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ABSTRACT 

The characteristics of pai1iculatc matter (P\1) emitted from residual fuel oil combustion 
in two types of combustion equipment were compared. A small commercial 732kW fire-tube 
boiler yielded a weakly bimodal particulate size distribution (PSD) with over 99% of the mass 
contained in a broad coarse mode, and only a small fraction of the mass in an accumulation mode 
consistent with ash vaporization. Bulk samples collected and classified by a cyclone indicate 
that 30 to 40% of the total particulate emissions were less than approximately 2.5µm 
aerodynamic diameter (PM25). The coarse mode P.\1 was rich in char. indicating relatively poor 
carbon burnout, although calculated combustion efficiencies exceeded 99%. This characteristic 
behavior is typical of this type of small boiler. Larger scale, utility units firing residual oil were 
simulated using an 82kW laboratory-scale refractory-lined combustor. PM emissions from this 
unit were in good agreement with published data including published emission factors. These 
data indicated that the refractory-lined combustor produced lower total but greater fine 
particulate emissions, as evident from a single unimodal PSD centered at approximately O.lµm 
diameter. Bulk cyclone segregated samples indicated that all the PM were smaller than 2.Sµm 
aerodynamic diameter, and loss on ignition (LOI) measurements suggested almost complete char 
burnout. These findings are interpreted in the light of possible mechanisms governing the 
release of organically bound refractory metals, and may have particular significance in 
considering the effects of fuel oil combustion equipment type on the characteristic attributes of 
the fine PM emitted into the atmosphere, and their ensuing health effects. 



INTRODUCTION 

Recently, airborne fine particulate matter (PM) has become the subject of considerable 

environmental interest due to the results of a number of studies correlating short term exposures 

of ambient levels of fine PM with acute adverse health effects[l-4). Consequently, ambient 

concentrations and source emissions of fine PM, defined as less than 2.5µ,m in diameter (PM25), 

· face the possibility of increased regulation[5]. Numerous causative theories exist; however, 

health effect researchers have identified at least two properties of ambient particle composition 

that appear to exacerbate health damage. These are the presence of transition metals (e.g., Cu, 

Fe, V, Ni, and Zn)[6-8) and aerosol acidity. In addition to particle composition, another apparent 

factor influencing health impact is the presence of ultrafine particles ( <0.lµm in diameter)[2]. 

All three characteristics, transition metals. acidity, and ultrafine size, are exhibited by the PM 

generated from the combustion of residual fuel oils. Hence, one might hypothesize residual fuel 

oil combustion to be suspect, as far as emission of toxic fine particles are concerned. Therefore, 

while previous work[9] examined the effects of fuel oil compositions on the physical and 

chemical characteristics of fine PM, this paper describes the effects of different combustion 

equipment types. The results of both studies can be used as the basis for ultimately linking 

measures of acute pulmonary damage to combustion engineering variables. 

EXPERIMENTAL 

Particle characteristics and emissions are compared from two types of combustion 

systems. These can be considered to represent extremes of a range of practical conditions under 

which fuel oil is burned. Although they may not represent specific boilers in all respects, they 

are investigated here with a view to determining how this range of combustion conditions 

influence the characteristics of fine particles, and the mechanisms which form them. The first 

system is a small fire-tube boiler, in which combustion occurs in tubes surrounded by water or 

steam. These types of small boilers have large heat transfer surfaces, small volumes, relatively 

short residence times, cold walls, and high gas quenching rates, and often produce emissions 

with relatively high carbon contents due to unburned carbonaceous char. The second system is a 

laboratory-scale refractory-lined combustor designed to simulate the time/temperature 



environments of larger utility boilers and incinerators. In large utility boilers the water or steam, 

rather than the combustion gases, is contained in tubes. These systems, including the refractory

Iined combustor, operate at higher temperatures with lower quenching rates. As will be 

discussed later, particle emissions from this system contain very little unburned carbon and better 

approximate emissions from large oil-fired utility boilers as reported in the literature. 

Fife-tube Boiler 

Experiments were performed using the commercially available, North American, three

pass, fire-tube package boiler shown in Fig. 1. This unit is equipped with a 732kW North 

American burner with an air-atomizing oil nozzle. Oil temperature and oil and atomizing air 

pressures are independently controlled to ensure proper oil atomization. Figure 1 indicates the 

locations of several sampling ports. Temperatures at these locations ranged from 450 to 550K. 

Additional system details are presented elsewhere[9]. 

Refractorv-lined Combustor 

Experiments were also performed using the 59kW laboratory-scale refractory-lined 

combustor also shown in Fig. 1. This research unit was designed to simulate the 

time/temperature and mixing characteristics of practical gas- and oil-fired combustion systems. 

This unit is equipped with an International Flame Research Foundation (IFRF) moveable-block 

variable-air swirl burner which incorporates an air-atomizing oil nozzle positioned along its 

center axis and swirling air which passes through the annulus around the fuel injector to promote 

flame stability. The burner was configured for a high swirl flame (IFRF Type 2, swirl 

No.= 1.48) with internal recirculation. Gas and aerosol samples were taken from stack locations 

at temperatures of approximately 670K. All experiments (fire-tube boiler and refractory-lined 

combustor) were performed at a stoichiometric ratio (SR) of 1.2 without secondary air preheat. 

Particulate Sampling and Analysis 



PM measurements were performed using several methods. Standard EPA Merhods 5 and 

60 sampli~g and analytical procedures were used to determine total particulate and metal 

concentrations[ 10-12] using inductively coupled plasma (ICP) mass spectrometry. Other metal 

analyses were determined by x-ray florescence (XRF) spectroscopy. Additional samples were 

analyzed by x-ray absorption fine structure (XAFS) spectroscopy, an element-specific structural 

analysis that is useful for determining trace element speciation and forms of occurrence in 

chemically and structurally complex materials like combustion ash[l3,14]. 

PSDs were determined by three techniques: electrical mobility and inertial impaction for 

sampled aerosols; and light scattering for in-situ in-stack analyses. Extractive samples were 

taken for inertial impaction and electrical mobility analyses using an isokinetic aerosol sampling 

system described elsewhere[15,16]. These diluted samples were directed to a Thermo-Systems 

Inc. scanning mobility particle sizer (SMPS) configured to yield 54 channels evenly spaced 

(logarithmically) over a 0.01 to 1.0µm diameter range. Extracted samples during the fire-tube 

boiler experiments were directed to an Andersen Inc. eight-stage, 25L/min, atmospheric pressure 

in-stack cascade impactor. An MSP Inc. ten-stage, 30L/min Micro-Orifice Uniform Deposit 

Impactor (MOUDI) was used during the refractory-lined combustor experiments. In-situ light 

scattering PSDs were obtained using an Insitec Inc. particle counter sizer velocimeter with a 

working range of approximately 0.3 to lOOµm diameter which slightly overlapped and extended 

the PSD data collected by the SMPS. Scanning electron microscope (SEM) samples were 

collected on silver membrane filters to minimize particle charging effects. 

In order to collect larger quantities of size-segregated PM for parallel toxicological 

studies and XAFS analyses, a large dilution sampler capable of sampling 0.28m3/min of flue gas 

was used[l 7]. The extracted sample passed through a cyclone (50 and 90% collection 

efficiencies for 1.8 and 2.5µm diameter PM, respectively) and was then diluted with clean 

filtered ambient air (2.8m3/min) to approximately ambient temperature (3s residence time). The 

resulting PM was collected on 64.8cm diameter Teflon-coated glass fiber filters, transferred to 

sampling jars, and made available for subsequent chemical, physical, or biological analysis. 



The No. 6 oil used in both experimental systems contained 2.33% sulfur and 0.1 % ash. 

Operational characteristics for both systems included similar oil temperatures (380-400K). 

atomizing air pressures (200-240kPa), and stoichiometries (SR=l.2). The droplet PSD produced 

using the Delavan Airo Combustion air-atomizing oil nozzle (model 30615-84) in the fire-tube 

boiler was relatively narrow with a mean diameter between 30 and 40µ.m. The refractory-lined 

combustor experiments used a similar Spraying Systems Co. (model Air Atom 114-JSS) air

afomizing oil nozzle and produced PSDs believed to be similar to those for the boiler studies. 

Therefore, any differences in carbon burnout may be attributed to differences in temperature 

history rather than in droplet size. 

RESULTS AND DISCUSSION 

Equilibrium Predictions 

Although numerous previous studies report on equilibrium predictions in combustion 

environments, there are relatively few results for the inorganic ash species and concentrations 

pertinent to residual oil combustion. Thermochemical predictions were determined using the 

Chemical Equilibrium Analysis (CEA) computer code for calculating complex chemical 

equilibrium compositions[l8J with thermochemical data taken from the literature[l8-26]. Of 

interest is the thermodynamic partitioning between vapor and condensed phases, as well as the 

partitioning between various species. The fuel ultimate analysis and trace element 

concentrations were taken from Miller et al.[9]. However, only trace elements with 

concentrations greater than 1µ.g/g of oil were considered in the calculations. 

Figure 2 presents the results for seven trace elements. Mass fractions of the elements (as 

indicated species) are plotted against temperature. The elemental dew points are calculated to 

range from 1800K for V to 900K for Cr. These predictions indicate that, at the concentrations 

present in fuel oil, all seven elements might vaporize within the combustion environment. The 

dew points are lower than those calculated for pulverized coal and incineration applications, 

because of the low ash and metal concentrations[27]. These calculations indicate possible 

vaporization of Cr, for example, which is usually considered to be nonvolatile. In fact, in 



contrast to calculations performed for higher Cr concentrations (100 vs. 0.03ppm)[28], Fig. 2 

indicates that Cr20 3(s) is not a predicted condensed species at intermediate temperatures. All 

seven elements are predicted to form sulfates at lower temperatures (700-1 lOOK) and this may 

well affect the solubility and perhaps the bio-availability and toxicity associated with these trace 

elements. 

Particle Size Distributions 

Figure 3 presents representative particle volume distributions for the fire-tube boiler 

(open symbols) and refractory-lined combustor (shaded symbols) experiments. With extra detail 

shown in the inset, these electrical mobility and light scattering measurements span four decades 

of particle diameter (0.01-lOOµm). The fire-tube boiler PSDs indicate that most of the particle 

volume is associated with large (coarse mode) particles greater than lOµm diameter. However, 

the inset shows that even the fire-tube boiler (open symbols) produces a small accumulation 

mode with a mean diameter between 0.07 and 0.08µm, which is notably smaller than that for the 

refractory-lined combustor (shaded symbols). Thus, both configurations produced an ultrafine 

mode, but only the fire-tube boiler produced a bimodal PSD with a very large and dominant 

coarse mode. 

This type of bimodal PSD is consistent with a mechanism of metal 

vaporization/nucleation/coagulation/condensation and incomplete burnout of residual fuel 

cenospheres[9]. SEM images of oil char collected from the fire-tube boiler showed a sponge

like morphology that clearly suggests swelling and extensive pore formation. In general, the 

extent of ash (metal) vaporization is dependent on carbon burnout. For incomplete combustion, 

a substantial fraction of the trace metals remain trapped in the unburned char particles, and never 

escape into the vapor phase. However, as the combustion gases cool, those metals which have 

vaporized will condense on existing surfaces or, if supersaturation partial pressures are large 

enough, will nucleate to form new particles. The distinctive submicron peak (between 0.07 and 

0.08µm diameter) is clearly indicative of particles formed by nucleation, coagulation, and 

condensation of materials that have vaporized. Thus, when large portions of the metal 



constituents fail to vaporize (open symbols), the accumulation mode will be very much smaller 

than when they do vaporize (shaded symbols). 

The refractory-lined combustor volume PSD (shaded symbols) consists exclusively of a 

narrow submicron accumulation mode with a mean diameter of approximately 0.1µ,m, and both 

light scattering measurements and the lack of any cyclone catch containing gray or black 

·particles with measurable LOI support this. Clearly, as the oil char is consumed, the metals have 

vaporized almost completely and subsequently nucleated and grown to form the distinctive 

accumulation mode shown in Fig. 3. Comparison between the areas under the submicron 

volume PSD for the two types of equipment suggests that, while only a very small fraction 

(<1 % ) of the metal trace elements are vaporized in the fire-tube boiler, well over 99% of these 

constituents vaporize in the refractory-lined combustor. 

Comparison of Calculated and Measured Mass Concentrations 

Total mass concentrations were calculated by integrating measured volume PSDs and 

applying assumptions on appropriate densities, and compared to mass concentrations measured 

independently (Table 1). Particle densities of 3.5 and l.85g/cm3 were chosen for the 

accumulation (SMPS) and coarse (INSITEC) modes, respectively, based on average densities of 

trace element sulfates and oxides and activated carbons and oil chars taken from the literature. 

The calculated mass concentrations of 180 and 93mg/m3 for the boiler and combustor, 

respectively, agree remarkably well with the independently measured mass concentrations of 184 

and 93mg/m3 for the boiler and combustor experiments, respectively. 

Elemental Composition and Particle Size 

As expected, trace element measurements showed similar mass emissions for both the 

fire-tube boiler and refractory-lined combustor experiments (data not reported here). However, 

PM from the fire-tube boiler had high values for LOI ranging from 60 to 85%, while the 

refractory-lined combustor samples did not. For the latter, the sum of V, Ni, Zn, Fe, Cu, Pb, and 

S, as elements, account for 21.6mg/m3 or 23% of the total mass emissions; whereas, when 



counted as sulfates, they account for 67.lmg/m3 or approximately 72% of the total mass 

emissions. XAFS spectroscopy indicated that, while a large portion (40-60%) of the sulfur 

measured in the fire-tube boiler PM existed as unoxidized organic sulfur (predominantly 

thiophenic sulfur), essentially all (99%) of the particulate bound sulfur in the refractory-lined 

combustor samples was in the form of sulfates. 

Figure 4 presents elemental mass fractions vs. particle diameter for six metals and sulfur 

from the refractory-lined combustor tests. Metals were analyzed by XRF and ICP spectroscopy 

while sulfur and sulfate were determined by XRF and ion chromatography (IC) analysis, 

respectively. In general, XRF and ICP analyses produce similar results, and the emissions of 

these elements are concentrated in particles between approximately 0.08 and 0.2µ,m diameter 

(i.e., the accumulation mode shown on Fig. 3). Sulfur and sulfates are present within particles of 

the same size. Note that Fig. 4 also indicates the presence of a distinct mode at approximately 

lµm diameter for the "less-volatile" metals (V, Ni, Zn, and possibly Cu), but not for the semi

volatile metal Pb. These data are consistent with the conjecture that less-volatile metals are 

released very late during the final stages of heterogeneous char combustion, while more volatile 

metals may vaporize more easily from interior sutlaces and diffuse away from the char particle 

earlier in the process. The "less-volatile" metals are vaporized primarily as a consequence of the 

oxidation of neighboring carbon structures to which they are inherently bound. 

Model Predictions 

Experimental results were compared to model predictions using a multi-component 

aerosol simulation code (MAEROS)[29]. The purpose of these calculations was to illustrate that 

the resulting PSDs for both systems could be predicted using the same modeling approach 

involving char particle burnout (or premature quenching) followed by homogeneous nucleation 

and coagulation of a portion of the PM mass. A secondary objective was to determine the extent 

to which differences in coagulation rates caused by large differences in vaporized mass and 

resulting number densities might account for the differences in the measured PSDs. Details 

regarding the application of MAEROS to combustion environments can be found elsewhere[30]. 



Figure 5 illustrates the predicted PSD evolution for both the fire-tube boiler and refractory-lined 

combustor. Coagulation was the only mechanism considered. 

To examine particle evolution within the fire-tube boiler, 99.8% of the 180mg/m3 PM 

mass was distributed among 13 sections (within MAEROS) so as to simulate the coarse mode 

mass PSD illustrated in Fig. 3. The remaining 0.2% of this mass was assigned to section 2 

(0.002 l-0.0046µm diameter) to simulate the nucleation of a vapor fume (see Table 1 ). The 

initial number concentration was l.Sx l016/m3
, with the nucleating vapor accounting for well over 

99.99% of these particles. System pressure and temperature were maintained at l.Olxl05Pa and 

81 OK, respectively, to simulate post-flame conditions. Following this initial distribution, Fig. 5 

presents calculated mass PSDs at 0.1, 1.0, and 10s. While these three PSDs also represent 

180mg/m3
, number concentrations decline as coagulation proceeds. At 1.0 and 10.0s the 

coagulating nuclei have grown into the 0.01 to O.lµm diameter range. These times represent a 

range of typical residence times within combustion systems. At 10s, number concentrations 

have fallen to 1.2xl014/m3
, and the coagulating nuclei are accumulating in a mode with a mean 

diameter of approximately 0.02µm (see Fig. 5 insets). The distribution of the coarse mode PM is 

relatively unaffected by these processes. 

In contrast to the boiler simulation, 100% of the 90mg/m3 PM mass measured in the 

refractory-lined combustor was assigned to section 2. Again, this initial distribution corresponds 

to the partitioning seen in Table l, and indicates complete oxidation of the oil char and 

vaporization of the inorganic elements followed by homogeneous nuc1eation. The initial number 

concentration is 2.7xl018/m3
. In comparison to the boiler simulation, Fig. 5 indicates that these 

nuclei tend to coagulate much more quickly, due to the much larger number concentration. At 1 

and 10s, as number concentrations fall to 8.2xl014 and 7.6xl013/m3
, respectively, coagulation 

slows considerably causing the aerosol to accumulate into a mode between approximately 0.07 

and 0.2µm diameter. Coagulation processes predict that the accumulation mode produced from 

the refractory-lined combustor would have a larger mean diameter compared to the accumulation 

mode produced from the fire-tube boiler. This prediction is reflected in the measurements. The 

accumulation mode measured from the refractory-lined combustor matches the predicted PSD, 

while the predicted accumulation mode for the fire-tube boiler (0.02µm diameter) slightly under



predicts the measured value (-0.07 µm diameter). Heterogeneous condensation of a portion of 

the vapor on existing nuclei is a competing process and has been shown to increase particle 

growth rates[31]. Additionally, the coagulation mechanism does not include the effect of 

differing fractal properties of any agglomerates that may be formed. It has been assumed here 

that only spheres result from the coagulation process. 

CONCLUSIONS 

The effects of combustion configuration on fine particle emissions from residual fuel oil 

combustion were examined. A laboratory-scale refractory-lined combustor, which was shown to 

simulate combustion conditions of a large utility residual oil fired boiler (as far as particulate 

emission factors were concerned), produced fly ash particles with an essentially unimodal PSD 

with a mean diameter of approximately O.lflm. Conversely, a pilot-scale fire-tube package 

boiler produced particles with a weak bimodal size distribution, which included a small fraction 

(-0.2%) of the mass with particle diameters below O.lµm and a large fraction (-99.8%) of the 

mass with particle diameters between 0.5 and lOOµm. Here the large particles were shown to 

consist of large porous carbonaceous cenospheres resulting from poor carbon burnout, and this 

characteristic is not uncommon for that class of equipment. Although the total particulate mass 

concentrations in the flue gas of the refractory-lined combustor were Jess than half of those of the 

fire-tube boiler, ultrafine particle concentrations of the refractory-lined combustor were notably 

larger than those measured for the fire-tube boiler. Volume PSDs obtained from two 

independent particle sizing instruments were, with only a few very reasonable assumptions, 

consistent \Vi th independently measured total mass emission rates, for both equipment types. 
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Table l. Comparison of calculated mass concentrations determined frnm measured volume PSDs with measured mass 
concemrations detennined by EPA Method 5[ 12]. 

VOLUME MASS MASS 
CONCENTRATIONS CONCENTRATIONS CONCEJ\.'TRATIONS 

(MEASURED) (CALCULATED) (MEASURED) 
(µm3/cm3

) (mg/m;) 1 (mglm')' 

BOILER COMBUSTOR BOILER ICOMBUSTOR BOILER COMBUSTOR 

SMPS 8.8e+l 2.7e+4 0.31 93 
INSITEC 9.8e+4 l.9e+2 180 0.36 - 

TOTAL 9.8e+4 2.7e+4 180 93 184 (6.2) 3 93 

'Assumed fine mode particle density 3.5g/cm3 based on typical densities for vanadium species. Assumed coarse mode 

particle density = l .85g/cm3

• 


=Measured mass concentrations determined using EPA Method 5. 

;Number in parentheses indicated standard deviation based on multiple measurements. 
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