]. Acoustic detection methods obtain detection results relying on the
reflection of acoustic waves. Such methods are usually used to measure the concentrations
of suspensions [14,15]. However, the computational model of an acoustic detection method
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usually involves an ideal flow field, and the detection accuracy is greatly affected by the
flow field [16]. In some complex spaces, the accuracy of acoustic detection methods may
decrease [17]. For instance, when a suspension contains unusual substances, the attenuation
of acoustic waves may increase, and the acoustic waves may not be transmitted to the
receiver [18]. For liquids with complex flow fields, such as dynamic liquids that flow in
pipelines or liquids that can generate noise or bubbles when flowing [19-21], the detection
results produced by acoustic detection methods are not ideal.

Differential pressure methods are indirect detection methods that detect the concen-
trations of suspensions by calculating the pressure difference between the suspensions at
different heights. The detection results of such methods are less affected by the flow field
and the properties of the liquid to be measured. Moreover, such methods have several
merits, such as low cost and clear physical interpretation. Due to these merits, such meth-
ods have been widely used [22,23]. In this paper, a technique for concentration detection
by differential pressure based on turbulence elimination is proposed. In this method, a
turbulence elimination structure is used to create a stable flow field, thus enabling accurate
concentration detection [24]. The turbulent flow in the internal flow field of the concentra-
tion detection device under different structure parameters is simulated using the fluent
software to identify its characteristics, and the influence of the characteristics of turbulent
flow on the detection results and the regulation mechanism are analyzed.

2. Concentration Detection Device and Principle
Experimental Device

Figure 1 shows the differential pressure concentration measurement device and con-
centration measurement experimental system. The experimental system mainly includes
the following components: circulating water tank, water pump, valve, flowmeter, inlet
nozzle, turbulence elimination structure, observation tank, sensor and overflow tank.
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Figure 1. Differential pressure-based concentration detection device and system. (a) Differential pressure-
based concentration detection device. (b) Differential pressure-based concentration detection system.

In a homogeneous solution or suspension, two pressures will be generated at different
heights. In a vertical pipeline, the flow velocity of liquid remains constant at different
positions, i.e., u; = uy. As shown in Figure 2, according to the relevant knowledge of fluid
mechanics, the following formula can be obtained:

AP = pgAH 1)

where AP is the pressure difference detected by sensors at different positions, AH is the
difference between the vertical heights of different sensors, and p is the density of the liquid.
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Figure 2. Schematic diagram of the concentration detection principle.

For a suspension, the relationship between concentration and density can be expressed as:

Cop = (e —=1)pm % 1000 @)
pm —1

where C, is the concentration of the suspension, and p;, is the density of solids in
the suspension.

When the liquid to be detected flows through the pipeline, it has complex flow regimes
and generates a large number of air bubbles. A TES is incorporated into the system to
reduce the turbulence intensity of the flow and remove air bubbles from the flow. After the
state of the flow in the upper section of the concentration detection device has stabilized,
the stability and accuracy of pressure sensor readings will be greatly improved, which is
favorable for the further optimization of the device and the determination of the device’s
optimal operating conditions.

Structure parameters have great influence on the internal flow field of the detection
device, and the internal flow field will affect the readings of pressure sensors. The purpose
of the experiments is to investigate the effect of flow field changes caused by different
structure parameters on the differential pressure. During the experiments, the inlet velocity
(V)wassetto0.3m/s,0.4m/s,0.5m/s, 0.6 m/s, 0.7m/s, 0.8 m/s and 0.9 m/s, respectively,
and five separate experiments were designed for each inlet velocity. Pressure sensors were
installed at fixed positions, and the difference between their heights was measured: AH =
20 cm. During each separate experiment, after the flow field stabilized, the readings of all
sensors were taken within five seconds. The average value of these readings was taken as
the final result of the experiment, which was used to verify the effectiveness and validity of
measurement under the current experimental conditions.

3. Numerical Simulation
3.1. Computing Domains and Grids

A three-dimensional (3D) model of the concentration detection device was built. The
internal flow field was divided into grids in the grid module, and the gridding results
were uploaded into the fluent software. To improve the quality of model grids, structured
grids were used for the observation trough and TES, while unstructured tetrahedral grids
were used for other parts [25]. The numbers of grids corresponding to various structure
parameters are given in Table 1.

Table 1. Numbers of grids corresponding to various structure parameters.

Length of TES (M) Inlet Angle (8)
50 mm 100 mm 150 mm 30° 45° 60°
Number of grids 295,529 274,965 257,837 244945 257,837 239,511

Structure Parameters
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Figure 3a shows the combined grids corresponding to different lengths of the TES.
Figure 3b shows the grids of the inlet pipe corresponding to different inlet angles.
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Figure 3. Grids of different structures. (a) Grids corresponding to different lengths of the TES.
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(b) Grids corresponding to different inlet angles.

3.2. System Settings

The standard k-epsilon turbulence model was used for numerical simulation and
calculation, and the heat transfer process was not considered during the simulation. In
the solution process, the SIMPLEC model was used for pressure-velocity coupling [26,27].
A second-order upwind scheme was used for the pressure gradient and momentum gra-
dient, and a first-order upwind scheme was used for the turbulence kinetic energy and
turbulent dissipation rate. The boundary conditions were set as follows: purified water
was used as the medium, and the density of the fluid to be introduced into the system
was set to 1000 kg/ m?; the inlet mode was set to Velocity Inlet, the outlet mode was set to
Outflow; the inlet temperature was set to T = 20 °C, i.e., the viscosity of the fluid was set
tov =1.00381 x 1073 m?/s; and the inlet turbulence intensity was set to 5%. For physical
walls, the standard wall functions were used, and the no-slip and no-shear conditions were
set. The coordinate system settings of the geometric model are shown in Figure 1a. The
origin of the coordinate system is located at the center of the bottom of the inlet nozzle, and
the positive direction of the Y-axis is vertically upward.

4. Results and Discussion
4.1. Effect of the Length of the TES on the Flow Field
Figure 4 shows the streamline diagrams of the X = 0 m section and Z = 0 m section of

the observation trough in the flow field corresponding to an inlet angle of 45° and different
lengths of the TES.
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Figure 4. Streamline diagrams of different sections of the observation trough corresponding to
different lengths of the TES.

It can be seen from Figure 4 that there is a large vortex zone above the TES. The fluid
flow in this zone is chaotic and unstable. It can be seen from the X = 0 m section that, in
this area, the liquid flows upward from both sides and flows back in the middle, showing a
symmetrical vortex pattern on this section. Because the Inlet points to the negative direction
of the X-axis, the vortex shows an asymmetric pattern on the Z = 0 m section. The closer to
the Inlet, the larger the vortex zone and the higher the position.

To gain clearer understandings of the effect of the length of the TES on the internal
flow field, the distribution of turbulence intensities across the Z = 0 m section and X =0
m section was identified (as shown in Figure 5), and the distribution of the turbulence
intensities of the liquid near the lower edge along the Y-axis corresponding to different
lengths of the TES was measured (as shown in Figure 6). The different lengths of the
TES are as follows: Li: (0 m, 0.1 m, 0.48 m)—(0 m, 0.7 m, 0.48 m); Ly: (—0.24 m, 0.1 m,
0 m)—(—0.24 m, 0.7 m, 0 m).

Figure 6a shows the variation of turbulence intensity with the inlet velocity corre-
sponding to L; across the X = 0 m section. Figure 6b shows the variation of turbulence
intensity with the inlet velocity corresponding to L, across the Z = 0 m section. It can be
found from the flow field diagram that the vortex zone is affected by the length of the
TES and the inlet velocity. When the length of the TES is 50 mm and Y = 0.15 m, the flow
enters the vortex zone. When the inlet velocity is 0.3 m/s, the range of the vortex zone is
Y =0.15-0.25 m. When Y > 0.25 m, the turbulence intensity starts to decrease slowly, the
flow field is relatively stable, and the detection results are less affected by the internal tur-
bulence. When the inlet velocity is 0.6 m/s, the range of the vortex zone is Y = 0.15-0.30 m.
When the inlet velocity is 0.9 m/s, the range of the vortex zone is Y = 0.15-0.33 m. As the
length of the TES increases, the turbulent zone moves upward. When the length of the TES
reaches 150 mm, the effect of inlet velocity on the vortex zone is greatly reduced, and the
vortex zone remains stable in the following range: Y = 0.25-0.35 m.
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Figure 5. Distribution of turbulence intensities across different sections of the observation trough
corresponding to different lengths of the TES.
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Figure 6. Charts showing the changes in turbulence intensity with the length of the TES. (a) Changes
in turbulence intensity corresponding to L;. (b) Changes in turbulence intensity corresponding to L,.

The length of the TES also affects the distribution of turbulence intensities to a certain
extent. When the flow velocity is 0.3 m/s and Y > 0.4 m, the changes in turbulence intensity
in the stable zone of turbulence along the lines L1 and L, corresponding to different lengths
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of the TES are basically consistent. As the inlet velocity increases, the changes in turbulence
intensity vary with the length of the TES. For example, when the inlet velocity is 0.9 m/s
and the length of the TES is 150 mm, the turbulence intensity is slightly lower than those in
the other two cases, indicating that the length of the TES can inhibit the turbulence intensity
to a certain extent. In addition, the greater the inlet velocity, the more obvious such an
inhibition effect will be. By comparing the turbulent intensities along L; and Lj, it can be
known that the changes in turbulent intensity along L; are steadier when the inlet velocity
is high. Considering the fact that a sufficiently stable zone is required for concentration
detection, the length of the TES cannot be increased indefinitely. It is very reasonable to
take 150 mm as the final optimal length of the TES.

4.2. Effect of the Inlet Angle on the Flow Field

Figure 7 shows the streamline diagrams of the X = 0 m section and Z = 0 m section
of the observation trough in the flow field corresponding to different inlet angles. The
variation of inlet angle has a great influence on the flow field distribution in the observation
trough. When the inlet angle is 30°, two remarkable vortices can be observed on the Z =0
m plane. When the inlet angle is 45°, one remarkable vortex can be observed on the Z = 0
m plane. When the inlet angle reaches 60°, the vortex zone becomes much smaller than the
vortex zone corresponding to the inlet angle of 45°, and the internal flow field has basically
stabilized. Moreover, the streamline direction is vertical, and a larger stable zone forms in
the observation trough.

o

X=0m Z=0m X=0m Z=0m

8=30° 8=45° 62600

Figure 7. Streamline diagrams of different sections of the observation trough corresponding to
different inlet angles.

To better understand the effect of inlet angle on the internal flow field, the distribution
of turbulence intensities across the Z = 0 m section and X = 0 m section was identified (as
shown in Figure 8), and the distribution of the turbulence intensities of the liquid near the
measuring points along the Y-axis corresponding to different inlet angles was measured
(as shown in Figure 9). The different lengths of the TES are as follows: L;: (0 m, 0.1 m,
0.48 m)—(0 m, 0.7 m, 0.48 m); L,: (—0.24 m, 0.1 m, 0 m)—(—0.24 m, 0.7 m, 0 m).



Processes 2023, 11, 85

8 of 12

26.00
2470
2340
2210
20.80
19.50
18.20
16.90
15.60
14,30
13.00
11.70
10.40
9.10
7.80
6.50
5.20
390
260
1.30
0.00

0.70

0.60

< <
= L
= =]

=
Laa
[=]

Y Position(m)

020

0.10

0.00

=
Laa
=

Y Position(m)

020

=

A
L 2| |

- 0.10

- 0.00

X=0m Z=0m
0 =30°

in

X Z=0m

6 =45°

Om

Y Position(m)

0.70

0.60

[=]
L
=

=
e
=]

=
[
=

=
[
[=]

0.10

0.00

Z=0m
8 =60°

Figure 8. Distribution of turbulence intensities across different sections of the observation trough
corresponding to different inlet angles.
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Figure 9. Graph showing the changes in turbulence intensity along the Y-axis with the inlet angle.
(a) Changes in turbulence intensity along the Y-axis corresponding to L;. (b) Changes in turbulence
intensity along the Y-axis corresponding to L.
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Figure 9a shows the distribution of turbulence intensities along L; on the X =0m
section. Figure 9b shows the distribution of turbulence intensities along L, on the Z = 0 m
section. From the charts showing the distribution of turbulence intensities along L, it
can be seen that when the inlet angle is 30°, two remarkable peaks of turbulence intensity
appear. By analyzing the flow field diagram, it can be known that the positions of the
two peaks are the centers of vortices in the flow field. The reason for the appearance of
two peaks is that two vortices have been generated in the flow field. As the inlet velocity
increases, the peak of turbulence intensity gradually rises and moves toward the positive
direction of the Y-axis, indicating that the vortex zone gradually rises with the increase in
inlet velocity. This trend is consistent with the conclusion drawn when the variable is the
length of the TES. As the inlet angle increases, the peak of turbulence intensity declines
gradually. The results of observation for the inlet angle of 60° show that the turbulence
intensity is stable when Y > 0.3 m. When the inlet velocity is lower than 0.9 m/s, a stable
zone of turbulence can always be formed, which can effectively reduce the errors caused
by the flowing liquid during measurement.

4.3. Study of the Measuring Accuracy of the Experimental Device

Experiments was conducted using clean water as the medium, and the values of differ-
ential pressure (AP) at different inlet velocities were obtained through these experiments.
The theoretical differential pressure was theoretically calculated. For these experiments,
the maximum allowable error is 1%. The experimental results are shown in Figure 10.

1.965

1.960

o
R
<

1.950
1.945

1.940 A A A A A \
4

1 935 1 1 1 1 1
0.3 0.4 0.5 0.6 0.7 0.8 0.9

Inlet Velocity(m/s)

Differential Pressure(KPa)

Figure 10. Chart showing the changes in the measured differential pressure (in clean water) with the
inlet velocity.

In Figure 10, Q is the theoretical differential pressure, P; is the detected differential
pressure, and Q; = (1 — 1%)Q;, which denotes the lowest value of differential pressure
when the allowable detection error is 1%.

Given that AH =20 cm, the calculated values of Q; and Q, are as follows: Q; = 1.960 KPa,
Q2 =1.940 KPa. It can be known from Figure 10 that when clean water is used as the medium,
the detected differential pressure is always lower than the theoretical differential pressure and
tends to deviate from the theoretical differential pressure as the inlet velocity increases. When
the inlet velocity V < 0.8 m/s, the detection error is not more 1% and meets the requirements
for detection accuracy.

4.4. Study of Detection Accuracy at Different Densities

To further investigate the effect of inlet velocity on the stability of detection sensors,
we analyzed the errors in the experimental results corresponding to inlet velocities ranging
from 0.3 m/s to 0.9 m/s. The equation used for this error analysis is as follows:

Pij — Poj

; x 100%(i = 1,2,3,4,5,6,7;j = 1,2,3) 3)
0f

nij =
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where 7;; is the error between the detected differential pressure and the theoretical differential
pressure, p;; is the detected differential pressure, and py; is the theoretical differential pressure.

Figure 11 shows the changes in detection error with inlet velocity. Table 2 shows the
calculated theoretical differential pressures corresponding to liquids of different densities.
In all experimental results, the detection errors for the low-density liquid are greater than
those for the high-density liquid, but the detection errors are generally within a reasonable
range of 1%. When the inlet velocity reaches 0.9 m/s, the detection error for the low-density
liquid becomes greater, and the detection stability is greatly reduced. Therefore, it can be
determined that the optimal operating conditions of the concentration detection system
will be achieved when V < 0.8 m/s. The influence of liquid density on the flow regime
in the model and related parameters needs to be controlled by adjusting the inlet velocity
based on the actual operations conditions to improve the overall performance of the system
in concentration detection.

1.40

1.20

0.20

0.00 1 1 1 1 1
0.3 0.4 0.5 0.6 0.7 0.8 0.9

Inlet Velocity(m/s)

Figure 11. Chart showing the changes in detection error with inlet velocity corresponding to different
liquid densities.

Table 2. Theoretical differential pressures corresponding to liquids of different densities (AH = 20 cm).

Density (g/mL) 1.0 1.3 1.7

Theoretical differential pressure (KPa) 1.960 2.548 3.332

5. Conclusions

The numerical simulation results of TES with different lengths show that the eddy
current region is affected by the TES length and inlet velocity. The longer the TES, the
higher the stability of turbulence intensity in the observation trough. When the inlet
velocity increases to 0.9 m/s, the distribution of turbulence intensity changes significantly
with the length of TES. The longer the TES, the lower the turbulence intensity.

The simulation results of different inlet angles show that the peak turbulence intensity
decreases with the increase of the inlet angle. When the inlet angle is 60°, the turbulence
intensity on the upper part of the concentration detection device is stable, and a stable
turbulence zone is formed, which can effectively reduce the detection error and improve
the detection accuracy.

The experimental results show that when the TES length is 150 mm and the inlet angle
is 60°, the change of detection error of low-density liquid is greater than that of high-density
liquid, but the detection error is within a reasonable range. When V < 0.8 m/s, the test
result is reasonable and effective. Adjust the inlet velocity according to the actual operating
conditions to improve the concentration detection performance of the system.
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