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This study shows that a comparison of powder characteristics—particle mor-
Dhologies, particle size distributions, and static dielectric and Hamaker constants—
can be used to interpret differences in dispersion and transport behavior between
powders. These differences are attributed to the relative values of the solid-solid
interaction forces experienced by each powder in the process. The static dielectric
constants of the powders are used as the material properties related to the relative
magnitudes of the electrostatic forces. Similarly, the Hamaker constants are the
material properties used to indicate the relative magnitudes of the van der Waals
Sorces. The effects of differences in particle morphologies and size distributions are
used to evaluate the dispersibility and efficiency of transport of four calcium-based
powder materials used as sorbents in flue-gas desulfurization.

Introduction

The solid-solid interaction forces, that is, van der Waals and
electrostatic forces, become significant relative to gravity and
hydrodynamic forces for fine powder particles in a gas stream.
These fine powders are commonly described as Geldart’s Group
C (cohesive) powders (Geldart, 1972). Group C powders in-
clude all powders having a mean particle diameter less than
about 30 um, very wet or sticky materials and powders which
agglomerate due to excessive electrostatic charging. The solid-
solid interaction forces contribute to inefficient powder han-
dling, that is, powder losses and agglomeration, and consist
of both cohesive and adhesive interactions.

Group C dry powder feeding and transport processes are
plagued by problems related to the dominating solid-solid in-
teraction forces. Many fine powder dry feeders attempt to dis-
perse or fluidize the powder first (Hamor and Smith, 1971;
Davies, 1985; Gullet, 1987; Raghunathan et al., 1992). During
gas-solid fluidization, a Group C powder will fluidize inhom-
ogeneously, lifting as a plug or forming cracks and channels.
Strong interparticle forces relative to gravity and hydrodynamic
forces decrease the ability to disperse or deagglomerate the fine
powder particles from a static bulk state. During pneumatic
powder transport, an agglomerate that enters the transport
system will be less likely to be broken up by the hydrodynamic
and impact forces if held together by strong interparticle forces.
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Also, two dispersed particles that contact each other during
transport are more likely to cohere and form an agglomerate
if strong interparticle forces exist. Finally, the particles may
adhere to the walls of the transport tube where the ease of
removal is related to the force of adhesion.

The van der Waals force between two solid materials is due
to the electromagnetic interactions of the atoms or molecules
making up each solid. The magnitude of the van der Waals
force is a function of the interacting atoms or molecules, the
distance of separation between solids and the solid-solid con-
tact geometry. An electrostatic force of attraction exists be-
tween two oppositely charged solid surfaces. Frictional charging
or triboelectrification is responsible for charge generation at
powder particle surfaces during dispersion and transport proc-
esses. For nonmetallic, resistive powder materials, the charges
generated are not easily released to ground or absorbed into
the particle material matrix, such as with semiconductor or
metallic powder materials. The charges remain ‘‘locked”’ in
the particle surfaces, increasing the possibilities for electro-
static interactions.

At particle/particle or particle/wall contact, van der Waals
forces are believed to dominate over electrostatic forces (Krupp,
1967; Bailey, 1984; Balachandran, 1987; Visser, 1989). Contact
is the equilibrium distance at which the maximum attractive
force occurs, arbitrarily set at 4 A in most studies. This equi-
librium distance, however, may actually be a variable, depen-
dent on the contacting materials (Visser, 1981). Electrostatic
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forces of attraction, on the other hand, are thought to play a
role in bringing the particles to the contact point (Krupp, 1967;
Balachandran, 1987), relevant to powder transport processes.

The feasibility of obtaining accurate quantitative estimations
of the solid-solid interaction forces acting during a powder
dispersion and transport process is questionable. Electrostatic
charging by triboelectrification is highly variable even when
dealing with the same process, and, therefore, difficult if not
impossible to predict. The theory of van der Waals forces for
solids has made much progress since Hamaker (1937), but the
assumption of an ideal contact geometry or surface tension
measurements (Visser, 1972) are required before numerical
calculation. Estimations of the relative magnitudes of these
forces, however, can provide a means to evaluate powders for
ease of handling. The evaluation involves making comparisons
between powders based on the factors affecting cohesion and
adhesion.

Specifically, this approach is used to evaluate the ease of
dispersion and transport of Group C calcium-based sorbent
powders used for flue-gas desulfurization in coal-fired power
plants. The four calcium-based sorbent materials commonly
used for flue-gas desulfurization are calcite, dolomite, dolo-
mitic hydrate, and hydrated lime. The calcium in these powders
reacts with the sulfur in the flue gas to form solid calcium
sulfate. The acceptance of this technology depends on the cost
and performance of the calcium-based sorbents used. Increased
reactivity is thought to be mainly due to a smaller average
particle size and, therefore, greater surface area per volume.
The majority of the reaction occurs in the pores of the indi-
vidual powder particles. Greater powder dispersion results in
a smaller average particle size and allows for better access to
the particle pores. Access to the particle pores, in turn, de-
creases the resistance to diffusion of SO, through the pore
structure and increases the useful surface area for reaction
(Guliet, 1987). By evaluating the available sorbents for dis-
persibility and efficiency of transport, greater performance and
lower costs can be realized. In this study, samples of the four
sorbent types are characterized and then tested for dispersibility
and efficiency of transport. The chemical analyses of the four
powders used in this study are shown in Table 1.

The data obtained from the sorbent characterization—par-
ticle morphologies, particle size distributions, and Hamaker
and static dielectric constants—are used in analyzing the dis-
persion and transport results. This study attempts to show that
with only the relative values of a few parameters related to
solid-solid interaction forces, along with a knowledge of the

Table 1. Material Properties of Sorbents
Chemical
Composition Hydrated  Dolomitic
wt. T Calcite Dolomite Lime Hydrate
CaCoO, 96.4 54.6-55.7 0.35-0.75 C—
MgCO, 3.1 44.6-45.8 — —
Ca(OH), —_— — 97.0-98.0 63.10
Sio, —_ 0.2-0.3 0.35-0.48 0.80
AlLO, 0.33 0.06-0.1 0.15-0.25 0.30
Fe,0, 0.07 0.06-0.08 0.05-0.055 0.20
S 1.0 0.01-0.014 0.08-0.098 0.10
MgO — — 0.40-0.45 33.50
o (g/cm®) 2.1 2.83 2.23 2.60
€ 8.20 7.34 13.82 18.64
A(X10°™)) 9.86 7.34 6.39 7.65
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powder particle size distribution and morphology, enough data
are available to evaluate powders for dispersibility and effi-
ciency of transport.

Theory of Solid-Solid Interaction Forces

This section briefly describes the solid-solid interaction force
theories used to estimate relative effects. Electrostatic forces
are estimated assuming that maximum particle charging oc-
curs, not an unreasonable assumption in pneumatic powder
transport processes. Capillary forces are not treated since this
study deals only with dry dispersion and transport conditions.

Van der Waals forces

For two plane surfaces, the nonretarded van der Waals force
per unit area of contact or pressure is given as (Hamaker,
1937):

A
6wH?

O

Pypw=

where H is the separation distance and A is referred to as the
Hamaker constant. For a sphere of radius R and a plane surface
or two spheres of reduced radius R equal to 2R;R,/(R,+R,),
the nonretarded approximation gives:

AR
Fypw= W )

Lifshitz (1956) developed the macroscopic theory (also called
the modern or continuum theory) of van der Waals forces
between solids. He argued that the concept of additivity was
unsatisfactory when applied to closely packed atoms in a con-
densed body. Using the macroscopic theory for two identical
solid materials interacting through a vacuum or gas, A can be
approximated by (Prieve and Russel, 1987):

IS5
= 7 pe 3)
where
_e(it,) - 1.0
T e(iE)+1.0 @
g"=n(2"’:‘f) n=0,1,2, ... )
and

T =absolute temperature

x=Boltzman’s constant

h=Planck’s constant divided by 2 =
The quantity e(i£,) is related to the complex dielectric per-
meability, e(w). The complex dielectric permeability,
[e{w) =€’ (w) + ie” (w)], is a macroscopic property that indicates
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the microscopic polarizability of the constituent atoms of a
material.

Before A can be determined for a solid material, an expres-
sion for e(i¢) as a function of ¢, must be determined. The
approach used in this study is to assume that ultraviolet ad-
sorption determines the strength of the van der Waals inter-
action (Hough and White, 1980) so that

ﬁ_i 6)
Lo+ <i>
Wyv,

where C,, and w, are the oscillator strength and frequency,
respectively, of the ultraviolet absorption peak for that ma-
terial. These values are determined by the fact that, for most
nonconductors in the visible region, e(it) =*(w), where n(cw)
is the refractive index of the material at visible frequency w,
so that

e(i&)=1.0+

Cuv

2

1.0— <—“’—>
Dy,

Using Eq. 7, values for Cy, and wy, can be determined from
a plot of [9*(w)— 1] vs. [*(w) — 1)w?] called the ‘“‘Cauchy plot.”’
This plot should be linear with a slope equal to 1/w?, and
intercept Cyy.

The data necessary for the determination of the parameters
Cyv and wy, are at least three values of the refractive index at
frequencies in the visible range. This information is tabulated
in the literature, such as The Particle Atlas, for many common
substances, or can be measured.

If the value of the Hamaker constant is desired for a solid

with a mixture of components, e(i¢) can be determined using
the Clausius-Mosetti representation (Hough and White, 1980):

) -1 _ |ea@f)-1 | elE) -1
e(is)+2‘¢[e,(i5)+2]+“ ¢)[ez(i$)+2] ®)

(w)=1.0+ @)

where ¢ is the volume fraction of component 1, and ¢, (i€)
corresponds to that function for the pure component j. Equa-
tion 8 can be extended to a solid with more than two com-
ponents.

The theory described above is used to calculate nonretarded
Hamaker constants for the four Group C calcium-based sor-
bent powders investigated in this study. The range of validity
of this theory has been experimentally verified at a minimum
separation of 10 A (Israelachvili and Tabor, 1972) up to 100
A (Langbein, 1971).

Surface deformation is known to increase van der Waals
forces by increasing the area of contact (Krupp, 1967; Dah-
neke, 1972). The calcium-based sorbents investigated are of
high hardness (2-4 Mhos), and surface deformation is assumed
negligible.

The effect of surface adsorption on van der Waals forces
can have two effects. First, the thickness of the adsorbed layer
may increase the distance of separation, H, between the powder
particles, thereby decreasing the van der Waals force (Krupp,
1967). Second, if the thickness of the adsorbed layer is greater
than the separation distance, the dielectric properties of the
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adsorbed layer will dominate over the base material in the van
der Waals interaction (Langbein, 1969). In this study, the pow-
ders are carefully dried to remove any adsorbed moisture prior
to dispersion and transport. Dispersion and transport are per-
formed with dry nitrogen or dry air, so adsorption of moisture
is assumed negligible and not considered in the analysis of van
der Waals forces.

Electrostatic forces

In contrast to van der Waals forces, where the optical prop-
erties of the interacting bodies permits calculation, at least for
ideal geometries, it is not possible to arrive at a general model
based on a few material properties to calculate electrostatic
forces. Electrostatic charging is extremely variable showing
high sensitivity to impurities and the state of the surface. The
electronic energy spectrum on or near the surface can be no-
tably affected by as low as 1% surface coverage of adsorbate
ions, such as moisture or oxidizing agents (Krupp, 1967; Bailey,
1984). Any small change in the surface condition has been
found to cause large variations in observed effects (Kunkel,
1950).

To theoretically gauge the role of electrostatic forces in the
dispersion and transport of different fine powders, a standard
approach is required. One means of doing this is to consider
the maximum theoretical charging. When surfaces are charged
by frictional effects in air, such as during dry powder dispersion
and transport, the surface charge density is frequently able to
reach the Gaussian limit. The Gaussian limit is the point where
the electric field adjacent to the surface reaches the level at
which air ionizes and then neutralizes the charge.

Gauss’s law states that if a closed surface, S, of any shape,
is constructed in a region where an electric field is present,
then the surface integral of the normal component of the dis-
placement vector, D, over the surface is equal to the net free
charge, g, enclosed in the surface (Cross, 1987):

SD-ds=Eq ©9)

If the medium is air, D=¢,E, where ¢, is the permittivity of
air and E is the electric field vector normal to the surface. This
substitution gives:

SE-ds: (Zg)/e, (10)

If the particie is a dielectric, the interfacial polarization of the
atoms adjacent to the charged surface modifies the surface
field. The surface field becomes equal to pE where p is related
to the polarizability of the material and is a function of the
static dielectric constant, e,

3e,

P=5) )

The electric field strength at which air ionizes, Ej, is equal to
3% 10° V/m. The permittivity of air is 8.8 x 1072 F/m. Sub-
stituting these values into Eq. 10 gives an expression for the
maximum charge a particle surface can sustain before the ion-
ization of air:
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Gmax = (2.64%107%)-S-p (12)

The maximum electrostatic force possible acting on the charged
particle can be calculated from the relation F,=gE. Substi-
tuting g = g, and E= Eg, F,; ., equals:

Fopmax=(1.92x10")-S-p (13)

From this analysis, it is concluded that the maximum the-
oretical electrostatic force acting on a particle is shown to be
a function of the surface area of the particie and the particle
material’s static dielectric constant. In a way similar to the
Hamaker constant, the static dielectric constant appears to be
a material property that relates to the relative magnitude of
the electrostatic forces between materials.

A limitation of Eq. 13 is that the derivation assumes that
the charge is uniformly distributed over the surface of the
particle. A uniform surface charge will exist if the particle is
spherical, having a constant surface curvature. Since most
powder materials are of nonuniform shape, this effect on the
analysis should be considered. Regions of higher than average
curvature will support higher than average surface charge dens-
ities. The result will be greater than average electrostatic forces
felt in regions of high curvature, such as at the corners of
angular particles or at surface asperities.

Experimental Studies
Powder characterization

Particle Morphology. Since the geometry of the contact
point affects both the magnitude of the van der Waals forces
and the distribution of electrostatic charge, the particle mor-
phology is an important powder characteristic to be considered
in the analysis. Scanning electron microscopy (SEM) yields
high-resolution images of a specimen surface, making it an
ideal technique for investigating particle surface morphologies
of powders. This technique is used to evaluate and compare
particle morphologies of the four sorbents.

Size Distribution. The magnitudes of the solid-solid inter-
action forces are found to depend on the size or surface area
of the particles interacting. Therefore, when comparing the
relative magnitudes of forces between different powders, the
difference in average size and the distribution of sizes around
the average is important. One problem with comparing ex-
perimentally determined particle size distributions between
powders is that the resulting distributions are a function of
powder density and morphology. Both effects must be con-
sidered when comparing size distributions between different
powders.

The particle size distributions for each powder are measured
with a Sedigraph 5100 V3.02, an instrument that measures
sedimentation rates. The Sedigraph analysis is the preferred
method for fine powders (Halldin, 1984), because it gives the
primary particle size distribution data which are as accurate
as experimentally possible. The Sedigraph results consist of
plots of the cumulative volume percent vs. aerodynamic di-
ameter for each sorbent powder. In this study, the Sedigraph
distribution will be used as a benchmark for comparing the
dispersibility of the sorbent powders.

Static Dielectric and Hamaker Constants. The static die-
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lectric constants of the sorbent materials are used to give one
indication of the relative magnitudes of the electrostatic forces
between powders. The values for calcite and dolomite are taken
from the Handbook of Chemistry and Physics. The values for
hydrated lime and dolomitic hydrate are not available in the
literature and have to be measured. These values are obtained
by taking capacitance measurements on pressed powder pellets.

Values of the Hamaker constant are determined from optical
data—refractive index as a function of frequency in the visible
range—for each sorbent. The refractive indices of materials
are commonly measured at three wavelengths: C (red, 656 mu),
D (yellow, 589 mu), and F (blue, 486 mpu). These values, which
are normally tabulated, provide the minimum requirement
(three measurements) for the Hamaker constant determina-
tion.

Calcite, dolomite and hydrated lime are birefringent ma-
terials, having uniaxial crystals with two major optic axes, and
therefore two reported values of indices of refraction per fre-
quency. Average values are calculated as two thirds the or-
dinary values plus one third the extraordinary values.

The refractive indices as a function of these three frequencies
for calcite and dolomite were measured rather than using tab-
ulated values. These measurements were performed to assure
greater accuracy, since tabulated values were found to vary
significantly depending on the source (for example, McCrone
and Delly, 1973 vs. Winchell and Winchell, 1951). The hy-
drated lime used in this study was found to be in the crystalline
from of epezite, and the values for this material were also
measured. The refractive indices of the dolomitic hydrate tested
in this study could not be measured, because the average par-
ticle size was too small. In this case, Eq. 8 was used for the
two components: hydrated lime (Ca(OH),) and periclase
Mg0).

Powder dispersion and transport

The experiments used to test the dispersion and transport
properties of the four sorbent materials are described. The
transport experiments are performed with two different trans-
port systems designated as transports I and I1. Both transport
experiments are operated under the condition of dilute solid-
gas pneumatic transport.

Dispersion. The dispersion experiments are performed us-
ing the AeroSizer particle measuring system (Amherst Process
Instruments, Hadley, MA) with a dry powder disperser. With
this instrument, a sample of powder is placed in a small cup.
The dry disperser uses a pulsed jet to carry the powder particles
out of the sample cup and into the carrier gas flow stream.
The particles are then impacted upon a disperser pin to break
up agglomerates. Finally, the gas-solid dispersion is carried
into the sensing unit for particle sizing. The particle sensing
unit is two laser beams between which end particle’s time of
flight is measured and converted into a particle diameter.

With the AeroSizer system, the powders are dispersed dry,
and therefore the degree of dispersion can be correlated with
the magnitude of the interparticle forces relative to the energy
input for dispersion. The disperser conditions (flow and pulse
pressure) are preset and computer-controlled. The disperser
flow pressure, which controls the carrier gas flow stream to
the disperser pin, is kept constant throughout the measure-
ment. The pulse jet pressure, which lifts the particles from the
sample cup into the carrier gas stream, is automatically incre-
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Figure 1. Transport | experimental apparatus.

mented with a feedback system to maintain the particle count
rate in a preset range. The majority of the powder dispersion
is assumed to occur with the impingement on the disperser pin.
Therefore, as long as the disperser flow pressure is the same
for all experiments, the energy input for dispersion is assumed
to be essentially equal for all experiments.

The dispersion experiments are conducted in the following
manner. Each of the four sorbents is tested by placing a small
mass of powder in the sample cup and, under the same carrier
gas flow pressures, dispersed into the measurement region.
These experiments assume that, for the same energy input, the
degree of sorbent dispersion should be related to the inter-
particle forces acting between particles. Each dispersion ex-
periment is fast (=1 min or less) so that many tests can be
run quickly to determine repeatability without worrying about
surface contamination with moisture. The results are plotted
as cumulative volume percent vs. aerodynamic diameter and
directly compared with the Sedigraph results. This comparison
is possible since both systems analyze the aerodynamic di-
ameter based on the same basic principle, that is, Newton’s
law applied to particle motion in a fluid.

TransportI. The experimental apparatus used in the trans-
port I experiments is shown in Figure 1. The powder is dispersed
out of the feeder system into a secondary gas stream flowing
down the transport tube. The tube material used for all the
transport experiments is polyethylene. Polyethylene tubing is
chosen as the transport tube due to the ease of removal for
cleaning between runs and monitoring powder deposition in-
side the tube. The gas used in the transport experiments is
high-purity nitrogen from a cylinder to assure that moisture
into the system is minimal.

As the powder exits the transport tube, it is diluted with dry
air in the column. This is required so that the powders can be
sampled isokinetically to obtain an accurate particle size dis-
tribution. The particle size analyzer used is an Anderson Mark
111 cascade impactor. The cascade impactor is a multijet, mul-
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tistage inertial impactor. There are nine jet plates that frac-
tionate the particles into nine aerodynamic size ranges. For
more information on cascade impactor principles, see Lodge
and Chan (1986).

The feeder system consists of a plexiglas column with a
cylindrical top and a conical bottom. Inserted into the bottom
region is a 1.2-cm-ID tube fitted with a porous disc. A capillary
tube located at the center allows jet flow into the feeder. Gas
is fed into the annular region surrounding the capillary tube
and flows up through the porous plate. The flow of gas through
the porous plate loosens or locally fluidizes the powder in the
immediate vicinity. The annular flow is pulsed to provide for
better particle loosening. The off-take tube, a 0.63-cm-OD
stainless steel tube, is attached to a vibrator to help with particle
loosening. More details into this feeder system are presented
by Raghunathan et al. (1992).

The four sorbent powders are tested in the transport 1 ap-
paratus using a 0.32-cm-dia. X 122-cm-long polyethylene trans-
port tube. The total amount of solids transported for each run
can be maintained within the range of approximately @10%
as long as the powder is stirred between runs. With this feeder,
however, the solids feed rate cannot be made continuous and
feeding is described as pulse feeding. Based on the low mass
of powder fed per pulse (= 1.5 mg/pulse, 30 pulses/min) and
the high transport velocities, the mode of transport is assumed
to be dilute solid-gas pnuematic transport.

The procedure used to test for the transport characteristics
of each powder is as follows. First, the particle size distribution
out of the feeder is directly measured by attaching the cascade
impactor to the feed outlet tube with a short piece of tubing.
This distribution is designated as the pretransport size distri-
bution. The posttransport size distribution is measured as the
powder exits the transport tube in the cascade impactor using
isokinetic sampling.

Transport II. For comparison, the powders are tested in
a different transport system. Like in the transport 1 experi-
ments, the pretransport size distributions, measured directly
out of the feeder, are compared with the size distributions
measured after powder transport. If both systems give similar
findings, there will be greater confidence that the results are
material-dependent and not system-dependent.

The transport II system is shown in Figure 2. The polyeth-
ylene transport tube dimensions are 0.95 cm in diameter x 100
cm in length. The volumetric flow of dry air is kept constant
at 18 L/min. The particle sizing instrument in this system is
the AeroSizer described in the dispersion experiments. The

1 Transport Tube
Sibata
MF-2
F
eeder AP
Computer Aerosizer
Mach 2 v5.01

Figure 2. Transport Il experimental apparatus.
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(d) Hydrated Lime

(c) Dolomitic Hydrate
Figure 3. SEM micrographs of four sorbent materials.

feeder used in this system is a Sibata Micro Feeder MF-2. This
feeder supplies a continuous solids feed rate by aspirating solids
from grooves in a stainless steel turntable. The ejected particles
are then centrifuged in a glass tube to break up agglomerates.
The amount of powder in each groove along with the rotation
rate of the turntable determines the solids feed rate. The solids
feed rate is kept constant at approximately 50 mg/min for each
sorbent material, resulting in dilute solid-gas pnuematic trans-
port.

Results
Powder characterization

Scanning Electron Microscopy (SEM). SEM micrographs
of the four sorbent materials are shown in Figure 3, which
generally indicate the sorbent particle morphologies. The cal-
cite and dolomite (the carbonates) have more angular mor-
phologies than the hydrates. The fine particles of the carbonates
(D=1 um) tend to cohere to the flat surfaces of the larger
particles (see Figures 3a and 3b).

The hydrates, shown in Figures 3¢ and 3d, have more rounded
morphologies due to their processing from limestones. The
individual particles are made up of smaller particles fused
together during the hydration process. The results are single
particles with rounded surface protrusion or nodules.

Sedigraph. The particle size distributions for the sorbent
powders determined from the Sedigraph are shown in Figure
4. The results indicate that directly comparing aerodynamic
diameters of calcite and dolomite is reasonable, since the den-
sity difference is slight (see Table 1) and the SEM analyses
show similar particle morphologies. Figure 4 indicates that
calcite and dolomite have comparable median particle sizes,
and dolomite has a wider size distribution than the calcite.

Comparing the Sedigraph results for the two hydrates shows
the dolomitic hydrate to be composed of finer particles. Though
of similar particle morphologies, the difference in densities is
greater between these two sorbents than for the carbonates.
The effect of a greater density is to increase the aerodynamic
diameter reported for a given size. Therefore, the dolomitic
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Figure 4. Sedigraph results of four sorbents.

hydrate compared to the hydrated lime has an even finer size
distribution than is indicated by the Sedigraph.

Static Dielectric and Hamaker Constants. The static die-
lectric constant of each sorbent material is listed in Table 1.
The Cauchy plots generated from the refractive indices data
and Eq. 7 are shown in Figure 5 for three of the four sorbent
materials and periclase. Table 2 lists the values obtained from
the Cauchy plots of the parameters needed for the Hamaker
constant determinations. Average values are listed for the
uniaxial materials.

The Hamaker constant is calculated for each sorbent ma-
terial using the values of the parameters in Table 2 combined
with Egs. 3-6. For the dolomitic hydrate, Eq. 7 is solved using
refractive indices data for each component, MgO and Ca(OH),,
and the results are used in Eq. 6 to generate ¢, (i£) and «,(i£).
Knowing the volume fraction ¢, Eq. 8 is solved for an average
e(i¢) at each value of £.

The calculated values of the Hamaker constant for the four
sorbent materials are listed in Table 1. Calcite has the highest
and hydrated lime has the lowest value of the four sorbent
materials.

Powder dispersion and transport

Dispersion. The results of the dispersion experiments are
shown in Figure 6. For each sorbent tested, the particle size
distributions determined with the Sedigraph and AeroSizer are
compared. The results presented for the AeroSizer experiments
are representative of the majority of individual runs, each run
counting at least 200,000 particles. Repeatability between runs
was found to be excellent with this instrument. Also included
in Figure 6 for each sorbent are the two force constants, 4
and ¢,, as determined in the powder characterization analysis.

The results show that calcite has the least dispersibility, with
the majority of the particles having aerodynamic diameters
between approximately 15 and 30 um. For dolomite, the results
reveal a greater dispersibility than calcite. The hydrates show
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Figure 5. Cauchy plots used in the Hamaker constant determinations.

a very high level of dispersibility. Comparison of the dispersion
results for the hydrates indicates that the hydrated lime has a
slightly greater dispersibility than the dolomitic hydrate.
Transport I. The transport I results are shown in Figure
7. The pre- and posttransport size distributions are compared
in each graph. The two end points (0% and 100%) are not
from the impactor, but are approximated from SEM images.
The distributions presented are the average of three runs
with approximately the same mass of solid transported per
run. The distributions are averaged in this case to lessen the
effect of random deviations due to system variability. Also,
since the powder flow is not continuous in this system, a solids
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flow rate is not reported. Particle deposition on the tube wall
was observed for all sorbent materials. The transport tube was
cleaned after every run to assure the same probability of adhe-
sion between runs.

Figure 7 shows that caicite has a greater difference between
size distributions for pre- and posttransport than dolomite.
Like calcite, dolomitic hydrate also shows a significant loss of
fine particles with transport. The hydrated lime shows essen-
tially no loss of fines above 1 um, and a small loss of fines
less than 1 um. Comparing the hydrates, the dolomitic hydrate
has a much greater coarsening of size with transport than the
hydrated lime.
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Table2. Values of Parameters Used in the Hamaker Constant

Transport II. The results for the transport 11 system are
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Material 7(0) Cuv wyy (X107) number distribution, an instrument option, since the number
Calcite distribution places more weight on the fine particles, which
ordinary ray 2.686 1.686 1.668 are influenced most by the solid-solid interaction forces. In
extraordinary ray 2.196 1.183 2.171 . s e h
average 2.523 1.518 1.836 o.tl.xe'r words, by presenting the .num.be:r distribution, t e sen-
Dolomite sitivity of the results to fine particles is increased. The majority
ordinary ray 1.650 1.722 1.359 of the particles by number for all sorbent materials are less
extraordinary ray 1.484 1.203 1.604 than 4 pm.
average 1.595 1.549 1.441 Comparing calcite and dolomite, a similar trend in pre- and
Hydrated Lime posttransport distributions is noted up to the size range 1.2-
ordinary ray 2.332 1.332 1.577 1.0 um. For the five ranges between 4.0 and 1.8 um, the
extraordinary ray ggg‘; ig‘;g :‘S‘g; carbonate sorbents show an increase in particle numbers with
a?'erage : : . transport. However, the difference between pre- and post-
Periclase 2.953 1.953 1.760 transport distributions is greater for the calcite. In the ranges
100 —r—r T T * 100 Tt —r—rrrm e
903 ] 901 3
W b 3 [39] b :
P ] p 2 gp] 3
5 803 ] g 80 a: Sedigraph resuits 3
2 3 ] > : o: Aerosizer dispersion 3
> 707 g: Sedigraph resuits 3 % 70 5
@ 1 o: Aerosizer dispersion ; ] 3
« b ] x g3 A = 734 3
& 50; ] = 1 g = 7.3 3
2 1 ] =z 1 1
2 50 1 = 504 3
« 7] A= 9ss : P ;
p g = G. b 3 3
¥ 40 ' b Y 404 1
23 p 5 ] ]
3 303 3 3 303 3
= p 4 g b 3
3 3 1 3 p ]
© 204 3 203 ]
103 3 10
0 ——— T O F ==y S —— . h
i 10 10
AERODYNAMIC DIAMETER (MICRONS) AERODYNAMIC DIAMETER (MICRONS)
(a) Calcite (b) Dolomite
100 ———rrr ——r—rTrTTT — > 1007 LI 00 B e e AL
% 1 o Sedigraph resuits 3 % 1 o Sedigroph results
S gpd o: Aerosizer dispersion 1 3 807 ,: Aerosizer dispersion
g ] ] g ] ]
> ] 3 - 1 p
& 3 A= 765 ] @ ]
x g0 & = 18.64 é 50.: ]
% b 1 =z 1 p
5 9 ] 2] :
« P 5
4 3 40__ p
g ISt 5
3 b g 3 ]
2 ] p = b 3
g : b =) 9 ]
S 201 3 © 209 3
oy — , 3 04 ; ——r
"AERODYNAMIC DIAMETER (MICRONS) AERODYNAMIC DIAMETER (MICRONS)
(¢) Dolomitic Hydrate (d) Hydrated Lime
Figure 6. Volume distributions: Aerosizer vs. Sedigraph.
AIChE Journal June 1993 Vol. 39, No. 6

1025



100 T T Y

It

Ty T T

903 :
] Q@ = 5.80 liters/s 3
80 D = 0.3175 em ]
L = 1220 cm E

70 3
A = 9.86 ]

8037 & = 8.2 3

o: Pre—transport distrib.

CUMULATIVE % UNDER BY VOLUME
g
i fssaalaagatigaataaagdansalannal

40 a: Post—transport distrib. 3
30
20 3
104
04 e T —r—r]

0.1 1 10

AERODYNAMIC DIA. (MICRONS)
(a) Calcite
100 T T —T—T T ——T T
90 1
3 Q = 5.09 liters/s 3
804 D = 0.317% cm 3
j L =1220 cm 3
£70] ]
370-_ 3
2 1 A= 785 3
> 60 g, = 18.64 3
>- b -
o 3 3
%507 3
& 3 q: Pre—transport distrib. 3
540 g: Post—tronsport distrib. 3
® ] ]
w30 ]
g ]
3207 3
3 3 ]
3104 ]
04 — manay T T TY T -
0.1

1 10
AERODYNAMIC DIA. (MICRONS)

(¢) Dolomitic Hydrate

100 T =TT TTT T T T YT

90
G = 5.68 liters/s f

80 D = 0.3175 ¢m ]
L = 1220 cm 3

70 p
A= 734

60 e = 7.30

w
[=]

T TR IV NI EY TIPS PUUTI FNUVE SN NTE FUN NN FUR U
Al0082 008000401803

CUMULATIVE % UNDER BY VOLUME

40 o: Pre—transport distrib.
a: Post—transport distrib.
30 E
20
10
0 T T —r—rrrr
0.1 1 10
AERODYNAMIC DIA.(MICRONS)
(b) Dolomite
100 T T o e —TTTTT
904 ]
i Q¢ = 5.04 liters/s 3
803 D = 03175 em 1
1 L= 1220 cm ]
Y20 5
370-: 3
€..1 A= 839 3
Se04 . b
2807 & = 1382 ]
® ] 1
550: 3
S 1 o: Pre—transport distrib. ]
5404 : Post~transport distrib. 3
o ]
® ] 3
w304 ]
=" 3
E 1 b
3207 ]
: :
o104 3
04 —— T
0.1

1 10
AERODYNAMIC DIA. (MICRONS)
(d) Hydrated Lime

Figure 7. Pre- vs. posttransport volume distributions for the transport | experiments.

below 1.8 um, the trend reverses in that the post-transport is
less than the pretransport number. This shift to larger particle
sizes with transport is indicative of the agglomeration/removal
of the fine particles. However, in the 1.2-1.0 and 1.0-0.86 pum
size ranges, the calcite shows a much greater loss of fines with
transport than the dolomite. Particles having D,=<0.86 micron
are lost during transport for both carbonate powders.

Comparing the hydrates, the dolomitic hydrate, like the
calcite, shows a distinct shift toward larger particle sizes with
transport. The hydrated lime, on the other hand, shows no
clear trend between pre- and posttransport distributions. The
results indicate that there may even be deagglomeration oc-
curring with the hydrated lime.
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Discussion

In this section, the results from the dispersion and transport
experiments are interpreted with respect to the information
obtained from the powder characterization analysis.

Powder dispersion and transport

Dispersion. The purpose of the dispersion experiments is
to determine how the solid-solid interaction forces affect pow-
der dispersibility. First, the effect of the van der Waals forces
will be considered. From the powder characterization results,
the calcite is found to have the greatest Hamaker constant and
shows the lowest dispersibility in Figure 6. The hydrated lime
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Figure 8. Pre- vs. posttransport number distributions for the transport Il experiments.

has the lowest Hamaker constant and shows the greatest dis-
persibility. However, since contact geometry and particle size
also play a role in van der Waals forces, these effects must be
considered.

Improvement in the dispersibility of the dolomite over the
calcite may be attributed to two interparticle force effects: the
lower Hamaker constant and the greater percentage of fine
particles. The dolomite has been shown by the Sedigraph anal-
ysis to have more fine particles than the calcite. These fine
particles are found to cohere to the flat surfaces of the larger
particles, as seen in the SEM, acting as spacers between con-
tacting flat surfaces and reducing the van der Waals forces per
unit area considerably (as 1/H for the nonretarded case). The
effect is magnified when retardation begins at separations of
approximately 0.01 ym, where the van der Waals force de-
creases as 1/H*. Therefore, differences in the dispersibility
between the carbonates may be due to two factors, the Ha-
maker constant and particle size distribution, affecting the
relative values of the average van der Waals forces.
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Observed differences in the dispersibility between the hy-
drates are slight. The dolomitic hydrate appears to have a
slightly lower dispersibility than the hydrated lime. Again, the
difference in the van der Waals forces may be used to explain
this observation. Though the average size of the dolomitic
hydrate is smaller, the actual value of R used for the van der
Waals force calculation should be based on the curvature at
the contact point, not the total particle radius as with the
electrostatic forces. As seen in the SEM, both hydrate powders
are made up of small rounded particles sintered together in
the hydration process. The effect of small radii protrusions
on the surfaces of each particle, such as in Figures 3¢ and 3d,
results in even smaller average van der Waals forces than if R
is based on the total particle radius. The van der Waals forces
for the dolomitic hydrate will be slightly greater than for the
hydrated lime due to the higher Hamaker coefficient.

The effects of electrostatic forces on dispersibility are eval-
uated based on the relative values of the dielectric constants
with consideration given to the average particle sizes and mor-
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phologies, since these factors influence the maximum allowable
charging. The dielectric constants of the carbonates are not
significantly different, especially when the value of p (see Eq.
11) is compared. Since there is little difference in morphology
and average size between calcite and dolomite, the electrostatic
forces are expected to be similar for these two materials. There-
fore, the observed results may be due to the differences in van
der Waals forces alone.

The hydrates show a greater difference between static die-
lectric constants than the carbonates. However, with the hy-
drates, the difference in the average particle size must be
factored into the analysis. The dolomitic hydrate has a smaller
average particle size than the hydrated lime which will offset
the effect of the higher static dielectric constant on the relative
magnitude of the electrostatic forces. Therefore, it cannot be
concluded that higher electrostatic forces are responsible for
the slightly lower dispersibility of the dolomitic hydrate.

Greater particle inertia may also play a role in the slightly
higher dispersibility of the hydrated lime than the dolomitic
hydrate, since inertia has an R® dependence. For the carbon-
ates, the effect of inertia should be slight when comparing
dispersion results, since the densities and particle sizes are not
significantly different.

Comparing all sorbent materials, it appears that the sorbents
with the lower average van der Waals forces have greater dis-
persibility. In addition to the relative magnitudes of the Ha-
maker constants, differences in contact geometries are
suspected of having a significant effect on the relative van der
Waals forces. The presence of nodules on the hydrates, as seen
in the SEM, results in a reduction of van der Waals forces,
and increased dispersion is noted. A greater percentage of fine
particles for the dolomite, as determined by the Sedigraph,
may be a factor in its increased dispersion. The influence of
electrostatic forces on dispersion did not seem significant.

Transportl. Asobvious from the results, the van der Waals
forces alone cannot explain the observed differences between
pre- and posttransport behavior. The dolomitic hydrate shows
as much coarsening with transport as the calcite though van
der Waals forces are lower as indicated by the Hamaker coef-
ficient and contact geometry. Differences in median diameters
are no longer a factor as with dispersion, since pretransport
results show all powders to have a median size between 10 and
20 pm prior to transport. When density effects are taken into
account, since the results show aerodynamic diameters, even
smaller differences in median diameters are observed. This
unexpected high level of agglomeration/adhesion observed with
the dolomitic hydrate may be due to the increased role of
electrostatic forces during the transport process. However,
considering the higher efficiency of transport of the hydrated
lime compared with the calcite, despite its higher electrostatic
forces, may indicate that van der Waals forces may also play
a significant role in transport processes.

The van der Waals forces for transport now include not only
the particle-particle cohesive interactions but also particle-wall
adhesive interactions. A particle more tightly held to the tube
wall with greater van der Waals forces will have a smaller
probability of being reintroduced into the flow stream. The
relative effect of the Hamaker constants and contact geome-
tries on the van der Waals forces will remain unchanged for
the case of adherence to the tube wall.

The importance of van der Waals forces to transport proc-
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esses is also reflected in the comparison of the results between
calcite and dolomite. Electrostatic forces are assumed not to
be a factor in the observed results based on the similarities in
the pretransport average median diameters and static dielectric
constants for the carbonates. Random effects are expected to
average out. Therefore, the observed difference appears to be
due to the difference in the van der Waals forces between the
carbonates.

Transport I1.  The transport I results show some similarity
to the transport I results. With this system, however, the dif-
ferences in pretransport median diameters are greater than
those for transport I. This variance is probably due to the
better dispersion obtained with this feeder, with the resulting
median diameters closer to the primary size values.

The increased agglomeration/loss of fines for both the cal-
cite and dolomitic hydrate with transport is again noted and,
as mentioned previously, could be due to the combined effect

of van der Waals and electrostatic forces during transport.
Comparing hydrates, the lack of a distinct trend in the hy-

drated lime results, also seen in transport I, seems to be the
effect of lower van der Waals forces reflected in the lower
Hamaker constant. As discussed previously, the presence of
nodules on the hydrate surfaces acting as the contact points
reduces the effect of differences in measured average particle
sizes between hydrates on the van der Waals forces. However,
it is interesting to note that the electrostatic forces, which
should be based on the total particle size, should be similar,
if not greater, for the hydrated lime compared to the dolomitic
hydrate. The larger average pretransport particle size of the
hydrated lime more than offsets the effect of the lower die-
lectric constant on the theoretically derived equation for the
maximum electrostatic forces (Eq. 13). This result may indicate
another factor influencing the electrostatic interaction between
the hydrates such as nonuniformity of surface charge or a
stronger dependence of electrostatic forces on the static die-
lectric constant than indicated in the theoretical development.

The differences between the carbonate results could be at-
tributed to the effect of lower van der Waals forces for the
dolomite, since electrostatic force effects are expected not to
be significantly different.

Conclusions

The characterization of powder materials, including particle
morphologies, particle size distributions, and static dielectric
and Hamaker constants, provides insight into the reasons for
differences in dispersion and transport behavior between pow-
ders. The theory of interparticle forces indicates that a qual-
itative comparative analysis of the van der Waals forces between
different powders must not be based on the relative values of
the material chemcial properties—static dielectric and Ha-
maker constants—alone, but must include the effects of par-
ticle size distributions and particle morphologies.

An analysis of differences in van der Waals and electrostatic
forces between the sorbent powders indicates that dispersibility
may be controlled by van der Waals forces and that, during
transport, both are significant. For the calcium-based sorbent
powders investigated in this study, the powder with the lowest
Hamaker constant combined with the presence of small, spher-
ical nodules on the surface gives the best dispersion behavior.
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For the angular carbonate powders, an increase in the number
of fine particles appears to increase both the dispersibility and
transport efficiency. The hydrated lime in this study has the
best dispersion and transport efficiency of the four sorbents
due to the lowest van der Waals forces. The dolomitic hydrate,
on the other hand, has good dispersibility but low efficiency
of transport. This result is suspected to be due to higher relative
electrostatic forces, reflected in the higher dielectric constant.
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Notation
A = Hamaker constant
Cyy = oscillator strength of ultraviolet adsorption peak
D = particle diameter
D, = aerodynamic particle diameter
D = electric displacement vector
E = electric field vector
E = electric field
E, = electric breakdown strength of air = 3x10° V/m
F,, = electrostatic force
Fypw = van der Waals force
ko= 6.625%x107%/27 J-s
H = separation distance between solids
Pypy = van der Waals pressure
g = electric charge
R = particle radius
S = surface area
§ = surface vector
T = absolute temperature

Greek letters
permittivity of air = 8.8x 1072 F/m

€ =
¢, = static dielectric constant
e(w) = complex dielectric permeability [e(w)=¢’(w)+ie” (w)]
n(w) = refractive index at frequency w
x = Boltzman's constant = 1.38062% 10~ J/K
£, = frequency at energy level n
¢ = volume fraction
w = frequency
wyy = frequency of ultraviolet adsorption peak
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