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SUMMARY 

In the period of April 1 to June 30, 1996, further research progress was made. The 

computational model for simulating particle motions in turbulent flows was applied to the 

dispersion and deposition analysis. The study of particle transport and deposition in a 

circular duct was completed and the major findings are summarized. 

A detailed model for particle resuspension process in a gas flow is developed. The 

new model accounts for the surface adhesion, surface roughness, as well as the structure of 

near wall turbulent flows. The model also accounts for all the relevant the hydrodynamic 

forces and torques exerted on the particle attached to a surface. 

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

deposition in the aerosol wind tunnel. 
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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) 

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 
andor 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 April 1 to June 30, 1996 in 
accomplishing the tasks of the project. We have made considerable progress in 
computational modeling of particle resuspension process in turbulent gas flows. The 
computer simulation of particle transport and deposition in a circular duct was also 
completed. This quarterly report describes conclusions of the computer simulation study 
for duct flow and the results of the model development for particle removal in turbulent 
flow fields. 

COMPUTATIONAL MODELING 

As was noted 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 of particles in 
a turbulent air flow in a circular cylindrical duct are performed. A summary of the progress 
made is presented in this section. 

Transport, Dispersion and Deposition in a Circular Duct 

Transport, dispersion and deposition of particles in a turbulent pipe flow is 
studied. In the earlier reports, the procedure for generating the flow field using the 
experimental data of Laufer (1953) for the mean velocity field as well as the turbulence 
intensities in different directions was described. Dispersion and deposition of particles 
which are released from point sources at different locations in the pipe were also analyzed. 
In this report the deposition rate for a uniform concentration of particles in the pipe is 
analyzed. 
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A uniform distribution of particles in the pipe is considered. Ensembles of 5,000 
trajectories for particles of various sizes which are initially uniformly distributed within 30 
wall units from the wall are generated and statistically analyzed. The effects of density 

Time variations of the 
number of deposited particles are plotted in figure 1. This figure clearly shows that, the 
numbers of deposited particles are quite high for both submicron particles and large 
particles. For intermediate size particles, however, substantially smaller number of particles 
deposit. 

I ratio and flow direction on the deposition rate are also studied. 
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Figure 1. Number of deposited particles versus time for S = 2000. 

For a uniform concentration of Co near a surface, the deposition velocity is 
defined as 

where J is the particle flux to the wall per unit time. The nondimensional deposition 
velocity given as 

is commonly used in the literature as a convenient measure of particle flux to the wall. In 
the simulations, when an initial number of particles No is uniformly distributed in a region 
within the distance of Ho+ from the wall, the nondimensional deposition velocity is given 
by 

where Nd is the number of deposited particles in the time duration td+ in wall units. In 
practice, td+ should be selected in the quasi-equilibrium condition such that Nd/td 
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becomes a constant. 
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Figure 2. Particle deposition velocity versus nondimensional particle 
relaxation time in the absence of gravity. 

Figures 2-4 show the variation of nondimensional deposition velocl;y with 
nondimensional particle relaxation time, defined as 

‘T;+ = (Sd2u*2)/(18 v2CC). (4) 

Here S is the particle-to-gas density ratio, d is the particle diameter, u* is the shear velocity, 
v is the gas kinematic viscosity and Cc is the Cunningham correction factor. Deposition 
rates of various size particles with different density ratios, in presence or absence of gravity 
along the pipe are studied. 

In figures 2-4, the model predictions of Fan and Ahmadi (1993) for density ratios 
of 1,000, and 2,000, and that of Wood’s (1981) empirical equation are shown for 
comparison. Wood’s empirical equation used is given by, 

Ud+ = O . O ~ ~ S C - ~ ’ ~  + 4.5~10- 4 ‘T; +2 , (5) 

where Sc is Schmidt number, given as, 

s c  = VDf, 

with Df being the particle mass diffusivity. 
Papavergos and Hedley (1984) are also reproduced in figures 2-4 for comparison. 

The experiment data as collected by 
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Figure 2 compares the present simulation results with those of earlier studies in the 
absence of gravitational effects. It is observed that the particle deposition velocity has a 
V-shape variation and is quite high for both submicron and large particles. The deposition 
rate also approaches a roughly constant value for very large particles. The increasing trends 
at both inertia dominated and Brownian diffusion dominated regions agree well with the 
model predictions, experimental data, and earlier simulation results for flows between two 
parallel plates. For submicron particles, Brownian motion is an important dispersion 
mechanism near the wall. As a result, the deposition rate increases with decrease in 
particles size. For particles larger than a few micrometers, turbulence eddy impaction 
becomes significant and dominates the deposition process. As a result, the deposition 
velocity increases with particle size. For very large particles with relaxation time T+ > 10, 
the particle inertia becomes very large. The paths of such large particles are, essentially, not 
affected by other forces, and the particle deposition rate approaches a constant. Figure 2 
shows that the simulated deposition velocity shifts slightly to left with the decrease of 
density ratio. This behavior is in agreement with the trend that is predicted by the model 
of Fan and Ahmadi (1993). 
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Figure 3. Particle deposition velocity versus nondimensional particle 
relaxation time for S = 2000. 

For different density ratios, figures 3 and 4 show the simulation results for the case 
that the gravity is in the direction of flow. It is observed that the deposition rate is 
enhanced when compared with the case that the gravity is absent. This trend is in 
qualitative agreement with the sublayer model predictions of Fan and Ahmadi (1993). 
When gravity is in the same direction as the flow, particles move faster than the flow due 
to the gravitational sedimentation effect. The lift force, then tends to move the particle 
toward the wall, and hence enhances deposition rate. The increase of deposition rate due 
to the presence of gravity as obtained in the present simulations is quite modest, while Fan 
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and Ahmadi's model leads to a much larger increase. 

Present simulation results for submicron particles are higher than the model 
predictions of Wood (1981) and Fan and Ahmadi (1993). Both earlier models were 
developed for flat surfaces, while the present simulation is conducted for a pipe flow. The 
surface curvature of the pipe wall somewhat increases the capture distance of the wall, 
which leads to an increase the deposition rate of small particles. 

1 0"" 

x 
0 
0 
e, > 
C 
0 

4 .- 
- 

._ 
Y .- 
ln 10-20 

a 
e, 
0 
ln 
m 
e, 
C 
0 
m 

- 
._ 
6 10- 
E 
n ._ 

_-___ -~ . 
D Present Result( S= 1 .OW) 
a Present Result( S=l.OOO Grovity Downward) 
. Experimental Doto 

Wood ( S =  1.000) 
- - Fan and Ahrnodi(S=1.000) 

10- 
10- 10- 10- 1 OQO 1P 

r+ 

Figure 4. Particle deposition velocity versus nondimensional particle 
relaxation time for S = 1000. 

The presented results complete our study of dispersion and deposition of particles 
in an axisymmetric turbulent pipe flows. We have performed and reported several digital 
simulations for the cases that particles of different sizes are released from point sources, as 
well as having an initially uniform distribution. Ensembles of particle trajectories in the size 
range of 0.01pm to 1OOpm are evaluated and are statistically analyzed. The effects of 
turbulence dispersion, Brownian diffusion, lift force, and gravity are included in the 
computational model. Laufer's (1953) experimental data for the mean flow field and 
turbulence intensities are used in the analysis. The effects of different dispersion 
mechanisms on particle motions are studied, and the influences of particle size and source 
location on dispersion and deposition processes are discussed. For a uniform concentration 
of aerosols, the deposition velocity of particles of different sizes are evaluated. The effects 
of variations in particle density ratio and flow direction are also studied. Based on the 
results presented in this and the earlier reports, the following conclusions may be drawn: 

The simulation results are in good agreement with the experimental data, the model 
predictions of Wood and Fan and Ahmadi, and the earlier simulation results of Li and 
Ahmadi and McLaughlin for flows between two parallel plates. 
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The deposition rate of particles in turbulent pipe flow follows a V-shaped curve. The 
deposition rate increases both with the increase of diameter for large particles, and 
with the decrease of diameter for submicron particle. The minimum deposition rate 
occurs for T+ in the range of 0.05 to 1. 

In the region very near the wall, gravity and turbulence eddy-impaction are the 
dominating deposition mechanisms for large particles (with d > 3pm), and Brownian 
motion is the dominating deposition mechanism for submicron particles. 

Turbulence dispersion is the dominating dispersing mechanism in the entire flow 
region, except at distances very close to the wall. 

Particle deposition rate increases sharply with the reduction of the source distance 
from the wall. 

When gravity is in the direction of the flow, the lift force enhances the particle 
deposition rate. The effect, however, is insignificant for both very small and very 
large particles. 

Use of McLaughlin's correction for the lift force improves the agreement of the 
simulation results with the experimental data. 

For fixed particle diameter, deposition rate increases as the density ratio increases. For 
fixed relaxation time, the deposition rate decreases as density ratio increases for large 
particles, and deposition rate increases for small particles. 

1 o'.O 

10"O 
h < 

E3 

9 
0 
Y 

1O0'O 

1 o-"O 

10"O 1 o-"O 10-1.0 

B (P?) 
Figure 5. Variations of the critical shear velocity with the asperity 

radius for different values of Ac 
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PARTICLE RESUSPENSION IN TURBULENT FLOWS 

Further progress was made in the analysis of particle detachment from surfaces in 
gas streams. A flow structure-based models for particle resuspension from smooth and 
rough surfaces in turbulent flows is 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 burstlinrush 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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Figure 6. Variations of the critical shear velocity with surface roughness. 

Figure 5 shows the variation of the critical shear velocity with asperity radius, p, 
for 10 pm rubber particles in according to the rolling detachment mechanism for different 
values of (inverse) roughness parameter Ac. It is observed that the critical shear velocity 

' decreases with increasing asperity radius for all values of A,. Note also that as p increases, 
the number of asperity decreases which further reduces the net adhesion force. 

Variation of the critical shear velocity with the surface roughness (standard 
deviation of asperity height 0) for 50 pm rubber particles in according to the rolling 
detachment mechanism is shown in Figure 6. Here, the value of p = 2.5 pm is used. It is 
observed that the critical shear velocity decreases rapidly as the roughness (0) increases. For 
real surfaces the number density of asperities, N, asperity radius, p, and roughness, G? in 
according to 

c@N = 0.1. (7) 
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Therefore, N = 0.04/0, and consequently, the trend of variation of the critical shear velocity 
with the number density of asperities can also be seen from Figure 6. 

Effects of surface roughness on particle removal according to various detachment 
mechanisms and different resuspension models are shown in Figures 7 and 8. Here, the 
values of A, = 0.6, p = 0.02d and the coefficients of friction of 0.8 and 0.1, respectively, for 
rubber and graphite are used. It is observed that the particles are removed from rough 
surfaces at much lower velocities when compared with those for smooth surfaces. For 
example, a critical shear velocity of about 10 m / s  is needed to resuspend a 10 pm rubber 
particle from a smooth surface based on the sublayer model by the rolling mode. Whereas, 
for the rough surface, the corresponding shear velocity is about 0.1 d s .  Figures 7 and 8 
show that the burst model leads to critical shear velocities for particle resuspension which 
are lower than those predicted by the sublayer*model. It is also observed that the particle 
rolling detachment occurs at much lower uc when compared with the particle sliding 
detachment. 

1 0‘” 
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Figure 7. Comparison of critical shear velocities for smooth and rough 
surfaces for rubber particles for different detachment mechanisms and 

resuspension models. 

Figure 9 compares the critical shear velocity for rubber particles in according to 
various detachment mechanisms for different values of asperity radius. It is observed that 
the critical shear velocity increases as the asperity radius decreases. Similar to Figure 7, the 
rolling detachment requires the minimum critical shear velocity for particle detachment. 

To study the effect of gravity and its direction on the critical shear velocity, a 
series of numerical simulations was performed. The results show that the effect of gravity 
is, generally, negligible, except for small values of Ac (large roughnesses) and large particles. 
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EXPERIMENTAL STUDY 

We made progress in using our horizontal aerosol wind tunnel for glass fiber 
transport and deposition measurements. The wind tunnel used in the experiment were 
described in the last report. A more detail report of the experimental finding will be 
provided in the next quarterly report. 
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Figure 8. Comparison of critical shear velocities for smooth and rough 
surfaces for graphite particles for different detachment mechanisms and 

resuspension models. 
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Figure 9. Comparison of critical shear velocities for different detachment 
mechanisms and various asperity radii. 
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