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SUMMARY 

In the period of October 1, 1995 to December 31, 1995, additional progress was 
made in accomplishing the tasks of the project. In particular, the procedure for analyzing 
the dispersion of elongated particles was developed. The dispersion of ellipsoidal particles 
in an isotropic turbulent flow was analyzed. It was shown that the simulation data for the 
particle fluctuation velocity and diffusivity were in good agreement with the theoretical 
model predictions. 

The computational model for simulating particle motions in turbulent duct flows 
was further developed. The model was applied to the dispersion analysis of particles in a 
circular duct. Progress was also made in the experimental study of glass fiber transport and 
deposition in the aerosol wind tunnel. 

PROGRESS REPORT 

This section outlines the progress made in the period of October 1 to December 31, 
1995 in accomplishing the tasks of the project. We have made considerable progress in the 
computational modeling of ellipsoidal particle dispersion in isotropic turbulent flows, 
simplified model development, and the experimental study of deposition of nonspherical 
particles. In this quarterly report, we will describe the model development for elongated 
particle transport and their dispersion in an isotropic turbulent flow field. In addition, the 
progress made in digital simulation procedure of particles in duct flows will be discussed. 
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COMPUTATIONAL MODELING 

As was described in the earlier reports, gas flow velocity field in complex passages 
can 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. 

Dispersion and Deposition of Elongated Particles 

The motions of elongated particles in fluid are far more complicated when 
compared with those of spherical particles. The main difficulty arises form the coupling 
between the translational and rotational motions of the particles. As a results, the 
dispersion and deposition processes of elongated particle are not well understood. We 
developed a computational model which includes, in addition to the inertial and the 
moments of inertia effects, the hydrodynamic, the external, and the Brownian fluctuating 
forces and torques. 
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Figure 1. Schematic diagram of an ellipsoidal particle and the coordinate systems used. 

Figure 1 shows a schematic diagram of an ellipsoidal particle and the coordinate 
systems used. Here, x,y,z is the laboratory (inertia) frame of reference. The symbols with 
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one hat, denote the particle frame in which the y-axis is in the direction of major axis of 
the particle. The symbols with two hats stand for the frame that is parallel to the laboratory 
(inertia) frame but its origin is at the center of the particle. The equations governing the 
motion of an ellipsoidal particle are given as 

Translation Motion 

Rotation Motion 

(3) 

Here, mp is the particle mass, v is the velocity vector, fh is the hydrodynamic force vector 
acting on the particle, 1’s are the moment of inertia of the particle with respect to the its 
axes, a ’s  are the angular velocities of the particle with respect to its axes, and T h ’s are 
hydrodynamic torques acting on the particle. 
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Figure 2. A sample particle trajectory and orientation in an isotropic 
turbulent flow field. 
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A computer program is developed for analyzing the motion of ellipsoidal particles 
in turbulent flows. The details of the analysis which are rather lengthy are not shown, and 
only the results of the simulation are presented in this section. Figure 2 shows a sample 
particle trajectory and orientation in an isotropic turbulence. It is observed that the 
ellipsoid follows a rather complex path. 
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We have also developed a simplified model based on spectral analysis of the 
averaged equations for evaluating the mean-square (MS) particle translational velocities 
and the relative mass diffusivities. (The derivation is not shown here.) In this section, the 
digital simulation results concerning the MS particle translational and rotational velocities 
and the relative mass diffusivity as obtained from the simulation studies are presented, and 
the results are compared with the theoretical model preqctions and discussed. Typical an 
ellipsoid with a nondimensional minimum diameter of a = 0.0015, and aspect ratio of p = 
10, and a particle to fluid density ratio of S = 1000 are used. 
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Figures 3 - 6 show the MS particle translational and rotational velocities. In these 
simulations, the particle trajectories for a nondimensional time o f t  = 15 and five hundreds 
samples are used in the ensemble averaging. In addition to ensemble averaging, a time 
averaging with durations of 6 to 11 nondimensional time units is performed for evaluating 
various statistics of particle motion. 

x .  

Figure 3. Variations of mean-square particle translational and rotational 
velocities with particle size for different density ratios. 

Figures 3 and 4 $splay the variations of simulated MS particle translational and 
rotational velocities with a for various density and aspect ratios. The corresponding model 
predictions are also shown in these figures for comparison. In Figure 3, the aspect ratio of 
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particle is fixed at p = 10, while in Figure 4 the density ratio is fixed at S = 1000. The 
simulated MS particle translational velocities for different conditions are shown by the 
open symbols. The simulated MS particle rotational velocities displayed in these figures are 
the average of mean square angular velocities in x, y and z directions. These values are 
shown by solid symbols corresponding to the open symbols for the translational velocities for 
various conditions. It is observed that as the particle size or density ratio increase, the MS 
particle translational velocities decrease. However, the MS particle angular velocities 
remain almost constant for the cases considered. The solid lines display the predictions of 
the simplified analytical model with the effective relaxation time. The dashed lines are the 
model predictions with a modified definition of the effective relaxation time. These figures 
show that the model predictions for the MS particle velocities are in good agreement with 
the digital simulation results. 
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Figure 4. Variations of mean-square particle translational and rotational 
velocities with particle size for different aspect ratios. 

Figure 5 displays variations of the MS particle translational and rotational 
velocities with aspect ratio /3 for a fixed density ratio of S = 1000. The MS translational and 
rotational velocities as obtained from the digital simulations are displayed by the open and 
solid symbols, respectively. The model predictions are displayed by the solid lines. It is 
observed from this figure that the MS particle translational velocity decreases as the aspect 
ratio increases, while the MS rotational velocity remains constant. Figure 5 also shows that 
the simplified model predicts the MS translational velocities with a reasonable accuracy. 

Figure 6 shows the variations of MS velocities with the aspect ratio for a fixed 
particle volume. While there are some scatter in the simulated MS translational velocities, 
the results indicate that both the MS translational and rotational velocities are roughly 
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constant for the entire range of p considered. The simplified model predicts that, for a 
fixed particle volume, the MS particle translational velocity increases slightly with p. That 
is, among the particles with different aspect ratios but with the same mass, the elongated 
ones fluctuate somewhat more vigorously when compared with the spherical ones. 
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Figure 5. Variations of mean-square particle translational and rotational 
velocities with particle aspect ratio. 

Figure 7 shows the simulated particle-to-fluid relative mass diffusivity for an 
ensemble of 1500 samples. The mean particle diffusivity, Dp7 shown in this figure is the 
average of the three diagonal elements of the diffusivity tensor. For evaluating the fluid 
diffusivity, ensemble of 1500 point particle trajectories are first generated, and an averaging 
procedure identical to that for finite size particles are used for determining the long-term 
fluid diffusivity tensor Df. The relative diffusivity, DP/Df as obtained from the.simulations 
for various conditions &e displayed by different symbols in Figure 7. The dashed lines 
shown in these figures are the least-square quadratic fit (LSQF) to the simulation data. 

Figure 7a shows the simulated relative diffusivities for various a* and different 
aspect ratios. A particle-to-fluid density ratio of 1000 is used. Although there are some 
scatter in the simulation results, the trends of variations are clearly shown by the LSQF 
curves. It is observed that the finite size particles diffuse less than the fluid particles. For 
very small particles, the relative diffusivi% approaches unity as is expected. As the particle 
size increases (due to the increases in a or p), the relative diffusivity decreases. The 
reduction of DP/Df is a few percent for the range of parameters considered. The solid line 
in this figure correspond to the variation of relative diffusivity for particles with S = 1000 
and p = 10 as predicted by the simplified model. Figure 7a shows that the simplified model 
underestimates the decrease in the relative diffusivities, although it provides reasonable 
predictions for the MS particle velocities as shown in Figures 4 - 6. This is, in part, because 
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Figure 6. Variations of mean-square particle translational and rotational 
velocities with aspect ratio for different particle volumes. 

the trajectory crossing effect is neglected in the simplified analytical model. For a large 
particle-to-fluid density ratio of 1000, the trajectory crossing due to particle inertia is an 
important factor and affects the relative diffusivity. 

Figure 7b displays the variations of relative diffusivities for fixed particle volume 
with p. It is observed that, for larger particles, the simulated diffusivity ratios are scattered 
to some extend. However, Figure 7b shows the relative diffusivity is insensitive to the 
variation of particle aspect ratio. The resulting relative diffusivities are roughly constant for 
the entire range o$ p considered. The simulated relative diffusivities for particles with p = 
10 and various a and density ratios are presented in Figure 7b. This figure shows that 
particles with a larger density diffuse less than those with a smaller density. The solid line 
in Figure 7b corresponds to the model predictions for S = 1000 and p = 10. It is observed 
that the model prediction actually fits to the simulation results for S = 100 better than those 
for S = 1000. As noted before, the deviation of the model predictions from the simulation 
results is due to the trajectory crossing effects. As the particle-to-fluid density ratio 
decreases, the trajectory crossing effects become less important. Thus, the model 
prediction agrees the simulation data for particles with a small density ratio. 

Based on the results presented in this study, the following conclusions concerning 
dispersion of ellipsoidal particles in an isotropic turbulent flow may be drawn : 

e The MS particle translational velocity decreases as particle size or density ratio 
increase, while the MS particle rotational velocity is insensitive to the variations 
in particle size and density ratio. 
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The relative diffusivity decreases with an increase in particle size and 
particle-to-fluid density ratio. 

The simplified analytical model provides reasonable accurate estimates for the 
mean-square particle translational velocities. 

For particles with a fixed volume and density ratio, the MS particle 
translationalhotational velocities and the relative diffusivity are insensitive to a 
variation in the aspect ratio. 

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. 

Trajectories of 3,000 particles released from a point source that is 2 wall units 
away from the wall are studied in this section. Initially all particles were at YO+ = 2 and 
ZO+ = 0. The particle displacements statistics in the Y-direction are plotted versus time in 
figures 8 and 9. The particle positions in the yz-plane at different time are also shown in 
these figures. It is observed that the particles are spreading in space and their 
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Figure 8. Trajectory statistics and spatial distribution for a point source 
of 0.01 pm particles at a distance of 2 wall units away from the wall. 

RMS-displacement increases rapidly with time. A high concentration of particles near the 
source ordinate in the region within 5 wall units from the wall is noticed. Comparison of 
figures 8 and 9 indicates that the spreading pattern of 0.01pm and lpm particles are quite 
similar. However, the 1pm particles seems to have a higher concentration very near the 
wall. A close examination of the results reveals that a large number of 0.01pm particles 
(about 1350) deposit on the wall, while none of lpm particles do. In near wall region, the 
turbulence intensity becomes very small, and lpm particles, which have negligible 
Brownian motions, remain trapped at very short distance near the wall. Such high 
concentrations of particles near the wall were reported by earlier authors. Meanwhile 
0.01pm particles with their rather large Brownian motion easily difhse to the wall. 

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 further 
progress in using our horizontal aerosol wind tunnel for particle transport and deposition 
measurements. we are currently using spherical glass beads and glass fibers with a range of 
aspect ratios. This will be followed by testing of flyash particles, samples of which was 
obtained from Morgantown Energy Technology Center. 
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Figure 9. Trajectory statistics and spatial distribution for a point source 
of 1 pm particles at a distance of 2 wall units away from the wall. 
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In this section the objective of the project and its significance to the fossil energy 
program are outlined. 

C" : 
I .., . . . . . .  . * .  .:a*. - .  

2 0 -  ..... 
0 -  

. .  
f.l.100 : 

r .  1 

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. 

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. 

ii) 

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. 



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. 
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