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1.0 Executive Summary (recommended length 1 page): The executive summary should 

provide a succinct and accurate description of the problem statement, the research 

approach, accomplishments and expected impact on mining health and safety.  Since this 

executive summary may be released to the general public, budgetary information should 

not be included.   

 

Problem Statement:  The problem that was addressed in this project concerns the elevated risk 

of respiratory illness that exists for the mining work force caused by exposure to airborne 

particles in the mining environment.  In particular, diesel particulate matter (DPM) is a growing 

threat to worker health in metal/nonmetal mines where more than 18,000 miners work in 

approximately 200 underground mines (Monforton, 2006).  DPM is a significant concern since 

the particles formed are virtually all submicron in size and easily penetrate into the lung. 

Furthermore, DPM particles reside in the mining environment for long periods due to an 
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essentially zero settling velocity (Bugarski et al., 2012). DPM has been classified as a known 

human carcinogen (International Agency for Cancer Research, 2012) and chronic exposure 

increases the risk of cardiovascular, cardiopulmonary, and respiratory disease (OSHA - HA-

3590-2012). Evidence continues to accumulate suggesting that diesel exhaust in general and 

DPM in particular increase the risk of cancer (Garshick, 2004).  Because DPM is mostly confined 

to nanoscale particle diameters, methods for removing it from vehicular exhaust are 

challenging, since the particles have virtually no inertia at these small diameters.  Hence, 

standard filtration or impaction methods for particle removal are not effective.  Accordingly, 

effective removal of DPM and other nanoparticles must rely on the diffusive motion of these 

small particles.  Since the characteristic length of diffusion tends to be small for the time scales 

of a particle traveling through a finite sized scavenging system, the overall process of 

removing nanoparticles can be problematic.   

 

Research Approach:  As noted above, diffusion is the process that must be relied upon to 

remove nanoparticles in diesel exhaust.  The characteristic length of a diffusing nanoparticle 

would be small for the time scales of a particle traveling through a scrubber or filtration system.  

To address this issue, we sought to reduce the distance such a nanoparticle would have to 

diffuse by adding fog to the exhaust stream.  Specifically, the research approach was to force 

the diesel exhaust to combine with a high number density of 5 um fog drops.  In this way, the 

nanometer particles only need to diffuse the relatively short distance to a drop.  Once this has 

occurred, removal of the fog drop results in removal of the nanoparticle.  And, since 5um 

drops having significant inertia (compared to the much smaller DPM nanoparticles) they are 

relatively straightforward to remove via an impactor, a cyclone, or even via gravitational 

settling.   

 

Accomplishments:  During the course of this project, the efficacy of fog in removal of 

nanoparticles was demonstrated in two setting (i) a laboratory setting, and (ii) and engine 

test-cell environment.  In the laboratory, nanoparticles were generated by the atomization of 

a solution of sodium dodecyl sulfate (SDS).  These nanoparticles were flowed into a fogging 

chamber where ultrasonic foggers were used to generate fog drops having a nominal 

diameter of 5um.  Experiments demonstrated significant improvement of nanoparticle 

scavenging by fog, for nanoparticles ranging in from 11 nm to 365 nm in diameter.  In the 

engine test cell environment, similar results were obtained.  Again 5um fog drops were 

generated using ultrasonic transducers and these were shown to increase the scavenging of 

DPM nanoparticles in the 11 nm to 365 nm range.  In the laboratory, scavenging was 

quantified as a function of the air flow rate, water consumption rate, and particle diameter.  In 

the engine test-cell environment, scavenging of DPM was quantified in terms of particle 

diameter and engine load.  In the engine test-cell environment, significant engineering 

challenges were identified and addressed, including maintenance of fog generation even as 

organic films formed on the water surface in the fogging chamber.   

 

Expected Impact on Mining Health and Safety:  If implemented in the mining environment, the 

use of a fog scrubber to remove DPM could have a significant impact on the respiratory 

health of the mining work force.  The approach uses only water and foggers that generate fog 

using ultrasonic transducers.  In the engine studies, the exhaust flow was due to the engine 

itself.  Hence a zero moving parts strategy (or perhaps one moving part if one considers the 

PZT disc in the foggers to be a moving part) can be implemented that reduces DPM levels.   
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2.0 Problem Statement and Objective:  The solicitation focus area should be identified and the 

problem statement summarized.  Sufficient background information should be provided to 

justify why this approach is needed to advance the solution to this problem area.  The specific 

aims and research objectives should be clearly documented.   

 

The solicitation focus area was Health and Safety Interventions.  The priority area was 1.1: 

Respirable Dust.   

 

Summary of Problem Statement:  The mine health problem that was addressed is the 

continuing high levels of particulates in the mining environment, specifically the nanoparticles 

found in diesel exhaust: diesel particulate matter (DPM).  It is notable that: (1) there is an 

enormous degree of exposure to DPM in the metal/nonmetal mining workforce, (2) there is an 

enormous opportunity to dramatically improve DPM levels in mines due to the highly localized 

nature of how it is introduced in mines (only from tailpipes), and (3) the threat to the mining 

workforce by DPM is significant.  DPM has been classified as a suspected carcinogen (NIOSH, 

1988) and is associated with a variety of acute health effects such as respiratory irritation and 

nausea (EPA, 2002; Ristovski et al., 2012). DPM exposures can occur in any occupation where 

diesel equipment is used, particularly when ventilation is insufficient or exhaust after-treatment 

technologies (e.g., diesel particulate filters, discussed further below) are not used. While 

underground miners are generally considered to be at highest risk for DPM exposures, surface 

miners and processing and auxiliary operations workers are also at risk.  DPM is a growing 

concern in metal/nonmetal mines where more than 18,000 miners work in approximately 200 

underground mines (Monforton, 2006).  Although diesel engines are used less in coal mines, 

the use of diesels in outby areas is significant and presents a risk to coal mine workers as well.  

DPM is a significant concern since the particles formed are virtually all submicron in size and 

easily penetrate into the lung. Furthermore, DPM particles reside in the mining environment for 

long periods due to an essentially zero settling velocity (Bugarski et al., 2012). DPM has been 

classified as a known human carcinogen (International Agency for Cancer Research, 2012) 

and chronic exposure increases the risk of cardiovascular, cardiopulmonary, and respiratory 

disease (OSHA - HA-3590-2012). Evidence continues to accumulate suggesting that diesel 

exhaust in general and DPM in particular increase the risk of cancer (Garshick, 2004).  

Although exhaust after-treatments such as diesel particle filters (DPF) can be effective in 

removing DPM, challenges remain with this technology with regard to regeneration, 

maintenance, and other factors.   

 

Summarizing, the health problems posed by DPM in mines is significant, and extant methods 

for its removal suffer from a range of problems, as is further demonstrated below.   

 

Background Information: Diesel engines are used in a very large number of underground 

mines.  Bugarski et al. (2012) note that according to MSHA, roughly 4800 diesel engines are 

used in 145 underground coal mines in the United States and that as many as 7700 diesel 

engines are used in 177 metal/nonmetal mines.  In total, as many as 30,000 underground 

miners may be exposed to high concentrations of DPM due to these diesels (Mischler & 

Colinet, 2009).  The DPM emitted by these engines is a complicated mixture of solid carbon 

particles, ash, volatile organics, and sulfur containing compounds (Kittelson, 1998).  Though the 
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constituents and relative concentrations of the particles in diesel exhaust vary in a 

complicated fashion as they evolve from the moment of combustion onward through the 

exhaust system and into the mining environment, it is clear that DPM is deleterious to human 

health.   

 

A significant characteristic of DPM is that the particles reside almost exclusively in the 

submicron range of particle diameters.  This is shown in Fig. 1, which is a particle size distribution 

for the exhaust of a typical diesel engine.  This figure shows that in terms of both mass density 

and number density, virtually all DPM is less than a micron in diameter.  In terms of mass, most 

particles reside between 100nm and 1um, while in terms of number of particles, most DPM 

resides in the diameter range <50nm.  All of these small, submicron particles are cause for 

concern, since penetration into the human lung increases with decreasing particle diameter 

(ICRP, 1984).   

 

 

 
Figure 1: Particle size distribution for a typical diesel engine.  Both the number weighting and 
mass weighting are shown.  Plot taken from Kittelson (1998).   
 

Regulations on permissible DPM levels have been implemented for both underground coal 

mines (30 CFR 72.520, 2001) and metal/nonmetal underground mines (30 CFR 57.5060, 2008).  

The latter limits personal exposure to less than 160 ug/m3 total carbon, and is a mass-based 

method which samples submicron particles.  One method for achieving these levels is via mine 

ventilation.  This approach is perhaps the most straightforward since ventilation systems are, of 

course, already used in underground mines to remove other particulates as well as to reduce 

to required levels gases such as CO, CO2, NOx and SOx.  However, reduction of DPM to levels 

that meet regulations requires significant increases in ventilation flow rates beyond that which 

is necessary to control the levels of these harmful gasses (Schnakenberg & Bugarski, 2002).  

Hence, the use of ventilation to control DPM levels is an expensive route, and the potential for 

future regulations on DPM only stands to increase this cost.  The other method for reducing 

DPM levels is to address the problem at the source, namely at the engine or tailpipe.  In this 

category, methods for DPM reduction include use of alternative fuels, operation of the engine 
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in such a way as to reduce DPM emission, the use of diesel particle filters (DPF) and the use of 

diesel oxidation catalytic converters (DOCC), (Schnakenberg & Bugarski, 2002).  These 

approaches are now surveyed.   

 

Changes in how a diesel engine is operated can result in some reductions in DPM emissions.  

For example derating, the process of running an engine at reduced power, can reduce DPM 

by significant amounts.  In one study, reductions of as much as 80% by mass for a 4 hp 

reduction were observed, though more typical numbers are on the order of 50% 

(Schnakenberg & Bugarski, 2002).  Another example of reducing DPM emissions via alternative 

operating methods is the use of alternate fuels such as biodiesel or diesel combined with 

water emulsions.  Reduction in DPM has been reported in the use of biodiesels.  The range in 

quoted reductions is large, not surprisingly, given the different types of biodiesel blends which 

are available, not to mention differences in the type of "pure" diesel which can be used as the 

control case.  For example, a 50% reduction was found by Howell & Weber (1977) while only a 

20% reduction was observed in a not dissimilar study by Watts et al. (1998).  The addition of 

water in the form of an emulsion has been used to control diesel emissions where reductions in 

gas phase emissions is the primary benefit, though some reductions in particulate emissions 

have also been observed (Bugarski, 2011).  Also in this category are low sulfur fuels which 

dramatically reduce the formation of sulfuric acid aerosols, which can be in the nanoparticle 

range.  Methods that eliminate DPM particles once they've been formed include catalysis and 

filtration.  Diesel oxide catalytic converters (DOCC) are used with diesel engines primarily to 

reduce carbon monoxide and hydrocarbon emissions by oxidizing them to carbon dioxide 

and water (Bugarski et al., 2011).  However DOCCs also reduce DPM and have been shown to 

result in reductions of 20% - 35% (EPA, 2009; Bugarski et al., 2011).  With regard to DPM 

reductions, diesel particle filters (DPF) are arguably the most effective in DPM mass reduction.  

DPFs are fine porous filters typically composed of materials such as silicon carbide or ceramic 

oxide which capture particles in the porous structure.  The captured DPM is subsequently 

eliminated through a regeneration process where the filter temperature is elevated to burn off 

the DPM cake.  This can be done using exhaust heat, via electrical heating, or by removing 

the filter and regenerating it in an off-site kiln.  The effectiveness, on a mass basis, of these filters 

can be quite high, approaching 99% under proper conditions (Bugarski et al., 2011).   

 

The above survey of extant methods for DPM reductions seems to suggest that the mine 

operator has numerous tools available, each of which show the potential for significant 

reduction in DPM levels.  Many of the above methods indicate very significant reductions in 

DPM, perhaps the best being due to DPFs.  However caution must be exercised when 

interpreting quoted percent reductions in DPM for several reasons.  First, virtually all of the 

percent reductions described above are mass based results, which are highly skewed toward 

larger particles.  This is a real concern since, as will be shown below, there is significant 

evidence to suggest that it is the number of particles and not necessarily the mass of particles 

in the nanometer range which impacts human health.  Hence, if the reduction in DPM mass 

due to any of the techniques described above is due primarily, say, to particle reductions in 

the 100nm - 1.0um range, it could be the case that enormous numbers of particles in the 1nm-

10nm range may not be removed at all.  One way to illustrate the significance of this point is to 

simply note that it takes one million particles having a diameter of 1 nm to equal the mass of a 

single 100nm particle.  There is significant evidence to suggest that DPFs and other after-

treatment methods are removing mostly "large" nanoparticles (those in the accumulation 

region), while not affecting, or perhaps even increasing, the number concentration of smaller 
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nanoparticles in the nucleation region (<50nm) range.  For example, Dementhon & Martin 

(1997) showed that nuclei mode DPM was created by DPFs during some loading conditions for 

a 1.9L VW TDI engine and that nuclei mode particles were generated during regeneration for 

all cases studied.  Vaaraslahti et al. (2004) showed that for a heavy duty diesel operating with 

a continuously regenerating DPF, nucleation mode particles were significantly reduced, but 

only at low engine loads and that at high engine loads, the formation of nucleating mode 

nanoparticles was actually higher with the DPF in place, increasing by over two orders of 

magnitude in number density at a diameter of 10nm.  Maricq et al. (2002) observed a similar 

effect on a light duty diesel truck, but only when using high sulfur fuel, as did Vogt et al. (2003) 

in studies of the exhaust plume of a diesel passenger car, as sampled by a chase vehicle.  

Kittelson et al. (2006) showed a two orders of magnitude increase in 10nm nucleation mode 

particles when a Continuously Regenerating Trap was used when compared to the 

uncontrolled exhaust case for a Volvo 6 cylinder, 12 L diesel engine, and Bugarski et al. (2009) 

found a similar result on an Isuzu C240 light duty diesel in an underground mining environment.  

Other studies showing an increase or lack of a decrease in nucleation mode nanoparticles 

when using DPFs exist in the literature, and a good survey can be found in Bugarski et al. 

(2012).  

 

In medical science, the effect of a substance on human health is typically characterized in a 

mass-based way.  Whether the substance is a drug designed to promote health, or a toxin 

known to result in morbidity, the figure of merit is typically mass of the compound per unit mass 

of body weight.  However, as noted by Ristovski et al. (2012), particles in general, and 

nanoparticles in particular cause damage that is not well-correlated to mass.  Rather, it is the 

number concentration (Pope et al., 1995; Dockery et al., 1993) or perhaps the total particle 

surface area (Oberdorster et al., 2005, 2007) that best correlates DPM toxicity.  Indeed, studies 

have shown that as the particle diameter descends into the 10's of nanometers, materials that 

are understood to be benign and nonreactive in animal tissue, become toxic.  This was shown 

to be the case for titanium dioxide particles by Seaton et al. (1995) and for Teflon particles by 

Warheit et al. (1990).  Furthermore, at these very small diameters, particles, instead of 

embedding themselves in the alveolar tissue and relegating their damage only to the lung, 

can actually translocate to other organs such as the liver, spleen, or brain.  This was shown to 

be the case in animal studies by Elder et al. (2006) and Oberdorster et al. (2004).   

 

In addition to the observation that DPM reductions reported in the literature are mass-based 

and do not account for the number density effect on health, it should also be noted that even 

if reductions in number density were comparable to those quoted on a mass basis, reductions, 

even as large as, say, 90% may not be as significant as they appear.  The enormous number 

densities of nanoparticles in diesel exhaust may mean that levels are still high even when 

number densities are reduced by a large amount.  For example, DPM emissions of an 

untreated engine tend to reside in the 109/cc range, meaning that even a 90% reduction 

leaves a concentration of 108/cc, which is still very large.   

 

Finally, it is noted that the various technologies described above cannot always be used in an 

additive or multiplicative way to remove diesel emissions.  In other words, some technologies 

help in reducing one aspect of diesel emission, while negatively impacting the ability to 

remove another part of diesel emission.  Perhaps the best known example of this is the 

NOx/DPM tradeoff which results from the fact that NOx formation increases with combustion 

temperature, while the opposite is true for DPM (Bugarski et al., 2011). 
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All of the above indicates that implementation of some or all of the strategies described 

above may be good approaches for reducing overall DPM levels of large particles.  And, 

given how DPM levels area currently quantified it may be the case that existing technologies 

are all that is necessary to bring a mine operation into compliance.  However, it may very well 

be the case that future regulations borne from a growing understanding of the health threats 

associated with nanoparticles that contribute negligibly to overall DPM mass, but are large in 

number, may require significantly different approaches to DPM removal.  Furthermore, given 

that many of the methods described above are already problematic in various mine 

conditions, require diligent protocols and maintenance procedures, and/or benefit reductions 

in one type of DPM emission at the expense of another, exploration of alternative DPM control 

methods is clearly needed.   

 

The research presented below implements the use of very small water drops, fogs, to eliminate 

particles.  The challenge in removing submicron particles from air is that the particles have very 

little inertia which is one method by which filters, scrubbers, etc. remove particles.  However, as 

the particle diameter decreases, the effective diffusivity of a particle increases.  This allows for 

the possibility of particle elimination via diffusion toward a collector, such as a filter.  However, 

even for very small particles, the diffusion distance for a particle can be relatively small over 

the time scales inherent in a typical exhaust system.  But this limitation can be overcome if the 

collector is a fog drop, and if the number density of the fog is large enough that the interdrop 

spacing is comparable to the particle diffusion distance.  It is tempting to compare this 

approach to that of a wet scrubber – the approach seems to be similar in that drops are used 

in a gas flow to eliminate an undesirable component.  However, wet scrubbers tend to rely on 

inertia as well, spraying drops downward so that particles will strike the drop surface.  That is 

not the approach in the research described here, where diffusion of particles to drops, both of 

which are traveling at the same speed as the other is the means by which particles are 

captured by the drops.   

 

Specific Aims and Research Objectives:  The specific aims of this research were to develop a 

new method for removing nanoparticles that can complement (or perhaps replace) existing 

approaches such as diesel particulate filters or catalysis-based approaches and which is 

effective on particle diameters that extend down into the DPM nucleation regime (10nm - 

50nm), but is also effective for larger particle diameters, extending well into the micron scale 

regime.  We refer to the device that we have developed as a "fog scrubber" since it combines 

particles and a high number density of fog drops in one location where they are combined 

and are subsequently removed as a water stream via a cyclone separator.  The fog scrubber 

operates via a combination of diffusive transport from particles to drops and then inertial 

transport from the drops to the walls of the cyclone separator.  This approach is not chemistry-

based and is instead based on purely mechanical mechanisms.  Hence particle removal 

occurs in a way that depends on the particle and drop size and density and does not require 

a specific chemical environment.  In this way, variations in engine type, fuel, operating 

condition and after-treatment doesn’t change the effectiveness of the proposed method.  As 

will be shown below, we have demonstrated the method in a laboratory and engine test-cell 

environment.  In both cases a stream of polluted gas (in the laboratory results, the “pollutant” 

is not DPM, but sodium dodecyl sulfate) emanating from a pipe is combined with a high 

number density fog in a fogging chamber.  This approach is ideally suited for cleaning diesel 
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exhaust, since the exhaust emanates from the tailpipe of a vehicle and is therefore eminently 

suited to directly couple with the fog scrubber.   

 

The ultimate outcome of the proposed study was to have a particle scrubber mounted on a 

diesel mining vehicle and on a stationary diesel engine in a mining environment.  While this 

was not achieved, what was done was to show that (i) the fog scrubber works in a laboratory 

environment, and (ii) that the fog scrubber increases DPM removal for a small diesel engine in 

a controlled engine test cell.   

 

The fog scrubber developed and investigated in this work should enable significantly improved 

removal of particles ranging from 10nm to tens of microns.  This addresses the Respirable Dust 

priority area.   

 

 

3.0 Research Approach:  The strategy and study design used to solve the problem should be 

clearly described.  The specific tasks that were used to address the research objectives are to 

be identified and described to a level of detail that would allow another researcher to 

understand the methodology and experimental design used to achieve the research 

objectives.  

 

Broadly stated, the research approach was to quantify the performance of the drop scrubber 

in (1) a laboratory environment where proxy-particles (not DPM) were generated in a 

controlled environment; (2) to quantify the performance of the drop scrubber in an engine 

test-cell environment where DPM particles were scrubbed from the exhaust and where the 

load on the engine was varied; (3) to quantify the performance of the drop scrubber mounted 

on the tailpipe of a mining vehicle in a mining environment.  The strategy was to conduct 

these tasks in order, since these proceeded from situations where the system was easiest to 

control to situations where the system was most difficult to control.  The first two tasks were 

completed during the course of the grant period.   

 

 

Laboratory Environment Experiments 

 

The overall approach for the laboratory tests was to construct the fogger setup and quantify 

its performance in a laboratory where many of the parameters which are difficult to control in 

an engine are easily controlled.  For example, when operating using diesel engine exhaust, 

temperature of the flow, particle number density, and overall flow rate are difficult to “set” to 

specific values.  Moreover, in diesel exhaust the chemical makeup of the particles, as well as 

their diameter, may vary as they flow through the system as they change temperature and as 

hydrocarbons evaporate or condense.  This introduces irreproducibility in the testing 

environment.  In the laboratory setup, the stability of the particles is easy to ensure while flow 

rates, temperatures, etc. can also be set and held to stable values.   

 

A schematic of the laboratory setup is presented in Figure 2 and Figure 3, below.  The first of 

these shows the portion of the setup used to generate nanoparticles.  The approach was to 

create a solution of sodium dodecyl sulfate (SDS), a detergent which was atomized using the 

atomizer shown in the figure (TSI, 9302, Single Jet Atomizer).  The atomizer generated a range 

of drop diameters centered at 1.5 um.  The SDS solution varied in concentration from 0.15 to 
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0.36 mg/ml.  The key was to ensure that the SDS particles created by the evaporated atomizer 

drops populated the diameter range that the NanoScan particle counters were sensitive to 

(11.5 nm – 365 nm). The pressure applied to the atomizer and SDS concentration were 

adjusted from run to run to ensure this was the case.  Upon atomization, the air flowing through 

the atomizer was directed through two diffusion dryers (ATI, DD-250) to ensure drying of the 

SDS particles.  The compressed air used to drive the flow was house air which had a nominal 

relative humidity of 5%, hence this also contributed to drying the SDS particles.  The dried 

particles were then passed through a Kr-85 Neutralizer (TSI 3012) to remove residual charge 

after evaporation.   

 

 
 
Figure 2- Experimental setup used to generate flow of nanoparticles comprised of SDS.  The outlet 
of this setup is the inlet into the setup presented in Figure 3.   
  

As Figure 2 shows, the resulting particle-laden flow that leaves the particle generation system 

comes from two air flows, the lower part of the figure shows the portion of the flow where 

particles are generated.  This is combined with the majority of the flow in the upper part of the 

figure.  This portion of the flow goes through a large accumulator tank (75.7 liters) which was 

installed to damp any pressure oscillations that might exist in the house air source.  A total of 

four air flow rates were explored: 5, 10, 15, and 20 LPM.  These values are the sum of the two 

flows shown in Figure 2 which are combined at the indicated T-junction prior to entering the 

scavenging apparatus proper, shown in Figure 3.   
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Figure 3- Experimental setup for investigating nanoparticle scavenging in the laboratory 
environment. 
 

The black arrow in Figure 3 shows where the particle-laden flow from the particle generation 

setup illustrated in Figure 2 enters the scavenging apparatus.  A fraction of the flow is sampled 

by the first NanoScan (TSI NanoScan SMPS Nanoparticle Sizer 3910) and then is directed to the 

fogging chamber which was an acrylic box of dimensions 12"x12"x8"(LxWxH), fitted with a 

pressure gage and pressure relief valve.  The fogging chamber was partially filled with doubly 

distilled water.  Significant cleaning protocols were developed to ensure that the fog drops 

generated in the fogging chamber did not themselves generate nanoparticles once 

evaporated.  Check experiments were periodically run to ensure that the total number of 

particles generated by running the apparatus without the SDS particle generation unit (i.e. 

with the atomizer shown in Figure 2 unpressurized) was less than 1000/cc.  A 12-disc fogger was 

used to generate the fog.  A rough control of the fog generation rate was obtained by 

regulating the input voltage.  These foggers were placed within a floating circular ring whose 

center was submerged a fixed distance beneath the water surface at which maximum fog 

generation occurred.   

 

When the foggers were operating, the fog chamber and the outlet tube from the chamber 

would accumulate water which would create larger droplets as the air flowed through.  Since 

the goal was to focus on the effect of fog drops on nanoparticle removal (and not any 

possible effect of these larger drops), an impactor was installed downstream (and in an 

elevated position) of the fogging chamber to ensure that they were returned to the fogging 

chamber and did not continue further downstream.  The impactor was designed to have a 
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50% diameter cutoff value of d50 = 100um and had dimensions 6.5"x4.5"x3.75" (LxWxH).  After 

the impactor, the flow went through a coil comprised of plastic having an internal diameter of 

1.0” and a length of 228".  This was included to permit a period of time for particles to diffuse to 

the fog drops.  The tubing was coiled in order to take up less space on the laboratory bench.  

Following the tube was a cyclone separator designed to remove the drops created by the 

fogger.  A portion of the cyclone output was sampled by the second NanoScan, while the rest 

of the flow was exhausted to a laboratory vent.  The flow sampled by the NanoScan was first 

passed through two more diffusion dryers (ATI, DD-250) so that drops were not introduced, nor 

measure by that NanoScan.   

 

A note on measurement philosophy should be made here.  From an occupational health 

perspective, the use of these diffusion dryers implies a conservative mode of measurement.  

Specifically, their use indicates that we consider a nanoparticle to be scavenged if and only if 

two things occur.  First, the nanoparticle diffuses to a fog drop, and second the fog drop is 

removed from the flow.  Drops which have removed nanoparticles but remain in the flow will 

evaporate in the diffusion dryer after which the nanoparticle will be released and presumably 

measured by the NanoScan – viz. it will be counted and therefore considered an 

unscavenged drop.  In an actual industrial environment, a nanoparticle that attaches to a 5 

um fog drop that remains in the air, though less desirable than such a drop which is removed, 

still improves the environment, since micron-scale fog drops may be removed in the 

oropharyngeal region of the human anatomy and likely will not make it to the deepest 

recesses of the lungs.  All of this is to say that our measurement approach is conservative.   

 
Figure 4 - Experimental setup used to quantify mass lost during the course of an experiment. 
 

Experiments were conducted over a range of air flow rates Q and droplet number densities 

Nd.  During each experiment, the setup was operated sequentially in a fog-off and a fog-on 

mode.  Each mode was run for 10 minutes.  For one experiment, each mode was run three 

times i.e. each experiment took 60 minutes and consisted of three fogger off on cycles.   
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In order to determine how the drop number concentration, Nd affects scavenging, it was 

necessary to obtain the rate of water consumption from the fogging chamber.  This was then 

used to obtain Nd according to the equation: 

 

𝑁𝑑 =

6𝑚̇
𝜌𝜋𝑑𝑑

3  

𝑄
 

 

where 𝑚̇ is the water mass consumption rate and dd is the fog drop diameter.  The challenge 

to this approach was computing the water consumption rate.  This number was not large; the 

decrease in the water level over the course of an hour was on the order of millimeters and so 

any approach based on measuring the drop in water level using a ruler was precluded due to 

the presence of the meniscus at the tank wall; said meniscus being comparable to the drop in 

water level and exhibiting stick-slip behavior as it moves.  Accordingly a more involved 

approach was necessitated and is shown in Figure 4, with a more detailed view presented in 

Figure 5.  As these figures show, a tube was connected between the fogging chamber 

bottom and a graduated tube (basically a thin test tube with fine scale grating etched into its 

surface).  In between the fogger and the graduated tube, the connecting tube passed 

through a circulating refrigerated water bath (RMG Lauda Brinkmann).  This approach was 

needed to ensure that any bubbles in the water that might exist or form would be eliminated 

by cooling the water and forcing the gas into solution.  This was done because the 

expansion/contraction of bubbles caused errors in earlier versions of this approach.  The water 
bath was set to 15°C.  A valve was located just before the water bath.  The graduated tube 

was mounted on a unislide assembly (Velmex UniSlide A40 Series) which has a high precision 

lead screw and a graduated knob.  A magnified image of the water level in the graduated 

tube was obtained as indicated in Figure 4 and Figure 5 using a 500-watt halogen light source, 

and a camera lens (Nikon, Micro Nikkor 105 mm) which projected the image onto a large 

frosted screen.   

 

Before starting an experiment, the unislide assembly was adjusted so that the water level in the 

graduated tube was located at a predetermined location on the tube, which position was 

recorded.  The valve was then closed, and the experiment was conducted.  After the 

experiment, the valve was opened, causing the water level in the graduated cylinder to drop.  

Observing the magnified image of the new water level on the frosted screen, the unislide knob 

was rotated until the water level returned to its original position.  The distance of travel of the 

unislide is equal to the drop in water level (it is noted that the volume of water in the 

graduated tube was negligible compared to the fogger tank volume), and this value was 

recorded.  The volume of water consumed in the fogging chamber was then calculated by 

multiplying this vertical displacement by the internal footprint of the fogging chamber.  The 

above equation was then used, with the fog size distribution of Merrell and Saylor (2017) 

invoked to account for dd in that equation.  Merrell and Saylor (2017) used the same fogger as 

in these experiments; the average diameter for that distribution was dd = 5.8 um, close to the 

nominal diameter of 5 um quoted by the fogger manufacturer.   
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Figure 5 - Alternate view of the setup shown in Figure 4. 
 

 

Overall, the above approach enabled measurement of particle number densities upstream 

and downstream of the fogging chamber using the two NanoScan units.  These units provided 

these number densities over a range of particle diameters.  Also measured were the drop 

number density and air flow rate.  These measurements enabled computation of the particle 

scavenging coefficient and the particle agglomeration coefficient (as described below) and 

allowed these to correlated to the air flow rate, drop number density, and particle diameter, 

all of which are presented in the next section.   

 

 

Engine Test-Cell Experiments  

 

To ascertain the performance of the fog scrubber on actual diesel particulate matter (DPM), 

the setup used above was modified for use on a diesel engine and experiments similar to 

those described above were conducted.  The setup shown in Figure 6 was used wherein DPM 

concentrations were taken upstream and downstream of the fogging chamber to ascertain 

the efficacy of fog on DPM removal.  The primary components of the system consisted of a 

diesel engine, exhaust cutout, dynamometer, heat exchanger, fogging chamber, surface 

drain, cyclone separator, and measurement instrumentation as shown in Figure 6. Details of 

each component are now described. 
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Figure 6 - Setup used to test DPM scavenging of diesel exhaust in the engine test-cell environment. 
 

 

Diesel Engine 

A Daihatsu DM700D diesel engine was the source of diesel exhaust for the system.  The engine 

featured a displacement volume of 697cc and a maximum operating load of 13.2 kW.  The 

degree of engine exhaust back pressure due to the heat exchange (see below) and fogging 

system was monitored by a pressure gauge and the exhaust manifold was coupled with an 

electric exhaust cutout valve to control this back pressure.  The cut out valve was partially 

opened (around 20%) to limit the exhaust flow that enters into the heat exchanger (and 

hence the fog chamber).  The hydraulic dynamometer was used to apply a torque load on 

the engine per stated test conditions (see Table 1, below). 

 

 

Heat Exchanger 

The incoming diesel exhaust had a very high temperature (as high as 350 ⁰C) and needed to 

be cooled down below its saturation temperature to avoid evaporation of the water and fog 

drops inside the fogging chamber.  A shell and tube heat exchanger (Armstrong, Model 

W6244) was used to cool down the exhaust to 19 ⁰C - 25 ⁰C.  The water side of the heat 

exchanger was supplied by the tap.  The heat exchanger was run in a once-through capacity 

and was very successful in cooling the exhaust.  Future work in this area should focus on a 

closed-loop system where a radiator receives the water after the heat exchanger and rejects 

the absorbed heat to the environment.  This is discussed in the Future Work section, below.   
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Fogging Chamber 

The fogging chamber used in these experiments made of acrylic sheet and had a volume of 

1000 in3 (0.0163 m3).  It contained a 12 head ultrasonic foggers (The House of Hydro, Model 

DK12-36), floating at a height of 0.152 m beneath the water surface inside the fogging 

chamber.  This fogger was a different, but identical fogger from the one used in the laboratory 

experiments described above.  It has a power rating and an operating frequency of AC36V, 

290W and 1.7±0.04 MHz, respectively.  A significant challenge initially in this work was keeping 

the water surface clean.  As exhaust flows over the water surface, films accumulate which are 

presumably diesel fuel, engine oil, and/or other hydrocarbon constituents of diesel exhaust.  As 

this film accumulated, fog generation effectively ceased.  To maintain continuous operation 

of the foggers, a surface drain system was integrated.  This system removed the very top layer 

of the water surface, including accumulated films.  This fluid was pumped through a filter using 

a small water pump and then returned back to the fogging chamber in a closed cycle.  

Downstream of the fogging chamber, the flow exited the system through the cyclone 

separator.  The cyclone was designed for this application based on the Stairmand's prescribed 

optimum critical cyclone dimensions for high efficiency removal (Stairmand, 1951).   

 

Measurement of the fog drop number density, Nd was much more challenging in the engine 

test cell environment than for the laboratory environment.  The surface drain and the 

presence of vibrations made the approach taken in the laboratory experiments impractical.  

To obtain this measurement, a separate set of experiments was conducted where house air 

instead of diesel exhaust was flowed into the system with the fogger turned on.  By running this 

air flow for several hours, a significant drop in the water level was recorded (the surface drain 

was not operated) and the mass flow rate computed.  Data was acquired for a range of air 

flow rates.  Since the maximum house air flow exceeded the engine exhaust flow rates 

explored here, the air data was extrapolated to the exhaust flow rate for each engine loading 

condition explored.  Using an assumed drop diameter of 5 um, the drop number density for 

each operating condition was thereby obtained.   

 

 

Particle Sampling with Dilution System  

Under the conditions explored here, the number density of DPM exceeded the upper 

measurement bound of the NanoScan particle counters (the same units that were used in the 

laboratory experiments described above), which was 106/cc.  Accordingly, a dilution system 

was introduced to keep the number density of the particles within the operating range of the 

particle counters.  The exhaust flow was mixed with house air before entering into the fogging 

chamber to accommodate the operating range of the particle counters.  The dilution air flow 

rate was held at 188 lpm for all experiments.  As a result, the dilution ratio changed depending 

on the exhaust flow rate resulting from the corresponding load applied.  Since the degree of 

dilution was identical for the upstream and downstream NanoScans, this introduced no error, 

as long as the upper bound of 106 particles/cc was not reached.  A significant amount of time 

and test experiments were conducted to create and modify the dilution system to ensure that 

the above statement was true.   

 

For both NanoScans, filters were placed upstream of the sampling ports to ensure that large, 

micron-scale particles were eliminated, thereby protecting the NanoScans.  Specifically, the 

flow first went through a 5.08 cm diameter tube filled with clean furnace filter material (air 
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filters used in home air conditioners).  These filters served primarily to slow the rate of clogging 

of the subsequent filters.  The furnace filter was followed by a 30 micron filter, and then a 25 

micron filter.  A diffusion dryer was also placed in line to ensure that fog drops were not 

counted by the NanoScans.   As was the case for the laboratory tests, the air accumulator was 

placed in line after the house air inlet to buffer any fluctuations in hour air pressure.   

 

 

Emission Test Conditions 

Experiments were conducted under three different loading conditions.  The diesel engine shaft 

speed and the corresponding load are listed in Table 1.  In each test, particles were sampled 

for five minutes without fog and then for five minutes with fog for a total of thirty minutes for 

each run.   

 

Test 

Conditions. 

    Speed  

    (rpm) 

Load 

(hp) 

Load 

(kW) 

        1      1,496  2.5 1.8 

        2      1,730  3.5 2.6 

        3      1,864  4 3.3 

Table 1 - Speed and load for the runs conducted in the engine test cell environment. 

         

The collected data was then analyzed to measure the scavenging coefficient and 

agglomeration coefficient both without and with fog.   

 

 

 

4.0 Research Findings and Accomplishments:  The highlight of the report should be a detailed 

documentation and discussion of the research findings and accomplishments.  The 

presentation of this material should be organized in a manner that clearly relates to the 

specific aims and research objectives for the project.  Data and information developed from 

the project efforts should be presented with sufficient detail, analysis, and interpretation to 

support a clear and full understanding of the research conclusions derived from the project.   

 

In this section, results and conclusions obtained from the laboratory experiments and engine 

test-cell experiments are presented.  For both sets of experiments, particle scavenging is 

characterized by two variables, the scavenging coefficient, E, and the agglomeration 

coefficient K.  Both of these variables quantify the number of particles removed, but in 

different ways.  The definition of E is: 

 

𝐸 = (
𝑁1 − 𝑁2

𝑁1

)  

 

where N1 and N2 are the upstream and downstream number densities (particles/cc or 

particles/m3), respectively, and where upstream and downstream refer to positions relative to 
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the fogging chamber.  The agglomeration coefficient is defined by the first order differential 

equation: 

 

𝐾 =  −
1

𝑁2

𝑑𝑁

𝑑𝑡
 

 

the solution of which is: 

 

𝑁 (𝑡) =  
𝑁0

1 + 𝑁0𝐾𝑡 
 

 

From this equation, K is obtained by setting N0 to N1, setting N(t) to N2, and by setting t to the 

residence time in the system.  In this way, N(t) is N2.  It is noted that K and E are related by the 

equation: 

 

𝐾 =  
𝐸

𝑁2𝑡
 

 

Results for both E and K are reported below as a function of volumetric air flow rate, Q, 

particle diameter dp, and droplet number density Nd.  The two parameters, E and K, each 

provide different insight into the scavenging behavior.  E provides a more intuitive feel for the 

scavenging process as it is simply the percent of the incoming particles that are removed.  This 

enables a very clear ability to contrast the impact of fog for the situation at hand.  However, E 

is sensitive to numerous parameters that don’t necessarily illuminate the efficacy of fog.  These 

include the residence time, and, importantly, the incoming particle number concentration.  

When the incoming particle concentration is high, E will be high, and when the incoming 

particle concentration is low, E will be low (everything else held constant).  Hence, for a given 

particle removal strategy, one could, essentially, manipulate the situation to get almost any 

value of E, simply by increasing or decreasing the incoming particle number density.  This is not 

necessarily a problem if the operating conditions of a system are very stable, in which case 

comparison of fog and no-fog conditions can be made.  However, as is the case in the engine 

test-cell environment, where conditions vary and are difficult to control, fog/no-fog 

comparisons are challenging.  The coagulation coefficient K does not suffer from this 

drawback.  Indeed, if the geometric and flow factors are unchanged, K should be 

independent of the inlet number density of particles.  It also does not vary with residence time 

(nominally).  K does vary with the other facets of the system which control the efficacy of 

particle removal.  For example, as we will see, K varies with the drop number density.   

 

 

Laboratory Environment Experimental Results 

 

Figure 7 is a plot of E versus Q for the laboratory experiments, where Q is the air volumetric flow 

rate in liters per minute (LPM).  Here, E is computed for the total number of particles in the flow 

(particles of all diameters that the NanoScan is sensitive to), and results are presented with the 

fogger on and with the fogger off.  In this and subsequent plots, the fog-on condition is 

denoted by a blue symbol and the fog-off condition by an orange symbol, and the vertical 

error bars corrrespond to 95% confidence intervals.  In the following plots, two fogger 

conditions are identified, high “H”, and low, “L”.  These are a compilatyion of experiments 
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which resulted in high and low fog number density, respectively.  “H” and “L” corresponded to 

an average fog number density of Nd = 0.43 x 1012/m3, and Nd = 2.63 x 1012/m3, respectively.  

Of course Nd is an important parameter in and of itself, and subsequent plots will show the 

behavior of E and K with respect to Nd in finer detail than just the high and low concentration 

results presented here.   

 
Figure 7 - Plot of E versus Q for the "H" fogger condition.  The vertical bars are 95% confidence 
intervals.  Note that for some runs these intervals are very small and therefore are obscured by 
the data symbol itself.   
 
Figure 7 shows two important trends.  First, that for both fog-on and fog-off conditions, E 

decreases with increasing volumetric flow rate, and second, the presence of fog has a 

significant impact on particle removal for these conditions.  The former observation is 

expected; as the volumeteric flow rate increases, the residence time of particles in the overall 

setup decreases.  Since, with or without fog, the processes which remove particles take time; a 

lower residence time allows less time for particle removal and hence E should decrease 

linearly with Q, a result which the data rougly show.  For all four of the air flow rates explored 

here (5, 10, 15, and 20 LPM), the presence of fog significantly increased the scavenging 

coefficient.  As the figure shows, this increase is approximately 0.3 on a range from 0 to 1.0 for 

all four flow rates.  Of note, at 5 LPM, E increased from 0.7 to just less than 1.0, where 1.0 
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denotes complete removal of particles.  Hence, the air exiting the system was almost perfectly 

clean.   

 

Figure 8 presents the same results as presented in the E versus Q plot of Figure 7, but on K 

versus Q coordinates.  Variations in upstream particle number density from run-to-run and the 

change in residence time due to different values of Q should not have an impact on K.  The 

figure shows that K is roughly constant for the fog-on case, showing no real trend with Q.  It is 

also significantly larger for the fog-on case than for the fog-off case, as expected.  Indeed, at 

low Q, K is well over an order of magnitude larger for the fog-on case when compared to the 

fog-off case.  At the maximum Q, K is a factor of 3 larger for the fog-on case.  Interesting, there 

is a significant variation in K with Q for the fog-off case.  Since this cannot be due to a 

residence time effect or a particle number density effect it is likely due to increased wall 

deposition due to the increasing velocity of the flow.  This is possible, since the Reynolds 

number is transitional in these flows and at the higher flowrates, a burgeoning turbulence may 

increase particle deposition, as well as enhance secondary flows that may exist in the turns of 

the coil.  It may be these effects that cause K to increase with Q in this plot.   

Figure 8 - Plot of K versus volumetric flow rate, Q for the "H" fogger condition.   The vertical bars are 95% 
confidence intervals.  Note that for some runs these intervals are very small and therefore are obscured by 
the data symbol itself.   
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Figure 9 is a plot of E versus dp for a volumetric flow rate of 15 LPM.  This plot shows, in essence, 

that as the particle diameter gets bigger, the scavenging coefficient gets smaller.  This is true 

for both the fog-on and fog-off cases.  This is expected, since the diffusivity of particles 

decreases with increasing dp.  This diffusivity enhances scavenging in the no-fog case, 

enabling particles to diffuse toward the wall.  It also enhances scavenging in the fog-on case 

in that the particles are better able to diffuse to the drops.  At the two smallest particle 

diameter bins (11.5nm and 15.5nm), the data do not support the above mechanism.  

Between these two points, E increases a bit with particle diameter, and the no-fog case 

actually exceeds the fog case (at least this is true at 11.5nm; for 15.5nm, E is essentially the 

same for fog-on and fog-off conditions).  It is noted that, though small, the 95% confidence 

interval in the smallest diameter bin is larger than the other bins.  Also, at these diameters, 

particle-particle agglomeration is going to be most significant.  Hence, it may be the case that 

particles too small to be sensed are combining to form 11.5 nm particles, resulting in a 

perceived creation of particles, and decreasing E from the value it would otherwise have 

attained, and also reducing the reproducibility of the results for this bin (increasing the 95% 

confidence interval).  Overall, this plot shows that, again, the presence of fog has a significant 

impact on scavenging.  For the largest bin, the improvement in E is from 0.3 to 0.8 on a scale 

from 0 to 1.0, a 50% inrease.   

 
Figure 9 - Plot of E versus particle diameter, dp in the laboratory test environment for both the fog-
on and fog-off case at a volumetric flow rate for air of Q = 15 LPM.  .  The vertical bars are 95% 
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confidence intervals.  Note that for some runs these intervals are very small and therefore are 
obscured by the data symbol itself.   
 

Figure 10 presents the same data as in Figure 9, presented on K versus dp coordinates.  The 

improvement in K due to fog is, again, robust, slightly less than an order of magnitude at a 

particle diameter of 27.4 nm and somewhat smaller at other diameters.  The anomalies at 

11.4nm and 15.4 nm are observed here as well.   

 
Figure 10 - Plot of K versus dp at a volumetric flow rate of Q = 15 LPM.  This plot is for the same 
data as presented in Figure 9.  The vertical bars are 95% confidence intervals.  Note that for some 
runs these intervals are very small and therefore are obscured by the data symbol itself.   

 
To show the effect of drop number density, E is plotted against Nd in Figure 11 and K is plotted 

against Nd in Figure 12.  We note that for a given power applied to the fogger assembly used 

in the laboratory setup, the values of Nd would fluctuate; higher power yielded larger Nd, but 

the reproducibility was poor.  This was why such pains were taken to measure the water 

consumption rate, thereby enabling measurement of Nd, as described earlier in this report.  It 

was these measurements that enabled accurate knowledge of the values of Nd presented in 

Figure 11 and Figure 12, below.  Hence, though the drop number density varied from run-to-run 

under nominally identical conditions, this is not a concern since the value of drop number 
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density was accurately measured.  The plot of E versus Nd in Figure 11 shows an increase with 

Nd as expected, but not a very large increase.  This is likely due to the simple fact that under 

these conditions, E is quite high, which is to say, most of the particle have been scavenged by 

the time the flow exits the setup, and further improvements are difficult to attain.  The plot of K 

versus Nd shown in Figure 12 does not suffer from this issue, since the effect of particle number 

density is not present.  And, this figure shows a noisy, but nevertheless significant increase in K 

with Nd.  Indeed, K increases by about one order of magnitude as Nd increases by a factor of 

5.   

 

 
Figure 11- Plot of E versus fog drop number density, Nd at an air volumetric flow rate of Q=15 
LPM.   
 

Though noisy, Figure 12 is perhaps the most significant result of the laboratory test experiments.  

The prior plots show the expected results that scavenging decreases with particle diameter.  

Also, the prior plots show that E itself increases with residence time.  Both of these are 

important and can be used in future designs of fog scrubber systems.  But Figure 12 indicates 

that it is the drop number density which enables an increase in K, the one variable that can be 

controlled in an actual implementation.  Stated another way, the particle diameters and the 

volumetric flow rates of an engine are not subject to change.  However, the amount of fog 
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drops introduced in a scrubber can be controlled, and this plot shows significant increase in K 

as that number density is increased.   

 

It is noted that the flow rates employed in the laboratory experiments are very low by engine 

standards. For example, a 5 liter engine operating at 2000 rpm (modeled as a simple air 

pump), would yield an exhaust flow rate of approximately 10,000 lpm, 500 times as large as 

the maximum flowrate explored in the laboratory experiments presented above.  However, if 

we imagine traveling with the flow, it is not the speed of the flow that impacts K (ignoring 

potential improvements in scavenging due to turbulence), but rather the ability of a particle to 

diffuse to a drop.  This will occur as long as the particle-to-drop distance is relatively small.  

Stated another way, as long as the drop number densities attained in the laboratory can be 

replicated in an engine environment, the excellent scavenging performance seen in the 

laboratory should also be seen in the engine.  Figure 12 shows that this number density should 

be on the order of 1012 drops/m3 (106 drops/cc).   

 

Of course turbulence will grow in intensity with increasing flow rate, but this will only serve to 

further enhance scavenging, increasing values of both E and K.   

 
Figure 12 - Plot of K versus fog drop number density, Nd for air volumetric flow rate Q=15 LPM.  
This data is the same as that presented in Figure 11. 
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Engine Test-Cell Experimental Results 

 

The test conditions evaluated in the engine test-cell environment are presented in Table 2 

showing the load placed on the engine, the flow rate through the fogger, and the drop 

number density.   

 

Test 

Conditions. 

Load 

(hp) 

Load 

(kW) 

Exhaust 

Flow 

Rate 

(lpm) 

Drop 

Number 

Density 

(/m3) 

        1  2.5 1.8 521 1.13 x 1012 

        2  3.5 2.6 600 1.07 x 1012 

        3  4 3.3 636 1.05 x 1012 

Table 2 – Engine load, exhaust flow rate and fog drop number density for engine test-cell 

experiments. 

As expected, the ability to control the operating conditions in the engine environment was 

significantly lower than for the laboratory scavenging tests.  Among factors that were difficult 

to control include: variations in particle number density, even at constant engine load and 

rpm, contamination of the water surface due to deposition of hydrocarbon films on that 

surface, in spite of the presence of the surface drain, and deposition of subsequent release of 

deposited diesel on the internal walls of the apparatus.  A consequence of this is that the time 

traces of the particle number density, time traces of E, and time traces of K were all variable.  

As one example of this, Figure 13 shows a time trace of DPM particle number density (total) for 

both the upstream and downstream NanoScan particle counters, with fog-off/fog-on periods 

indicated.  The time trace shows firstly a roughly continuous increase in particle number 

density for both upstream and downstream particle counters (note that the y-axis is 

logarithmic).  This variation in number density with time is not atypical and is not alleviated by 

simply letting the engine run for longer periods of time in the hope of achieving a steady-state.  

This type of variation seems to simply be inherent in this type of low-cost engine (and likely any 

engine lacking a closed-feedback control system of some kind).   

 

An important goal was, of course, to determine the effect of fog on scavenging of actual 

DPM, and variations like those in Figure 13 can obscure the effect of fog.  Since E tends to 

increase with overall particle number density, should a rise in number density occur after a 

fog-on to fog-off transition, this can actually result in a higher value of E for fog-off than for fog-

on.  Moreover, occasionally, clearly spurious points can occur.  An example of this can be 

seen at minute 2 in the time trace.  Experience with the setup suggests that this may be due to 

particles coming off of the tube walls in the setup.  This is evidenced by the fact that more 

reproducible results are attained after the setup is cleaned.  Nevertheless, events like those in 

minute 2 are not uncommon.   
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Figure 13 - Time trace of Np (all diameters) for the engine test cell setup showing the upstream 
and downstream values.  Intervals with fog on and fog off are indicated.  Note that the Nd 
measurements lag the change in fogger conditions by two minutes.  As noted in the text, this is the 
time delay due to the residence time in the sampling lines leading from the experiment to the 
NanoScans.   
 

The impact of the above effects are further revealed in Figure 14 which presents the time trace 

for E for the data presented in Figure 13.  First, the event at minute 2 results in a drop in E to a 

negative value.  Also, though for most of the intervals it is clear that E is greater for fog-on than 

for fog-off, there is an overall decreasing trend in E, regardless of whether the fog is on or off 

(note that there is a 2 minute delay in the impact of turning the fog on and off due to the 

delay transport of the sample from the sample taps to the NanoScans).  This has the 

consequence that, for example, even though E is smaller for the fog-off condition of minute 

10-15 than for the fog-on condition from minute 15-20, it is also true that the fog-off condition 

of minute 10-15 is comparable to the fog-on condition of minute 25-30.  When time traces like 

these are condensed to provide overall trends of E versus, for example, Q, the effects of fog 

are blurred out and significant uncertainty in the form of large 95% confidence intervals results.   
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Figure 14 - Time trace of E computed for the data presented in Figure 13. 

 
Figure 15 - Time trace for E in the engine test cell environment showing more stable conditions 
than in Figure 13 and Figure 14. 
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Of course, there were runs when the behavior of the system was much more stable (as well as 

those where the behavior was worse).  For example, Figure 15 shows a time trace for E where 

the values for both the fog-on and fog-off are stable and there is only one spurious point.  All 

of the above notwithstanding, the positive impact of the fog scrubber on DPM removal can 

be seen.  However, the results do contain significant variability and correspondingly large 95% 

confidence intervals, as is now shown.   

 

A compilation of the DPM results are now presented.  Figure 16 – Figure 18 are plots of E versus 

dp for fog-on and fog-off conditions for engine loads of 2.5hp, 3.5hp, and 4hp, respectively.  

The results show an increase in E due to fog for all diameters plotted and for all engine loads.  

It is noted that the 95% confidence intervals span these differences, however, it is strongly 

suspected that this is due to the issues described above and that further work in an 

environment where the engine can be better controlled would reduce these confidence 

intervals and increase the difference between the fog-on and fog-off averages.  It is noted 

that for some of the diameter bins, E was negative.  As this is physically impossible, it is also 

attributed to spurious data like that discussed above.  A plot of E versus engine load is 

presented in Figure 19 where E is computed using the total particle number density (particles 

for all diameters).  All of these plots (Figure 16 – Figure 19) show, independent of particle 

diameter and engine load, an increase in scavenging in the presence of fog of about 5%.  

Again it is expected that this difference would be larger in a more stable engine environment.   

 

 
Figure 16 - Plot of E versus DPM particle diameter dp including the fog-on and fog-off conditions at 
a loading of 2.5 hp. 
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Figure 17 - Plot of E versus DPM particle diameter dp including the fog-on and fog-off conditions at 
a loading of 3.5 hp. 
 

 

 
Figure 18 - Plot of E versus DPM particle diameter dp including the fog-on and fog-off conditions at 
a loading of 4.0 hp. 
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Figure 19 - Plot of E versus engine load for DPM particles of all diameters for fog-on and fog-off 
conditions. 
 

 

Figure 20 - Figure 23 are analogous to the four previous plots with K as the y-axis.  Again, the 

95% confidence intervals are large precluding a confident statement of the improvement in K 

with fog.  However, every plot shows an increase in K with fog for all conditions and all size 

bins.  Figure 23 shows an increase in K due to fog of 25% at 2.5hp engine loading, an increase 

of ~20% at 3.5 hp and an increase of ~15% at 4hp.   
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Figure 20 - Plot of K versus DPM particle diameter dp including the fog-on and fog-off conditions at 
a loading of 2.5 hp. 
 

 
Figure 21 - Plot of K versus DPM particle diameter dp including the fog-on and fog-off conditions at 
a loading of 3.5 hp. 
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Figure 22 - Plot of K versus DPM particle diameter dp including the fog-on and fog-off conditions at 
a loading of 4.0 hp.   
 

 

 
Figure 23 - Plot of K versus engine load for DPM particles of all diameters, showing effect of fog-on 
versus fog-off conditions.   
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To quantify the overall improvement in scavenging using fog for these DPM runs, the fractional 

improvement in E was computed and is plotted in Figure 24.  Again, the 95% confidence 

intervals are large, but these show that the overall improvement ranges from 5% to 15%.   

 

 
Figure 24 - Plot of improvement in E due to fog versus engine load. 
 

Further work would be required to make these experimental diesel engine more repeatable.  It 

is the opinion of the PI’s that, given the fact that the droplet number density (as well as the 

method for creating drops) shown in Table 2 presented above, is the same in the engine and 

laboratory environments, that it is likely that the percent improvement due to fog in these 

engine tests is probably comparable to the laboratory environment, and that the decrease in 

performance observed going from the lab to the engine is simply due to an inherent variability 

in the operating environment that blurs the results.   

 

 

5.0 Publication Record and Dissemination Efforts:  In addition to summarizing the 

accomplishments, a complete record of presentation, publications (including those in 

process) and deliverables shall be provided.  (Note:  Only a (bibliography) listing of the reports 

is required.  Do not provide copies of the publications.)  In addition to this record, a 

dissemination plan shall be provided for any enabling technology, design guideline or tool 

that requires further distribution to enhance the Foundation’s safety and health agenda as a 

result of this project. 

 

No publications have been submitted at the time of this writing.  However, one paper is in 

preparation for submission to the Journal of Aerosol Science and two others are being 

prepared for publications as ASME-DSCC papers.   

 

6.0 Conclusions and Impact Assessment:  The report must provide concise and clear 

conclusions derived and supported by the research findings.  A key goal of the Foundation’s 
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agenda for funding these research efforts is to produce practical outputs that have a 

measureable impact on mining health and safety.  In this context, the report should also draw 

conclusions regarding how and to what degree the project accomplishments advanced the 

science, solved the problem that was the topic of the research grant and/or can guide 

practical applications that are likely to improve mining safety and health. 

 

The research conducted during the course of this grant demonstrated that fog can improve 

the scavenging of nanoparticles in two different testing environments.  In a laboratory 

environment testing sodium dodecyl sulfate (SDS) nanoparticles, the research demonstrated 

that fog having a number density on the order of 1012/m3 (106/cc) improved the scavenging 

coefficient by about 30%, a number that varies with volumetric flow rate and particle 

diameter, as detailed in this report.  The agglomeration coefficient, K was increased by as 

much as an order of magnitude.  The laboratory test results showed that the drop number 

density is the driving factor in the degree to which fog improves K.   

 

In the engine test-cell environment, the less controllable environmental conditions made 

difficult the quantification of the improvement of both E and K due to fog.  The results in the 

form of time traces show that improvement is there.  However, spurious results and fluctuations 

in the number density of particles can mask this effect.  This notwithstanding it appears that a 

5% to 15% increase in E occurs in the presence of fog.  For K, an increase between 15% and 

25% is observed for total DPM over all particle diameters measured.  The PIs feel that these 

numbers would increase in an environment with less variability.  We also note that the 

challenges in quantifying E and K are significant, though building and operating an fog 

scavenging system is significantly less difficult.   

 

Broadly state, the research presented here shows that for fog number densities on the order of 

1012/m3 (106/cc), significant improvement in nanoparticle scavenging can be attained.  Many 

factors affect both E and K, including flow speed, particle diameter, and likely others that 

were not explored in this research.  Nevertheless, in two fairly different environments, these 

results suggest that it is the drop number density that is the critical parameter to ensure the 

removal of DPM from diesel exhaust.  The challenges, as detailed below in Future Work, is in 

developing the methods to ensure high fog number density generation.  Using the method for 

fog generation explored here, this is a challenge.  Even under ideal circumstances, the 

ultrasonic foggers employed here produced this drop number density only under low exhaust 

flow rates (or air flow rates in the laboratory experiments),  However, in the presence of diesel, 

significant modifications of the setup were necessary to ensure that fog generation did not 

cease due to contamination of the water surface by hydrocarbon films.  All of this 

notwithstanding, these results suggest that regardless of exhaust flow rate, implementation of a 

fogging system capable of generating fog number densities of 1012/m3 (106/cc) should enable 

significant DPM scavenging from the tailpipes of mining vehicles.   

 

One result of this work, though not presented in the form of tables or plots, is that thermal issues 

are not a significant impediment to the use of a fog scrubber.  Prior to conducting this 

research, there was concern that the high temperatures of diesel exhaust might serve to 

evaporate fog drops, eliminated any possible utility of fog.  However, this research showed 

that a simple shell and tube heat exchanger can bring the exhaust down to room 

temperature.  
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Finally, it is noted that an important lesson learned from this research is building a prototype 

fog scrubber that removes diesel particles is not a difficult task.  However, building an 

experimental setup that can measure the improvement is a significant challenge.  Changes in 

engine operating condition that seem to be common, result in significant changes in many 

aspects of DPM production, to the point that the effect of fog can be obscured.   

 

7.0 Recommendations for Future Work:  Recommendations for future work shall be 

summarized.  

 

The results presented here suggest that the following research/development steps are the 

appropriate paths forward to enable implementation of fog scrubbers on diesel-powered 

mining vehicles.   

 

(1) Development or procurement of foggers capable of generating high number density fog 

in dirty environments. 

 

(2) Development or procurement of foggers that are robust to contamination due to oil films or 

films due to other hydrocarbons found in diesel exhaust.   

 

(3) Engineering development of systems that enable recirculation of the water used, including 

filtration methods to ensure that diesel that is scrubbed out of the exhaust does not get 

reintroduced when the water is reused for fog generation and which can be run for long 

durations so as to avoid the need for frequent filter replacement.   

 

(4) Though a heat exchanger was very effective in cooling exhaust down to room 

temperature, enabling fog to do its job in terms of scrubbing, in the experiments completed in 

this work, this heat exchanger was always used in a once through mode, where tap water 

flowed through the liquid side of the heat exchanger and then went to drain.  Development of 

a simple radiator system that would close the loop on the water side of the loop would be an 

important step forward.   

 

(5) Future work on quantifying the effect of a fog scrubber on diesel exhaust should be 

conducted on an engine that is outfitted with closed loop control over rpm and engine load, 

and perhaps other variables as well.  Significant time spent ensuring that an engine can be 

operated in a steady-state condition is recommended.   
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