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SUMMARY 

In the period of July 1, 1995 to September 30, 1995, further progress is made in 
accomplishing the objectives of the project. The computational model for simulating 
particle motions in turbulent flows is further developed. The model is applied to the 
analysis of particle transport and deposition processes in a circular duct and in a plane 
recirculating region. 

A model for evaluating particle deposition rate in the presence of gravitational 
and electrical forces in turbulent flows is also formulated. Results concerning the 
deposition velocity of particles under various conditions were obtained. It is shown that 
the model predictions are in good agreement with the available experimental and digital 
simulation data. Experimental study of glass fiber transport and deposition rate is also being 
planned. 

INTRODUCTION 

While coal is an abundant fuel, it has a rather high level of mineral matter. 
Therefore, it leads to a rather high level of ash generation in electric power generation. In 
addition to serious environmental problem, ash deposition leads to detrimental corrosion 
and erosion of various equipment. The most crucial problem in the future development of 
environmentally acceptable coal energy system is the control of particulate and toxic 
chemical in the coal combustion product. The transport and deposition of ash and 
pulverized coal particles involve rather complicated interactions of particle motion with 
turbulence in the presence of chemical reactions and thermophoretic, electrostatic, 
Brownian and gravitational forces. 
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PROGRESS REPORT 

This section outlines the progress made in the period of July 1 to September 30, 
1995 in accomplishing the tasks of the project. Significant progress was made in the 
computational modeling, simplified model development, and the experimental study of 
deposition of nonspherical particles. However, in this quarterly report, we will focus on a 
the sublayer model development for particle deposition including the particle charge 
effects, and digital simulation of particle transport and dispersion in duct flows. 

SIMPLIFIED MODEL (SUBLAYER MODEL) 

In the earlier quarterly reports, we described a simplified sublayer model for 
particle deposition in turbulent flows. The model assumes that the particles are diffused by 
the action of turbulence fluctuations to the vicinity of the wall. They are then captured by 
the near wall (sublayer) coherent eddies and are deposited on the wall. The model recast 
the process of turbulent deposition from being a purely diffusion process to that controlled 
by impaction and interception. 

As was described in the earlier reports, we are studying the effects of charge that 
are carried by the particles on their deposition rate. Furthermore, the averaged number of 
charge for representative particles was used in our model. We showed that the model 
leads to a deposition velocity which is consistent with the electrostatic precipitation 
velocity. While this observation justifies the suitability of the model, in reality only a fraction 
of particles carry integer number of charges (as given, for example, by the Boltzmann 
distribution). Here, we plan to further test the validity of our assumption. 

Figure 1. Comparison of the deposition velocity for representative 
particles with those obtained from Boltzmann distribution. 
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Figure 1 shows a comparison of the deposition velocities as evaluated for 
representative particles (with mean value of charge) with those obtained for particles with 
actual Boltzmann charge distribution. In this case, the deposition velocities, for various 
number of charges (n=l, 2, 3, ...) are evaluated and are then averaged to obtain the 
expected value of deposition rate. This figure shows that using the representative charge 
provides a satisfactory description of the deposition rate of the cloud of charged particles. 
Figure 1 also indicates that the use of the representative particles tends to slightly 
overestimate the deposition velocities for 0.01 pm < d < 0.1 pm. The error, however, is 
very small. 

Figure 2 displays the effect of density ratio, S, on the deposition velocity for 
electric field intensities of E=O and E=200 kV/m. It is observed that, as S increases, the 
magnitude of the peak for E=2OOkV/m remains unchanged, but it shifts to slightly larger 
relaxation times (‘I;+). For E 2 0 0  kV/m, the amount of deposition contributed b the 

only the negative particles deposit on the wall. For T+ > 1, however, particles with both 
positive and negative charges can deposit on the wall. For ‘I;+ > 10, for which the 
deposition process is governed by particle momentum, the positively charged particles 
contribute about fifty percent to the total deposition. It should be noted here that the 
channel wall at y=1.5 cm (negative electrode) receives the same deposition rate as the one 
at y=O. The populations of depositing positive and negative particles are, however, reverse. 

negative particles are shown by the dashed lines in Figure 2. It is observed that, for ‘I; P < 1, 

Figure 2. Deposition velocities for different electric field 
intensities, E, and different density ratios, S. 

The effects of gravity were not included in the calculations presented in Figures 1 
and 2. In Figure 3, the electrostatic precipitation in a vertical turbulent channel is studied. 
The solid lines correspond to the cases when the gravity is absent. There are two dashed 

3 



lines accompanying each solid line. The one above the solid line corresponds to the system 
in which the gravity is in the direction of flow, while the one below the solid line is for the 
system in which the gravity direction is opposing the flow. The experimental data for 
vertical channels as collected by Papavergos and Hedley (1984) are shown by the small 
dots in Figure 3 for comparison. This figure shows that the particle deposition in a vertical 
channel is enhanced when the gravity is in the direction of flow and is reduced when the 
gravity is opposing the flow. Figure 3 also shows that the effect of gravity direction on the 
deposition rate becomes less significant as the electric field strength increases. For the 
system with gravity opposing the flow, some dashed lines in Figure 3 do not cover the 
entire range of T+ considered. This observation implies that the shear induced lift prevent 
the particle deposition. 
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Figure 3. Effect of flow direction on deposition velocities on 
electrostatic precipitations in vertical ducts. 

The present model is also applicable to electrostatic precipitation in a horizontal 
channel. In this case, both the gravitational and the electrostatic forces directly influence 
the deposition rates. Figure 4 shows the variation of deposition velocity in a horizontal 
channel with its lower wall being the positive electrode. An electric field of 200 kV/m and 
a density ratio of 1000 are assumed. The corresponding calculated deposition velocity is 
displayed by the solid line in this figure. One may also assume that the overall deposition 
rate can be expressed as the linear superposition of the contributions from various relevant 
mechanisms. These includes contributions from the Brownian diffusion, the particle 
inertia-interception, the gravitational sedimentation, and the electrostatic precipitation, 
respectively. The relative magnitudes of these contributions and their linear summation are 
shown in Figure 4 by the various dashed lines. Contributions of various mechanisms can be 
clearly seen from this figure. 
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It is observed from Figure 4 that the depositions for d ~0 .01  pm particles are 
mainly due to Brownian diffusion. For 0.01 c d c 1 pm the electrostatic precipitation is the 
dominating deposition mechanism. The gravitational sedimentation and the particle 
inertia-interception effect become increasingly important as the particle size exceeds 0.5 
and 5 microns, respectively. For particles larger than 30 p, the gravitational 
sedimentation dominates the floor deposition rate. Figure 4 shows that the linear 
superposition is quite accurate for small particles but loses its accuracy for particles larger 
than a micron. 

Figure 4. Comparison of the predicted deposition velocity with those 
obtained from linear superposition. 

COMPUTATIONAL MODELING 

Gas flow velocity field was evaluated with the use of the STAFWIC-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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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 5,000 
particles which are released from each point source are generated and statistically 
analyzed. 
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Figure 5. Particle trajectory statistics in the presence of gravity for a 
point source at 100 wall units away from the wall. 

Figure 5 shows the dispersion of particles form a point source when the gravity is 
assumed to be acting downward. It is observed that the trajectory statistics of the 0.01p.m 
and lpm particles are roughly the same as those shown in the last quarterly report (when 
the gravity was absent), with their mean trajectories remaining roughly at the zero level. 
Figure 5c, however, shows that the mean trajectory of the l o p  particles shifts about 7 
wall units in a time duration of 150 wall units due to gravitational sedimentation. The 
RMS-displacements shown in figure 5d closely resemble those displayed in the last report 
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for the case that gravity was absent. These observations indicate that, while turbulence is 
the dominating dispersion mechanism, gravitational sedimentation is significant for 
particles of about 1Opm or larger. Furthermore, the gravity causes the trajectories to drift 
uniformly and has little effect on the standard deviations of particle displacement. 
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Figure 6. Particle trajectory statistics in the presence of gravity for a 
point source at two wall units away from the wall. 

Figure 6 shows the results of another numerical experiment in which 5,000 
particles are released from a point source at 2 wall units from the wall. To reduce the 
interference of wall curvature effects, only the trajectories which remain in the range of 
0.5 to 4 wall units from the wall are included in the statistical analysis. In the same time 
duration, the dispersion rates are clearly smaller than those noticed in figure 5. While the 
RMS-displacements in figure 5 are larger than 13 wall units (in a time duration of 150 wall 
units), the corresponding amplitudes in figure 6 are about 8 wall units. Figure 6d shows that 
the standard deviations of 20pm and lpm particles are about the same, while the 
standard deviation of 0.01pm particles is slightly larger (by about 1 wall unit). This 
observation indicates that in near wall region, turbulence dies down, and the turbulence 
dispersion effect becomes smaller which leads to smaller RMS-displacement. The Brownian 
motion which is quite important for submicron particles, however, contributes to the 
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dispersion of O.01pm particles. As a result, the RMS-displacement for 0.0lpm particle 
becomes larger than those of the lpm and 20pm particles in near wall region. Away from 
the wall, however, the turbulence fluctuation overwhelms the Brownian diffusion and the 
molecular effects becomes insignificant. 

Dispersion and Deposition of Elongated Particles 

Dispersion and deposition processes of elongated particle are not well understood. 
A computational model is being developed which includes, in addition to the inertial and 
the moments of inertia effects, the hydrodynamic, the external, and the Brownian 
fluctuating forces and torques. 

EXPERIMENTAL STUDY 

The existing data for particle transport and deposition is almost exclusively limited 
to spherical particles, and there is practically no reliable data on nonspherical particle 
deposition rate in turbulent flows under controlled conditions. The purpose of the 
experimental study is to provide the much needed data base on deposition rates of 
(generally nonspherical) coal and flyash particles. The horizontal aerosol wind tunnel is 
being used for particle transport and deposition measurements. It is planned to test 
spherical glass beads and glass fibers at first. This will be followed by testing of flyash 
particles. Samples of flyash obtained from MGCR and Tidd was recently received form 
Morgantown Energy Technology Center. 

OBJECTIVE AND SIGNIFICANCE 

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

Objectives 

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) 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. 

ii) 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. 

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

v) 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. 

vi) 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 
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. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof. nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name. trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 


