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ABSTRACT

Diesel particulate matter (DPM), the solid portion of diesel exhaust, has been linked to a range
of deleterious health impacts. While a number of control strategies have been effective at reducing
DPM in some environments, exposure risks are still high in others such as underground mines. In
prior work, a novel scrubber treatment that used fog to remove DPM from engine exhaust was
successfully prototyped in bench-scale laboratory experiments. Here, for the first time, the
treatment concept was scaled up and field tested in a stone mine. An exhaust blower was used
to pull fog, diesel exhaust, and mine air through a 30.5-meter long tube, enabling coagulation of
DPM and fog drops resulting in their subsequent removal. Excluding one of the eleven tests,
which appeared to be an outlier, the results showed that this fog-and-tube scrubber removed an
average of 63% of particles (11.5—-154 nm) as compared to 18% in the control case (without fog),
yielding an average improvement of 45%. Computer simulations suggest that the observed particle
removal is predominantly due to rapid thermal coagulation between the DPM and fog drops,
followed by removal of the DPM-laden drops via inertial impaction with the tube walls.

Keywords: Diesel particulate, Ultrafine aerosol, Exhaust treatment, Occupational health

1 INTRODUCTION

Diesel particulate matter (DPM) is the solid fraction of diesel exhaust. It consists primarily of
carbonaceous solids and heavy hydrocarbons, and can also contain ash, silicates, sulfates, and
metallic abrasion particles (Kittelson, 1998). DPM particles are found primarily in the nanometer
size range (Kittleson, 1998), and can penetrate deep into the alveolar region of the lung (Heyder,
et al., 1987). Chronic exposures have been linked to a range of respiratory and cardiovascular
ailments (Sydbom et al., 2001; Cantrell and Watts, 1997; Wade and Newman, 1993). Due to the
use of heavy diesel equipment in confined spaces, underground mines are known to have some
of the highest DPM exposure risks (Bugarski et al., 2011). Mine operators use a range of engineering
controls to limit DPM exposures including exhaust aftertreatments, such as the use of diesel
particulate filters (DPFs), alternative fuels such as biodiesel, engine controls, diesel oxidation
catalytic converters, and enhanced ventilation. Each of these technologies has certain drawbacks.
For example, enhanced ventilation can be an expensive approach to reducing DPM levels, engine
controls tend to result in reduced horsepower (Schnakenberg and Bugarski, 2002), and DPFs
require a regeneration process (Bugarkski et al., 2011).

Another important issue is that the DPM reductions obtained from all of the common control
methods tend to be quantified on a mass basis, while there is growing evidence that the deleterious
health effects caused by nanoscale particles is proportional to their number, or perhaps their surface
area, not their mass (Ristovski et al., 2012; Pope et al., 1995; Dockery et al., 1993; Oberdorster
et al., 2005, 2007). It may be the case that many of the measured DPM reductions by these
technologies are in the larger end of the size range and that the finer, more hazardous particles
are not significantly affected. Indeed, Dementhon and Martin (1997) showed that small DPM
particles were actually created during the regeneration process in DPFs. Vaarashlahti et al. (2004)
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showed that at high engine loads, a diesel engine operating with a continuously regenerating DPF
increased the number density of particles in the 10 nm diameter range by over two orders of
magnitude. Similar increases were observed with the use of 5 DPFs by other researchers (Maricq
et al., 2002; Vogt et al., 2003; Kittelson et al., 2009; Bugarski et al., 2009). DPM exposures remain
high in some mines (e.g., see compliance monitoring data collected by the US Mine Safety and
Health Administration, MSHA, 2021). Clearly, additional methods are needed for DPM reduction,
particularly approaches that will reduce particle loading across the entire range of particle
diameters.

To address this problem, Rojas-Mendoza et al. (2015, 2017a, b) presented and bench tested a
novel scrubber concept that used a high density of micron-scale water droplets (hereinafter
referred to as fog) to remove DPM from an exhaust stream. Laboratory results using a diluted
bleed-off from the exhaust of a small engine showed significant particle removal using the fog
treatment versus a control case (Rojas-Mendoza et al., 2017a, b). On average, nearly 90% of
particles (10-420 nm) were removed with the fog compared to 46% without it, which represents
animprovement due to the fog of about 44% (Rojas-Mendoza et al., 2017a). On the basis of mass,
about 58% of the DPM was removed with the treatment compared to just 12% without, which
represents an improvement of about 46% (Rojas-Mendoza et al., 2017b). It was proposed that
DPM removal occurs via a two-step process, whereby the DPM quickly coagulates with the fog
drops, which then settle in the laboratory scrubber apparatus by gravity.

In the current study, the fogging scrubber concept was scaled up and field tested in an
underground stone mine to gather data under more practical conditions. Herein the results of
these field tests are presented along with computational simulations used to gain further insights
into the mechanisms influencing the DPM removal.

2 EXPERIMENTAL

2.1 Site Details

The primary goal of the field testing was to determine the degree to which a fog-and-tube
scrubber could remove DPM directly from vehicle exhaust. Removal of background levels of DPM
from the mine air was not a goal. However, to ensure that temperatures and relative humidities
characteristic of a mining environment were considered, experiments were conducted in a mine.
Since exhaust pipes are generally the source point of all DPM in mines, successful demonstration
of DPM removal at a point source presents a potential path forward to removing or reducing
DPM in mines without treating the entire mine air volume.

The specific testing location was in a large tunnel (approximately 12 m x 12 m), at a depth of
approximately 185 min a stone mine. The tunnel is within the primary intake airway for the mine
(i.e., where clean air enters the mine) and has only intermittent traffic from passenger vehicles;
it is not influenced by emissions from mining equipment. Thus, this location is characterized by
relatively low and consistent background particle concentrations in the nanometer size range.
The depth of the testing location also ensured that the temperature (~15°C) and relative
humidity of the air (~95%) were relatively constant during the testing periods.

2.2 Apparatus

A schematic of the scrubber apparatus is presented in Fig. 1. Over the course of 11 separate
field tests, five diesel vehicles ranging from a small 4-passenger buggy to a full-size school bus
were used as the DPM source (see Table S1 in the Supplemental Information, Sl). In all tests, the
vehicles were stationary, and the exhaust was obtained by placing one end of a 7.3 m section of
35.6 cm diameter, ribbed, flexible Mylar tubing over the tailpipe. This relatively long section of
inlet tubing was used to promote mixing of the exhaust with the entrained air prior to particle
measurement on the upstream (inlet) side of the fog treatment. This ensured that the relevant
inlet characteristic was the averaged number density of particles and that variations in mixedness
of exhaust and mine air was not a confounding factor.

Fog was generated using an MHB12 Multi-function Ultrasonic Humidifier (Mainlandmart,
Ocean Mist, CA), which is referred to as the “fogger” hereinafter. On the downstream side of the
fogger was a 30.5 m section of the same Mylar tubing, referred to as the “settling tube”. At the
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Fig. 1. Fog-and-tube scrubber apparatus setup in the underground mine.

outlet of the settling tube, particles were again measured before the air exited the apparatus
through a small exhaust blower.

2.3 Particle and Fog Measurements

Particle concentrations (Cp, cm~) were measured just upstream of the fogger (inlet) and at the
exit of the settling tube (outlet) using a pair of TSI 3910 SPMS NanoScan instruments (TSI,
Shoreview, MN). The instruments sampled at a flow rate of 1 L min™ and obtained measurements
every minute. The sampling flow rate was negligible in comparison to the overall flowrate of the
system (i.e., 3,000 L min™ or 50,000 cm? 57}, see below). Data was recorded in size bins between
11.5 and 410 nm; only the 10 bins from 11.5 to 154 nm were used for this study since very few
particles were observed in the larger bins, and measurements in those bins were similar to
background particle concentrations. This size range covers the nuclei mode of the DPM particle
size distribution (dp < 50 nm) where the largest number of DPM particles reside, and part of the
accumulation mode (50 nm < dp < 1000 nm) (Kittelson, 1998). A diffusion dryer (DD Model 250;
ATI, Owings Mills, MD) was used at the inlet of each NanoScan to remove moisture from the
sample stream, thereby ensuring that fog drops were not counted as particles. The diffusion dryers
also ensured that DPM removal results were conservative in the sense that DPM particles
contained in a drop that hadn’t been removed are counted by the outlet NanoScan, even though
in the very humid environment of an underground mine, the likelihood is small that such a drop-
contained DPM particle would ever dry out and present a threat to the alveolar region of a miner.

The average flow rate through the scrubber apparatus was 50,000 cm?3 S72, yielding a residence
time from inlet NanoScan to outlet NanoScan of 60.5 seconds. The airflow was considered
turbulent based on its Reynolds number Re = 12,100, where Re is defined as:

Re = PV (1)
ua

where pg is the air density (1.225 kg m=), V is the average air velocity through the tube
(0.504 m s71), d: is tube diameter (0.356 m), and ug is the viscosity of air (1.81 x 10 kg m™ s71),
Fog drop measurements were not possible in the field, however, a TSI 3330 Optical Particle
Sizer (TSI, Shoreview, MN) was used in the laboratory to determine the drop size distribution
generated by the fogger (see Fig. S1in Sl). Those results indicated an average drop diameter du =
4.8 um, which is in good agreement with the 5 um diameter quoted by the manufacturer.
Before and after each test, the inlet and outlet NanoScans were compared by connecting the
sampling inlets via a Y-tube so that they sampled the same air stream for a minimum of 15 minutes.
This was done in both a low and a high DPM environment to confirm agreement between the
two NanoScans for a range of concentrations. For each comparison period, the average particle
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concentration (11.5-154 nm) was computed for both instruments, and then a total scaling factor
(S) was computed:

5 inlet C, 2)
outlet C,

This ratio was used to correct the outlet NanoScan data from each test; across all 11 tests, S
ranged from 0.93 to 1.03, with an average of 1.00 (Table S1).
For all tests, the inlet fog drop concentration (C4, cm™) was computed as:

3q
— (3)
4Qﬂ'(dd)
2
where g is the rate of water consumption (cm? s7!) by the fogger, Q is the flowrate inside the

settling tube (50,000 cm?® s™), and dq is the average diameter of a single droplet (4.8 um per
above). For the 11 field tests conducted for this study, Cs varied from 1.84 x 10° cm™ to 3.68 x

10° cm™3 (Table S1).

Cd:

3 RESULTS

Fig. 2 shows the time traces of total particle concentration (11.5-154 nm) measured at the
scrubber inlet and outlet during Test 1 for both the treatment (fog on) and control (fog off)
conditions. Average inlet and outlet particle concentrations for all 11 field tests are given in Table S1.
Results demonstrate that the fog-and-tube scrubber consistently and significantly reduced the
inlet particle concentration. The only exception was for Test 9, which yielded very similar results
between the control and treatment conditions for all size bins. It is suspected that the fogger
malfunctioned during this test, and accordingly its results are not considered hereinafter.

A total particle removal efficiency, E, was determined for each test:
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Fig. 2. Time traces of total particle concentration (11.5-154 nm) measured during Test 1 at the inlet and outlet of the fog-and-
tube scrubber for (a) the fog on and (b) fog off conditions.
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inlet C, —outlet C,
E=
inlet C,

j x100% (4)

Values for E ranged from 49% to 79% (average of 63%) with the fog treatment, compared to
7% to 34% (average of 18%) without fog (Fig. 3). This represents an average overall improvement
in E of 45% due to the fog treatment.

Values for E were also computed for each size bin. Fig. 4 shows the results averaged across all
field tests, and Table S2 shows results for each individual test. Even without fog, the tube effectively
removes significant numbers of particles in the smaller bins, specifically the 11.5 nm and 15.4 nm
bins. This is likely due to particle-particle coagulation (e.g., 11.5 nm particles combining with larger

100
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Fig. 3. Total £ measured for field tests of the fog-and-tube scrubber as a function of inlet particle
concentration (11.5-154 nm). Data labels indicate the test number so that the control and fog
treatment conditions can be compared.
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Fig. 4. E for the fog-and-tube scrubber for each size bin. These results were obtained by averaging
results across all tests (except Test 9). E for total particles (11.5-154 nm) is also shown to the far

right for comparison.
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particles and/or with each other) and to diffusion of these small particles to the tube walls. Particles
combining with each other is also likely the cause of the small and negative scavenging coefficients
observed in the control condition for intermediate particle diameters (e.g., 65.9 nm and 86.6 nm).
Here it may be the case that smaller particles combine to create larger particles, resulting in more
particles at the exit than the inlet for these intermediate diameters. Of course, the most striking
result shown in Fig. 4 is the significant enhancement of particle removal with the fog treatment
for all bins.

4 DISCUSSION

The results presented above indicate that significant removal of nanoscale particles from
engine exhaust (i.e., DPM) can be achieved via the simple addition of micron-scale fog near the
inlet of a long tube. However, the responsible mechanisms are not directly revealed by the data. To
gain further insights into the particle removal process, a model was built to enable computational
simulations.

4.1 Model Development

The particle removal mechanisms included in the simulations were (1) gravitational settling,
(2) deposition on the tube wall via turbulent diffusion, and (3) particle-fog drop coagulation
followed by drop removal. Drop removal processes included in the simulations (before or after
combination with a particle or particles) include (1) gravitational settling and (2) turbulent
diffusion of drops to the wall. It is noted that other removal mechanisms were initially considered,
including drop evaporation, particle-particle coagulation and drop-drop coagulation. However,
preliminary simulations showed that these are insignificant compared to the other mechanisms;
though, as noted above, particle-particle interactions may have played a role in the redistribution
of particles among size bins, especially for the fog-off condition.

The equations for each of the simulated mechanisms are presented below. These were
integrated forward in time for the scrubber inlet conditions in each of the field tests (i.e., inlet
measured particle number concentration and size distribution, and computed fog drop number
concentration and mean size). The equations were integrated to tz = 60.5 s (i.e., the scrubber
residence time) using a time step of At =5 ms, and the resulting particle concentrations in each
bin were compared with the actual measurements at the scrubber outlet. A single fitting parameter
exists in the equations (described below) and this was adjusted to force the simulations to agree
with the experimental results, the significance of which is discussed later.

To compute particle-drop combinations via thermal coagulation, the treatment of Pruppacher
and Klett (1978) was followed for particles in each size bin:

p=1-e "t (5)

where ¢ is the fraction of particles that combine with a drop in time t (which is the integration
time step At in the simulations), and 4. is the fractional particle removal rate (in s™):

A, :ZszTddN(dd)d(dd) (6)

where dy is the diameter of the drops, N(da) is the drop size distribution (shown in Fig. S1), Dy is
the diffusion coefficient for each particle diameter considered here (i.e., the 10 nominal bin sizes
between 11.5 nm and 154 nm):

k. TF

= 7
3mu,d, )

P

where k¢ is the Boltzmann constant, Tis temperature (taken as 288 K), d, is the particle diameter,
and F is the Cunningham correction factor:
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F =1+[ij[2.34+1.05exp(—0.39d—pjj (8)
d, A

where 4 is the mean free path of air (taken as 0.068 pum).
Removal of particles and drops by gravitational settling was obtained following the treatment
in Merrell and Saylor (2017) for a circular tube:

4 Jen{ ) ()

G=l1- . (9)
%)
zl gt
2
where G is the fraction of drops or particles that settle out in time t, d: is the tube diameter, and
lis the vertical distance that the drops or particles fall:

/= tVs (10)

where Vs is the Stokes settling velocity of the drop or particle computed by:

2
_pdg (11)
184,

S

where g is the gravitational acceleration (9.81 m s72), d is the diameter of the drop or particle,
and p is the density of the drop (taken as 997 kg m™3) or the particle (taken as 1225 kg m™, per
Virtanen, 2002). Note that after particles are removed by gravitational settling (or any of the
other mechanisms considered), it is assumed that at the next time step, the remaining particles
are redistributed uniformly within the scrubber tube. In other words, a well-stirred condition is
assumed at each time step. The same is true for removal of drops.

Finally, turbulent diffusion of both drops and particles to the tube wall are modeled following
the treatment of Hinds (1999):

7(4vde,,t)

W=1l-e * (12)

where W is the fraction of drops or particles that impact the wall in time t, and Vgep is the
deposition velocity (m s™). For each particle diameter being considered, it is assumed that inertial
effects are negligible and Ve is determined by:

2

0.04v D, )3

Vdep_p = 1 (pg_apj (13)
Re* #

where Vis the average tube velocity.
For drops, only inertial effects are considered and are computed according to the treatment
of Friedlander and Johnstone (1957):

v(£/2)
1525
1+w/f/2( - ——5&6)

Vdepid = RV (14)

where Ry is an enhancement factor (fitted as explained below), f is the dimensionless friction
factor,
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=% (15)

Re4

and S* is the dimensionless stopping distance of drops as they approach the boundary layer at
the tube wall,

_ 0.9mp,V’ f/2

S+
37ua’d,

(16)

where m is the mass of the spherical drop (ds = 4.8 pm, pg = 997 kg m=) and ps and uo are the
density and viscosity of air as defined above.

It is noted that the enhancement factor Rv was not included in the work of Friedlander and
Johnstone (1957). Here, it was initially set to 1.0, and Egs. (5)—(16) were used to simulate particle
and fog drop removal for the scrubber inlet conditions of all field tests. Fig. 5 shows the results
for Test 1 in terms of the particle concentration at the scrubber outlet for all size bins. With Ry =
1.0, itis clear that the simulated results substantially underpredict the experimental results—and
this was the case for all of the field tests.

To force the simulated concentrations at the scrubber outlet to agree with the experimental
observations, Rvis hereafter treated as a fitting parameter. This is necessary because, while the
equations used in the scrubber simulations for coagulation and settling are obtained from basic
physics without empirical assumptions, Egs. (13)—(16) invoke several key assumptions regarding
depositional removal of the particles and drops. Importantly, for deposition of the drops to the
tube wall due to inertia, Friedlander and Johnstone (1957) consider the existence of a laminar
sublayer which, for the conditions of the experiments conducted here, would be on the order of
2 mm. The presence and collection of water drops in various locations along the tube wall would
easily be of this size or larger and would serve to disturb any such sublayer. Similarly the Mylar
tubing used in the experimental apparatus had a ribbed structure created by a helical support
wire (see Fig. S2) that would also disturb the laminar sublayer. Both effects would cause drop
removal to exceed that predicted by Egs. (14)—(16). Furthermore, while Egs. (13) and (14) are for

6 x10
-Exp
I Sim R, =1
5 -

115 154 205 278 365 48.7 659 866 1154 154 Total

dp (nm)

Fig. 5. Particle concentration at the scrubber outlet in each size bin; results are also shown for
total particles (11.5-154 nm) to the far right. Experimental results are shown from Test 1, and
simulated results are shown for the inlet conditions in Test 1 with Ry = 1.
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conditions with a smooth-walled tube, the literature on Vyep in systems with rough, ribbed or
wavy walls suggests that these structures will increase predicted deposition by many orders of
magnitude (e.g., see El-Shobokshy and Ismail, 1979; Chamberlain et al., 1984; Lai et al., 1999;
Sippola and Nazaroff, 2010; Lu and Lu, 2015, 2016; Lu and Wang, 2019; Gradziel and Majewski,
2019; Hayati et al., 2019). However, a review of that literature turned up no studies with
parameters directly comparable to those of the current work. Thus, the enhancement factor Ry
was added for Vysep s and used as a fitting parameter. (It is noted that no such parameter was
used for Vyep p since the experimental results and expected coagulation particle-drop coagulation
kinetics indicate that particle removal in the scrubber is primarily due to the fog drops when they
are present. That is, diffusion of uncoagulated particles to the tube walls is not expected to be
responsible for significant particle removal in the presence of fog.)

4.2 Simulation Results

Fig. 6 shows the simulated total particle concentration at the scrubber outlet as a function of
Rvfor the inlet conditions in Test 1. The (average) experimental particle concentration at the outlet
is also shown. There are two aspects of this plot that require discussion: The first concerns the
fact that there are two values of Rv which force the simulated result to agree with the experimental
observations, and the second is the overall magnitude of Ry which is necessary to cause this
agreement. Each of these interesting observations are examined in turn.

The minimum in Fig. 6 causes there to be two values of Rv (and thus Ve d) for which the
simulated and experimental results agree; these are termed the “lower” and “higher fitted”
values and are presented in Table S3 for simulations using inlet conditions for all of the field tests.
The existence of a minimum can be understood by recognizing that increasing Rv (and thereby
Vuep_d) increases the rate at which drops are removed from the scrubber flow, regardless of
whether those drops have combined with a particle or not. At very low values of Ry, while nearly

107
350 . . . . . . .
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=
~
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:
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Fig. 6. Simulated particle concentration at the scrubber outlet as a function of Rv. Results were
computed using the inlet conditions from Test 1 and varying Ry from 1.0-108. The measured
outlet concentration (1.13 x 10° cm™) in Test 1 is also shown. The simulated results match the
experimental results when Ry = 6.1 x 10° (at lower fitted Vaep_d = 0.21 cm s7t) and when Ry = 4.2
x 108 (at higher fitted Viep d = 1.4 cm s71).
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all particles may have coagulated with fog drops, relatively few of those drops are being removed
from the air due to impaction (or settling) such that the particles remain suspended in the airflow
(albeit inside drops). At very high values of Ry, the fog drops are rapidly removed by impaction
with the tube walls, so much so that the particles do not have time to coagulate with them, and
again the particles remain suspended in the airflow. Hence, there exists an optimum Ry for which
many particles have combined with drops, and many drops have been removed from the flow.

To understand why very large values of Ry are required for the simulations to agree with the
experimental observations, it is necessary to revisit the assumptions of Friedlander and Johnston
(1957) and compare them with the conditions of the current work. Here, the scrubber tube walls
are far from smooth because of the helical raised structure described earlier, and also because
deposition of water on the walls results in formation of drops and increasingly rivulets having a
range of size, and which effectively serve as roughness elements. Friedlander and Johnston (1957)
assumed that drops or particles in a flow would strike the wall due solely to inertia originating in
the turbulent fluctuations of the flow. But here, several other inertial effects will surely be present.
These include the change in direction of the flow over the ribbed tube wall, change in direction
of the flow over water deposited on the tube wall, and the centrifugal effect of any helical flow
caused by the helical ribs of the tube. Moreover, the Mylar tubing material was observed to “flutter”
in some locations as air flowed through the scrubber during testing, likely enhancing drop
deposition even further.

While both the lower and higher fitted Rv values yield agreement between the simulated and
experimental results for each test, it is unlikely that the higher fitted value corresponds to the
experimental conditions. This is because at the higher fitted Rv the simulations indicate that
virtually all fog drops have impacted the tube walls such that no fog should be present at the
outlet, a situation in contradiction with visual observations of fog at the scrubber outlet during
the field testing. Hence, the lower fitted value appears more plausible.

Using the lower fitted Rv for the scrubber inlet conditions in Test 1, Fig. 7 presents the fraction
of particles removed or affected by each of the simulated mechanisms, broken down by size bin.
The figure shows that removal of particles in the fog-and-tube scrubber is almost entirely dominated
by the removal of DPM-laden drops—meaning that, in the presence of fog, there is negligible
removal of free (uncoagulated) particles due to gravitational settling or diffusion to the tube walls.
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Fig. 7. Simulated fractionation of particles using the scrubber inlet conditions for Test 1 and the lower fitted Ry value shown in
Fig. 6. If all particles enter the scrubber as unremoved and uncoagulated with drops, the results here indicate the percentage of
particles in each possible category at the outlet. Results are shown by size bin and for total particles (11.5-154 nm).
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Moreover, the drop removal is primarily via inertial impaction to the tube walls rather than by
settling. This is in contrast to the settling-dominated drop removal proposed by Rojas-Mendoza
et al. (2017a), but the bench-scale scrubber apparatus and conditions tested in that work was
substantially different than those tested here. For example, the prior work used a rigid, smooth-
walled acrylic tube with a much lower flow velocity. Finally, Fig. 7 shows that the number of
unremoved particles increases with dp, agreeing with the experimental data shown Fig. 4. (Simulated
E values for each size bin are shown for all tests in Table S4 and follow generally similar trends.)

The total E was quite high (up to 82%) in several of the field tests with application of the fog
treatment. As illustrated by Figs. 6 and 7, the simulations suggest that the scrubber could remove
even more particles given that the value of Rv for the experiments presented here is not the
optimal value (i.e., at the minimum in Fig. 6), where maximal particle removal is expected to
occur. This is an interesting result in and of itself and is an inherent characteristic of the fog-and-
tube scrubber, wherein a two-step process for particle removal is dominant: The first step
requires that particles coagulate with drops, and the second step requires that these drops are
removed (primarily due to impaction). While the first step benefits from a lower airflow velocity
or higher retention time, the second step benefits from a higher velocity or other enhancements
to the depositional velocity of drops. Research designed to determine regions of the relevant
parameter space where the minima is achieved is expected to be fruitful.

5 CONCLUSIONS

Exposure to high DPM concentrations represents a serious health hazard. Previous research
has suggested that it might be possible to remove nanoscale DPM directly from engine exhaust
by application of micron scale fog drops. The current study field tested a fog-and-tube scrubber
and demonstrated significant particle removal efficiency (11.5 nm—154 nm), which was highest
for the finest particles. These findings are important given that such particles may be especially
concerning with respect to health effects, but not easily captured by standard physical filtration
or other available engine aftertreatments.

Simulated results using the scrubber inlet conditions from the field testing reveal the dominant
particle removal mechanisms. Specifically, in the presence of a high density of fog drops, particles
quickly coagulate with the drops, which are then removed from the air flow. For the tested scrubber,
drops are removed primarily by inertial impaction to tube walls (rather than gravitational settling,
although this does contribute). The simulated results also indicate that further improvement in
particle removal efficiency may be possible by optimizing the depositional velocity of the fog
drops. This should be considered in the next design phase of the fog-and-tube scrubber.
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