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ABSTRACT

Taking the large storage tank as the cleaning object, a cleaning robot integrating shoveling, crushing, sweeping
and dust-absorbing was developed, and its dust-absorbing system was analyzed and optimized. Firstly, Fluent-
EDEM gas-solid coupling was utilized to simulate the dust-absorbing system. By analyzing the fluid distribution
and particle trajectory, the internal structure of the dust collection box was optimized to reduce the dust
particles entering the fan box. Then, by analyzing the structural parameters of the suction nozzle, the influence
of the nozzle shoulder angle, nozzle length, and shoulder height on the dust-absorbing effect was explored,
and the parameters were determined, so as to reduce the energy loss and increase the flow rate on both sides
of the nozzle. Finally, through the dust suction test, different models of nozzles were tested for dust suction,
and the wind speed at the nozzle was measured, and the leakage of dust particles on both sides of the nozzle
was significantly reduced after optimization, which verified the reliability of the simulation results and provided
a theoretical basis for the design of the sweeping robot.
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INTRODUCTION

Currently, there are two main ways of cleaning large storage tanks. One is to utilize robotic arms
carrying water spraying devices (Bogue and Robert, 2011; Buckingham and Graham, 2012; Dandan et al.,
2015; Michal, 2012), and the other way is to utilize cleaning robots (Anonymous, 2012; Asafa et al., 2018; Azizi
and Naderi, 2013; Nesaian and Karthikeyan, 2012; Song et al., 2020). In this study, a clean-up robot was
designed to clean large tanks. As the last part of the cleaning operation, vacuuming collects the residues. In
order to avoid secondary processing of the collected dust particles, the vacuuming device is required to not
only collect, but also automatically pour the collected dust particles into a collection container.

At present, many researchers have done a lot of studies on the dust suction port used in various
occasions, including various studies on the geometry of the dust suction port and the organization of the airflow
inside the dust suction port. Chen (Chen, 2023) improved the geometric structure of the dust suction port on
the basis of the traditional model of dust suction port. In order to increase the working efficiency of the dust
suction port, side baffles perpendicular to the wings were added to the edges of the left and right wings, which
is conducive to optimizing the direction of airflow through the bottom of the dust suction port, resulting in a
smoother flow of airflow and improving the dust removal efficiency. Through the study of the suction port of
the vacuum truck, Walter et al., (2012), found that changing the traditionally used straight up and down suction
port into a new type of suction port with a certain angle had a better control effect on the internal dust-containing
airflow, and the streamlined structural design allowed particulate matter to be discharged more quickly.
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Yang et al., (2012), analyzed the effect of the extended area outside the suction port on the dust
removal performance through simulation experiments, which added a new research direction for the simulation
experiments of the suction port.

Some scholars used discrete eddy method to test, and proved that the structural parameters of the
dust hood flange length and tilt angle would have an impact on the dust absorption efficiency (Logachcv et al.,
2019). Lu et al., (2023), used a reasonable turbulence model to analyze the factors causing the escape
phenomenon and derived the trajectory of particles in industrial production. Huang, (2016), used numerical
simulation to study the law of gas-solid two-phase flow under high temperature conditions, and found that the
height of the dust hood from the heat source was a key factor affecting the escape of high-temperature dust,
and proposed to change the dust hood from the heat source height offset and the ventilation of the dust hood
could be effective in controlling the escape of high-temperature dust. Xi et al., (2016), used Fluent to
numerically simulate the gas-solid two-phase flow characteristics inside the dust suction port, and found that
the increase of the inclination angle of the front baffle of the dust suction port and the pressure drop of the dust
suction port could improve the dust suction efficiency. Wang and Tan, (2020), used Fluent to analyze the
working process of the dust extraction hood, and concluded that the height of the dust extraction aperture from
the ground and the height of the shoulder of the dust extraction port had an effect on the dust extraction
efficiency.

Although a large number of researchers have optimized the inner cavity structure of the suction nozzle
(Guo et al., 2019; Huang et al., 2019; Zhou et al., 2024; Ye, 2023), the interaction of the influence of each
parameter on the dust removal effect is not considered, and a single study of a certain factor can no longer
meet the design requirements. Therefore, based on the dust suction system of the existing robot, Fluent is
used to analyze the dust transport law and the influence of the structural parameters of the dust collection box
and nozzle on the dust suction effect, to further optimize the structure of the nozzle and the dust collection box
and to carry out engineering verification, so as to improve the performance of the dust suction system.

MATERIALS AND METHODS

Robot vacuuming system design

The overall structure of the robot is shown in Fig. 1(a). The residue is pulverized with a crushing device,
and then the disturbed residue is sent to the collection container by a shoveling device. Fine particles are
absorbed by the vacuuming device and sucked into the dust collection box through the suction nozzle at the
bottom of the vehicle, and finally the absorbed residue is poured into the collection container, thus completing
the whole residue cleaning and collection work.

As the final part of the cleaning operation, the main task of the dust suction is to clean and collect the
residue concentrated by the cleaning. The structure of the dust suction device sketch is shown in Fig. 1(b).
The working principle of the dust-absorbing device is to utilize the gas from the suction nozzle into the hose to
bring the residual dust particles into the dust collection box, and then the gas passes through the top of the
baffle into the fan box and is then discharged by the fan. Dust particles will continue to gather in the mouth of
the tube and between the baffle plates.

The design of the nozzle is very important for the whole vacuuming system, and the rationality of the
nozzle design largely determines the vacuuming efficiency. The main structural parameters of the nozzle of
the vacuuming device designed in this paper are: nozzle outlet area S, nozzle length L, nozzle width B, nozzle
height H and nozzle shoulder height Hi, shoulder angle a, as shown in Fig. 1(c).

a) the cleaning robot
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b) Structure of dust suction device; ¢) Suction nozzle structure

Fig. 1 - Structure of the cleaning robot
1- synchronous wheel, 2-synchronous belt, 3-dust collection box, 4-dust outlet pipe, 5-baffle plate, 6-filter,
7-electric fan, 8-fan box, 9-connecting sleeve, 10-suction nozzle, 11-hose, 12-helm, 13-seat, 14-seal plate

RESULTS
Simulation analysis and optimization of vacuum box

In the simulation, dust particles enter the dust collection box through the suction nozzle and hose.
In the simulation process, the particle diameters are set as 0.5 mm, 1 mm, 1.5 mm, 2 mm and 2.5 mm.
The number of each kind of particle generation is set to 100. The time step of FLUENT in the simulation
process of this paper is set to 1E-04 s, and the number of time steps is 10000.
® Structural analysis of dust collection box

The rationality of the structural design of the dust container is analyzed by Fluent-EDEM coupled
simulation (Lin et al., 2023). The flow field in Fluent and the particle trajectory in EDEM are combined to
analyze the structure of the dust collection box, as shown in Fig. 2(a).

As can be seen from Fig. 2(a), when the gas flow will enter the dust collection box from the
pipeline, the gas flow rate at the entrance is obviously higher, and the gas flow is dispersed to both sides
when it reaches the upper wall of the box. The gas flow velocity at the upper wall of the box is also
significantly higher than other parts. Due to the higher gas flow rate above, the dust particles may cross
the baffle plate with the gas flow into the fan box, and the vortex phenomenon appears on both sides of
the dust particle inlet. As shown in Fig. 2(b), it can be seen that most of the particles are scattered in the
dust collection box, but some of the particles enter into the fan box. The trajectory of the dust particles
into the fan box can be clearly seen from the particle trajectory. Based on the velocity vector diagram, it
can be seen that particles enter the box from the pipe opening. Due to the wind force of the fan, particles
move towards the upper port of the fan box from the outlet.
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Fig. 2 - Velocity vector map and cloud
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In order to better study the particles entering the blower box, and to provide data support for the
subsequent optimization of the dust collection box, the particles entering the blower box are counted, as
shown in Table 1. It can be seen that the smaller the particles are, the easier it is to enter the fan box.
When the particle diameter is 2.5 mm, the particles entering the fan box obviously become less.

Table 1
Probability of entry of different particles
. . Pre- opt Post- opt
Particle diameter (mm) Number (gF:ains) Number (grpains)
0.5 57 31
1 30 18
15 19 8
2 9 4
25 6 0

®  Structural optimization of dust collection box

In order to reduce the particles into the fan box, the internal structure of the box is optimized and
improved. As shown in Fig. 3, a baffle plate is added above the tube outlet and the inlet of the fan box.
When the particles enter the dust collection box from the tube outlet, the particles will slide downward due
to the blocking of the plate fixed on the top.
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Fig. 3 - Structure of the optimized dust collection box
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Fig. 4 - Optimized fluid velocity vector map, velocity cloud and trajectories

The internal structure of the dust collection box is improved, and EDEM analysis is used to obtain
the fluid velocity vector map and velocity cloud map inside the box, as shown in Fig. 4(a). From the fluid
velocity vector map and velocity cloud diagram, it can be seen that the optimized fluid inside the box
changes the direction. As shown in Fig. 4(b), it can be clearly seen that there are more dust particles
gathered under the baffle, and the dust particles in the fan box are obviously reduced. The airflow enters
into the fan box from the outlet bypassing the baffle plate. When particles reach the baffle from the tube
opening, the particles will slide downward due to the existence of the baffle.

By counting the particles in the fan box, the number of different particles entering the fan box is
obtained, as shown in Table 1. Comparing with the particles before the optimization analysis, it can be
concluded that the quantity of particles entering the fan box is significantly reduced, and the most obvious
is the particles with a size of 1.5 mm to 2 mm.
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® Structural analysis and optimization of the suction nozzle
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Fig. 5 - Air velocity distribution at nozzle inlet with different shoulder
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The rationality of the structural design of the suction nozzle is extremely important, and its
structural parameters have a great influence on the dust suction efficiency. Through the simulation
analysis of the structural design and performance of the nozzle, the stability of the flow field inside the
nozzle is ensured.

As shown in Fig. 5(a-d), it can be seen that the flow rate in the center of the nozzle is larger, and
the flow rate on both sides is smaller. With the change of the shoulder angle, the yellow area in the center
of the nozzle and the light blue area on both sides have different changes, indicating that the shoulder
angle has a greater influence on the airflow inside the nozzle. The maximum and minimum values of the
gas flow at the entrance of the nozzle were chosen to analyze and compare, and observe the overall
change rule of the flow rate under the change of shoulder angle, as shown in Fig. 6(a). The change of the
shoulder angle has a greater effect on the flow rate on both sides of the nozzle and a smaller effect on
the flow rate in the middle of the nozzle. The maximum and minimum flow velocities show a certain trend
when the shoulder angle changes from 105° to 110°, and the change trend becomes smooth from 115°
to 120°. The shoulder angle is selected 115° as the optimal parameter in this range.

Figure 5(d-h) shows the effect of changes in nozzle length on the airflow velocity at the nozzle
inlet while maintaining a shoulder angle of 115 °. Fig. 6(b) shows that the change of nozzle length mainly
affects the gas flow velocity on both sides of the nozzle shoulder, and has less effect on the flow velocity
in the middle of the nozzle. The gas flow velocity decreases slowly when the nozzle length is 150 mm to
160 mm, and the gas flow velocity decreases more when the nozzle length is 170 mm to 180 mm.
Considering that the nozzle length not only affects the flow rate of the nozzle, but also affects the working
width, the nozzle length of 160 mm is selected as the optimal parameter choice.

As shown in Figure 5(i-1), the airflow velocity distribution at the nozzle inlet at different shoulder
heights was obtained through simulation, with a shoulder angle of 115 ° and a nozzle length of 160 mm.
The airflow velocity values under different shoulder heights are compared and analyzed as shown in Fig.
6(c). It can be found that the maximum and minimum flow velocities show a decreasing trend with the
increase of shoulder height. The shoulder height of 5 mm is selected as the optimal choice.

Analysis shows that the maximum and minimum flow rates at the nozzle are the highest when the
shoulder angle is 115°, the nozzle length is 160 mm, and the shoulder height is 5 mm. The optimized
cross-section of the vacuum device is shown in Fig. 7.
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Comparison of the number of dust particles entering the fan box before and after optimization are
shown in Table 2. Comparison shows that the optimization of the nozzle structure reduces the number of
dust particles entering the fan box, improves the airflow velocity at the nozzle inlet without changing the
overall structure, reduces the occurrence of leakage, and improves the efficiency of dust suction.

Table 2
Comparison of data before and after optimization
Projects pre- post-
opt opt
Percentage of dust particles entering the fan box (%) 31.84 16.05
Maximum velocity of the cross-section at the suction inlet (m/s) 20.01 22.03
Minimum velocity of the cross-section at the suction inlet (m/s) 7.89 11.54
Differential flow rate at the suction port (m/s) 12.12 10.49

Changing the internal structure of the dust collection box reduces the probability of dust particles
entering the fan box by 15.75%. The flow rate at the inlet of the nozzle is the largest relative to 22.03 m/s
and the minimum flow rate is the largest relative to 11.54 m/s, which can be taken as the optimal choice.

Sample machine test
® Analysis of suction nozzle flow rate

In order to detect the airflow at the entrance of the nozzle, a set of detection points are set up at
the entrance of the nozzle to detect the size of the airflow velocity at three points at the entrance. The
experimental error is used to analyze the reliability of the simulation results, and the error calculation
formula is as follows:

Hq—H

Q= - X 100% b

where, @ is the error, Ha is the experimental value, H is the simulation value.

) Different height, lengths and angles
Fig. 8 - Dust Extraction Unit Test Stand and different sizes of suction nozzles
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As shown in Fig. 8, a speed-adjustable conveyor belt is used to simulate the working conditions
when the work is in progress, and the dust particles are evenly spread on the conveyor belt, so that the
effect of the suction nozzle in picking up the dust particles can be more clearly observed.

Fig. 8(b) shows suction nozzles with different shoulder heights, different lengths, and different
shoulder angles. Measurement points at the inlet of different nozzles were measured.

It can be seen from Table 3 that there are different errors between the measured data and the
simulated data for each nozzle. For measurement point 1, the largest error value appears at the nozzle
with model number 6, and its error value is 16.43%. For measurement point 2, the large st error occurs at
the nozzle with serial number 3, and the error value is 16.72%. For measurement point 3, the largest error
occurs at the nozzle of serial number 6, with an error value of 15.56%. The measurement data of the
suction nozzle shows the same trend with the simulation data.

Table 3
Data of measurement points
Gas flow speed
Serial Nozzle type (mls)

No. (oc—L—Hl) Measurement Simulation Measurement Simulation Measurement Simulation
point 1 data point 2 data point 3 data
1 100-190-10 9.15 10.82 20.56 22.73 9.68 10.32
2 105-190-10 8.48 10.13 19.69 21.98 8.45 10.15
3 110-190-10 9.36 11.18 18.12 21.15 9.21 11.18
4 115-190-10 9.45 10.62 18.01 20.39 9.45 10.60
5 120-190-10 9.85 11.46 17.46 20.01 9.38 11.45
6 115-150-10 13.33 15.52 19.05 21.89 13.53 15.52
7 115-160-10 13.46 15.18 20.03 21.64 13.58 15.18
8 115-170-10 11.95 13.48 18.98 20.86 11.94 13.95
9 115-180-10 10.21 12.19 18.65 20.55 10.43 12.24
10 115-160-5 14.48 16.46 20.96 22.03 14.48 16.46
11 115-160-15 13.36 15.06 19.23 20.31 13.35 15.06
12 115-160-20 12.03 13.46 18.48 20.03 12.08 13.45

® Sample machine performance test

(b) 115-190-5
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Fig. 9 - Comparative test of dust-absorbing effect

A quantity of 50 g of dust particles were taken from the test site and spread evenly on the conveyor
belt of the test stand. Two types of nozzles were taken from the two parameters to analyze and compare. Take
the suction nozzle model were 105-190-5, 115-190-5, 115-170-5, 115-160-5 as the object of the test. The
speed of the conveyor belt was set to 0.1 m/s to simulate the forward speed of the cleaning robot, and the
distance between the nozzle inlet and the conveyor belt was set to 10 mm. The effectiveness of different
models of nozzles was investigated by observing the distribution of dust particles on the conveyor belt.

As shown in Fig. 9, the effect of the nozzles before and after vacuuming can be clearly seen from the
conveyor belt. In Fig. 9(a) (b) (c), the nozzles all have the phenomenon of leakage of dust particles on both
sides, and the degree of leakage on both sides of the nozzles is different with the change of the shoulder angle
and nozzle length. Fig. 9(d) shows the optimized vacuuming effect, compared with other models of nozzles,
there is no leakage of dust particles on both sides.

CONCLUSIONS

(1) The structure of the dust collection box was optimized. Through the comparative analysis of the data
before and after the optimization, the dust particles entering the fan box were reduced by 15.75%.

(2) The shoulder angle optimal parameters were selected to increase the gas flow rate to improve the
dust suction efficiency.

(3) Through the performance test of the cleaning robot, it was concluded that the leakage of dust
particles on both sides of the suction nozzle was obviously improved.
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