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Black liquor recovery boilers experience significant fire-side fouling problems due 

to the deposition of entrained particulate matter. Increased understanding of the 

mechanisms by which particles deposit on these surfaces will lead to more 

effective management of the resultant problems. There is some evidence which 

suggests that the sub-micron fraction of this particulate matter deposits by 

thermophoresis. In an effort to determine conclusively if this is the case, a facility 

(the Multifuel Combustor at Sandia National Laboratories) was used which could 

generate and deposit fly ash under conditions that mimic those found in full scale 

recovery boilers, and dynamically monitor deposit growth rates. 

Experiments where both the deposit thickness and surface temperature were 

monitored in situ resulted in linear deposit growth rates despite highly non-linear 

surface temperature increases. This rules out thermophoresis as the dominant 

deposition mechanism since it is dependent on the changing thermal driving 

force. The morphology of the windward side deposit indicates an inertially

dependent mechanism is at work in spite of the size of the particles, which are 

considerably smaller than what would be commonly considered inertially 

impacting particles. Leeward side deposits also grow linearly, indicating that 

thermophoresis, although possibly contributing to deposition, is not the rate-

controlling mechanism. Deposition efficiencies fell in the range of 5-15% 
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The morphology of the sub-micron deposits is highly structured and dendritic in 

appearance, with over 90% voidage. The particles form long strings or filaments 

which grow in parallel, indicating that the particles have a high sticking efficiency 

and do not roll or settle subsequent to impacting. There is minimal contact 

between adjacent filaments. 

Recently published research confirms the presence of particles in the 1-50 micron 

range in recovery boilers. Deposition experiments were performed on this size 

range as well. Termed Intermediate-size, these particles deposit many times 

more efficiently, and produce linear deposit growth rates just as the sub-micron 

particles. They also deposited in clusters of filaments which grew rapidly upward 

and slowly outward until the adjacent clusters merged. However in this size 

range the clusters tended to branch out more rapidly than the sub-micron 

deposits. Deposition efficiencies fell in the range of 40-65%. 
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Deposition of Sub-Micron and Micron-Sized Particles from
 
Combustion of Black Liquor
 

1. Introduction 

The combustion aerosol particles formed during combustion of black liquor in 

kraft recovery boilers play an important role in sulfur capture and control of SO2 

emissions, but they also contribute significantly to fireside deposit formation. 

These deposits reduce heat transfer effectiveness, plug gas passages, and 

contribute to corrosion, all of which are most undesirable. A heavily plugged 

boiler must be shut down for a water washing procedure. This is expensive; and 

requires at least two days of down time. It is therefore fruitful to understand the 

physical and chemical phenomena pursuant to particulate formation, growth, 

transport, and deposition, which in turn will lead to more effective management of 

fireside deposits. For these reasons, over the past decade, an increasing amount 

of attention has been given to understanding the mechanisms of formation, 

transport, and deposition of recovery boiler aerosols. 

At the on-set of this work (1993) it was commonly accepted within the pulping 

industry that the recovery boiler aerosols responsible for deposit formation are 

bimodally distributed: burned out droplets formed carryover particles in the range 

of 100 to 1000 microns, and condensing alkali vapors formed fume particles in 

the range of 0.1 to 1 microns (Adam and Frederick, 1988). Particles in the range 

of 1 to 100 microns were not known to be formed in significant quantities and 

therefore were not considered to fireside deposits. Carryover particles are the 

residue of black liquor droplets that are burned in flight. Although most of the 

residue from in-flight burning falls to the char bed at the bottom of the boiler, a 

fraction of it is small enough to be entrained by the upward flowing gases. 

Carryover particles typically range in size from 100 microns to about 1 millimeter. 

It is well accepted that they deposit by the mechanism of inertial impaction in the 

superheater region (Tran, et.al. 1986). 
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Fume particles are formed by the condensation of inorganic vapors. They are 

largely composed of sodium sulfate, with small amounts of potassium, carbonate, 

and chloride. Compared to carryover particles, fume particles have much less 

mass, and consequently follow the streamlines of the entraining gas much more 

readily. Therefore, they are carried much deeper into the convective section of 

the boiler than carryover particles. In fact most of the fume particles pass 

completely through the boiler and are collected in the electrostatic precipitator. 

Aerosol particle size distributions of recovery boiler fume particles have been 

measured at the economizer exit by Kauppinen, et al. (1992). Most of mass was 

found to be below 1 micron, with a sharp peak at about 0.7 microns. A much 

smaller peak was present at about 5 microns. Additionally, fume particles have 

been formed from combustion of black liquor in a laminar entrained flow reactor 

(Kauppinen, et al. 1993). The fume particle size distributions from the entrained 

flow reactor were quite similar to the ones measured in the recovery boiler. A 

brief review of these works is presented in Chapter 2. However, it is important to 

note here that these works show that representative recovery boiler fume 

particles can be created in the laboratory. 

The primary, rate-determining, mechanism by which fume particles deposit is 

unclear. Identifying the mechanisms is the primary focus of this thesis. The 

application of the fundamentals of aerosol science leads to the prediction that two 

particle deposition mechanisms could prove to be important for fum6-sized 

particles in recovery boilers. Thermophoresis occurs when there is a 

temperature gradient in the carrier gas. The net kinetic energy of the molecular 

collisions is greater on the hotter side of the particle than on the colder side, 

thereby inducing a net particle motion in the colder direction. Such a temperature 

gradient exists in the vicinity of the heat transfer surfaces in the boiler. 

Turbulent eddy impaction occurs when the turbulent eddies near an object in 

the flow field entrain the particles and thrust them toward the object. The primary 

objective of this thesis is to determine which (if either) of these mechanisms is the 

rate-controlling mechanism for fume particle deposition. 
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A second major objective of this thesis, which developed as the work progressed, 

is with respect to the 'gap' in the size range of recovery boiler aerosols. Recent 

work suggests that particles in the range of 1-100 microns may be present in 

significant quantities in the boiler (Verrill, 1995, Kochesfahani, 1998). If these 

"intermediate sized" particles are present, then what would be their deposition 

mechanism? 

The methodology employed to accomplish these objectives was to burn black 

liquor in a large drop tube furnace to produce the aerosol, and place cylindrical 

probes across the exit to simulate boiler steam tubes in cross-flow. Conditions 

were carefully controlled to produce the appropriate aerosol size distribution, 

probe Reynolds number, and particle Stokes number to mimic the conditions 

found in recovery boilers. 
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2. Foundational Material 

2.1 The Chemical Recovery Cycle 

The process of turning trees into paper products is largely a matter of separating 

the wood fibers without destroying the fiber structure. This is accomplished both 

mechanically and chemically. A variety of chemical processes (Biermann, 1996) 

have been used over the years. Today the kraft process predominates. In the 

kraft process, a sodium hydroxide and sodium sulfide solution is used to partially 

break down the lignin (tree glue) which binds the fibers together. In this process 

the hydroxide and the sulfide are consumed, and organo-sodium and organo

sulfur compounds, as well as Na2S2O3 are formed. Potassium, carbohydrates 

and other wood constituents are also dissolved into the pulping solution. The 

suspended fibers are separated from this solution and continue on to 

papermaking processes. The remaining solution is concentrated in evaporators 

and fed into the recovery boiler. In the recovery boiler the organic material is 

burned off, and the remaining water is evaporated. The inorganic material that 

remains is a mixture of molten salts; mainly Na2CO3, Na2SO4, and Na2S. Most of 

these salts, along with about half of the carbon from the dissolved organic matter, 

fall to the smelt bed at the bottom of the boiler, where the carbon is burned and 

the Na2SO4 is reduced. The molten salts leave the boiler and, after further 

processing, are ready to be used in the pulping process again. Some of the 

inorganic material (in the form of small particles) is entrained in the upward 

flowing gases. The entrained particles either deposit in the convective heat 

transfer section of the boiler, or they are carried completely through the boiler and 

are captured by the electrostatic precipitator. It is the fraction of the entrained 

material that deposits in the convective section that causes the problems of 

fireside fouling. A rough schematic of the closed cycle kraft process is diagramed 

in Figure 2.1. 
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Figure 2.1 The kraft recovery cycle 

2.2 The Boiler Environment and Particle Properties 

A rough schematic of a kraft recovery boiler is shown in Figure 2.2. Recovery 

boilers serve two purposes: 1) to combust the organic portion of the fuels for 

steam production, and 2) to recover the inorganic salts for reuse in the pulping 

process. This dual role makes recovery boiler operation, control, and modeling 

far more complex than in a conventional utility boiler. The superheater section, 

main generating section, and the economizer section tube banks all experience 

significant deposition problems. The walls, bullnose, and ceiling of the boiler are 

lined with steam tubes that also experience fume deposition. 
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Figure 2.2 Schematic of a typical recovery boiler (Adams and Frederick, 1988). 

The gas temperature entering the superheater is approximately 1000°C. It cools 

to approximately 200°C by the time it leaves the economizer section. The gases 

travel through the tube banks at roughly 8-10 m/s, at Reynolds numbers of the 

order of 6000 (based on a 10 cm steam tube diameter). Although turbulent flows 

past isolated cylinders have been well characterized (Knudsen and Katz, 1979), 

most tubes in a boiler are located in the wake of adjacent tubes and thus requires 

complex numerical models to accurately model the flow field. Figures 2.3 and 2.4 

show a cylinder in cross-flow at two Reynolds numbers. Obviously if a cylinder 

were placed in the wake of either of the these cylinders, it would be subject to 

very different flow dynamics than the lead cylinder. 
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Figure 2.3 Circular cylinder in cross-flow at Re=2000 (from Van Dyke, 1982). 

Figure 2. 4 Circular cylinder in cross-flow at Re=10,000 (from Van Dyke, 1982) 
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Several researchers (Schuh, et al., 1989; Fan et al., 1991) have written elaborate 

computational fluid dynamics algorithms, incorporating turbulence models and 

particle tracking modules, to predict the flow field around a tube located deep 

within a tube bank. The objective of these works was to predict tube erosion due 

to particle impaction. Textron (1991-1993) modeled not only the flow field but 

also the transport of condensable vapors to the tube surface. Their computer 

model requires a CRAY® or similar computer to run. The point here is that a fluid 

dynamics model of an isolated tube in cross flow is grossly inadequate to 

describe the environment which recovery boiler tubes are exposed. 

As fired, North American black liquor consists of roughly equal mass fractions of 

water, complex organics (mostly from the wood), and inorganics (mostly from the 

pulping chemicals). Scandinavian black liquor contains only about 25% water, on 

average, as fired. The solids content varies from mill to mill. The elemental 

composition, on a dry basis, of a typical North American kraft liquor is shown 

Table 2.1. 

Carbon 34.8% 
Hydrogen 3.0% 
Oxygen 35.0% 
Sodium 22.6% 
Potassium 0.62% 
Sulfur 2.9% 
Chloride 0.67% 
Nitrogen 0.08% 
Inerts, Si, Al, Fe, Ca, etc. 0.3% 

Table 2.1 Composition of Dry Liquor Solids (from author's data) 
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The liquor is sprayed into the lower furnace where it quickly dries, pyrolyzes, and 

burns. Most of the remaining inorganic material, char carbon, and some of the 

organic material falls into the char bed at the bottom of the furnace. Black liquor 

char is what remains after the removal of water and volatile organic compounds. 

The char bed is a mound of solid and molten inorganics that is reacting with the 

gases in the lower furnace. The molten salts are continuously drained off and 

further treated before being recycled to the pulping process. Gas-char bed 

chemistry is crucial to the chemical recovery aspect of the boiler (Hupa, 1993, 

Adams, and Frederick, 1988). 

The portion of the solid material that does not reach the char bed, and is not 

burned in flight, is entrained by the upward flowing gases and swept away to the 

upper furnace. It is thought to consist of char from small liquor droplets, small 

particles of inorganics, molten inorganic droplets, fragments of larger char 

particles, and vapors of volatile inorganic species (Adams, and Frederick, 1988, 

Hupa, 1993). Carryover refers to the larger of these particles (100 to 1000 

microns). The smaller particles are referred to as fume. Fume particles are 

formed by the condensation of inorganic vapors as the gases are cooled on the 

way through the furnace. The gas composition can influence the composition of 

the resulting condensation aerosols. According to Hupa (1993) a high S/Na2 ratio 

(>1.5) result not only in higher sulfur dioxide emissions, but in the formation of 

sulfur trioxide and sodium bisulfate aerosol. Low S/Na2 ratios (<1.5) result in very 

low sulfur dioxide levels and increased content of sodium carbonate in these 

aerosols. 

Fume particles have been characterized by Kauppinen, et al (1992), who 

measured aerosol size distributions leaving the economizer section of an 

operating recovery boiler. They found that the majority of the condensation 

aerosols are in the 0.1 to 1.0-micron size range, with a large peak at about 0.7 

microns. Some of their results are shown in Figure 2.5. The particles are 

spherical with some agglomerates of only a few primary particles. According to 
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Kauppinen, this indicates that the particles are formed by homogeneous 

nucleation, and that growth is by vapor condensation or coagulation in the liquid 

state. They also found that the particles consist mainly of sodium sulfate, with 

small amounts of potassium and chloride. The composition of particles less than 

10 microns was size-independent for all species except chloride, which was 

concentrated in particles smaller than 0.1 micron. The total condensation aerosol 

concentration was of the order of 20 g/Nm3 leaving the economizer. 

rn 25000 
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'14 

10000 cyclone II 

DEL 

s000 
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Figure 2.5 Black liquor combustion aerosol differential mass size distributions 
measured with a Berner low pressure impactor (BLPI). The smaller peaks are 

from particles collected in a precyclone which were then sized with a wind-seive. 
(from Kauppinen et al., 1993) 

Bosch et al. (1971) also measured the size distribution of aerosols leaving the 

economizer section. They found that 50% of the aerosol mass was composed of 

particles smaller than 0.9-1.1 microns. However they not find chloride 

concentrated in the smaller particles. 
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Tran (1986) analyzed deposits taken from different locations in the heat transfer 

section of a recovery boiler. His results are shown in Figure 2.6. There is a clear 

trend of increasing ratio of sulfate to carbonate in the deposits as the samples are 

taken from the superheater, main generating bank, and economizer sections of 

the boiler, respectively. There are a number of possible reasons for the observed 

concentration profile. It is possible that the particles are size-dependent in 

concentration and certain sizes favor certain regions for deposition. It is also 

possible that solid-gas reactions are taking place after deposition. The varying 

temperatures throughout the heat exchanger section could lead to varying yields 

of these reactions. Gas-particle chemistry could be taking place as the aerosol 

flows though the banks of tubes. The point here is that little is known about what 

phenomena are occurring in the heat transfer sections of recovery boilers. 

Potsssium Mitt Other Potassium salts
 
NaCI
 

Carbon Na CI
 

Na2C0.3 

Na2CCy 

Superheater diposit Bader bank deposit 

Potassium sails, 

Ns 0 
Na2COs 

Economizer deposit PrecIpalator dust 

Figure 2.6 Recovery boiler fireside deposits at various locations in the boiler 
(Tran, 1986) 
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As yet, no measurements have been carried out to characterize the aerosol 

entering the superheater section. However it is reasonable to assume that the 

size distribution is different from what is leaving the economizer. The many 

deposition mechanisms at work are likely to be size-selective with respect to 

particle capture. The total concentration of entrained material, the fraction of 

material in the liquid state, and the particle size distribution all have yet to be 

measured in an operating recovery boiler. In addition, gas-particle reactions and 

vapor condensation may be taking place as the aerosol flows though the banks of 

tubes, thus changing the gas composition. It is also worth noting that water is 

added in the form of soot-blowing steam used to remove accumulated deposits in 

the tube banks. Soot-blowing steam is not added at a constant rate. Thus, the 

gas composition can vary with time as well as position in the upper furnace. One 

of the few things that is easy to measure in a recovery boiler is the stack gas 

composition. The stack gas composition from a typical North American kraft 

liquor is shown in Table 2.2. It is interesting to note that a fuel, which contains 

several percent sulfur, produces a stack gas with only 100 -PPM' of SO2. This is 

due to the reducing atmosphere in the lower furnace and the presence of the 

smelt bed. 

Nitrogen 59.2% 
Water 26.5% 
Carbon Dioxide 12.2% 
Oxygen 2.0% 
Sulfur Dioxide 100 ppmv 
Carbon Monoxide 400 ppmv 
Hydrogen 500 ppmv 
TRS as H2S 15 ppmv 

Table 2.2 Recovery Boiler Flue Gas Composition (from Adams and Frederick, 
1988 (mole %) 

In modern state-of-the-art boilers where very high solids liquor is fired, the SO2 
concentration in the flow gas can be zero (less than the detection limit). 

1 
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2.3 Review of Pertinent Aerosol Science 

There are many mechanisms by which particles and vapors suspended in a 

stagnant or flowing fluid medium can deposit onto a solid surface in contact with 

the fluid. Which mechanism(s) predominate will be a function of the aerosol size 

distribution, total aerosol concentration, particle composition, particle shape and 

density, fluid density and viscosity, the magnitude of any temperature gradient in 

the vicinity of the solid surface, the partial pressures and dew points of any 

vapors present, chemical reactions occurring between the gas and solid surface, 

etc. It is not a trivial task to predict aerosol deposition rates. Prior to studying 

deposition phenomenon one must be familiar with the important concepts in 

aerosol science. In this section the relevant parameters of aerosol particles are 

reviewed and then the mechanisms of deposition are introduced individually in 

the sections to follow. It is worthwhile to note in advance that many of the 

following aerosol parameters have been calculated for the conditions found in 

recovery boilers and are summarized later in this chapter. 

The kinetic theory of gases leads to the concept of the mean free path, which is 

the average distance gas molecules will travel in straight lines between elastic 

collisions. Flagan, and Seinfeld (1987) give the formula as 

[2.1] Xg = 1.1, / {0.499p(8M / TERT)112} 

where A is the absolute viscosity, p is absolute pressure, M is molecular weight, R 

is the ideal gas constant, and T is absolute temperature. 

The Knudsen number, Kn, is a dimensionless group that defines the nature of the 

particle relative to its suspending fluid. 



14 

[2.2] Kn = / dp 

A large Knudsen number means that the mean free path of the gas molecules is 

larger than the particle and the particle behaves as a large gas molecule. This is 

referred to as the kinetic regime. As Kn approaches zero, the gas behaves as a 

fluid with respect to the particle. This is the continuum regime. 

Newton's drag equation, 

2 2 
[2.3] FD = CD7tpgdp V 

relates the magnitude of the frictional force on a sphere in the continuum regime 

to its velocity. The drag coefficient, CD, as a function of particle Reynolds 

number for spheres is shown in Figure 2.7. Stokes law, derived from continuum 

mechanics, is valid for Reynolds numbers less than 1 for the case of spheres. 

10 I CX) CO le 
11.#1405e11...1.0#4. Ne 

Figure 2.7 Drag coefficient for spheres as a function of Reynolds number 
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For particles smaller than 10 microns, a correction factor must be applied to 

Stokes law to account for the particle slipping past the gas molecules. The 

Cunningham correction factor (Flagan and Seinfeld, 1987) extends the range of 

Stokes law to particles below 0.01 microns: 

[2.4] Cc = 1 + Kn(1.257 + 0.4exp(-1.1/Kn)) 

The particle relaxation time, T, characterizes the time required for the particle to 

adjust its velocity to a new set of forces: 

[2.5] T = ppdp2Cd(181.1) 

The particle stopping distance, S, is the maximum distance a particle with an 

initial velocity Vo will travel into a stagnant gas in the absence of external forces: 

[2.6] S = VoT 

The stopping distance also represents the distance a particle will travel in its 

original direction if the carrier fluid is abruptly turned 90 degrees. The ratio of the 

stopping distance to a characteristic dimension (tube radius in our case) of an 

obstacle in the flow field is the Stokes number: 

[2.7] Stk = Sirc 

The particle Stokes number is shown in Figure 2.8 as a function of particle size in 

recovery boilers. 

The Kinetic theory of gases leads to the concept of a mean thermal velocity for 

gas molecules as they continually colloid with one another. As temperature 

increases, they become more energetic and their average velocity increases. 
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Figure 2.8 Stokes number as a function of particle size at recovery boiler 
generator bank inlet conditions. 

Aerosol particles can be thought of as large gas molecules with an average 

thermal velocity: 

[2.8]	 C,tv = {48kT / (7E2ppdp3)}112 

The particle mean free path, kp, is the average distance the particle will travel in a 

given direction before it loses all velocity in that direction. A gas molecule 

changes direction with every collision. Due to its size, an aerosol particle requires 

many collisions to change its direction, resulting in a continuous curvilinear 

motion. 
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The particle mean free path is 

[2.9] Xp = TCmtv 

Unlike gas molecules, when aerosol particles collide with a solid surface, they can 

stick to the surface. The main adhesive forces are Van der Waals forces, 

electrostatic forces, and the surface tension of any adsorbed liquid film. These 

forces depend upon the particle composition, size, and shape; the surface 

composition; the gas composition; temperature; impact velocity; and duration of 

contact. The van der Waals forces result from the momentary dipoles that are 

formed in the solid material by the random movement of electrons. Figure 2.9 

shows the dipoles and resulting forces that contribute to particle adhesion. Most 

particles carry some small net charge, which will exert an attractive force to an 

opposing charge found at a surface. Figure 2.10 shows the microscopic 

roughness elements of a macroscopically smooth surface. Following particle 

impact the true area of contact with the surface is limited to a few high points. 

The adhesive forces gradually deform the particle and the contact area increases 

until it is balanced by the forces resisting deformation. The hardness of the 

materials involved controls the degree of deformation and the ultimate attractive 

force. 

Particle 

Induced dipoles 

Figure 2.9 Induced dipole forces contributing to particle adhesion (Hinds, 1985) 
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Figure 2.10 Representation of surface roughness elements and contact points 
prior to any sintering (Hinds, 1985) 

Several of the descriptive aerosol parameters reviewed in this section have been 

calculated for the particle sizes and conditions typically found in the convection 

passes of recovery boilers. The results are shown in Tables 2.3 and 2.3. 

Mean Free 
Viscosity Density Path Tube 

T,C g/cm*s kg/m^3 microns Re 
25 0.00018 1.11 0.07 62000 

250 0.00027 0.64 0.13 24000 
450 0.00034 0.46 0.2 13000 
650 0.00040 0.36 0.26 9000 

1000 0.00049 0.26 0.38 5300 

Average MW = 27.4 
Pressure, Atm. = 1 

Particle Specific gravity = 2.5
 
Gas Velocity, m/s = 10
 

Tube Diameter, cm = 10
 

Table 2.3 Some relevant gas properties at recovery boiler conditions 
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100 micron particles 
Mean Particle Mean Stop 

Cuninghm Relax'n Thermal Free Path Distance 
T,C Kn factor time, s Vel, m/s microns meters 

25 0.00134 1.00169 7.729E-2 2.829E-06 0.21867 7.729E-1 
250 0.00267 1.00335 5.161E-2 3.748E-06 0.19342 5.161E-1 
450 0.00395 1.00496 4.105E-2 4.406E-06 0.18088 4.105E-1 
650 0.00525 1. 00660 3.495E-2 4.978E-06 0.17400 3.495E-1 

1000 0.00755 1.00949 2.861E-2 5.846E-06 0.16728 2.861E-1 

10 micron particles 
Mean Particle Mean Stop 

Cuninghm Relax'n Thermal Free Path Distance 
T,C Kn factor time, s Vel, m/s microns meters 

25 0.01342 1.01687 7.846E-4 8.947E-5 0.07020 7.846E-3 
250 0.02667 1.03352 5.316E-4 1.185E-4 0.06301 5.316E-3 

450 0.03948 1.04963 4.288E-4 1.393E-4 0.05974 4.288E-3 
650 0.05248 1.06596 3.701E-4 1.574E-4 0.05827 3.701E-3 

1000 0.07549 1.09490 3.103E-4 1.849E-4 0.05738 3.103E-3 

micron particles 
Mean Particle Mean Stop 

Cuninghm Relax'n Thermal Free Path Distance 
T,C Kn factor time, s Vel, m/s microns meters 

25 0.13420 1.16871 9.018E-6 2.829E-3 0.02551 9.018E-5 
250 0.26665 1.33691 6.877E-6 3.748E-3 0.02577 6.877E-5 
450 0.39479 1.50599 6.152E-6 4.406E-3 0.02711 6.152E-5 
650 0.52477 1.68544 5.852E-6 4.978E-3 0.02913 5.852E-5 

1000 0.75493 2.01928 5.724E-6 5.846E-3 0.03346 5.724E-5 

0.1 micron particles 
Mean Particle Mean Stop 

Cuninghm Relax'n Thermal Free Path Distance 
,C Kn factor time, s Vel, m/s microns meters 

25 1.34203 2.92344 2.256E-7 0.089 0.02018 2.256E-6 
250 2.66655 5.05793 2.602E-7 0.119 0.03083 2.602E-6 
450 3.94790 7.15764 2.924E-7 0.139 0.04074 2.924E-6 
650 5.24770 9.29849 3.229E-7 0.157 0.05083 3.229E-6 

1000 7.54933 13.09979 3.713E-7 0.185 0.06865 3.713E-6 
0.01 micron particles 

Mean Particle Mean Stop 
Cuninghm Relax'n Thermal Free Path Distance 

T,C Kn factor time, s Vel, m/s microns meters 
25 13.42031 22.81500 1.760E-8 2.829 0.04981 1.760E-7 

250 26.66548 44.75365 2.302E-8 3.748 0.08628 2.302E-7 
450 39.47895 65.98270 2.695E-8 4.406 0.11876 2.695E-7 
650 52.47696 87.51890 3.039E-8 4.978 0.15128 3.039E-7 

1000 75.49329 125.65558 3.562E-8 5.846 0.20823 3.562E-7 

Table 2.4 The conditions in Table 2.3 were used to calculate these relevant 
aerosol properties for several temperatures and particle sizes. 
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2.4 Particle and Vapor Deposition Mechanisms 

In this section the individual mechanisms by which aerosols migrate to, and 

deposit on, surfaces are identified. Some deposition rate estimates are made at 

recovery boiler conditions for illustrative purposes. The system of interest in 

recovery boilers is deposition onto cylindrical surfaces. However models for other 

orientations serve to identify the important dependent variables and to help 

develop an understanding of the mechanism(s) at work. The two most common 

configurations found in the literature are deposition onto a flat plate, and 

deposition inside pipes and ducts. 

It should be noted in advance that in most real world situations more than one 

deposition mechanism will be involved. To further complicate matters, 

deposition mechanisms tend to be very interdependent. A mechanism may serve 

to enhance the rate of another mechanism as well as directly serving to deposit 

particles. We therefore must begin with individual mechanisms and work toward 

their interdependence. 

2.4.1 Brownian Diffusion 

An aerosol particle suspended in a gas undergoes continuous bombardment by 

the gas molecules: 1014 collisions per second at standard conditions for 0.1 

micron particles. The random variation in these bombardments causes a 

continuous, meandering, Brownian motion of the particle. It is easy to visualize a 

particle moving about in a stagnant fluid medium in a random fashion. However, 

Brownian motion occurs in flowing fluids as well, as shown in Figures 2.11 and 

2.12. Figure 2.11 shows the laminar sub-layer around a body immersed in a 

turbulent flow field. Brownian motion leads to the particle impacting the surface 

by moving to a streamline adjacent to the surface. Figure 2.12 illustrates how 

Brownian motion leads to particles moving from one streamline to another within 
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a turbulent eddy. While this phenomena alone is not a deposition mechanism, it 

can cause particles to diffuse out of an eddy streamline and onto an adjacent 

streamline in the laminar sub-layer. Once in the sub-layer, a particle can move to 

streamlines close to the surface. 

Figure 2.11 Brownian motion of a particle within the laminar boundary layer 

Figure 2.12 Brownian motion inside of turbulent eddy 

Given the random nature of Brownian motion, intuitively one would expect the 

number of particles in the sub-layer moving toward the wall to equal the number 

moving away from the wall. Indeed the boundary layer would have a uniform 

particle concentration. However, as discussed previously, the particles may 

adhere to the wall. The concept of a sticking efficiency will be discussed later. 
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For now we will assume all particles that reach the wall will stick to it and not 

become re-entrained. This will produce a particle concentration of zero at the 

gas-solid interface, and a concentration gradient across the boundary layer. 

Another way to view this is that if random particle motion is the sum of motion 

toward the wall and motion away from the wall, then removing the motion away 

from the wall will produce a net motion toward the wall. A net particle flux is 

therefore created in the direction of the wall. 

Brownian diffusion of aerosol particles is treated analogously to molecular 

diffusion of gaseous species. The net transport of aerosol particles due to a 

concentration gradient is called diffusion. Fick's first law of diffusion relates the 

molar flux of a diffusing species to the concentration driving force: 

[2.10] J = -D dn/dx 

The diffusivity, D, has units of (length)2/(time). The classic Stokes-Einstein 

equation, from Flagen and Seinfeld (1988), for the diffusivity of a particle is 

[2.11] D = kTC,./3gpgdp 

The addition of the Cunningham correction factor to the original Einstein 

diffusivity equation extends the validity down into the range where the particle 

diameter is of the same order as the mean free path of the suspending gas. For 

a 0.7 micron particle in a gas at 1000°C, D is of the order of 5x 1 0-7cm2/s. 

Fick's second law of diffusion relates the time rate of change of the concentration 

to the second derivative of concentration with respect to time: 

[2.12] dn/dt = D d2n/dx2 



23 

As discussed previously, aerosol particles with low inertia can attach firmly to any 

surface they contact. If all the particles reaching the wall adhere to it, this 

produces a concentration of zero at the interface, which in turn leads to a 

concentration gradient in the vicinity of the interface, which is the driving force for 

Brownian diffusion toward the surface. Application of Fick's laws of diffusion to a 

large volume of stagnant aerosol, with initial concentration n = no, adjacent to a 

plane wall leads to the following time dependent equation for the deposition flux 

(Hinds, 1982): 

[2.13] J = no(D nt)1/2 

Davies (1983) presents a theoretical equation for the dimensionless deposition 

rate of aerosols onto rough surfaces from turbulent fluids due to Brownian 

diffusion: 
-1/2

[2.14] kr+ = kr/uo = 0.080 Sc 

The dimensionless Schmit number, Sc, is the ratio of momentum diffusivity, v, to 

mass diffusivity, D. The equation is valid for tp+ < 0.22, where tp+ is the particle 

relaxation time t made dimensionless by multiplying by the shear rate 002/v in the 

wall region of the turbulent flow. According to Davies (1983), this corresponds to 

a regime in which Brownian diffusion is the dominant mechanism. The wall 

friction velocity u* is define as 

(Twipg)1/2[2.15] 

where tw is the wall shear stress. A model of the flow field is required to estimate 

tw as a function of position. 
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2.4.2 Turbulent Diffusion 

In a turbulent medium, the mixing action caused by the churning, swirling eddies 

will drastically increase the migration rate of a suspended species if a 

concentration gradient exists. Turbulent diffusion is modeled in a manner 

analogous to molecular transport except that the particle diffusivity (turbulent 

eddy diffusivity DE) becomes a function of the eddy mixing length and average 

eddy velocity: 

[2.16] DE = VELm 

The equation for diffusive transport [2.10] then becomes 

[2.17] J = -(D+De) dn/dx 

If turbulence is high, then DE>>D and turbulence dominates the diffusion of 

particles within a concentration gradient. The concentration gradient is found 

from a model of the laminar boundary layer thickness and the deposition rate is 

equivalent to the diffusive flux. 

2.4.3 Turbulent Eddy Impaction 

Turbulent eddy impaction (Figure 2.13) is very similar to turbulent diffusion except 

that the particles have slightly more inertia. In this case the particle is swept 

toward the surface by a turbulent eddy. As the fluid within the eddy abruptly 

changes direction and flows back out toward the bulk flow the particle diverges 

from the streamline due to its inertia and impacts the solid. Whether or not an 

eddy can provide a particle with sufficient momentum to traverse a viscous sub-

layer surrounding a solid has been the subject of some disagreement. 
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Figure 2.13 Turbulent eddy transport of particle toward a surface 

Owen (1969) proposed that particles are carried deep into the laminar sub-layer 

by transient turbulent bursts where they subsequently leave the eddy due to their 

inertia. In this model the particles require less inertia to reach the wall since the 

eddy has already transported the particle most of the way through the boundary 

layer. Owen did not publish the derivation of his simple formula for deposition in 

turbulent pipe flow: 

[2.18] V+ = NI/no u*= 4.5x10-4(tp+)2 

N is the number of particles depositing per unit time and area from a 

concentration of no particles per unit volume in the bulk flow. tp+ is the particle 

relaxation time, T, made dimensionless by multiplying by the wall friction velocity, 

u*= \/(T,/pg). Cleaver and Yates' (1975) model of turbulent deposition postulates 

the same transient bursts as Owen (1969). Their equation for the dimensionless 

deposition rate is valid for tp+<<1: 

[2.19] V+ = N/nouo = 9pgtp+exp(-0.48tp+) / 400pp 
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Wood (1981) derived a model that covers the range of turbulent diffusion and 

turbulent eddy impaction: 

[2.20] V+ = N/nouo = 0.057(Sc)-213 + 4.5x 104(tp+)2 

Equation [2.20] is shown in Figure 2.14 for several values of the group 

(tp+)1/3/Sc2/3 (the symbol a is used for the dimensionless particle relaxation time 

tp+). The dependence of the group (tp+)1/3/Sc2/3 is only significant at small values 

of tp+. 
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Figure 2.14 Dimensionless deposition rate from a turbulent flow as a function of 
dimensionless particle relaxation time(from Wood, 1981). The curves at the left 

are for different values of the quantity (D/v)2/3(tp+)1/3. 



27 

161 

101 

fol 

o 10
 

c5 

ito 

,0 
3 

10 

INVESTIGATOR 

fRIEDLANDER t JOHNSTONE7 

irvccri 15 

131 OAVIES16113roiren : No Brownian Diffusion) 

141 BEAL% 

37 
151 LIU 4 1LORI 

46 
161 REEKS i SKYRME

171 CLEAVER s YATES43( t 96S) 

1151 ibid. ( !B. 6360 

191 

31 

10 7 101 1 10 

OIMENSiONLE5S PARTICLE RELAXATION TIME to. 

Figure 2.15 Deposition models of several researchers for turbulent flow over a 
flat plate (from Papavergos and Hedley, 1984). 
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Papavergos, and Hed ley (1984) present an excellent review of turbulent 

deposition models. Figure 2.15 compares the results of several turbulent models. 

The agreement spans an order of magnitude at best and over two orders of 

magnitude in the region near where tp+ = 1. Clearly, deposition of particles from 

turbulent flow systems is not clearly understood. 

2.4.4 Thermophoresis 

Thermophoresis is the driving force that causes particles to migrate in the 

direction of decreasing temperature within a temperature gradient. Gas 

molecules striking the particle on the hotter side are more energetic, on the 

average, than the molecules striking on the cooler side. The result is a net 

momentum transfer to the particle in the negative direction of the temperature 

gradient. For small particles (dp < kg) the velocity due to thermophoresis is 

independent of particle size and directly proportional to the temperature gradient 

(Hinds, 1982): 

[2.21] Vth = -0.5507T/pgT 

Note that the velocity is dependent on the temperature gradient and the 

temperature of the particle. Thus if the temperature gradient is kept constant, the 

thermophoretic velocity would increase with decreasing temperature. 

For larger particles (dp > Xg) the temperature gradient that is established within 

the particle must be accounted for (Hinds, 1982): 

[2.22] Vth = -3pecHVTI2pgT 

where the coefficient H includes the effect of the temperature gradient within the 

particle (Brock, 1962): 
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[2.23] H = (kg /kp + 4.41Jdp)/{(1 + 6k/dp)x(1 + 2kg /kp + 8.8k/dp)} 

Shen (1988) uses classic transport equations to derive the theoretical deposition 

rate, due to thermophoresis alone, onto a flat plate, a cylinder, and a sphere. 

Shen's resulting dimensionless deposition flux is defined as 

0.5 
[2.24] Jc = Rex j/Ccou00 

The results for deposition at the stagnation point of a cylinder in cross flow are 

shown in Figure 2.16 as a function of the thermophoretic coefficient H for several 

ratios of wall temperature to bulk temperature, where H = KiiCp/kg. Coo is the 

number concentration of particles, K is the thermophoretic coefficient, and uo0 is 

the free stream gas velocity. Figure 2.17 shows the estimated deposit growth 

with time on a recovery boiler generating bank tube, assuming that 

thermophoresis is the deposition mechanism. The initial rate is about 3 mm/hr 

and drops to about 0.5 mm/hr after 40 hours. Figure 2.17 predicts that a 

recovery boiler generating bank deposit would grow to about 3.5 cm in 40 hours 

by thermophoresis alone and in the absence of any re-entraining effects. Some 

areas of the generator bank experience faster deposition rates while it is smaller 

in other areas. 
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Figure 2.16 Dimensionless particle deposition rate at the stagnation point of a 
cylinder in cross-flow (Shen, 1989) 
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Figure 2.17. Calculated deposit growth rate on recovery boiler tube using Shen's 
(1988) model assuming 100% sticking efficiency. Twall=200°C (initially), 

Tgas=600°C, dp=0.7 microns. 
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2.4.5 Inertial Impaction 

As a particle-laden fluid flows around a solid object, the particles that are too 

massive to follow the flow around the object will impact the object. Whether or 

not a particle will deposit depends on its size, mass, shape, fluid properties, and 

the flow field around the solid. Intuitively, the mechanism is quite simple and is 

illustrated in Figure 2.18. Typically, correlations and experimental data found in 

the literature are expressed not in terms of a deposition velocity but in terms of a 

deposition efficiency. Given a solid object in a particle-laden flow, the deposition 

efficiency ri is defined as the fraction of particles within the swept area of the 

target object that actually deposit. is then the fraction of particles that is 

carried around the target. 

Figure 2.18 An entrained particle depositing on a cylinder in cross-flow by inertial 
impaction 
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Rosner, et.al. (1983) presents the following equation for the inertial impaction 

deposition efficiency of a cylinder in cross flow: 

[2.25] 11 -=., f 1+1.25(Stkeff-0.125)-1 

1.4x10-2 (Stkeff-0.125) -2 

+ 0.508x10-2(Stkeff-0.125)-31-1 

where Stkeff {Ppdp2(dueidx)x=o}/{361-1} 

Stkeff is an effective Stokes number and (due/dx),.=0 is the invicid velocity gradient 

at the forward stagnation point of the cylinder. x is the distance along the surface 

from the forward stagnation point. The equation is valid for large Reynolds 

numbers 'IRe >>1 and small mach numbers (Ma<<1). A plot of the equation is 

shown in Figure 2.19. The region of interest in Figure 2.19 (where the efficiency 

lies between 0 and 1) is in the range 0.1 < Stkeff < 100. At low mach numbers 

Stkeff can be approximated by 

[2.26] Stkeff Stk* 24/Rep* foReP d(Re)/(Cp{ Re} *Re) 

Konstandopoulos et.al. (1993) extended this work to include the effects of 

neighboring tubes in tube arrays situated perpendicular to the direction of flow. 

His results are shown in Figure 2.20. Clearly the data points for arrays of tubes 

are very close to the line for an isolated cylinder. Of course the work only 

considered deposition onto the lead tubes in a two dimensional array. 
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Figure 2.19 Capture efficiency of a cylinder in cross-flow due to inertial impaction 
(Rosner, 1983) 
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Figure 2.20. Capture efficiency of the central cylinder in an array. S=center
center spacing in radaii. S=2.5(circles), 3(squares), 4(triangles), 5(stars). 

(Konstandopoulos, et.al, 1993) 
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Since Stkeff is not a very intuitive quantity for most of us, Figure 2.21 shows Stkeff 

as a function of particle size at recovery boiler conditions. Figure 2.22 shows 

Stkeff relative to Stk at recovery boiler conditions. For small particle sizes the 

difference is negligible; the correction factor become more significant as particle 

size increases. From Figures 2.21 and 2.19 it is apparent that, according to this 

model, sub-micron particles do not deposit by inertial impaction in recovery 

boilers. 

1000 
Stk,eff at KRB conditions
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Figure 2.21. Stk,eff as a function of particle size at several temperatures and at 

recovery boiler generator bank inlet conditions. 
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Figure 2.22. Rosner's Stk,eff deviates from the Stokes number with increasing 
particle size. For submicron particles the difference is small. 

2.4.6 Re-entrainment 

Once a particle impacts a surface and sticks it does necessarily remain there. 

The shear stress of the flow and the impact of other particles can serve to 

remove previously deposited particles. Cleaver and Yates (1975) define a critical 

shear wall stress below which particle deposit (by turbulent deposition and eddy 

impaction) linearly with time. Above this critical shear stress a fraction of the 

particles are removed from the surface; the fraction increases with increasing 

shear stress. Thus the maximum deposit thickness occurred at the critical shear 

stress. Unfortunately, they provide no equation for estimating the critical shear 

stress. 
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Rosner and Nagarajan (1987) suggest that the presence of a condensing vapor 

provides a glue which increases a particle's sticking probability. At the same 

time, impacting particles erode the deposit leading to a quasi-steady-state deposit 

growth rate. 

Cleaver and Yates (1973) studied the actual mechanism of particle detachment. 

In their model the same turbulent bursts that penetrate the sub-layer and cause 

turbulent eddy impaction, are also responsible for the detachment lift force. Their 

criterion for particle removal is 

[2.37] To dp4/3 > constant 

where the constant is empirical and depends upon the particle shape, fluid 

properties, and the adhesive force. This is the principal used in soot blowing of 

deposits. The high velocity steam jet produces much higher shear stresses on 

the particles than do the boiler gases. 
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3. Experimental 

In this chapter the experimental facilities, diagnostic devices, deposition probes, 

and fuels used will be reviewed in detail. 

3.1 Sandia's Multifuel Combustor 

The ash deposition experiments reported in this work were performed at the 

Multifuel Combustor (MFC) Laboratory, located in the Combustion Research 

Facility (CRF) of Sandia National Laboratories. An artist's rendition of the MFC is 

shown in Figure 3.1. The MFC is a down-fired, electrically heated, turbulent flow 

reactor that allows for gas and particle temperature histories to be varied over a 

range of conditions commonly found in commercial scale facilities. 

The reactor is made up of 7 independently-controlled sections which can operate 

at temperatures as high as 1400°C. The total heated length is 4.24 meters, and 

the inside diameter is 15 cm. Optionally, the incoming feed gas can be preheated 

in a natural gas-fired burner. Fuel can be introduced at any of 7 levels to vary the 

residence time. Additionally, the entering gas flow rate can be varied from 0 to 35 

scfm for further control over the residence time. Dilution air, up to 30 scfm, can 

be introduced at any level as a means to lower the gas temperature as well as 

increase the gas velocity. 

Most of the actual measurements are made at the exit of the reactor in a open 

test section that is surrounded by an optical table. Cylindrical probes are placed 

in cross-flow at the exit to simulate steam tubes in the convective sections of full 

scale boilers. The conditions (i.e. turbulence, Re, Stk, etc.) are manipulated to 

mimic the conditions found in full scale boilers on the assumption that ash 

deposits will form on the probes via the same mechanisms as in the full scale 
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Figure 3.1 Artist's Rendition of the Multifuel Combustor at Sandia National
 
Laboratories Livermore, California Site.
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boilers. These ash deposits are then studied using a variety of diagnostics, both 

in situ and ex situ. In some cases the probes are stationary to simulate a real 

boiler tube. In other cases the probes are slowly rotated to produce a uniform 

ash coating and thereby simplifying ash thermal conductivity calculations. 

The design and operation of the reactor allows the control of particle size, gas 

velocity and temperature, Reynolds or Stokes number, probe diameter, gas 

composition, and exposure time. In the sections to follow, the relevant 

diagnostics will be examined in greater depth one by one. 

3.2 Particle Concentration and Sizing Velocimeter 

The Particle Sizing and Velocity Laser (PCSV) is an in situ diagnostic which uses 

a Mie scattering technique to measure the particle velocity and the size 

distribution. The control volume in which the particles are counted is the focal 

region of the laser just above the deposition probe. Under conventional 

conditions, sizing particles by Mie scattering is accurate down to 0.1 microns. 

However, due to the long path length (2 meters) in the MFC, and beam steering 

in the hot gases, the PCSV is sensitive down to about 3 microns. It will detect 

particles up to about 100 microns. This device was developed at Sandia and a 

complete description is available elsewhere (PCSV reference). 

3.3 Aerosol Spectrometer 

The Aerosol Spectrometer, manufactured by Particle Measuring Systems, also 

uses a Mie scattering technique to size and count particles. However this unit 

takes a sample of the particle-laden gas stream and passes it through a small cell 

containing the laser. The controlled environment of the cell decreases size 

sensitivity by an order of magnitude down to 0.01 microns. Table 3.1 lists the 
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specifications of the Aerosol Spectrometer. In order to get a representative 

aerosol sample from the MFC, sampling must be done isokinetically. Also, the 

sample must be diluted so as not to exceed the maximum counting rate of the 

unit. This was accomplished by isokinetically sampling the reactor flow for 2 

seconds and then feeding clean N2 into the sampling line for 118 seconds for a 

total sampling interval of 120 seconds. A gas sampling cylinder (40 cc volume) 

was placed in the sampling line to act as a diluter/buffer. The reactor aerosol is 

too concentrated to be sampled directly as the Aerosol Spectrometer's maximum 

count rate is 5000 particles per cc per second. The cylinder allows the 2 second 

sample to be mixed with N2 and counted slowly and uniformly over the entire 2 

minute interval. 

Sample flow 1.6 sccs 
Sheath flow 20 sccs 
Probe inlet id. 0.030" 
Buffer volume 40 cc 
Max counting rate 5000/sec/bin 
Sampling interval 120 sec. 
Size bins (microns): 0.100, 0.106, 0.112, 0.118, 0.124, 
0.130, 0.137, 0.144, 0.151, 0.158, 0.165, 0.172, 0.179, 
0.186, 0.193, 0.20, 0.23, 0.26, 0.29, 0.32, 0.32, 0.35, 
0.39, 0.43, 0.47, 0.51, 0.55, 0.59, 0.63, 0.67, 0.71, 0.75, 
1.20, 1.65, 2.10, 2.55, 3.00, 3.90, 4.35, 4.80, 5.25, 5.70, 
6.15, 6.60, 7.05, 7.50 

Table 3.1 PMS Aerosol Spectrometer Sampling System 

3.4 Deposit Mass Measurements 

Two techniques were used to determine the mass of the ash deposits in this 

work. The first is a simple gravimetric technique where the central portion (2 
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inches) of the deposit is scraped off the probe at the conclusion of the experiment 

and weighed in an analytical balance. Only the central portion of the deposit is 

used as there are end-effects in the formation of the deposit. The end effects 

take the form of gradual thinning of the deposit at either end. The overall length 

of the deposit is roughly 15 cm, which is the inside diameter of the MFC. The 

tapering of the ends of the deposit (as opposed to an abrupt end) is due to the 

turbulence present in the MFC. All ash deposits in this study, except those that 

were cast in epoxy for cross-sectioning SEM, were scraped off and weighed. The 

second technique involves the use of a cantilevered probe extending from a 

magnetic force compensation cell (manufactured by Toledo Inc.). The 

arrangement is shown in Figure 3.5. 

Particle-laden 
combustion gases 

Magnetic Force 
Compensation Cell 

Figure 3.5 The mass of the deposit is measured dynamically and in situ. 

This technique has the advantage of providing dynamic mass data continuously 

throughout the experiment. The resulting data is a dynamic mass growth rate 

curve as opposed to just the final deposit mass at the end of the experiment. The 
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disadvantage of this technique [at the time of this work] is that the probe could 

not be cooled for studying temperature-dependent phenomenon. Additionally, the 

resolution of the cell and the noise in the measurement are such that it is only 

useful when the deposit grows hundreds of milligrams or more. The experiments 

involving the intermediate sized particles produced deposits are heavy enough for 

this diagnostic to provide meaningful results. However, the submicron particulate 

deposits in this work only grew to a few tenths of a gram. 

3.5 Deposit Thickness Measurements 

Developed by the author, the Deposit Thickness Laser diagnostic consists of a 

range-finding laser mounted on a precision sliding table (Figure 3.3). The 

assembly records the deposit thickness as a function of absolute axial position on 

the probe. 

Figure 3.2 The deposit thickness laser. 1) Gallium Arsenide laser. 2) Linear 
array detector. 3) Precision slide mount 
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Both the axial and the rotational coordinates are recorded, making it possible to 

map the topology of the surface of an ash deposit by performing a number of 

axial scans at several radial positions of the probe. This is accomplished with a 

2-axis motion control system which drives the slide (1st axis) and rotates the 

probe (2nd axis). 

The general specifications of the thickness laser diagnostic are listed in Table 3.2 

The laser uses a triangulation technique to measure the distance between itself 

and a solid object with a non-zero spectral reflectivity at 870nm. When the laser 

strikes the surface to be ranged, a portion of the beam is reflected back and 

strikes the linear array detector. The point on the detector at which the laser 

strikes determines the length of the base of the triangle. Since the angles are 

constant, the height (range) will be proportional to the base measurement. 

Laser type GaAs 
Wavelength 870nm 
Measurement Range 32 mm 
Pulse Duration 350 ns 
Stand-off distance 180 mm 
Spot size 0.2 x 2.5 mm 
Communication 12 bit parallel 
Data Rate 62.5 Hz 
Scan speed 0.5 inch/s 
Least Significant Bit 7.8125 urn 
Axial Position Resolution 5 um 

Table 3.2 Selcom Laser Specifications 

Although the least significant bit of precision corresponds to just under 8 microns, 

statistical analysis can produce uncertainties of ±4 microns under ideal 

conditions. The positioning table is driven by a servo motor (both manufactured 

by DCI Inc.) with rotary encoder feedback control. The feedback encoder 
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resolution is 4000 counts per revolution and the table is driven by a 5 pitch lead 

screw. This translates into a control resolution of 20,000 counts per linear inch of 

travel. Unfortunately, this (relative) encoder is within a closed control loop and 

cannot be used for position data acquisition. Therefore, a second rotary encoder 

(distributed by Schmitz Engineering Liason) is attached to the non-driven end of 

the lead screw. This (absolute) encoder measures the position of the sliding 

table with a resolution of 1000 counts per revolution (5000 counts per inch). The 

signals from the position encoder and the laser are both digital parallel. Data is 

recorded on a Macintosh computer running a LabVIEW® program created 

especially for this application. 

An example of the raw data from the thickness laser is shown in Figure 3.4. 

Immediately prior to a thickness scan, a small section of the deposit is scraped 

away exposing the bare steel. This creates a sharp step in the thickness 

measurement which provides a reference baseline. About 30 points on either 

side of the step are averaged, and difference taken to determine the localized 

deposit thickness. The assumption is made that the deposit forms uniformly 

along the length of the probe except near the ends of the deposit where it tapers 

off. Measurements are made well away from the deposit ends. The standard 

error for a small sample is given by 

[3.6.0] ta/2 shin 

where tal2 is the Student's test statistic at confidence interval a, s is the standard 

deviation of the points averaged, and n is the number of points averaged. In this 

work a 95% confidence interval was chosen. 
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Figure 3.4 Raw data from the Selcom deposit thickness laser 

3.6 Infrared Pyrometer 

In situ temperature measurements were made with a Accurex 100C infrared 

pyrometer. This unit uses fiber optic leads and remote sensors. Specifications 

of the pyrometer and the experimental setup are listed in Table 3.3. The optical 

sensor has fixed focal length (i.e. standoff distance) of 12 inches. Therefore the 

sensor was mounted near the exit of the MFC and aimed at the leading 

(windward) edge of the probe. Exact targeting of the sensor was performed by 

connecting a visible (HeNe) laser to one end of the fiber optic cable, with the 

other end connected to the sensor. The resulting projected red dot could then 

easily be aimed precisely at whatever point the temperature measurement is 

desired. 
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Table 3.3 
IR Pyrometer Specifications 

Temp Range 250-800°C 
Bandwidth 5 Hz 
Sensitivity range 0.8-1.2 Microns 
Stand-off distance 12 inches 
Viewing Angle 60° off normal 
Communication RS232C 
Data Rate Hz 

Table 3.3 IR Pyrometer Specifications 

The geometry of the measurements and the nature of the deposit lead to some 

corrections which must be made to the measured surface temperature. The 

radiation reaching the sensor includes reflected radiation from the hot reactor 

nozzle above the probe. It is accounted for as follows (Dewitt & Nutter, 19) 

[3.6.1] L-A,Tir) = 660(k) X L)b(X.,T) + Fnozzle-spot X P60(k) X L2.,nozzle(X) 

where -fir is the temperature indicated by the pyrometer, Lx(X,Tir) is the spectral 

radiance sensed by the detector, 660(k) is the spectral emissivity of the deposit at 

60° off normal, L2.,b(X,,T) is the black body radiance at the deposit temperature, 

Fnozzle-spot is the view factor between the hot reactor nozzle and the focal spot, 

p60(X) is the spectral reflectivity of the deposit, and L, nozzle(k) is the radiance 

emitted by the hot reactor nozzle. 

The difficulty in Equation 3.6.1 is that the deposit emissivity is not only unknown, 

but changing continuously throughout the experiment. As the deposit grows 

thicker, the emissivity decreases. Initially there is no deposit and the emissivity is 

that of the oxidized stainless steel; measured to be 0.96. As the semitransparent 

ash deposit grows, the emissivity is a combination of the radiation emitted by the 

ash and the radiation emitted by the stainless steel which partially penetrates the 
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ash layer. After the deposit grows to a few hundred microns, it becomes opaque 

and the emissivity becomes constant. The measured relationship between 

emissivity and deposit thickness is shown in Figure 3.5. Intuitively it is expected 

that this dependence would change with particle size distribution and the degree 

of deposit sintering. These effects were assumed negligible and the data in 

Figure 3.5 were used in all temperature corrections involving fume deposits. The 

device used to measure emissivity is a Pyrolaser laser pyrometer manufactured 

by Pyrometer Instrument Company. This device is capable of measuring 

temperatures in an environment of reflecting radiation as well as changing 

emissivity. Unfortunately the unit's temperature range (800-1500°C) is far above 

the range of interest in this work. The unit is capable, however, of measuring 

emissivity (alone) at any temperature. It was this capability that was utilized in 

this work. A pulsed, 870nm, laser is fired at the 
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Figure 3.5 Deposit emissivity decays to a constant value as the deposit grows. 
Data is from several experiments but always measured at 60° off of the surface 

normal vector. 
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surface and the reflected radiosity is detected and compared to the incident 

radiosity. Since the required standoff distance of this device is only 2 inches, it is 

not possible to measure emissivity in situ. The entire probe is removed briefly 

from the test section and the emissivity is measured ex situ. Since emissivity is 

measured only at 870nm, and the pyrometer is sensitive from 0.8 to 1.2 microns, 

It is assumed that the emissivity is constant over this range of wavelengths. The 

exponential curve fitted to the data in Figure 3.5 is as follows: 

[3.6.2] E = 0.2 + (0.76)exp(-0.015z) 

where z is the deposit thickness in microns, and the factor 0.76 is the difference 

between the emissivity of the bare probe and the emissivity of an optically thick 

fume deposit. Equation 3.6.2 allows a correction to be made to the measured 

temperature based on the measure deposit thickness. 

In order to calculate a corrected temperature, Plank's equation is used to relate 

the radiances to absolute temperatures: 

[3.6.3] L,,b(k,T) = C1 + {X5(exp(C2/XT)-1)} 

Substituting 3.6.3 into 3.6.1 and rearranging produces the correction to the 

indicated temperature: 

( '2 szi
[3.6.4] T = x In 

1 Fnoz - spot * Eno:- * (1- s2) +1 

exp(C2 / ATIr) 1 exp(C2 / ATno..7) 1 

where Ek is the measured emissivity, C2 = 1.4388e+4 um*K, snot is the emissivity 

of the stainless steel nozzle (0.96), and X = 870nm. Equations 3.6.2 and 3.6.4 

were used to correct all pyrometer surface temperature data. 
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An additional comment about Equation 3.6.4 should be made. Recall that the 

deposition probe is placed in a gas/aerosol stream and the IR detector is placed 

outside this flow.. The participating media that is in the optical path of the 

pyrometer as is assumed to have negligible effect on the measurement. This 

was confirmed by allowing the pyrometer to continue to record data after the fuel 

(which produced the aerosol) was shut off. No difference was observed in the 

surface temperature reading before and after the fuel was shut off. Additionally, 

in this system it is not assumed that the deposit is diffuse. In other words, the 

emissivity may depend on the viewing angle so it is important to measure 

temperature and emissivity at the same angle. Therefore the emissivity is always 

measured at the same angle that the pyrometer is viewing the probe surface: 60° 

off normal. There is nothing magical about 60°. It is a convenient angle for the 

probe to view the deposit surface given the geometry of the entire experiment. 

Finally it is important to note that emissivity was measured as a function of 

deposit temperature (as measured with a thermocouple) to determine if there is a 

temperature dependence. This data is shown in Figure 3.6. It is clear that 

temperature does not affect emissivity in this system. 

There is one final observation that lends credibility to the surface temperature 

measurement. At the end of several of the experiments, the cooling air to the 

deposition probe was shut off while the probe remained in the hot gas flow. This 

caused the probe temperature to rise to within a very few degrees of the gas 

temperature. At this point in time the pyrometer (measuring the deposit surface 

temperature) and the embedded thermocouple (measuring the probe surface 

temperature) were also within a very few degrees of each other. 

Much effort was put into making reliable in situ measurements of the surface 

temperature of the deposit. The importance of these measurements will become 

apparent when the results of the fume work are discussed in Chapter 5. 
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Figure 3.6 Fume deposit emissivity shows no significant change with 
temperature as deposit is allowed to cool to near room temperature. 

3.7 Deposition Probes 

Three different cylindrical probes were used as deposition targets in this research 

depending on the desired conditions. The control variables of interest were 

Reynolds number, Stokes number, gas temperature, and probe surface 
temperature. All three probes were smooth, but not polished, and made of 

stainless steel. 

Probe #1 was used mostly for the intermediate-size particles in order to achieve 

Stokes number similarity to a full scale boiler. It is 11/16" in diameter, and is 

capable of being heated as well as air-cooled. The probe was heated by a 1/4" 

diameter cartridge heater placed inside the probe and connected to a closed loop 

controller. This was needed in some cases of small gas-probe temperature 

differences where the hot gas alone was insufficient to heat the probe to the 

desired temperature. After some operational experience, it was discovered that 

the most effective means of controlling the probe temperature (at all 
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temperatures) was to heat the probe while simultaneously running large amounts 

(300 SLM) of cooling air through it. It was considerably less robust to control the 

probe temperature by manipulating the amount of cooling air. 

Probe #2 was attached to the dynamic weight cell. It is 3/4" in diameter and 

neither heated nor cooled, which obviously made it unsuitable for any 
experiments in which thermophoretic deposition was to be studied. It was used 

successfully for a limited number of experiments with intermediate-size particles. 

Probe #3 was used for most of the fume deposition experiments where a large 

Reynolds' number was desired. It is 2" in diameter and air-cooled. The sheer 

size of this probe along with the desired AT (probe-gas), created a substantial 

cooling air demand. In order to limit the amount of cooling air required, a 1-3/4" 

tube [with sealed ends] was place inside, thus creating a small annulus (0.095") in 

which the cooling air flowed. Even with the annular flow cooling, the lab's cooling 

air supply (500 SLM) was the limiting factor in achieving a large delta T for 

thermophoretic studies. 

3.8 Controlling Gas Velocity in the MFC 

The gas velocity in the MFC was varied by several means to control the Reynolds 

and Stokes numbers. The simplest way of varying the gas velocity in the MFC is 

to just vary the amount of air fed into the burner at the top of the MFC, and this 

method was employed as much as possible. However, 30 scfm is the upper limit 

for MFC air feed, and this produced only about 3 m/s gas velocity leaving the 

MFC and flowing past the probe. Two methods were employed to increase the 

gas velocity. The first was to add [up to] 28 scfm of dilution air into the MFC, 

through the side ports, at the 5th level (out of 7) from the top. This had the side 

effect of drastically lowering the temperature of the gas exiting the MFC. To 

compensate, a much higher furnace temperature was employed in the upper 
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furnace sections. This, in turn, yielded better vaporization of the inorganic 

species, which then condense in the lower section and form the submicron 

aerosol that is desired. 

The second method of increasing gas velocity was to add a reducing nozzle the 

exit of the MFC. The nozzle resembles a bird house and is so nicknamed. It is 

made of 28 ga stainless steel sheet metal. The metal is bent into a 3" by 4" by 

18" rectangular tube. A round flange was welded to the outside which clamped 

(and sealed) to the 16 cm mullite exit tube of the MFC. The lower 3" of the bird 

house extended outside of the MFC, while the upper 15" was inside. The top end 

of the bird house was blocked off with a sheet metal 'roof'. This 'roof' was then 

covered with a 1/4" thick layer of a refractory material. The roof I refractory was 

added to block the radiation from the glowing upper furnace from striking probe 

and reflecting into the optical pyrometer. This increases the reliability of the 

optical temperature measurement. Finally, several 2" diameter holes were placed 

in all sides [of the upper 15" ] of the bird house to provide the path for the gases 

to flow out of the MFC and past the probe. The cumulative effect of the added 

dilution air and the birdhouse was to increase the maximum gas velocity leaving 

the MFC to about 11 m/s at 600°C, which is quite close to the conditions found in 

the generator bank section of a full scale recovery boiler. 

3.9 Controlling Particle Size in the MFC 

The composition of the fuel fed into the Multifuel Combustor is included in the 

data summaries in Appendix C. It was relatively straightforward to produce the 

intermediate sized particles; 35% black liquor solids in water produced size 

distributions with peaks near 20 microns. Producing exclusively sub-micron 

aerosols required some additional measures. Since it is was not feasible to 

produce a spray with a sub-micron drop size distribution, it was necessary to 

vaporize all of the inorganic material and produce a condensation aerosol. 
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Vaporizing all of the inorganic required a dilute solution and a high flame 

temperature. Diluting the fuel with water was not conducive to increasing the 

flame temperature, so therefore a mixture of water (50%) and methanol (40%) 

was used to dilute the fuel to 10% black liquor solids. This mixture was used to 

create combustion aerosols with peak sizes just below 1 micron. 



54 

4. Super-Micron Particulate Deposits 

In this chapter the qualitative and quantitative observations made on ash deposits 

formed from super-micron ash particles are discussed. In practice there is always 

a fraction of the combustion aerosol that is sub-micron and that fraction is present 

here as well. On a mass basis however, it represents less than 1% of the total 

mass of the ash particles. The remaining 99+% of the ash is approximately log-

normally distributed in the range of 1 to 40 microns. First we will discuss the 

qualitative observations made on super-micron deposits. Then the quantitative 

observations will be discussed, and finally the conclusions derived from these 

experiments. 

4.1 Qualitative Observations 

The deposits resulting from deposition of (mostly) super-micron particles appear 

as the ones shown in Figures 4.1 and 4.2. A very thin (on the order of 100 

microns) coating of sub-micron (fume) particles almost completely surrounds the 

probe. The layer becomes thinner or non-existent at the very leeward edge. The 

morphology of this thin coating can be seen in the scanning electron micrographs 

of Chapter 5 and will be discussed there. As this is the sub-micron portion of the 

aerosol, it will be discussed in detail in the next chapter. The super-micron 

deposits form only on the windward side of the probe and their structure is 

dendritic in appearance. Further, the growth originates from the relatively widely 

spaced 'seed' points, which then grow circumfirentially, as they grow taller. 

Eventually the clusters merge into a single deposit structure. 

Note also the presence of V-grooves in the deposits shown in Figures 4.1 and 

4.2. This groove is more or less present in all super-micron deposits. Additional 



Figure 4.1 Top (top) and side (bottom) views of a deposit formed from super-
micron particles. Mean diameter is about 30 microns. Gray coloring is due to 
residual carbon in the particles; the pre-heat burner was not used in this run. 

Probe diameter is 17.5 mm. Re = 400 Experiment # 960430b 
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Figure 4.2 Side and windward views of another deposit formed from super-
micron particles. Preheat gas burner was used in this run. Mean particle size is 

about 20 microns. Probe diameter is 17.5 mm. Re = 400 Experiment # 960610b 
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deposit photographs can be found in Appendix A. A speculative explanation for 

these observations is given here. In this particle size range and Stokes number, 

we expect inertial impaction to be the dominant driving force for the deposition of 

particles. However, these deposits differ considerably in appearance from a 

typical inertial impaction deposit. Inertial impaction deposits resemble a pile of 

particles on the leading edge of the probe, with the thickest point being at the 

leading edge. The dendritic structure and the V-groove can be explained within 

the inertial impaction model however. In the super-micron deposition experiments 

reported here the deposition efficiency is on the order of 10%. That is the mass 

fraction of particles within the swept area of the probe that actually deposit and 

stick is on the order of 10%. Therefore 90% of the particles are carried around 

the probe with the gas stream. Referring back to the mechanism of inertial 

impaction, described in Chapter 2, the particles that are impacting are mostly 

striking about midway between the leading edge (0°) and the side (90°), as 

opposed to near the leading edge. In other words, most of these particles are 

almost (but not quite) carried around the probe by the gas flow. Those that strike 

the probe do so nearer the 90° region than the 0° region. The formation of the V-

groove is a direct result of this situation. As these particles accumulate 

preferentially in this 'midway region', the random nature of the impacts will 

produce some high points and some low points. Once some relative high points 

form, they themselves become deposition targets. Now recall that Stokes 

number is the ratio of the stopping distance of a particle in the flow field to the 

diameter of the deposition target (i.e. the probe). But after a cluster of a few 

particles forms on the probe surface it is intuitively appropriate to consider the 

diameter of the cluster, as opposed to the probe, in the inertial impaction model. 

All other factors being equal, substituting the diameter of a cluster of a few 

particles (hundreds of microns) for the diameter of the probe (17 mm) will 

increase the Stokes number by a factor of about 100. Referring to the Stokes 

number curve in Figure 2.13, the predicted deposition efficiency from inertial 

impaction changes from 10% to 100%. Therefore we expect particles to inertially 

impact on other particles (or small clusters) far more often than on the probe as a 
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whole. This explains qualitatively the growth of the dendrites in Figures 4.1 and 

4.2. The mean particle diameter of the deposits shown in Figures 4.1 and 4.2 is 

larger for Figure 4.1 Comparing these photos, it is interesting to note that the 

larger particles produced wider and more pronounced deposit clusters. This is 

consistent with an inertial impaction mechanism. Recall that impaction efficiency 

increases as Stokes number increases. A quick check of the Stokes equation 

reveals that it is directly proportional to the square of the particle size and 

inversely proportional to the deposition target size. Now consider only cases 

where the deposition target is about the same size as the particle in flight (i.e. a 

particle that has previously deposited). This case is shown in Figure 4.3 where 

the particle diameter has been substituted for the probe diameter. In this case 

the Stokes number equation simplifies and Stokes number becomes dependent 

on particle size to the first power. 
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Gas velocity = 8 m/s 
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Figure 4.3. Inertial impaction efficiency curve for target diameter = 3 x particle 
diameter. 
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What all this means is that as the particle size is increased, a particle becomes 

more likely to impact a target that is roughly the same size as itself rather than 

travel around it. This is consistent with observations in this study. Larger 

particles tended to form wider deposit clusters, and as we will see in the next 

chapter, sub-micron particles deposit in clusters that are only a very few 
diameters wide. 

Sintering of deposits is also a major concern in recovery boilers as it greatly 

decreases the removability of deposits via soot blowing. SEM micrographs of 

super-micron deposits are shown in Figure 4.4. Unfortunately most of the 

complex macrostructure of the deposits is destroyed when it is scraped from the 

probe for SEM and weighing. However, evidence of sintering is clearly present. 

Figure 4. 4 SEM micrograph of intermediate-size particulate deposit. 100X 
magnification. Experiment 960417b 
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In particular, notice that small clusters are highly sintered in roughly chain-like 

fashion. This suggests that the growing particle clusters on the probe sinter 

significantly in the direction of growth but to a much lesser extent to adjacent 

clusters. Also see the SEM's in Chapter 5. This directional sintering could 

account for whatever discrepancies may exist between laboratory sintering data 

and observed sintering rates in real boilers. In laboratory sintering experiments, 

pellets are formed from ash collected from boilers. The ash is ground, dried and 

pressed into pellets under high pressure. This would produce a roughly close-

packed morphology. The pellets are likely sintering omnidirectionally due to the 

close-packed structure, which is quite different from the deposit structures 

observed here. While a quantitative analysis of published recovery boiler 

sintering data is beyond the scope of this thesis, it is a worthwhile observation. 

The deposit structures shown in Figures 4.1 & 4.2 also provide important clues 

about sticking efficiency. Sticking efficiency was discussed in detail in Chapter 2. 

As we know, particles can impact a surface, remain there for a period of time, and 

finally become re-entrained. Further, once a particle has deposited, it can roll to 

a more stable position. Intuitively, a deposit structure that is closely packed 

probably became packed as a result of impaction followed by subsequent rolling 

on the surface. The deposits seen in this work exhibit highly complex structures, 

which could not exist if particles moved subsequent to impacting. Super-micron 

particles from combustion of black liquor clearly remain where they impact. 

4.2 Quantitative Observations 

Deposits formed from intermediate sized particles grow linearly in thickness with 

respect to time. Figures 4.5 and 4.6 show the results of several experiments in 

which thickness was monitored. Probe surface temperature was varied in Figure 

dependent effects. Clearly there were no temperature effects. Of course 
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particles of this size (about 20 microns) would not be expected to deposit via 

thermophoresis. Figure 4.6 shows the results of more intermediate-particle 

experiments. Results are shown for different probe and gas temperatures. The 

six experiments shown together in Figure 4.6 should be interpreted only as 

evidence of linear deposit growth rate. 

5000 

4500 

4000 

3500 

cr) 3000 

2 2500 

2000 

1500 4/16a, Ts=500C 
1000 

500 

4/16b, Ts=450C
4/17b, Ts=400C 

4/17a, Ts=350C 
0 

0 10 20 30 40 50 
Minutes 

Figure 4.5 Deposits formed from intermediate-sized particles grow linearly with 
time. Data is from a series of runs at varying surface temperature. 4/16/96 and 

4/17/96. 

The two runs (5/30 and 5/31) which appear to indicate a faster growth rate are 

actually the result of a lower degree of sintering at the lower gas temperature. 

The various degrees of sintering can be seen in the photographs of the deposits 

from Figure 4.6. These photos can be found in Appendix Figures A-17 through 

A-25. 
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Figure 4.6 Deposit thickness versus time runs for intermediate-sized particles.
 
Thickness growth is always linear.
 

In order to compare deposition rates at different conditions, we must look at the 

mass deposition rates rather than thickness growth rates. Figure 4.7 shows the 

final mass deposition efficiencies for all intermediate-size particle experiments (for 

which the particle size distribution was measured), as a function of gas velocity. 

The strong dependence on gas velocity and the presence of the particles only on 

the windward half of the probe indicates that inertial impaction is the chief 

mechanism for deposition of intermediate-sized particles. Ideally one would plot 

the deposition efficiency as a function of Stokes number as in Figure 2.13. 

However a polydisperse particle size distribution leads to a distribution of Stokes 

numbers, which does not serve well to illustrate the results. 
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Figure 4.7 Summary of intermediate particle experiments. Efficiency is based on 
the PSD measured with the PCSV laser. Deposition efficiency increases with 

velocity. 

Figures 4.8 and 4.9 show the results of the particle deposition on the dynamic 

weight cell probe. As with in the thickness experiments, the growth rate is linear. 

The linear deposit mass growth rate combined with the linear deposit thickness 

growth rate imply that the apparent density is constant throughout the deposit 

layer. 
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Figure 4.8 Intermediate-size particle accumulation on the dynamic weight cell. 
Growth is linear with time. Experiment 960610b. Abscissa is a relative scale; not 

coincident with the start of the run. 

60.0 

59.5 
50.6 mg/min based on mass probe 
56.2 mg/min from analytical balance 

59.0 

03 58.5 

58.0 

Tg=775C, Ts = not controlled
57.5 57.20g 

57.0 
1,180 1,190 1,200 1,210 1,220 1,230 1,240 1,250 1,260 1,270 

Minutes 

Figure 4.9 Intermediate-size particle accumulation on the dynamic weight cell.
 
Growth is linear with time. Experiment 960609.
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5 Sub-Micron Particulate Deposits 

In this chapter the qualitative and quantitative observations made on ash deposits 

formed from the sub-micron ash particles are discussed. 

5.1 Qualitative Observations 

The deposits resulting from deposition of [mostly] sub-micron particles typically 

appear as the one shown in Figure 5.1. The particles form a white coating 

completely around the probe. At a distance it appears smooth but upon closer 

examination the morphology is quite distinctive. The thickness is on the order of 

hundreds of microns, depending of course on the duration of the experiment. It is 

thicker on the windward side although not by much. 

Early in the experiment the windward side deposit has a smooth surface just like 

the leeward side. As it becomes thicker, tiny protrusions begin to form on the 

windward side only. Once a protrusion forms it becomes a preferential target for 

deposition of more particles, and thus grows faster than the flat surface in the 

immediate proximity. Eventually the windward side is covered with these 
protrusions. The mere presence of the protrusions on the windward side only, 

indicates that there is some inertial component to the deposition mechanism. 

This is not consistent with inertial impaction models however, which predict that 

fume sized particles have insufficient mass to impact inertially (Rosner, 1986, 

1992). The phenomenon becomes more plausible when one looks at the deposit 

surface on a microscopic scale. The particles are not so much impacting on the 

probe as they are impacting on the protrusions. If the diameter of a protrusion is 

used to calculate the Stokes number rather than the probe diameter, then inertial 

impaction becomes a reasonable deposition mechanism. 
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Figure 5.1 Typical appearance of a sub-micron or fume deposit. Top photo is 
looking straight at the windward side. Bottom photo is looking straight at the 

leeward side. Length scale in both photos is millimeters. 
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Figure 5.2 SEM images of sub-micron deposits from probe leeward side. Two 
magnifications of the same deposit are shown. Note the sintering of 'strings' and 

the voidage between strings. 
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On the leeward side the protrusions do not form, and the deposit remains 

macroscopically smooth throughout the experiment. This indicates a deposition 

mechanism that is not dependant on the inertia of the bulk flow. The mechanism 

in this case would depend on local, microscopic properties, such as turbulent 

eddies or phoretic phenomena. Figure 5.2 shows the SEM images of a sub-

micron deposit taken from leeward side of the probe The top image shows a. 

very smooth surface, absent of the protrusions found on the windward side. The 

bottom image of Figure 5.2 shows the microstructure. Individual particles sinter 

together to form 'strings'. However, adjacent strings show little sintering to one 

another. In the recovery boiler, fume deposits are relatively easy to remove via 

sootblowing with high-pressure steam. This is likely due to the lack of sintering 

between strings as seen in Figure 5.2. If the strings did sinter to one another, the 

author speculates that the resulting deposit would be far more tenacious. 

5.2 Quantitative Observations 

Fume deposit thickness increases linearly with time in individual runs. Figure 5.4 

shows the typical thickness behavior (albeit the longest duration run) of a growing 

fume deposit. The thickness measured at the leading edge of the probe in cross-

flow is clearly growing linearly with respect to time. On the right axis the surface 

temperature of the growing deposit at its leading edge is clearly tapering off to a 

steady state value of about 550°C. As stated before, this temperature is 

measured remotely using an infrared pyrometer, and is corrected for the effects of 

changing emmissivity and radiation reflected from the MFC. The initial probe 

temperature of 400°C is consistent within a few degrees to that measured with 

the thermocouple embedded in the probe. The most striking observation here is 

that as the gas/surface temperature difference changes from 180°C at the start of 

the run to 30°C at the end of the run, the deposit growth rate remains constant. 

As we know, the gas/surface temperature difference determines the temperature 

gradient near the probe surface and that is the driving force for 
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Figure 5.3 Thickness measurement of a growing fume deposit. The growth rate is linear despite a drastic change in the 
thermophoretic driving force 
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thermophoresis. Figure 5.3 clearly shows that thermophoresis is not contributing 

significantly to the deposition of particle under these conditions. All other 

experiments, while shorter in duration, show similar results: linear thickness 

growth and nonlinear surface temperature rise which approaches (but does not 

reach) the bulk gas temperature. Deposit growth rate curves for all experiments 

conducted can be found in Appendix E. When the deposit mass is measured as 

a function of time, the results are similar to the thickness experiments. The 

mass data for fume sized particles is limited. Figure 5.4 shows fume deposit 

mass as a function of run time for five experiments run consecutively and using 

the same batch of fuel. As stated in the experimental section, the dynamic mass 

probe is not sensitive enough for the fume deposition work as the total mass of 

the deposit at the end of the experiment is only a few times greater than the limit 

of resolution of the weight cell. Furthermore, the mass probe cannot be cooled to 

control the temperature. Therefore the only way to get mass versus time data for 

fume deposits is to run a number of experiments and vary the duration. Each 

deposit must be scraped off of the probe and weighed. This type of data is 

shown in Figure 5.4. Although less precise and less elegant than other 

experiments in this work, it is consistent with the thickness runs in that the 

deposit growth rate is linear with time. Again, if thermophoresis were rate-

controlling, the deposit would grow rapidly at first and then taper off as the 

surface temperature approached the gas temperature. So, the mass 

accumulation data also refutes a thermophoretic deposition mechanism. 

While the results thus far provide strong evidence against a dominant 

thermophoretic deposition mechanism, they do not rule out the possibility of some 

other kind of temperature dependence. Evidence of a possible weak temperature 

dependence can be seen when we compare several fume deposition experiments 

at different starting temperatures. Figure 5.5 shows all of the fume deposition 

experiments plotted as deposition efficiency versus thermophoretic driving force. 

There is a good bit of scatter in the data. This is at 
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Figure 5.4 Fume deposit mass grows linearly with time 

least partly due to the fact that it is difficult reproduce exactly the same particle 

size distribution, or even the same mean particle size, from one run to another. If 

the mean particle size increases, the deposition rate will increase. The 

correlation coefficient for the data in Figure 5.5 is 0.49. Based on linear 

regression, the [obviously] shallow slope is significantly different from zero at the 

97.5% confidence interval. Also, if the trend is extrapolated back to the ordinate, 

it intersects the ordinate at a value greater than zero. This indicates that even 

with no thermal driving force, fume deposits will grow. 

For the 10 hour experiment shown in Figure 5.4, thickness measurements were 

also made on the leeward side of the probe. This data is shown in Figure 5.6. 

The growth rate is still linear, but slower than for the windward side. 
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Figure 5.6 Leeward side thickness measurement for experiment 8/31/97. 

Having both windward and leeward thickness data for experiment 8/31/97, as well 

as the mass of the deposit allows us to estimate the apparent density of the fume 

deposit if it is assumed that the thickness varies linearly from the leading edge to 

the trailing edge of the probe. From Figure 5.4 and 5.6, the deposit grew to 450 

microns on the windward side and 350 microns on the leeward side. A 1" section 

of the probe collected 0.3574 grams of fume. A 1" section of a 2" diameter 

cylinder has a surface area of 40.5 cm2. The average deposit thickness is 400 

microns. The apparent volume of the deposit is then 1.62 cm3. This gives an 

apparent density of 0.22 g/cm. Since the true density of the particles is 

something on the order of 2.5, the void fraction, x, can be calculated as follows: 

(1-x) *2.5 = 0.22 
x = .91 

The voidage is found to be 91% for experiment 8/31/97. This is a very large void 

fraction, indicating a highly structured deposit. Intuitively, a high void fraction 

would indicate that the particles do not roll or adjust to a more stable position 

following their initial contact with the surface. 
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6. Conclusions 

The experimental worked performed for this thesis has lead to the following 

conclusions: 

1) Black liquor combustion aerosols, with similar mass size distributions to what 

is found in full scale boilers, can be made in the controlled conditions of the 

laboratory. Furthermore, deposition experiments can be performed at 

conditions (Reynolds number, gas temperature, probe temperature, etc.) 

similar to those found in full scale recovery boilers. 

2) Intermediate-sized particles, in the 1-40 micron range, deposit in a manner 

consistent with the models of inertial impaction. Deposition efficiencies were 

in the range of 20 to 70%. The resultant deposits have a dendritic structure 

and are highly porous. They appear to be the result of individual clusters that 

eventually merge. The deposit clusters will begin at several point sources on 

the probe and grow into the direction of flow as well as branch outward. The 

overall structure is reminiscent of garden shrubbery. 

3) SEM photographs also show that the intermediate particles are always 

covered with a mono-layer of sub-micron particles. Whether this is simply 

agglomeration prior to deposition or a separate deposition process is 

impossible to determine with the instruments used in this study. 

4) Fume particles deposit at an unchanging rate for a given set of conditions. 

Over the range of conditions in this work, fume particles deposited with 

efficiencies from 5 to 15%. As the deposit becomes thicker, the surface 

temperature increases and thereby reduces the thermal driving force 

associated with thermophoresis. The observed deposit growth rate remains 

constant throughout the experiment, making a thermophoretically dominant 
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deposition mechanism highly unlikely. However, as the gas temperature and 

initial probe surface temperature are varied over a range of conditions, the 

deposition rate also varies slightly, indicating some sort of thermal effect is at 

work. 

5) Fume particles also form deposits with a dendritic structure. The structure is 

made up of long chains or strings of particles that grow radially outward. The 

strings are not straight; there is some bending and branching, but overall the 

strings are directed radially away from the probe surface. There is sintering of 

particles within the chains but very little contact between adjacent chains 

leading to a very complex structure. The porosity of fume deposits was 

estimated to in excess of 90%. 

6) The intermediate sized particles deposit with far greater efficiency than fume 

particles. Until recently, intermediate particles were not considered to exist in 

significant quantities in recovery boilers. If these recent findings are correct 

and intermediate particles are present, then they obviously present a greater 

fouling problem in the boiler than fume particles. 
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A Ash Deposit Photos 

Figure A-1 Experiment 4/16/96a, 11/16" probe, side view. Photo 61535-01
 

Figure A-2 Experiment 4/16/96a, 11/16" probe, side view. Photo 61535-03
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Figure A-3 Experiment 4116/96b, 11/16" probe, side view. Photo 40035-07
 

Figure A-4 Experiment 4./17/96a, 11/16" probe, side view. Photo 40035-10
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Figure A-5 Experiment 4/17/96b, 11/16" probe, windward view. Photo 86061-10
 

Figure A-6 Experiment 4/17/96b, 11/16" probe, side view. Photo 86061-11
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0 

Figure A-7. Experiment 4117196b, 11/16" probe, side view. 1/16" embedded
 
thermocouple is visible to the right. Photo 86061-15
 

Figure A-8. Experiment 4/30/96a, 11/16" probe, side close-up, 1/16" embedded 
thermocouple is visible to the extreme right. Photo 86061-16. 
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Figure A-9. Experiment 4/30/96a, 11/16" probe, side close-up. Photo 86061-18. 

Figure A-10. Experiment 4/30/96a, 11/16" probe, windward. Photo 86061-21. 
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Figure A-11. Experiment 4130196b, 11/16" probe, side view. Photo 94770-03
 

Figure A-12. Experiment 4/30196b, 11/16" probe, windward view. Photo 94770
05
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Figure A-13. Experiment 4/30/96c, 11/16" probe, side view. 1/16" embedded 
thermocouple is clearly visible. Photo 94770-07. 

Figure A-14 Experiment 4/30/96c 11/16" probe, windward view. Photo 94770-08
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Figure A-15. Experiment 4/30/96c, 11/16" probe, leeward view. Photo 94770-11
 

Figure A-16. Experiment 4/30/96d, 11/16" probe, side view. V-groove is evident.
 
Photo 94770-14.
 

Figure A-17. Experiment 5/19/96, 11/16" probe, side view. 1/16" thermocouple is 
visible. Photo 94770-20. 
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Figure A-18. Experiment 5/19/96, 11/16" probe, windward view. 1/16"
 
thermocouple is visible. Photo 94770-19
 

Figure A-19. Experiment 5/24/96, 11/16" probe, close side view. 1/16"
 
thermocouple is visible. Photo 94770-22
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Figure A-20. Experiment 5/24/96, 11/16" probe, windward view. Photo 94770
23
 

Figure A-21 Experiment 5/28/96, 11/16" probe, side view. 1/16" thermocouple is 
visible to left. Photo 94770-30. 
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Figure A-22. Experiment 5/28/96, 11/16" probe, windward view. Photo 94770
28
 

Figure A-23. Experiment 5/28/96, 11/16" probe, leeward view. End of 1/16"
 
thermocouple is barely visible at left. Photo 94770-29
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Figure A-23 Experiment 5/30/96, 11/16" probe, side view. Photo 94770-32
 

Figure A-24 Experiment 5/30/96, 11/16" probe, windward view. Photo 94770-33
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Figure A-25 Experiment 5/30/96, 11/16" probe, leeward view. Dark patch is
 
bare metal, not a shadow. White stripe is embedded thermocouple. Photo
 

94770-34
 

Figure A-26. Experiment 6/10/96a, 11/16" probe, side view. Photo 36311-02
 



97 

Figure A-27 Experiment 6/10/96a, 11/16" probe, windward view.
 
Photo 36311-03
 

Figure A-28 Experiment 6/10196b, 11/16" probe, side view. Photo 36311-05
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Figure A-29 Experiment 6/10196b, 11/16" probe, windward view.
 
Photo 36311-06
 

Figure A-30 Experiment 6/10/96b, 11/16" probe, leeward view. Photo 36311-09
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Figure A-31 Experiment 8/15/96, 11/16" probe, windward view. 1/16"
 
thermocouple is visible. Photo 36311-18
 

Figure A-32 Experiment 8/15/96, 11/16" probe, leeward view. 1/16" embedded
 
thermocouple is visible. Photo 36311-19
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Figure A-33 Experiment 10/5/96, 11/16" probe, windward view. Photo 70074-17. 
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Figure A-34 Experiment 10/5/96, 11/16" probe, leeward view. Photo 70074-18. 
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Figure A-35. Experiment 10/6/96, 2" probe, windward view, 1/16" inches. Photo
 
70074-20
 

Figure A-35. Experiment 10/7/96, 11/16" probe, windward view 
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Figure A-36 Experiment 10/17/96, 2" probe, side view, 1/16" inch scale 

Figure A-37 Experiment 10/19/96, 11/16" probe, leeward view, 1/16" scale 
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Figure A-38 Experiment 3/23/97, 2" probe, side view 

Figure A-39 Experiment 3/24/97, 2" probe, windward view 
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Figure A-40 Experiment 4/9/97, 2" probe, leeward view, mm scale 

Figure A-41 Experiment 8/31/97, 2" probe, close-up windward view. Scale is 
mm 
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Figure A-42. Experiment 8/31/97, 2" probe, close-up side view. Scale is mm. 

Figure A-43 Experiment 8/31/97, 2" probe, close-up leeward view. Scale is mm 
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B Scanning Electron Micrographs 

Figure B-1 Experiment 4/30/96a. Reference bar is 25 microns. 
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Figure B-2 Experiment 4/30/96a. Reference bar is 5 microns. 

Figure B-3 Experiment 5/19/96. Reference bar is 100 microns 
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Figure B-4 Experiment 5/19/96. Reference bar is 10 microns 

Figure B-5. Experiment 5/19/96. Reference bar is 1 micron. 
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Figure B-6. Experiment 5/30/96. 

Figure B-7. Experiment 5/30/96. Reference bar is 10 microns 
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Figure B-8. Experiment 6/3/96. Reference bar is 100 microns 

Figure B-9. Experiment 6/3/96. Reference bar is 10 microns 
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Figure B-10. Experiment 6/3/96. Reference bar is 1 micron 

Figure B-11 Experiment 6/9/96. Reference bar is 100 microns 
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Figure B-12. Experiment 6/9/96. Reference bar is 10 microns 

Figure B-13 Experiment 6/9/96. Reference bar is 1 micron. 
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Figure B-14 Experiment 10/17/96. Magnification is 500x. Reference bar is
 
missing but would be the same as Figure B-12
 

Figure B-15 Experiment 10/17/96. Magnification is 5000x. Same view as B-14
 
but 5X larger.
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Figure B-16. Experiment 10/17/96. Magnification is 500x. Reference bar is 
missing but image width is about 30 microns 

Figure B-17. Experiment 10/27/96. Reference bar is 50 microns.
 
Magnification is 500x
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Figure B-18. Experiment 10/27/96. Reference bar is 1 micron.
 
Magnification is 10,000x
 

Figure B-19. Experiment 10/27/96. Reference bar is 1 micron.
 
Magnification is 25,000x
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Figure B-20. Experiment 10/27/96. Reference bar is 0.1 microns. 
Magnification is 50,000x 
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C Data Summary 

A summary of the conditions and results of all experiments was kept in the form 

of two spreadsheets; one for the intermediate-size particles, and one for the fume 

particles. These can be found on the following pages. Not all of the diagnostics 

were used in each of the experiments, and therefore there are gaps in the tables. 

Occasionally a given diagnostic device would require maintenance or repairs. 

The philosophy was to continue with experiments if at all possible and make do 

with whatever data could be taken. 



1

2

3

4
5

6
7

8
9
10
11

12
13
14
15
16
17
18

19
20

118 . 

A B C D E F I G H 
Comb 1 Atom'z Exit gas Calc'd 

I Comb Atom'z ! Exit gas Calc'd 

Ts Tgas Air j Air Nat gas Velocity 1 gas flow feed Feed composit 
Date 1 C , 

1 C scfm scfm scfm m/s sccm RPM BLS H2O 
4/16/96 500 725 , 30 1.25 0.00 ' 2.71 933108' 1200 1 33.6 , 66.4 
4/16/96 
4/17/96 ! 

450 -
350 ' 

670 
670 

, 
30 
30 

' 

7 

1.25 1 
1.50 

0.00 
0.00 ' 

2.56 
2.58 

9 3 3 1 0 8 
, 

933108 
1200 '; 

1200 
33.6 1, 

33.6 
66.4 
66.4 

4/17/96 1 400 680 30 1.50 0.00 2.61 933108! 1200 33.6 66.4 
4/30/96 500 ,, 670 ' 25 r 1.50 0.00 2.17 650007 1000 33.6 r 66.4 
4/30/96 -450 ! 670 25 ! 1.50 0.00 2.17 1650007, 1000 T 33.6 66.4 
4/30/96 400 670 25 1.50 0.00 2.17 ' 650007 1000 33.6 ' 66.4 
4/30/96 !, 350 670 25 1.50 0.00 2.17 te50007, 1000 '1 33.6 ! 66.4 
5/19/96 500 750 25 1.50 1.50 2.36 

, 

650007 1000 ' 33.6 66.4 
5/24/96 433 730 25 , 1.50 1.50 2.31 Te 50007! 1000 , 33.6 ' 66.4 
5/28/96 7500 730 25 1.50 1.50 2.31 '650007 r 1000 33.6 66.4 
5/30/96 500 ! 670 25 1.50 1.50 2.17 650007 1000 ' 33.6 66.4 
5/31/96 j_ 400 ' 675 , 25 1.50 1.50 2.19 1650007' 1000 33.6 ! 66.4 
6/3/96 500 ! 565 ! 20 1.50 1.50 1.57 !65000T 800 33.6 66.4 
6/9/96 , 500 ! 775 , 25 1.50 1.50 ' 2.42 , 791558: 1000 33.6 ' 66.4 

6/10/96 1 500 j 690 25 1.50 1.50 2.22 791558 1000 733.6 66.4 

Table C-1. Experimental Summary for Intermediate Particles 
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M I N 0 P Q I1 

1 Feed DBLS Fractional -T 
-

12 Feed DBLS Fractional 

d e n s Probe 
1 

swept Zone temperature1 

i 1
4 Date Me0H glcc g/min dia. " area Re top 2 3 4 5 61 

5 4/16/96 0 1.19 12.86 0.688 0.148 1000 1000 100011000 1000 1000 
6 4/16/96 0 1.19 112.86 0.688 , 0.148 1000 1000 1000 1000 10001000 
7 4/17/96 0 1.19 112.86 0.688 0.148 10061006100610061006 1000, 

1 -
18 4/17/96 0 1.19 H12.86 0.688 0.148 1000 100011000 10001100011000 

1 L 

9 4/30/96 0 1.19 10.72 0.688 0.148 1000' 100011000 950, 950 950 
f

10 4/30/96 0 1.19 10.72 0.688 0.148 1006 1000 1000 950 950 j 950
+ -

11 4/30/96 0 1.19 10.72 0.688 0.148 1006 100011000' 900. 900 900 
12 4/30/96 0 1.19 , 10.72 0.688 0.148 1006 10001006 1000 10061000 

, -
13 5/19/96 0 1.19 110 7210.688 0.148 1000 1000 1006t 

10001_000 1000 
L 

,

-,
14 5/24/96 0 1.19 10.72 0.688 0.148 4 100011000'' 1000 100011000 1000 

- -t
1

15 5/28/96 0 1.19 10.72 0.688 0.148 1000, 100011000 100011000 x,1000 
1 16 5/30/96 0 1.19 10.72 0.688, 0.148 860 860 860 860 860860 

17 5/31/96 0 1.19 10.72 0.688 0.148 880 880 880 880 880 880 
-, t

18 6/3/96 0 
1 

1.19 8.576 ! 0.688 0.148 ! 7001 700 - 700} 700 700 700, 

19 6/9/96 0 1.19 10.72 0.688 , 0.148 1000 1000 100011000, 100011000 
T H

20 6/10/96 0 1.19 10.72 0.688 , 0.1481 880 880 880 880 880 880 

Table C-1. Experimental Summary for Intermediate Particles 



1

2

3

4
5

6
7

8

9
10
11

12
13
14
15
16
17
18

19
20

120 

A X Y Z AA AB I AC ADJ 

Mass conc MSD peak Windward 

Mass conc MSD peak Windward 

PCSV AS exit aerosol position Deposit 

Date feed nozzle Data? Data? SEM? g/scc Microns Mass, g 

,4/16/96 J11 N N 

4/16/96 J11 N NI 

4/17/96 J11 N N 

4/17/96 J11 -r N N 

4/30/96 J11 N N 1.6711 
4/30/96 J11 N N 1.1345 
4/30/96 J11 N N 2.0326t,4/30/96 J11 N N 1.64771 

'5/19/96 .012/671 Y 
I--

Y Y 4.53E-7 15 j 0.7338 
5/24/96 .012/671 Y Y 8.16E-7 14 

1
17 

1 
21 2.3439 

5/28/96 .012/671 Y Y 1.35E-6 18,19 2.4016 
5/30/96 .012/671 Y Y Y 1.81E-6 18,21 2.287 
5/31/96 .012/671 Y Y 1.48E-6 19,35 3.0018 
6/3/96 .012/671 Y Y Y 9.96E-7 24,25 1.8004 
6/9/96 .012/671 Y Y Y 1.46E-6 26 3.6173I 

6/10/96 .012/671 Y Y 2.90E-6 23 3.0983, , 

Table C-1. Experimental Summary for Intermediate Particles 
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A AE AF AG AH Al I AJ I AK 
Leeward Total Thickness Wt. Cell : Wt. Cell Run Avg mass 

2 Leeward Total Thickness , Wt. Cell Wt. Cell Run 1 Avg mass 
H 1 

3 Deposit Deposit Growth Deposited analytical Time ! dep'n rate 

4 Date Mass, g Mass, g 1 Microns/min 
1 

I Mass, g 
+ 

Mass, g min 
1 

1 mg/min 

5 4/16/96 1.9956 
, 

1 42 1 
47.51 

6 4/16/96 - 2.025 1 42 ' 48.21 

7 4/17/96 2.191 42 52.17 
8 4/17/96 2.3992 i 

, 34 70.56 
9 4/30/96 0.4647 2.1358 1 - 1 

I 

4 
58 

t 
36.82 

10 4/30/96 0.3978 1.5323 1 
_ _ 45 1 34.05 

11 

12 
4/30/96 
4/30/96 

0.3978 
0.5505 

r 
2.4304 
2.1982 [ 

1 

1 

53 
42 

_, 

! 

45.86 
52.34 

13 5/19/96 0.3755 1.1093 18.31 T - 39 28.44 
14 
15 
16 

5/24/96 
5/28/96 
5/30/96 

0.5091 
0.1205 
0.1187 

2.853 
2.5221 
2.4057 

19.73 
1i 23.02 

43.75 

-

-

, 

-

-

53 
49 
48 1 

53.83 
51.47 
50.12 

17 5/31/96 0.385 3.3868 43.5 57 59.42 
18 6/3/96 0.0909 1.8913 19.39 66 1 28.66 
19 6/9/96 0.2671 3.8844 25.88 2.68 2.9793 53 73.29 
20 6/10/96 0.1593 3.2576 36.56 2.32 2.6759 54 60.33 

Table C-1. Experimental Summary for Intermediate Particles 
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IA AL I AM I AN I AO AP AO 
PSD Ca lc Feed
 

2 PSD Inertial Feed
I 

j3 rhedelT Dep'n Dep'n Dep'n Photos 

14 Date / mu T Eff Eff Eff Date roll & # 

5 4/16/96 0.26 0.04801 4/16/96 31940035 

6 4/16/96 0.24 0.04871 4/16/96 31940035 

7 4/17/96 0.33 0.0527 4/17/96 31940035 

8 4/17/96 0.30 0.0713T 4/17/96 31986061 #8-15 
7

9 4/30/96 0.19 0.04461 4/30/96 31986061 #16-25 

10 4/30/96 0.24 0.0413 4/30/96 31994770 #1-5
, 

11 4/30/96 0.29 0.0556 4/30/96 31994770 #6-11 

12 4/30/96 0.33 10.06341
1' 

4/30/96 31994770 #12-16 

13 5/19/96 0.29 0.65 0.025 10.0345 
i 

5/19/96 31994770 #17-20 

14 5/24/96 0.33 0.69 0.118 0.0653 5/24/96 31994770 #21-26 

15 5/28/96 0.26 0.40 0.126 0.0624 5/28/96 31994770 #27-31 

16 5/30/96 0.19 0.29 0.123 70.0608 5/30/96 31994770 #32-37 

17 5/31/96 0.29 0.42 0.210 0.0720 5/31/96 roll 5 #0-5 

18 6/3/96 0.07 0.30 0.145 1 0.0434 6/3/96 roll 5 #6-11 

19 6/9/96 0.32 0.43 0.220 10.0888 6/9/96 'roll 5 #12-20 

20 6/10/96 0.21 0.18 0.148; 0.0731 6/10/96 1r 5 #21-25,3203631 

Table C-1. Experimental Summary for Intermediate Particles 
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2 
3 

9 

10 
11 

12 
13 
14 
15 

16 
17 
18 
19 
20 
21 

22 
-2-3-1 

24 
25 
26 
27 
28 
29 
30 
31 

32 
33 
34 
35 
36 
37 
38 

B C D E F G 

Date 

Ts IRb 

>»»Begining 

Ts, IR Ts T/C Tgas 

' C C 

Comb Atom'z 

Air Air 

: 

Nat gas 

scfm scfm scfm 

8/15/96 
of fume data 

1.25 
1.25 

4007 750 30 t', 0.56 I 

8/28/96 I 650 I 750 1 30 I 0.56 , 

9/29/96 400 745 i 
, 

30 0.56 I 1.25 
10/5/96 I I 400 740 I 

, 

30 0.56 
30 f 0.56 

,
30 0.56 

1.25 
10/6/96 I 500 760 1 

T 

1.25 
10/7/96 400 750 1 

, 

, 420 760 
1.25 

10/17/96 30 0.56 
30 0.59 

1.25 
1.0010/19/96 

10/26/96 

i 1 
500 800 1 

420 750 30 0.64 0.49 
10/27/96 
10/27/96 

; 
400 , 750 1 30 0.64 , 0.88 

: 

' 500 750 30 0.64 , ! 

30 0.64 
1.13 
1.1310/27/96 I 

,_. 

, ' 600 750 
11/3/96 1 320 750 I 30 

61 0.64 I 211/15/96 I 300 580 
11/15/96 
11/15/96 I 

375 , 580 ,61 0.64 ' 2 
425 580 61 I 0.64 I 

61 I 0.64 ! 

2 
211/15/96 500 j 580 

' 

t 4 
Comb ' Atom'z 

-' 

Air : Air 

scfm : scfm 

58 1 0.44 

Cooling 

Air : 

SLM : 

150 
25 

Nat gas
-

scfm 

1.30 

Ts, IRb Ts, IR Ts, T/C Tgas : 

Date 
: 

C ' C 

3/16/97 
_, 

410 575 Il 

3/17/97 - 420 430 545 
, 

58 0.53 
3/23/97 403 I 397 575 I 

I
58 0.52 150 I 1.30 

3/24/97 , 467 I 465 580 I 58 0.50 25 I 1.15 
3/26/97 1 

3/28/97 
4/2/97 
4/4/97 

420 1 420 575 I 58 0.46 
, 385 400 575 
, 

, 575 
I 370 396 ,1 575 

58 0.46 : 150 

37 0.60 I 74 

1.30 

1.55 
4/9/97 372 402 275 I 580 57 I 0.61 500 1.65 

4/10/97 
4/12/97 

cont 
cont 

1 

375 I 273 585 ! 57 , 0.69 500 I 

1 

1.304/14/97 
8/31/97 390 247 590 1 58 0.60 490 [ 2.08 

l 

: 

, 

I 

I 

, 

,_ 

! 

1 

, 

J K 
Exit gas : Calc'd 

Velocity ,' gas flow 

m/s : sccm 
1 -

3.03 937358 
3.00 926030 
2.98 926030 
2.97 926030 
3.03 926030 
3.00 1- 926030 

3.03 , 926030 
3.03 918953 
2.97 918107 
3.01 929148 
3.03 936226 
3.03 936226 
3.03 , 936226 
4.89 F1812827 
4.89 1812827 
4.89 1812827 
4.89 '', 1812827 

Exit gas 1 Calc'd 

Velocity gas flow 

m/s sccm 

10.65 1738917 
10.29 1741465 
10.60 1731251 
10.64 1727004 

10.58 I1728512 

7.02 1147384 
10.76 1727004 

10.59 11709026 
10.84 1739600 

Table C-2 Experimental Summary for Sub-Micron Particles 
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A	 0 P fa RISTIUIV 
,1	 Feed Ash probe Fractional, 

i ± 
, ,	 , 

i t 
2 feed Feed composition % density rate Probe length swept 

, 

k 

3 Date RPM BLS H20 , Me0H, g/cc g/min dia. " weighed, area Re top 

4 
,8/15/96 1000 2.16 28 70 0.852 0.357 0.688 : all 170.148 442 1000 

6 8/28/96 1000 , 2.16 28 70 0.852 0.357 , 0.688 all 0.148 442 1000 
7 9/29/96 1000 2.16 28 70 : 0.8520.357 : 0.688 : all 0.148 : 443 1100 
8 10/5/96 1000 : 2.16 28 70 : 0.852 0.357 0.688 : all 0.148 445 1050 
9 10/6/96 1000 

, 

2.16 28 70 M.852 0.357 : 2.000 : all 0.423 1277 1060: 

--1-

10/7/96 1000 2.16 28 70 0.852 0.357 0.688 : all '0.148 442 1074: 

11 10/17/96 1000 2.16 28 70 0.852 0.35771,2.000 all , 0.423 1277 1100 
12 10/19/96 1000 : 2.16 28 70 : 0.852 : 0.357710.688 , all 0.148 428 1130 
13 10/26/96 1000 : 2.16 28 70 0.852 0.357 : 2.000 ' all 0.423 1277 

.. 

14	 10/27/96 1000 r 2.16 28 70 f 0.852 0.357 : 0.688 all ' 0.148 443 
10/27/96 1000 2.16 28 70 0.852 : 0.357 0.688 all 0.148 443 

16 10/27/96 1000 : 2.16 28 70 : 0.852 0.357 0.688 all 0.148 443 
17 11/3/96 1000 , 2.16 : 0.852 , 0.357 all 0.148: 

18	 11/15/96 1000-' 10.8 19.2 70 T! 0.87 F2.085- 2 7 3" -0.231 2833 
119	 11/15/96 1000 10.8 19.2 70 0.87 12.085 2 3" 0.231 2833 

11/15/96 1000 10.8 19.2 70 0.87 : 2.085 2 3" 0.231 2833, 

21	 11/15/96 1000 10.8 19.2 70 0.87 , 2.085 2 3" , 0.231 2833: 

22	 123	 Feed Ash probe Fractional, I 

24 feed Feed composition % , density , rate Probe length swept 

Date RPM BLS H20 , MeOH, g/cc g/min dia. " :weighed area Re top 

26 3/16/97 1000 10 90 I 0 1.05 : 2.041 2.000 2.000 0.333 , 6224 1200, 

, ,27 3/17/97 1000 10 90 0 1.05 , 2.041, 2.000 1.500 0.250 6376 977 
,28 3/23/97 1000 10 40 50 0.92 H.793 ; 2.000 2.000 0.333 6197 1000 

29 3/24/97 1000 10 40 50 ! 0.922 1 1.79 
,.
' 2.000 , 2.000 10.333 6159 1010 

, -1: 

4 I ,
: 

1 

:3/26/97 10 30 60 : 2 000 2.000 0 3331 6188 1011, ,.1000	 . ., _ ,.. 

31	 3/28/97 1000 10 30 60 0.9 1.75 2.000 , 2.000 , 0.333 6188 1085: 

32 4/2/97 
33 4/4/97 1000 6.5 43.5 50 0.908 1.147 2.000 , 2.000 0.333 4107 1100: 

34 4/9/97 1000 : 10 40 50 0.922 1.793I2.000 2.000 0.333 6114 1100 
4/10/97 , same, 

: , 

36 4/12/97 same 
37 4/14/97 1000' 8 42 50 ; 0.914 1.422 j 2.000 : 2.000 0.333 6073 1100, 

38	 8/31/97 1000 : 8 42 50 0.914 , 1.422 ' 2.000 1.000 0.167 6159 1150 

Table C-2 Experimental Summary for Sub-Micron Particles 
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I x I AA AB AC AD E AF 

2 Zone temperature PCSV AS Selcom IR 

3 Date 2 T 3 4 5 6 feed nozzle Data? Data? Data? Data? 

8/15/96 1000':1000;' 900 900 900 .010/671 N Y N 

6 8/28/96 1000';1000 900 900 900 ; .010/671 1 N Y N 

7 9/29/96 1210',1016 896 ; 846 8941T .010/671 HI Y N 

10/5/96 1100 925 900 900 1 900 .010/671 ~ N Y N 

9 10/6/96 1186 980T 900 , 900 900 _.010/671 N Y N 

10/7/96 11707 960 T901 906 925 ; .010/671 N Y N 

11 10/17/96 
H

1140' 990 900 918 933 ' 010P N 

12 10/19/96 1114 1019, 920 ; 856 ; 907 ; .010/? 
13 10/26/96 

, 

.010/? N Y N 

14 10/27/96 .010/? N Y N 

10/27/96 .010/? N Y N 

16 10/27/96 .010/? N Y N 

17 11/3/96 
18 11/15/96 .028/731 1 N Y 
19 11/15/96 .028/731 N 

11/15/96 .028/731 N 

21 11/15/96 028/731 N Y 
22 
23 
24 Zone temperature PCSV AS IR 

Date 2 3 4 5 6 feed nozzle Data? Data? Data? 

26 3/16/97 1200' 11880 000 900 817 , .020/? 1 N Y Y Y 
72 3/17/97 1057' 1074'1000 900 1, 900 ; .020/? N Y 

28 3/23/97 1086' 109211000 987 ' 900 .020/731 1 N Y 
29 

31 

3/24/97 
3/26/97 
3/28/97 

1081L1097' 1000L 996 
1095' lilt 100011000 
1125' 1115 946 ; 9001 

900 .020/731 
900 .020/731 
800; 020/731 

N 

N 

N 

Y YYjYTY 
Y Y Y 

32 4/2/97 
33 4/4/97 110071100 10001 875 8201 .020/731 Y Y 
34 4/9/97 11001110011100 950 850 .020/731 

4/10/97 
' 

36 4/12/97 
37 4/14/97 

--; , 

1100, 1100, 1000' 1030' 920 .040/100 
38 8/31/97 1150; 11100 000 j 950 830 .020/731 

Table C-2 Experimental Summary for Sub-Micron Particles 
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A AG AH Al AJ AK AL AM 
Mass conc Total Thickness 

,2 exit aerosol rho*delT Deposit Growth 

3 Date glscc / mu T Mass, g Microns/min 
T 

H
I8/15/96 7.81E-8 0.486 0.0887 

:6	 8/28/96 3.92E-8 0.128 0.0671 
:	 17	 9/29/96 4.83E-8 0.476 0.2371 

,8	 10/5/96 6.93E-8 0.467 0.1372 
1	 '9	 10/6/96 4.08E-8 0.351 0.6226
 

10/7/96 3.72E-8 0.486 ---i 0.0552
'	 : 

:11 10/17/96 4.05E-8 0.473 0.7066
 
12 10/19/96 7.81E-9 0.0519 -i,
 

-,
I

13 10/26/96 0.1646 
14 10/27/96 1.62E-8 t- 0.0558 -710/27/96 1.62E-8	 0.058 ' 

16	 10/27/96 1.62E-8 0.039 repeat: 

1
,17	 11/3/96 

, 

0.0725 
18	 11/15/96 7.08E-8 

, 

0.324 0.1285: 

--i 
: 

: '19	 11/15/96 7.08E-8 0.233 0.1195 
11/15/96 7.08E-8 HD.175 ---1- 0.0891' 

21 11/15/96 7.08E-8 0.089 0.0442 
22 
23 AS mass conc Total Thickness Thickness Thickness! 

f	 il

24 < 7.5 micron #/cc > 7.5 mu*delT 
1 

Deposit micron/min 
. 

micron/min micron/min1 1 ! 1 

1Date g/scc Microns 
1 

/ rho T Mass, g / ash fed 
1 / AS meas 

-
,	 , 1 

' '26 3/16/97 3.74E-8 Y 0.185 0.1908 1.03 10.504655 15.83751 
'	 ,27	 3/17/97 5.50E-8 Y 0.135 0.1228 1.156 10.566389 12.06925 

28	 3/23/97 4.17E-8 Y 0.194 0.0966 1.087 0.606247 15 05683, ! 

,29	 3/24/97 4.26E-8 Y a 127 0.1483 0.375 , 0.209497 , 5.097161! 

3/26/97	 Y 0.1508: : 

1	 :31	 3/28/97 1.90E-8 Y 0.214 0.1431 1.072 '0.612571 32.6414 
I32 4/2/97 Y 

33 4/4/97 1.72E-8 N 0.232 0.1013 0.547 0.476896'27.71725' :	 ! 

, 

:	 '34 4/9/97 0.202 0.638 1.273 0.710142 
4/10/97 

36	 4/12/97 
37	 4/14/97 1.60E-8 0.241 0.2486 1.58 1.111424 : 57.85377, ' ! 

138	 8/31/97 1.00E-7 N 0.230 0.3574 0.7'	 ' 

Table C-2 Experimental Summary for Sub-Micron Particles 
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A AN AO AP I AQ 
J 

AR I AS 
Run 1 Avg mass PSD Feed , Fraction Ash 

2 Time dep'n rate Dep'n Dep'n Accounted 

3 

4 
Date min 

, 
mg/min Eff Eff 

-1
For 

r 
Date 

8/15/96 116 0.76 0.07 0.0145 0.2051 8/15/96 
6 8/28/96 118 0.57 0.11 0.0108 0.1017 8/28/96 
7 9/29/96 285 0.83 0.13 0.0157 0.1253 9/29/96 
8 10/5/96 141 0.98 0.10 0.0185 1 0.1798 10/5/96 
9 10/6/96 272 2.29 0.14 1 0.0152 0.1058 10/6/96 

10/7/96 56 0.99 0.19 0.0187 0.0965 10/7/96 
11 10/17/96 264 1 2.68 0.17 0.0177 0.1051 10/17/96 
12 10/19/96 60 1 0.87 0.0164 0.0201 10/19/96 
13 10/26/96 56 2.94 0.0195 , 10/26/96 
14 10/27/96 60 0.93 0.42 0.0176 10/27/96 

10/27/96 62 0.94 0.42 1 0.0177 10/27/96 
16 10/27/96 62 0.63 0.28 T 0.0119 10/27/96 
17 11/3/96 58 1.25 0.0237 11/3/96 
18 11/15/96 58 2.22 0.07 0.0046 0.0616 11/15/96 
19 11/15/96 

11/15/96 
58 
57 

2.06 
1.56 

1 0.07 
0.05 

4.

1 

0.0043 
0.0032 

0.0616 
0.0616 

11/15/96 
11/15/96 

21 11/15/96 55 0.80 0.03 0.0017 0.0616 11/15/96 
22 
23 Run Avg mass PSD Feed 

24 Time dep'n rate Dep'n Dep'n 

Date min mg/min/inch Eff 1 Eff Date 
26 3/16/97 120 0.80 0.07 0.0023 0.0319 3/16/97 
27 3/17/97 120 0.68 0.04 0.0020 1 0.0469 3/17/97 
28 3/23/97 115 0.42 0.03 0.0014 0.0403 3/23/97 
29 3/24/97 120 0.62 0.05 0.0021 0.0411 3/24/97 

31 

3/26/97 
3/28/97 125 

1 

0.57 0.10 

1 

-
0.0020 0.0188 

3/26/97 
3/28/97 

32 4/2/97 1 

4/2/97 
33 4/4/97 120 0.42 0.13 I 0.0022 0.0172 4/4/97 
34 4/9/97 339 

1 0.94 1 0.0031 4/9/97 
4/10/97 4/10/97 

36 4/12/97 4/12/97 
37 4/14/97 113 1.10 0.24 1 0.0046 0.0192 4/14/97 
38 8/31/97 600 0.60 0.02 0.0025 0.1223 8/31/97 

Table C-2 Experimental Summary for Sub-Micron Particles 
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A I AT I AU I AV 
1 

2 Photos
 

3 Date roll & #
 
1 

4 
-' 

5 8/15/96 32036311 #17-19 hole must have been there 

6 8/28/96 none discovered hole in MFC after this run 
-, 

7 9/29/96 none 

8 10/5/96 32070074 #16-18 

9 10/6/96 32070074 #19-21 

10 10/7/96 32070074 #22-24 

11 10/17/96 32070074 #25-27 IPSD shifted smaller & recovery decreased, some black soot 

12 10/19/96 32070074 #28-30 PSD shifted smaller & recovery decreased, nat gas flowing v 

13 10/26/96 none 
, 

14 10/27/96 none same batch of feed as preceeding run 
1 

15 10/27/96 none same batch of feed as preceeding run 

16 10/27/96 none same batch of feed as preceeding run 

17 11/3/96 -
18 11/15/96 none 

19 11/15/96 none 

20. 11/15/96 none 

21 11/15/96 none 

22 
23 
24 Photos 

25 Date roll & # 

26 3/16/97 
27 3/17/97 
28 3/23/97 32222350 #2-3 

29 3/24/97 32222350 #4-5 _ 
30 3/26/97 none 

31 3/28/97 none 

32 4/2/97 none 

33 4/4/97 none 

34 4/9/97 32222350 #13-18 

35 4/10/97 32222350 #19 roll 9 #2 

36 4/12/97 roll 9 #3-12 Misplaced roll 9. Searching 

37 4/14/97 roll 9 # 13- !S data could be bad due to insufficient sampling rate 

38 8/31/97 32315321 

Table C-2 Experimental Summary for Sub-Micron Particles 
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D Particle Normalized Mass Size Distributions 

1 

0.9 

0.8 

---. 0.7 a.
0 0.6 

. 
0.5 1. 

---. 0.4 

73 0.3 
0.2 

0.1
 

0
 

0.1	 1 10
 

Particle Diameter, Microns
 

Figure D-1 Experiment 5-19-96 differential mass size distribution. 3 scans by 
PCSV laser. 
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Figure D-1 Experiment 5-24-96 differential mass size distribution. 3 scans by
 
PCSV laser.
 

1
0.9	 n0.8 

It.70.7 
a _ 

2 0.6 
-6 0.52
-2 0.4 

0.3 

0.2 

0.1 

0 

0.1	 1 10 100 
Particle Diameter, Microns 

Figure D-3 Experiment 5-28-96 differential mass size distribution. 3 scans by
 
PCSV laser.
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Figure D-4 Experiment 5-30-96 differential mass size distribution. 3 scans by
 
PCSV laser.
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Figure D-5 Experiment 5-31-96 differential mass size distribution. 3 scans by
 
PCSV laser.
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Figure D-6 Experiment 6-3-96 differential mass size distribution. 4 scans by 
PCSV laser. 
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Figure D-7 Experiment 6-9-96 differential mass size distribution. 3 scans by 
PCSV laser. 
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Figure D-8 Experiment 6-10-96a differential mass size distribution. 3 scans by 
PCSV laser. 
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Figure D-9 Experiment 6-10-96b differential mass size distribution. 3 scans by
 
PCSV laser.
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Figure D-10 Experiment 8-10-96 differential mass size distribution. Average of 
12 scans by aerosol spectrometer 
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Figure D-11 Experiment 8-28-96 differential mass size distribution. Average of 
10 scans by aerosol spectrometer 
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Figure D-12 Experiment 9-29-96 differential mass size distribution. Average of 
12 scans by aerosol spectrometer 
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Figure D-13 Experiment 10-5-96 differential mass size distribution. Average of 4 
scans by aerosol spectrometer 
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Figure D-14 Experiment 10-6-96 differential mass size distribution. Average of 7 
scans by aerosol spectrometer 
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Figure D-15 Experiment 10-7-96 differential mass size distribution. Average of 4 
scans by aerosol spectrometer 
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Figure D-16 Experiment 10-17-96 differential mass size distribution. Average of 
8 scans by aerosol spectrometer 
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Figure D-17 Experiment 10-19-96 differential mass size distribution. Average of 
4 scans by aerosol spectrometer 
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Figure D-18 Experiment 10-27-96 differential mass size distribution. Average of 
2 scans by aerosol spectrometer 
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Figure D-19 Experiment 11-15-96 differential mass size distribution. Average of 
3 scans by aerosol spectrometer 
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Figure D-20 Experiment 3-16-97 differential mass size distribution. Average of 2 
scans by aerosol spectrometer 

0.6 

0.5 

Q 0.4	 me 
a c 

0.3 ti2 
a 0.2 

0 . 1	 11 
0.0 "IP"' 

.10"	 
* 

0.1 1	 10 100 

Particle Size, Microns 

Figure D-21 Experiment 3-17-97 differential mass size distribution. Average of 2 
scans by aerosol spectrometer 
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Figure D-22 Experiment 3-23-97 differential mass size distribution. Average of 2 
scans by aerosol spectrometer 

0.7 

0.6 

0.5 

c 0.4 

0.3	 mis 

ti
 

73 0.2 

0.1 
eipise 

0.0 

0.1	 1 10 100 
Particle Size, Microns 

Figure D-23 Experiment 3-24-97 differential mass size distribution. Average of 2 
scans by aerosol spectrometer 
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Figure D-24 Experiment 3-28-97 differential mass size distribution. Average of 2 
scans by aerosol spectrometer 
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Figure D-25 Experiment 4-4-97 differential mass size distribution. Average of 2 
scans by aerosol spectrometer 
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Figure D-26 Experiment 4-14-97 differential mass size distribution. Average of 2 
scans by aerosol spectrometer 
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Figure D-27 Experiment 8-31-97 differential mass size distribution. Average of 2 
scans by aerosol spectrometer 
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Figure E-1. Deposit growth rates for experiments 4/16/96 & 4/17/96.
 
Gas temperature was held constant at 680°C. Marks shown are not tick marks
 

but error bars. Be advised that original graph is color coded.
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Figure E-2. Deposit growth rates from experiments 5/19/96 6/3/96. 
Intermediate size particles. Conditions vary. See Appendix A for experimental 

conditions. Small marks are not tick marks but error bars. Typical errors were on 
the order of ±5-15 microns. Be advised that original graph is color coded. 
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Figure E-3. Deposit growth rates from experiments 6/9/96 6/10/96. 
Intermediate size particles. Surface temperature was constant at 500°C while 

surface temp was varied. Small marks are not tick marks but error bars. Typical 
errors were on the order of ±5-15 microns. Original graph is color coded. 
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Figure E-4. Deposit growth rate 3/16/97. Fume particles. 
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Figure E-5. Deposit growth experiment 3/17/97. Fume particles. 



146 

100 

90 windward Thickness 560 

a) 
-75 80 

c 70 
Surface Temp (corrected) 540 

520 
cn 

(13 60-' 500 0 
.E 
En 

50 

40 

F
480 8 

460 
:(4, 30 

.12 20 
440 

10 420 

0 400 

0 40 Minutes 80 120 

Figure E-6. Deposit growth experiment 3/23/97. Fume particles 
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Figure E-7. Deposit growth experiment 3/24/97. Fume particles. 
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Figure E-8. Deposit growth experiment 3/28/97. Fume particles. 
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Figure E-9. Deposit growth experiment 4/4/97. Fume particles. 
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Figure E-10. Deposit growth experiment 4/9/97 & 4/10/97. Fume particles.
 
Gas temperature was maintained at 600°C
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Figure E-11. Fume deposit growth rate experiment 8/31/97 & 9/1/97. 
This data is for the leeward side of the probe. No surface temperature 

measurements were made on this side of the probe. 
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Figure E-12. Fume deposit growth rate experiment 8/31/97 & 9/1/97. This data 
is for the windward side of the probe. Gas temperature was maintained at 580°C 

Deposit grows linearly throughout while thermal driving force decreases 
dramatically. 




