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Abstract
Respirable coal mine dust (RCMD) is one of the biggest occupational health hazards for underground coal miners. Dusty 
mining environments can cause long-term health problems, including pneumoconiosis and progressive massive fibrosis. 
The Mine Safety and Health Administration (MSHA) has recently revised regulations promoting enhanced dust mitigation 
technologies, which have sparked renewed interest in the development of dust mitigation technologies. The flooded bed 
dust scrubber (FBS) is one of the most widely used technologies; however, it is limited by technical challenges, the most 
notable being the potential to clog. Recent studies have shown that applying vibration to filter mesh can improve the overall 
efficiency of the scrubber and that the system can be readily integrated to existing continuous mining equipment using an 
energy harvesting approach. In this follow-up study, the impact of mesh design and surface modification on system efficiency 
was examined using different vibrating liquid-coated stainless-steel mesh panels in a laboratory-scale FBS. Based on the 
two-way interaction data from a multi-factor experimental design, the results show that the performance of the system can 
be optimized by using hydrophilic 20- or 30-layer filters and by excitation frequencies between 67 and 134 Hz. This labora-
tory study suggests that a 20-layer mesh screen with hydrophilic surface applications and optimized vibration parameters 
can perform similar to that of a 30-layer static mesh, which is typically used in industrial units.

Keywords  Flooded bed dust scrubber · Continuous miner · Vibrating mesh filter · Surface modification · Filter density · 
Dust collection efficiency

1  Introduction

Respirable coal mine dust (RCMD) is one of the most signif-
icant occupational health hazards in the coal industry [1–5]. 
RCMD is defined as a particulate matter that has an aero-
dynamic diameter of below 10 μm and a median cut point 
of 4 μm [6]. It has been reported that this substance can be 
deposited anywhere along the lung’s gas-exchange region 
[4]. According to recent research, smaller particles may pose 
more risk to health within their respirable range than larger 
particles [7]. In addition, technological advances in min-
ing equipment have led to more powerful cutting, which, 
in turn, may cause smaller particles to be released into the 
mine area during the mining and drilling processes [8, 9]. 

Coal miners who work in dusty mining environments have 
been shown to suffer from long-term health effects, includ-
ing but not limited to coal workers’ pneumoconiosis (CWP) 
and progressive massive fibrosis (PMF) [10]. The Federal 
Coal Mine Health and Safety Act (Public Law 91-173) was 
enacted in 1969 to prevent the development of CWP in coal 
miners. It sets a limit at 2 mg/m3 [11] for RCMD level with 
a minimum of 5% quartz. Regulations limiting respirable 
dust exposures, along with better ventilation and dust miti-
gation techniques, have contributed heavily to the decline 
in disease incidence in the US over the following several 
decades [4, 12–14]. However, since the late 1990s, the dis-
ease incidences have been on the rise [12, 14, 15] with some 
studies suggesting even 0.1–0.2 mg/m3 exposure [6] can be 
harmful to the lungs. As a result of these issues, the Mine 
Safety and Health Administration (MSHA) implemented a 
new dust standard on August 1, 2016, requiring dust levels 
at the working face to remain below 1.5 mg/m3 and intake 
entries below 0.5 mg/m3. Even though underground dust 
control has been the subject of research and inquiry for 
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several decades, these revised regulations have prompted 
renewed interest in the area, particularly in the development 
of new technologies [16].

Dust control and mitigation strategies in modern mining 
include cutter-mounted sprays and dust scrubbers [17–22], 
while the ventilation system itself is also essential [23]. Aug-
menting these primary approaches, the flooded bed scrub-
ber (FBS) mounted on the continuous mining machine is a 
widely adopted technology found in nearly all modern coal 
mines [24, 25]. The FBS works by drawing dirty air near the 
cutting head into a scrubbing duct. Here the dirty air passes 
through a mesh screen where water is continuously sprayed. 
The interaction of the water spray and mesh panel wets or 
captures the dust particles, which are subsequently captured 
in a mist eliminator. The dry clean air is then discharged at 
the rear of the machine where an exhaust fan induces the 
airflow needed for the scrubber [26]. Figure 1 shows a depic-
tion of the FBS, with the slight adaptation of a vibration 
inducer that prompts controlled vibration to the mesh screen.

While FBSs are ubiquitously in continuous mining appli-
cations, they face numerous technical challenges. Most sig-
nificantly, the units exhibit a fundamental tradeoff between 
airflow and mesh density. Higher mesh densities typically 
have higher particle capture rates; however, they also pro-
duce higher pressure drops, which reduce the amount of 
air that can be cleaned through the scrubber. Alternatively, 
low-density meshes can achieve higher air flow rates; how-
ever, the dust capture capacity is poor [26]. These issues are 
further compounded when the filter mesh is clogged, which 
reduces overall efficiency and necessitates frequent cleaning. 
At least one study shows that even a 20-foot advancement 
can reduce scrubber airflow by 35% [28]. Operational down-
time caused by the cleaning process slows the production 
rate because of overall system degradation [29].

In recent years, research and development efforts have 
sought to directly address these challenges. In one example, 
a vortecone non-clogging wet filter used in the automobile 
industry to collect oversprayed vehicle paint particles [30] 
was used to replace the dust collector within the FBS [31]. 
Later, this structure was modified to minimize resistance 

for use at much higher airflows [32]. In a separate study, 
researchers proposed an impingement-type filter facilitating 
dust removal by preventing the straight flow [33]. Recent 
attempts have been made to improve system performance 
by utilizing vibration-enhanced filter panels [27, 34, 35]. 
Many industrial applications have benefited from enhanced 
particle filtering using vibrating filter media, including size 
classification, filtering, and dust collection/removal [36–40]. 
It has also been shown that directly stimulating the filter 
media can reduce clogging problems in membrane filters 
[41, 42]. In-mine vibrational analysis on continuous miners’ 
data exhibits peak acceleration levels occur around 100 Hz 
[43]. Additionally, the authors observed that the mesh screen 
responded with maximum vibrational energy when it excites 
in the range of 10–200 Hz [27].

Recent studies by the authors and colleagues have dem-
onstrated the utility of vibration-enhanced FBS units. In an 
initial study, vibration-enhanced mesh panels were simulated 
through three-phase computational fluid dynamic (CFD) 
models [34, 35], and the results indicated that the vibrat-
ing mesh provides stronger dust particle-mesh interactions 
than the static mesh and that the strength of the interac-
tion increases as vibrational energy increases, resulting in a 
greater level of dust collection. It was found that the lowest 
amplification values produced more particle collection than 
the higher values simulated. More recently, an experimen-
tal study validated that adding a vibration-enhanced mesh 
panel to a laboratory scale FBS can improve dust collection 
efficiency over that of a static unit by 6%. In that study, 
the system was also analyzed to investigate the size-by-size 
recovery of dust particles to various endpoints in the scrub-
ber, under both vibrating and static conditions. Results show 
that while a majority of the particles are recovered into the 
demister sump, nearly a quarter of the dust mass is recov-
ered upstream of the screen. In addition, the data confirm 
that vibration prompts notable improvements to collection 
efficiency, particularly particles with a diameter of less than 
2.5 microns [27]. As a result of the induced vibration, more 
dust particles can be captured by water droplets, surface wet-
ting can be improved, and airflow rates can be sustained 

Fig. 1   Flooded bed scrubber 
[27]
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for a longer period of time [27, 34, 35]. To implement the 
concept, energy harvesting approaches and specific spring 
configurations enable natural vibrations generated by con-
tinuous mining machines to be transmitted to mesh screen 
panels in FBSs [35, 44].

As a follow-up study of Uluer et al. [27], this study pro-
poses further modifications to the standard FBS through 
surface modifications of the mesh filter. Many prior studies 
have evaluated the use of wetting agents and other modifi-
cations to the spray water; however, the results are largely 
inconsistent between studies and even within the same study 
[45–49]. In the current study, an alternative approach was 
applied, whereby the modification is applied to the filter 
media rather than the spray water. These surface modifi-
cations can increase adhesion between mine dust particles 
and liquid interfaces by increasing evenly wetting the mesh 
screen surface with liquid. A hydrophilic surface will enable 
water droplets to remain on the mesh for a longer period 
of time and thus allowing the drops to capture more dust 
particles. Hydrophobic surfaces will, however, enhance the 
rate of drop drainage, allowing droplets to continue their 
path to the mist eliminator. Considering these two competing 
effects, different coatings have been tested which provide a 
variety of surface wettability properties. Vibration-enhanced 
and surface-modified stainless-steel mesh panels with a 
variety of thicknesses were tested in this study to evaluate 
the combined effect of mesh design and surface modifica-
tion on dust collection. For this purpose, several tests were 
conducted using a laboratory-scale FBS equipped with a 
vibration-enhanced mesh screen.

2 � Materials and Methods

2.1 � Testing Setup

The test setup used in this study is identical to that of Uluer 
et al. [27]. Salient details from that study are provided here 
for reader convenience.

A bench-scale scrubber was manufactured by scaling 
down the parameters of a typical underground coal mine 
FBS. With an internal cross section of 0.152 m × 0.152 m, 
the chamber features a feeder, a jet mill grinder, an upwind 
section, a mesh screen unit, a shaker unit mounted on the 
side of the mesh screen unit, a demister unit, a downwind 
section, a fan, and a dust collector (Fig. 2). Both the upwind 
and downwind sections are 1.22 m long and have sampling 
stations for measuring air velocity and pressure. Each mesh 
screen and demister housing section is 0.36 m long, and both 
sections are equipped with grated blackwater sumps under-
neath. Through an actuating rod and clamping mechanism, 
the mesh screen was mounted to a Brüel and Kjær Type 
4809 electromechanical shaker. SDG1000X function wave-
form generator generated the signals, which were applied 
to the shaker through a Brüel and Kjær Type 2718 power 
amplifier for base excitation (Fig. 3).

A volumetric screw feeder and a Trost jet mill are used 
to introduce dust material into the system. The two units 
are independent of one another and control dust size and 
concentration. This ensures that the dust introduced to the 
scrubber has fresh surfaces, as in a fully operational FBS. 
Keystone Black material obtained from Keystone Filler & 
Mfg. Co. was fed to the jet mill. This coal dust contains a 
low inherent moisture content of 1.4 ± 0.10% with a dry ash 
content of 14.6% ± 0.04%. 95% of the feed dust produced 

Fig. 2   Testing setup

Fig. 3   Vibratory instrument: waveform generator (left), power ampli-
fier (middle), electro-mechanic shaker (right)
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by the jet mill passed approximately 10 microns and roughly 
50% of it passed 5 mm microns. The dust material was 
selected because of its highly hydrophobic properties and 
high carbon content which mimics most RCMD materials. 
Air sampling cassettes preloaded with Teflon filters were 
used to collect dust samples from upwind and downwind 
sections during testing. As in the prior study, the particle 
size distribution of the samples was determined offline using 
a Microtrac S3500 laser particle size analyzer. Figure 4 
shows the sampling ports positioned parallel to the incom-
ing airstream at the chamber’s centerline velocity.

2.2 � Methodology

An efficiency study was conducted to determine the effects 
of vibrating filter panels with various mesh designs. Each 
test was conducted for 5 min, during which pressure drop 
and air velocity were continuously measured using pitot 
tubes, hot wire anemometers, and digital manometers to 
determine the level of mesh screen clogging. Each trial was 
conducted at an initial airspeed of approximately 9.5 m/s, 
and post-run air velocity measurements were taken to meas-
ure air velocity loss. Dust particles were introduced into the 
system at a rate of 22.7 g/min. The sampling pump flow 
rate was kept at 5 lt/min. Previously optimized parameters 
for water flow rate and vibrational parameters were used in 
the tests [27]. These values were respectively 3 lt/min for 
water flow rate, 30 dB for amplifier gain, and 134 Hz for 
frequency. These values were maintained throughout the test 
runs to ensure consistency in the experiments.

To ensure accurate and reliable measurements, various 
quality control and quality assurance measures were imple-
mented during gravimetric sampling and analysis, with par-
ticular scrutiny in the pre- and post-filter sampling regions 
as well as other areas with relatively high airflow velocities. 
Prior to each test, all sampling and monitoring equipment, 
including pumps, flow/pressure meters, and filter holders, 
were calibrated to ensure accurate airflow measurement, 

crucial for calculating dust deposition rates. To avoid bias, 
sampling locations within the wind tunnel were chosen 
where airflow velocities were relatively uniform and repre-
sentative of the overall flow conditions. Areas near bends, 
junctions, or regions with turbulent flow were avoided, as 
these were anticipated to yield inaccurate sampling. During 
tests, the sampling duration was adjusted to accommodate 
the high airflow velocities and avoid both insufficient dust 
deposition (due to a short duration) and sample overloading 
(due to a long duration). Prior to data collection, exploratory 
tests were conducted to determine the appropriate sampling 
duration based on expected dust concentrations and airflow 
velocities. After each test, rigorous data validation proce-
dures, including duplicate sampling and blank filter analysis, 
were implemented to ensure the accuracy and reliability of 
the gravimetric measurements. Lastly, the equipment design 
and study design were routinely assessed to ensure that the 
experiments focused on the particles of interest. Examples 
of these design parameters included feeding the system with 
known particle concentrations and size distributions under 
controlled conditions and routine leakage testing to elimi-
nate the introduction or loss of unmetered air.

Dust collection efficiency was determined by gravimetri-
cally collecting dust-laden air samples upwind and down-
wind of the filter assembly. Following is an equation for 
calculating the collection efficiency (η) associated with each 
individual test trial:

mds = downstream sample weight, and mus = upstream 
sample weight.

In addition to dust collection efficiency, mass accumula-
tion within the mesh was also determined for each test. As 
discussed in Section 1, mass accumulation serves as a vital 
indicator of the filter’s efficacy and excessive mass accu-
mulation entails more frequent cleaning in an operating 

� (%) =

(

1 −
m

ds

m
us

)

∗ 100

Fig. 4   Gravimetric sampling 
system
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environment. Thus, the ability to reduce mass accumulation 
while maintaining high dust removal efficiency is critical 
parameter influencing overall operability. This mass accu-
mulation measurement was conducted by comparing the pre- 
and post-test filter weight following a meticulous and stand-
ardized cleaning and weighing procedure. Prior to each test, 
the clean filter weight was measured and recorded. After 
each test, the loaded filter was weighed again prior to clean-
ing. Initially, coarse particles were removed by hand and the 
filter was thoroughly sprayed with a water hose. Next, the fil-
ter was immersed in an ultrasonic bath for 3 min to dislodge 
and remove smaller adhered dust particles. Following the 
ultrasonic treatment, the mesh was dried in an oven to elimi-
nate residual moisture and weighted again to confirm that 
the cleaning cycle was complete. This meticulous approach 
ensured consistent and reliable mass measurement results 
and preserved the mesh screen effectiveness in subsequent 
filtration assessments.

Customized filter frames were designed using a com-
puter-aided design program and additively manufac-
tured using a 3-D printer using the original mesh screen 

dimensions (Fig. 5). In order to investigate how altered 
mesh design affects system performance, various lay-
ers of woven mesh and surface modifications were used. 
10-layer, 20-layer, and 30-layer of 316 stainless steel 
woven mesh were used to fill the frames.

The performance of the system was also examined by 
testing modified screen chemistry with different surface 
treatments. The woven filter packages were made from 
316 stainless steel with varying surface hydrophobici-
ties. There are three types of screens: an untreated screen, 
a hydrophilic enhanced screen, and a hydrophobicized 
screen (Fig.  6). The bare steel had a contact angle of 
92.6±1.45 indicating that it was slightly hydrophobic 
[50]. Hydrophilic stainless steel meshes were made by 
heating them at 750 °C for 20 min in a low-oxygen envi-
ronment furnace. During this process, a blue magnetite 
layer formed on the surface. In response to this applica-
tion, hydrophilic filters were produced by reducing the 
contact angle of bare steel to 37.1±1.00 [50]. The super-
hydrophobic filters were produced by coating the bare steel 
meshes with a commercial polymer agent. This application 
increased the contact angle of the steel to 156.6±0.88 [50].

Fig. 5   The mesh frame-adapter 
assembly is illustrated in a 
CAD drawing and b additively 
manufactured frames

Fig. 6   Appearance of the screen after a trial. a Untreated (bare) screen. b Hydrophilic screen. c Hydrophobic screen
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3 � Results and Discussion

To evaluate the combined influence of mesh density and 
induced vibration on system efficiency, several tests were 
conducted using the bench-scale dust scrubber system. An 
in-house and purpose-built filter assembly was utilized to 
modify the filter package thickness (Fig. 5). In this trial, 
three separate mesh densities, namely, 30-layer, 20-layer, 
and 10-layer of woven stainless steel, were evaluated in 
both vibration-enhanced and vibration-free settings.

Dust collection efficiency data from these tests is 
shown in Fig. 7. The data obtained from the dust col-
lection efficiency calculations showed that regardless of 
what filter package were used when the mesh screen is 
enhanced with the vibration, better results are obtained 
in both wet and dry conditions compared to the tests con-
ducted in static condition. These differences are some-
times negligibly small for some operational conditions. 
However, an improvement of about 3.5% was obtained in 
the collection efficiency with the 30-layer screen in the 
wet vibration-enhanced operational condition compared 
to the same screen type under the wet vibration-free con-
dition. The 30-layer wet vibration-enhanced operational 
condition was the most efficient run (92%). This is fol-
lowed by the 30-layer wet vibration-free state with 89% 
efficiency. When each operational condition is evaluated 
in its own class, it will be seen that the lowest efficiency 
of that operational condition is always taking place with 
a 10-layer screen. The maximum achieved efficiency with 

the 10-layer screen was under the wet vibration-enhanced 
operational condition (80%) and the lowest was about 77% 
under the dry vibration-free condition.

While collection efficiency is one evaluation metric, it 
must be considered alongside other metrics of performance. 
As such, throughout the same tests, the pre-test and post-test 
conditions of the downstream airflow were monitored. The 
difference of these two values shows how much air veloc-
ity loss occurs through the test duration. The greater the 
detected loss in air velocity implies greater mesh clogging 
and thus lowers the overall system efficiency. Data from this 
analysis is shown in Fig. 8. The highest air velocity loss 
occurred in the test with a dry and vibration-free operational 
condition with 30-layer screen (38.1%). The conditions with 
the least air loss were the tests with a 10-layer screen in each 
operational condition. The lowest air velocity loss occurred 
when a 10-layer mesh screen was used under the wet vibra-
tion-enhanced operational condition (8.2%).

As a supportive indicator to the air velocity loss param-
eter, the pressure difference data read digitally from the 
downstream and upstream directions of the system continu-
ously throughout each run (Fig. 9). This data shows that the 
pressure in the wet condition tests always starts higher than 
the dry condition test, likely due to the water layer that coats 
the mesh and reduces mesh porosity. However, when the 
pressure change is monitored throughout the test, the data 
shows that the pressure changes in the tests performed under 
wet conditions are much less than the increase in pressure 
changes under dry conditions, because the initial pressure 
created by the water sprayed on the screen causes the initial 

Fig. 7   Collection efficiency by 
different mesh screen pack-
ages with various filter layering 
under various operational 
modes
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pressure in the tests performed in wet conditions to start 
from high. The data show that the pressure difference in dry 
condition reaches much higher values (avg. 20% increase) 
than in wet condition (avg. 3.13% increase). The pressure 
drop increase throughout the test explains the partial clog-
ging of the mesh screen. In the wet condition, no significant 
differences were observed in the vibrating and non-vibrating 
conditions. In addition, in each operational condition, the 
minimum increase in pressure difference was obtained in the 
tests performed with the 10-layer filter assembly under wet 
vibration-enhanced operational condition (2.2% increase), 
and the maximum pressure difference is obtained in the 
tests performed with the 30-layer filter assembly (22.4% 
increase).

In addition to these data, in order to further support the 
assessment of system efficiency, after each test, the filter 
assembly of that test was passed through an ultrasonic bath. 
The mass of material obtained from this procedure is indica-
tive of the amount of dust accumulated on the filter dur-
ing the test. This parameter is one of the most important 
parameters showing the clogging of the filter. As shown in 
Fig. 10, the operational condition in which the largest mass 
of particles accumulated on the filter during the test was the 
test with a 30-layer filter assembly under dry vibration-free 
condition (7.2 g). The operational condition where the least 
dust accumulation occurred on the mesh screen surface was 
the test with a vibrating 10-layer filter assembly under wet 
condition (2.9 g).

Although vibrating the mesh screen has been promis-
ing in many cases, it can be inferred from the combined 
data that there are a few situations where the static state is 
more advantageous. For example, while the air loss in the 
wet vibrating condition decreased by 7.78% compared to 
the vibration-free condition in the tests performed with the 
30-layer mesh screen, the air velocity loss in the wet test 
using the 20-layer vibrating filter increased by 1.87% com-
pared to the vibration-free condition. Similarly, a decrease 
of 4.77% is observed in the vibrating 30-layer screen under 
the wet condition compared to the vibration-free condition, 
while an increase of 9.14% is observed in the amount of dust 
accumulated on the filter surface with the vibrating 20-layer 
mesh screen compared to the vibration-free condition. When 
all these data are combined, the performance of the 10-layer 
screen is remarkable in terms of air loss and dust accumula-
tion on the filter. However, when the system efficiency is 
also considered, significant decreases are observed in the 
10-layer screen compared to the higher-layer filter packages 
in each operational situation. The reason for its less overall 
efficiency is that the dust-laden air passes the 10-layer filter 
screen without getting captured by water droplets more eas-
ily than others. Since less dense screens cause an increase 
in the amount of material that can move downstream of the 
system, they are negatively affecting the system efficiency.

When all the test results are considered together, the 
data show that the lowest air velocity and pressure loss 
and the lowest amount of mass accumulated on the screen 

Fig. 8   Downwind section air 
velocity loss on mesh screen 
with different filter layering 
under various operational 
modes
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Fig. 9   Δp across mesh screen 
with different screen packages 
of a wet and vibration-free 
mode, b wet and vibration 
mode, c dry and vibration-free 
mode, and d dry and vibration 
mode
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is the test performed under the wet vibrating operational 
condition performed with a 20-layer filter.

These results correlate well with a study conducted 
by Sczap et al. [51] which investigated the clogging of a 
flood-bed scrubber filter panel both experimentally and 
theoretically. The results indicated that the pressure drop 
evolved differently with the pore structure of the filter 
medium. In addition, the pressure drop increased with dust 
accumulation within the filter [51]. Increasing the density 
of the filter media results in increased dust accumulation 
within the mesh screen panel, which increases the pressure 
drop across the mesh screen.

The surface of the filter panels can be coated in dif-
ferent ways to increase wettability and enhance particle-
liquid adhesion. Following the protocols explained in Sec-
tion 2.2, super hydrophobic filter coatings were obtained 
using a commercial polymer agent using the application 
instructions provided by the vender. Alternatively, the 
hydrophilic filters were obtained by heating them in a 
high-temperature low-oxygen environment furnace at 750 
°C for 20 min, allowing the formation of a blue magnetite 
layer on the surface of the stainless-steel filter.

Data from these tests are shown in Figs. 11, 12, 13, 
and 14 and include measurement of both dust collection 
efficiency and clogging mitigation. First, Fig. 11 shows 
the dust collection efficiency for the specified operational 
conditions. Across all conditions, the hydrophilic surfaces 
imparted the highest collection efficiency, with the dif-
ferences being more pronounced for the vibration-free 

conditions as opposed to the vibration-enhanced 
conditions.

Air velocity loss data for the tested operational condi-
tions are shown in Fig. 12. As anticipated, the dry conditions 
showed the highest air velocity loss, and in all cases, the 
hydrophilic mesh outperformed the other two. Overall, this 
data follows the same trend as that of collection efficiency 
with the difference between the various treatments being 
more pronounced in the vibration-free cases.

Similarly, Fig. 13 shows the real time pressure drop data 
through the test duration. For the wet condition tests, the 
pressure drop was similar for all three surface treatments; 
however, significant deviations were observed in the dry 
tests. Generally, the hydrophilic and bear meshes performed 
similarly, with the hydrophobic mesh exhibiting a signifi-
cantly higher pressure drop.

Lastly, the mass of particle accumulation on the filter, 
which is another parameter that indicates the clogging pro-
cess of the mesh screen and shows the self-cleaning capacity 
of the filter, was examined. Data from this analysis is shown 
in Fig. 14 and closely follows the trends of air velocity loss 
shown in Fig. 12.

When the tests carried out under various operational 
conditions with different surface modifications are exam-
ined together, hydrophobic surface modifications tended 
to reduce system efficiency relative to the baseline, while 
hydrophilic treatment tended to improve conditions. These 
results closely align with those of the laboratory testing 
and validate the approach employed in that section. In 

Fig. 10   Mass accumulation on 
mesh screen with different lay-
ering under various operational 
modes
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explaining the findings, when water contacts hydrophilic 
surfaces, it forms a film, whereas when it contacts hydro-
phobic surfaces, it beads up. Since water droplets are 
highly mobile, if the surface becomes hydrophobic, the 
area covered by water droplets is significantly reduced 

of the total mesh wire surface area. Besides, hydrophilic 
coating is increasing the amount of liquid surface area on 
mesh, which increases chances of dust particles getting 
captured by the water droplets.

Fig. 11   Collection efficiency 
by different mesh screens with 
various surface treatments under 
various operational modes

Fig. 12   Downwind section air 
velocity loss on mesh screen 
with different surface treat-
ment applications under various 
operational modes
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Fig. 13   Δp across mesh screen 
with different surface treat-
ments of a wet and vibration-
free mode, b wet and vibration 
mode, c dry and vibration-free 
mode, and d dry and vibration 
mode
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The final portion of the study utilized a three-factor Box-
Behnken design (BBD) to examine the combinatory effects 
of mesh design, surface modifications, and vibrational fre-
quency on system performance. The factors and levels asso-
ciated with the independent variables are listed in Table 1. In 
total, 15 tests were carried out with different combinations of 
the variables. To determine the size distributions of the dust 
removed by the filter, upwind and downwind dust samples 
were analyzed using a Microtrac S3500 laser particle size 
analyzer.

Response surface plots were created with the results and 
are shown in Figs. 15, 16, 17, 18, and 19. Each figure shows 
the effect of two different variables on response by keeping 
one of the three variables used during the experiment con-
stant. The collection efficiency surface (Fig. 15) was plotted 
from the data obtained with the gravimetric sampling. In 
Fig. 15a, the effect of the interaction of the filter density 
with the surface treatment on the efficiency is examined. 
The highest efficiencies (over 90%) were obtained when 
the filter frame filled with 30-layer, and at the same time 

the mesh surface was hydrophilic. The effect of the interac-
tion of the filter density with the frequency on the efficiency 
shown examined in Fig. 15b. The highest efficiency values 
(over 90%) were obtained when the filter frame filled with 
30-layer. Fig. 15c shows the combinatory effects of vibra-
tional frequency and surface modification. Compared to the 
filter density and surface modifications, the frequency had 
little impact on the collection efficiency. However, it is worth 
noting that the collection efficiencies approached maximum 
levels under the conditions where the densest hydrophilic 
filter excited with 134 Hz.

In Fig. 16, the effects of the binary interactions of the 
variables used in the test on the air velocity lost during the 
test were examined. In Fig. 16a where the effect of the filter 
density with the surface treatment pair on air velocity loss 
is examined, the data shows that the air velocity loss is most 
pronounced (over 1.4 m/s) when the filter density is at its 
densest level (30-layer), and when the hydrophobic coating 
was applied to the mesh screen. Fig. 16b shows that the air 
velocity loss reaches the highest levels with the 30-layer 

Fig. 14   Mass accumulation 
on mesh screen with different 
surface treatments under various 
operational modes

Table 1   Independent variables 
and their respective values

Factors Level

Low (−1) Medium (0) High (+1)

Filter density (layering) 10-layer 20-layer 30-layer
Surface treatment Hydrophobic treat-

ment
No surface treatment Hydrophilic treatment

Frequency (Hz) 0 67 134
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mesh screen in a vibration-free environment. Similarly, the 
hydrophobic surface modification increases the air velocity 
losses by over 1.2 m/s in a vibration-free environment. Alto-
gether, the data show that air velocity loss can be minimized 
by using hydrophilic mesh screen package with lower mesh 
density and when vibrating the mesh screen around 134 Hz. 
Additionally, Fig. 17 shows the effect of the binary interac-
tions of the variables used in the experimental design on 
the pressure drops across the mesh screen. As Bernoulli’s 
equation defines, the changes in the pressure drop between 
upstream and downstream in a chamber and the air velocity 
in the system are directly related. Thus, the increases in pres-
sure drop tended to be similar to the losses in air velocity. A 

30-layer hydrophobic filter tested in a vibration-free envi-
ronment produced the greatest increase in pressure drop. 
The least increase in pressure difference was found with the 
highest frequency value (134 Hz) and the least dense (10-
layer) hydrophilic filter package.

To determine the self-cleaning capacity of the mesh 
screen, the amount of mass accumulations within the 
figure was measured after each test. Figure 18 shows the 
data from this analysis. As anticipated from the pressure 
drop data, the static test with a 30-layer mesh screen and 
increased hydrophobicity yielded the highest mass accu-
mulation (over 4.8 g collected over a 5-min test). Under 
the conditions tested, frequency did not have a significant 

Fig. 15   Surface plots of col-
lection efficiency (%) vs a 
filter density (−1: 10-layer, 
0: 20-layer, +1: 30-layer) 
and surface treatment (−1: 
hydrophobic, 0: bare surface, 
+1: hydrophilic), b filter density 
(−1: 10-layer, 0: 20-layer, +1: 
30-layer) and frequency (−1: 0 
Hz, 0: 67 Hz, +1: 134 Hz), and 
c surface treatment (−1: hydro-
phobic, 0: bare surface, +1: 
hydrophilic) and frequency (−1: 
0 Hz, 0: 67 Hz, +1: 134 Hz)
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effect on the dust accumulation (Fig. 18b); however, a 
hydrophilic mesh combined with vibration was shown to 
be most effective, accumulating less than 3 g over the test 
period.

Lastly, Fig. 19 shows the interaction between vibration, 
filter density, and surface treatment in the reduction of fine 
respirable dust material (−2.5 μm). In Fig. 19a, the test 
with a hydrophobic mesh screen shows the lowest values 
for respirable material reduction (below 60%), regardless 
of the number of layers in the filter pack. In contrast, when 
all figures are combined, when the surface is hydrophilic 
and the filter thickness is 30-layer, the amount of respirable 
substances eliminated increases by over 80%.

These results compare well with a study by Sczap et al. 
(2023) which reports that mesh design and surface hydro-
phobicity significantly impact the clogging rate of the filter 
in an FBS. Decreasing the contact angle of the mesh screen 
surface improves the system performance and extends the 
life of the filter panel by preventing rapid mass accumu-
lation within the filter. This application reduces hydro-
phobicity, increases wetting, and improves filtration effi-
ciency. Steel woven filters inherently possess some level 
of hydrophobicity, causing them to repel water to some 
extent. By decreasing the contact angle, this hydrophobic 
behavior is diminished, allowing the mesh screen to attract 
water more effectively. Consequently, the surface becomes 

Fig. 16   Surface plots of 
upstream air velocity loss (m/s) 
vs a filter density (−1: 10-layer, 
0: 20-layer, +1: 30-layer) 
and surface treatment (−1: 
hydrophobic, 0: hare surface, 
+1: hydrophilic), b filter density 
(−1: 10-layer, 0: 20-layer, +1: 
30-layer) and frequency (−1: 0 
Hz, 0: 67 Hz, +1: 134 Hz), and 
c surface treatment (−1: hydro-
phobic, 0: bare surface, +1: 
hydrophilic) and frequency (−1: 
0 Hz, 0: 67 Hz, +1: 134 Hz)
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more wettable, enabling water droplets to spread more eas-
ily across it. The primary purpose of the mesh screen is to 
serve as a medium for water droplets to interact with dust 
particulates and capture them. Decreasing the contact angle 
of the surface enhances the interaction between the screen 
surface and water droplets. This, in turn, fosters better con-
tact between the filter surface and dust particles suspended 
in the water, potentially enhancing the system’s efficiency 
in capturing dust particles.

Additionally, as mesh screen package thickness 
increases, dust particles accumulate more rapidly within 
the filter panel, increasing pressure drop and lowering 

system performance [51]. Inversely, as the filter media 
density decreases, more void areas appear within the filter 
media. As a result, some dust material passes through the 
mesh panel without being captured by water droplets. The 
less dense filter media does not offer better dust collection 
efficiency for this reason. The hydrophilic and vibration-
ally enhanced mesh screen, however, sustains more airflow 
through the system, slows the increase in pressure drop, 
and improves mass retention within the filter. Therefore, 
less dense hydrophilic and vibrating mesh screen panels 
can outperform higher-density panels for longer periods 
of time.

Fig. 17   Surface plots of pres-
sure drop across the mesh 
screen (mbar) vs a filter density 
(−1: 10-layer, 0: 20-layer, +1: 
30-layer) and surface treat-
ment (−1: hydrophobic, 0: 
bare surface, +1: hydrophilic), 
b filter density (−1: 10-layer, 
0: 20-layer, +1: 30-layer) and 
frequency (−1: 0 Hz, 0: 67 Hz, 
+1: 134 Hz), and c surface 
treatment (−1: hydrophobic, 0: 
bare surface, +1: hydrophilic) 
and frequency (−1: 0 Hz, 0: 67 
Hz, +1: 134 Hz)
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4 � Conclusion and Summary

Flooded bed dust scrubbers utilized in underground mining 
operations are particularly susceptible to clogging. As dirty 
areas in the mesh become loaded with particles, the pressure 
drop across the screen increases, resulting in reduced airflow 
volumes and lower overall air cleaning efficiency. Thus, one 
way to improve overall system efficiency is to continuously 
remove particles from congested regions, which allows the 
system to maintain higher interior airflow rates. In this study, 

modifications to the filter surface and mesh thicknesses were 
examined to determine their combined effect on vibration-
enhanced flooded bed dust scrubber performance. Tests were 
performed in laboratory-scale scrubber unit using mesh 
screens with different surface treatments and filter media 
densities. The effects of various factors were measured in 
both a wet and dry environment, as well as with and without 
vibrations. As part of the tests, air velocity, pressure drop, 
and the weight of dust particles accumulated inside the mesh 
screen were measured.

Fig. 18   Surface plots of mass 
retain within the mesh screen 
(g) vs a filter density (−1: 
10-layer, 0: 20-layer, +1: 
30-layer) and surface treat-
ment (−1: hydrophobic, 0: 
bare surface, +1: hydrophilic), 
b filter density (−1: 10-layer, 
0: 20-layer, +1: 30-layer) and 
frequency (−1: 0 Hz, 0: 67 Hz, 
+1: 134 Hz), and c surface 
treatment (−1: hydrophobic, 0: 
bare surface, +1: hydrophilic) 
and frequency (−1: 0 Hz, 0: 67 
Hz, +1: 134 Hz)
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Overall, the results confirm the benefit of a vibrating 
mesh FBS, as has been demonstrated in prior studies [27, 
34, 35]. Moreover, the results show that the system can be 
further optimized through control of the mesh density and 
particularly the mesh hydrophobicity. Results with different 
mesh thicknesses generally confirm prior studies showing 
that higher mesh density increased dust collection; how-
ever, it also shows higher clogging potential as demon-
strated through both mass accumulation and pressure drop. 
Interestingly, testing with different mesh surface modifica-
tions showed that optimal results were obtained with hydro-
philic mesh surface, which exhibited reduced clogging but 
similar dust collection as compared to the hydrophobic and 

untreated counterparts. In summary, the results showed that 
the system performance can be optimized when using hydro-
philic 20- or 30-layer filters that are excited by frequencies 
between 67 and 134 Hz. These benefits were most notable in 
the −2.5 micron size class, where proper optimization of the 
mesh frequency, mesh wettability, and mesh density can lead 
to nearly 30% increases in fine dust removal. Ultimately, this 
study provides a substantial contribution to the understand-
ing of mesh design, surface modifications, and vibrational 
effects in shaping dust scrubber system efficiency.
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