
JlCz , - / fq?5Q /3 - - 7 4  
DOE DE-FG22-94PC-94213 

Quarterly Technical Progress Report 

(January 1,1996 to March 31 1996) 

ASH & PULVERIZED COAL DEPOSITION 

IN COMBUSTORS & GASIFIERS 

Grant Number: DE-FG22-94PC-94213 

Goodarz Ahmadi 

Department of Mechanical and Aeronautical Engineering 

Clarkson University 

Submitted to 

U.S. Department of Energy 

Pittsburgh Energy Technology Center 

Attention: 

Dr. Rodney A. Geisbrecht 

Technical Project Officer 

Dr. Eric T. Bell 

Program Administrator 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



ASH & PULVERIZED COAL DEPOSITION 

IN COMBUSTORS & GASIFIERS 

Grant Number: DE-FG22-94PC-94213 

Project Period: September 1, 1994 to August 31, 1997 

Contract Recipient: Clarkson University 

Project Principal Investigator: Goodarz Ahmadi 

DOE Project Officer: Dr. Rodney A. Geisbrecht 

DOE Program Administrator: Dr. Eric T. Bell 

SUMMARY 

In the period of January 1 to March 31, 1996, additional progress was made in 

accomplishing the tasks of the project. In particular, the computational model for 

simulating particle motions in turbulent flows was further developed. The model was 

applied to the dispersion analysis of particles in a circular duct and the transport and 

deposition of particles in a recirculating region. 

A model for resuspension of particles from various surfaces in a gas flow is also 

being developed. The new model accounts for the surface adhesion, as well as the 

hydrodynamic forces and torques. In addition, the model includes the effect of surface 

roughness and the structure of near wall turbulent flow. 

Progress was also made in the experimental study of glass fiber transport and 

deposition in the aerosol wind tunnel. 



OBJECTIVE AND SIGNIFICANCE 

In this section the objective of the project and its significance to the fossil energy 
program are outlined. 

0 bjectives 

The general goal of this project is to provide a fundamental understanding of 
deposition processes of flyash and pulverized coal particles in coal combustors and coal 
gasifiers. The specific objectives are: 

i) 

ii) 

iii) 

iv) 

v) 

vi) 

To provide a fundamental understanding of deposition mechanisms for coal and ash 
particles via digital simulations of turbulent flow conditions in a coal combustor 
and/or gasifier and the Lagrangian particle trajectory analysis. 

To develop a semi-analytical model for wall deposition rate of coal and flyash 
particles in complex flow and thermal conditions of coal combustors and gasifiers. 

To assess the relative significance of turbulent dispersion, Brownian diffusion, 
thermophoretic, electrostatic and surface forces, as well as particle collision and 
agglomeration under different conditions. 

To assess the significant effects of nonsphericity of coal and ash particles on their 
transport and wall deposition processes. 

To provide a detail understanding of wall deposition mechanisms for relatively 
compact, as well as elongated flyash and pulverized coal particles via a direct 
numerical simulation of near-wall turbulent flows. 

To experimentally verify the validity of the simulation and analytical results for 
deposition rates of flyash and pulverized coal particles in the size range of 2 to 100 
pm in the upgraded MAE Aerosol Wind Tunnel. 

Significance to Fossil Energy Program 

Transport and deposition of particles play a critical role in operation, efficiency, 
safety and maintenance of coal combustors and gasifiers. Turbulent mixing of pulverized 
coal significantly affects the efficiency of combustion, pyrolysis and gasification processes. 
Deposition of flyash and other particles on the wall leads to the formation of coal slag. 
Corrosion by coal slag is a serious problem in coal-gasification and combustion systems. 
Presence of particulate contaminant in the combustion product is also a major source of air 
pollution in coal energy systems. 

No completely satisfactory model describing the motion of a coal or ash particle in 
the highly transient turbulent flow and thermal conditions in coal combustors and gasifiers 
exists. More importantly, the controlling mechanisms for deposition of particles on surfaces 
in a turbulent stream with strong temperature gradients are not fully understood. Without 
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such an adequate understanding, providing mitigation measures against slag formation 
and/or improving the efficiency of coal combustors are not possible. 

The general goal of this research is to provide a fundamental understanding of 
transport and deposition mechanisms of ash and pulverized coal particles in complex 
turbulent flow conditions in a coal-fired combustor or in a coal gasifier. The other main 
objective is to develop an accurate computational model for simulating motions of ash, 
pulverized coal, and soot particles in complex geometries of coal (gas turbine) combustors 
and gasifiers. Availability of these tool and knowledge base will be indispensable for 
developing an environmentally acceptable coal energy system. 

PROGRESS REPORT 

This section outlines the progress made in the period of January 1 to March 31, 
1996 in accomplishing the tasks of the project. We have made considerable progress in 
modeling the particle resuspension process in turbulent gas flows, and the experimental 
study of deposition of nonspherical particles. This quarterly report describes the model 
development for particle removal and particle dispersion and deposition in turbulent 
recirculating flow fields. In addition, the progress made in digital simulation procedure of 
particles in duct flows are described. 
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Figure 1. Number of deposited particles versus the source 
distance from the wall. 

COMPUTATIONAL MODELING 

As was noted in the earlier reports, gas flow velocity field in complex passages can 
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be evaluated with the use of the STARPIC-RATE computer code that makes use of an 
advanced anisotropic turbulence model. The code is capable of simulating the flow 
conditions in complex passages of practical interest. The particle equation of motion which 
includes all the forces relevant to the motion and deposition of particles in cold flows is 
being used in the simulation studies. In addition to the Stokes drag and turbulence 
dispersion effects, the model includes the lift force, as well as, the Brownian effects. The 
instantaneous turbulence fluctuations are simulated as an anisotropic continuous Gaussian 
random vector process. The computational model have been tested earlier for several cases 
and its accuracy was verified. Studies concerning dispersion and deposition from a point 
source of particles in a turbulent air flow and deposition from uniform concentration in a 
circular cylindrical duct and in a recirculating flow are being studied. A summary of the 
progress made is presented in this section. 
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Figure 2. Number of deposited particles versus diameter for a density ratio of 2000. 

Transport, Dispersion and Deposition in a Circular Duct 

Transport, dispersion and deposition of particles in a turbulent pipe flow is being 
studied. As was noted in the earlier report, the flow field is generated using the 
experimental data for the mean velocity field as well as the turbulence intensities in 
different directions. Dispersion and deposition of particles which are released from point 
sources at different locations in the pipe are studied in this section. Ensembles of particles 
which are released from each point source are generated and statistically analyzed. 

Wall deposition of particles which are released from point sources at various 
distance from the wall is studied in this section. Ensembles of 3,000 particles are released 
from each source location, and the gravity is assumed to be acting towards the wall. The 
number of deposited particles in 300 wall units of time is plotted against source distance 
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from the wall in figure 1. It is observed that the number of deposited particles reduces with 
the increase of the distance of source from the wall. Furthermore, the number of deposited 
1Opm particles is larger than that of 0.Olpm particles. 

Figure 2 shows the number of deposited particles which are emanating from a 
point source in the time duration of 200 wall units versus diameter. Here the point source 
is located at 1 wall unit from the wall, and the gravity is towards the wall. A V-shape 
variation is clearly observed from figure 2. For submicron particles, Brownian diffusion 
significantly affects the deposition process, while for large particles the gravitational 
sedimentation and turbulence eddy-impaction are the controlling deposition mechanisms. 
Near the wall, turbulence dies down, and both gravitational sedimentation and Brownian 
diffusion are very small for particles with diameters in the range of 0.1 pm to lpm. As a 
results, very few particles in this size range deposit. 
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Figure 3. (a) Mean flow field, (b) turbulence kinetic energy, 
(c) streamwise and (d) vertical RMS fluctuation velocity 

components in the recirculation region. 

Particle Transport and Deposition In Recirculating Flows 

The STARPIC-RATE computational model was further refined and was used for 
evaluating the mean flow and turbulence intensity fields in a recirculating flow in a 
two-dimensional duct. Figure 3a shows the mean velocity vector plot in the duct. It is 
observed that a large recirculation region behind the block is formed. Figure 3b, 3c and 3d 
show the variation of the turbulence kinetic energy, the streamwise and the vertical 
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root-mean-square fluctuation intensities in the recirculation region. these results are 
improved versions of those reported earlier. As expected, a high level of turbulent 
fluctuation is observed. This figure also clearly shows that the turbulence is anisotropic and 
the root-mean-square streamwise fluctuation component is much larger than the vertical 
component. It is also observed that the reattachment point is at about X = 0.08m and the 
recirculation center is at about X = 0.065m, Y=0.0175m. However, the highest level of 
turbulence intensities are at X=0.063 to 0.067m and Y=O.O16m. 

Total: 427 
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Figure 4 shows the deposited particle distributions on the block for particles which 
are shed from a source at Xo = 0.047m, Yo = 0.014m. It is observed that four hundred 
twenty seven 0.01 pm particles and four hundred forty five 1 pm particles are deposited 
on the back-face of the block, respectively, and the deposited particles are concentrated in 
the region of 1.4 c Y c 1.95cm. This result shows that, the particles which are captured in 
the recirculation region, may deposit on the block due to turbulence and the Brownian 
diffusion. Figure 4 also shows that only seventy 10 pm particles have reached the surface 
of the block. 
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Figure 4. Distribution of deposited particles on the block for a 
point source at X o  = 0.047111, Yo = 0.014m 

Particle concentrations at the outlet of the channel are displayed in Figure 5. It is 
observed that two hundred and sixty five 0.01 pm, two hundred and ninety three 1 pm, 
and eight hundred and thirteen 10 pm particles have left the channel. The computational 
results indicates that at first few time step, all particles roughly follow the local flow 
streamlines. However, as the streamlines bend due to the presence of the recirculation 
zone, very small particles, which follow the streamline, may fall into the recirculation zone 
due to their Brownian motion and turbulence fluctuations. As a result more of the smaller 
particles are captured by the recirculating flow, and are deposited on the upper wall of the 
channel andor the back side of the block. 



The concentration profiles of particle at the channel exit shown in Figure 5 have a 
large spread roughly spanning the entire distance between the source location and the 
channel wall. In all cases, however, there is a sharp peak near the wall. Near wall peak 
particle concentrations in duct flows were observed in our earlier works also. The increase 
of the concentration near the wall may be attributed to the turbophoresis effects. That is 
particles tend to migrate from regions of high turbulence intensities to regions with lower 
velocity fluctuations. 

EXPERIMENTAL STUDY 

The purpose of the experimental study is to provide the much needed data base 
on deposition rates of (generally nonspherical) coal and flyash particles. We made progress 
in using our horizontal aerosol wind tunnel for glass fiber transport and deposition 
measurements. The wind tunnel used in the experiment consists of a 3.2 m long, 
horizontal, rectangular smooth aluminum duct with a cross sectional area of 15.25 x 2.54 
cm2- The width to height aspect ratio of about six provides a roughly two-dimensional 
flow condition near the centerline of the channel. The test section of the channel is 0.36 m 
long and is located 2.36 m downstream of the inlet. The tunnel provides the 50 hydraulic 
diameters needed to ensure a fully developed velocity profile at the test section. 

E 
v 

0.014 

0.020 

0.018 

0.016 Total: 265 

1 

0.012 - 

d=O.Olpm (a 

0.010 ' ' ' ' ' ' . ' 
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 

Number of Particles That Leave the Channel 

Figure 5. Concentration of particles at the duct outlet for a 
point source at Xo = 0.047m, Yo = 0.014m 

The air flow in the tunnel is provided by a centrifugal blower driven by an 11 kW, 
three phase, ac motor connected to a digital voltage inverter. The blower is capable of 
providing a wide range of test section velocities from 1.3 m/s to over 60 d s .  The inverter 
allows for the variation of frequency input to the motor for controlling its power and rpm. 
The blower motor combination sits on a one ton weight, reinforced concrete block, and has 
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very little vibration even at an exceedingly large rpm. The blower exits into a 0.61 m long 
diffuser. The side walls of the diffuser are at an angle of 4.2 degrees to the horizontal axis, 
and the top and bottom walls are at 7.3 degrees to the same axis. The end of the diffuser 
contains a HEPA filter which is 99.9999% efficient in the removal of 0.10 pm particles. This 
filter serves as a flow straightener, as well as filtering any unwanted particles. 

A mixing box is used to create a homogeneous aerosol while breaking up any 
blower generated streamwise vortices in the air flow. A fourth-order contraction section 
(shape derived using two fourth order polynomials matched asymptotically at the 
midpoint) reduces the cross sectional area of the flow by a twelve to one ratio. This 
provides a flat profile at the inlet of the channel. A grid is placed between the mixing 
chamber and the contraction section for generating a homogeneous turbulence. Another 
HEPA filter is located at the end of the channel to filter the aerosol and to prevent any back 
pressure fluctuations in the velocity. Figure 6 shows a schematic of the experimental 
setup. 

Figure 6. schematic of the experimental setup 

PARTICLE RESUSPENSION IN TURBULENT FLOWS 

Small particles may detach from various surfaces and get resuspended in the gas 
stream. Removal of particles could alter the dynamics of the flow and the effectiveness of 
gas cleaning systems. A study is performed to understand the mechanisms of particle 
removal in turbulent flows. It is expected that the near wall flow structure will affect the 
particle removal process. In addition, most real surfaces are rough and the roughness is 
expected to significantly affect the resuspension of particles. A flow structure-based model 
for particle resuspension from rough surfaces in turbulent streams are being developed. It is 
assumed that the real area of contact is determined by elastic deformation of asperities and 
the effect of topographic properties of surfaces are included. The JKR adhesion model is 
used to analyze the behavior of individual asperities. The theories of rolling and sliding 



detachment are used and the flow induced resuspension is studied. The effects of the near 
wall coherent eddies, and turbulence burst/imsh motion are included in the model 
development. The critical shear velocities needed to detach different size particles from 
rough surfaces under various conditions are evaluated and discussed. 
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Figures 7 and 8 compare the critical shear velocities for rubber and graphite 
particles for different values of roughness parameter Ac as predicted by the rolling 
detachment mechanism. (The roughness parameter is inversely proportional to the 
roughness.) It is assumed that the radius of asperities varies linearly with particle diameter 
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(Le., P=0.02d), and the contribution of gravity is neglected. The results for the smooth 
surface are also shown in these figures for comparison. It is observed that the critical shear 
velocity needed to detach a particle increases rapidly as particle diameter decreases. For a 
specific particle size, Figures 7 and 8 show that the critical shear velocity decreases as the 
value of roughness parameter Ac decreases (roughness increases). The critical shear 
velocity has the highest value for the smooth surface and becomes quite small for highly 
rough surfaces. 
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