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SUMMARY

This interim report focuses on the effects of interparticle forces on the rheology
and airblast atomization of micronized coal water slurry (CWS). We found that the
CWS flow behavior index is determined by the relative importance of the interpar-
ticle van der Waals attraction and the interparticle electrostatic repulsion. The
former intensifies as the Hamaker constant increases and the interparticle distance
reduces while the latter increases as the particle surface charge density increases.
The interparticle attraction causes particle aggregation, which breaks down at high
shear rates, and thus leads to slurry pseudoplastic behavior. In contrast, the interpar-
ticle repulsion prevents particle aggregation and thus leads to Newtonian behavior.
Both macroscopically homogenous pseudoplastic and Newtonian slurries are
prepared via the use of additives such as glycerol and anionic dispersant. Both are
atomized at low atomizing air pressures (less than 270 kPa) using twin-fluid jet
atomizers of various distributor designs. We found that the atomized drop sizes of
micronized coal water slurries substantially decrease as the atomizing air pressure
exceeds a threshold value. The atomized drop sizes, represented by the mass
median diameter scaled to an atomizer characteristic length (MMD/Lc), can be

described by.a three-parameter nondimensional model in terms of slurry-to- air
mass ratio (Ms/I_4A,, the Weber number (We), and the Ohnesorge number (Z):

MMD/Lc= (1 + MS/_4A){x2We"xa + x3 Z xi}

where We equals the ratio of aerodynamic force to surface tension and Z represents
the viscous effect. This model is based on the classical wave mechanism, momentum

balance and energy considerations. The exponent and coefficients are determined
by the best least square fit of the model to the experimental results using the itera-
tive generalized inverse method. Excellent agreement with coefficients of
correlation of 0.96-0.97 has been obtained between the model and the experimental
data. While slurry pseudoplasticity and particle presence play a significant role in
slurry atomization, the high shear slurry viscosity based on the free stream slurry
velocity during atomization, represented by the Ohnesorge number, dictates the
atomized drop sizes. Presence of coal particles also causes a looser drop size dis-
tribution curve as compared to pure viscous liquids. Nevertheless, the effects of coal
volume fraction, coal particle surface charge, liquid composition and liquid viscosity
on siurry atomization can be accounted for by their effects on slurry rheology.
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INTRODUCTION

Micronized coal water slurry has the potential to replace oil in utility and in-
dustrial boilers with little burner retrofitting because the residual ash in the deeply
cleaned micronized coal can be transported out of boilers in the gas stream. Twin-
fluid atomizers14, when used in slurry combustion, have a number of advantages
over pressure atomizers including lower slurry pressure, finer spray, and, thus,
higher combustion efficiency. The twin-fluid jet atomizer used in this study is
designed to minimize errosion of the nozzle tip. As shown in Fig. 1, the slurry passes
axially through the center of the distributor. The atomizing air passes through the
15°-angled slits drilled in the 45° taper of the distributor and, thus, swirls around the
slurry jet. The nozzle has a single discharge port of diameter larger than the
diameter of the distributor for slurry passage. Atomizing air pressures as low as 150
kPa are used in order to examine the drop size (primary drop) resulting from liga-
ment breakup. Low atomizing air pressures are also economically more desirable.

Presented in this interim report are: (1) the effects of interparticle forces on slur-
ry rheology and how they affect slurry atomization, (2) nondimensional models for
CWS atomization based on wave mechanism, momentum balance and energy con-
siderations, and (3) Comparisons of micronized CWS atomization with airblast
atomizations of viscous Newtonian and pseudoplastic liquids.

MATERIALS AND MEASUREMENTS

Micr onized Upper Freeport coal and Illinois #6 coal are used in this study. The
Upper Freeport coal is high volatile bituminous A, and has been cleaned by
microbubble flotation to an ash content of 5.4% on dry basis. Other coal analyses
are: 82.8% carbon, 5.I% hydrogen, 0.7% nitrogen, 1.2% sulfur, and 4.8% oxygen.
The particle sizes of the Upper Freeport coal are batch # 1"3-5g m with both
volume mean and mass median diameters of 4.4/_m; and batch #2: 98% < 20/_m
with volume mean and mass median diameters of 5/_m and 4/_m, respectively. The
Illinois #6 coal is high volatile bituminous C, and has also been cleaned by
microbubble flotation. Its analyses are: 75.2% carbon, 5.2% hydrogen, 2.5% sulfur,
1.4% nitrogen, 4.2% ash and 11.5% oxygen on dry basis. The particle sizes of Il-
linois #6 coal are 3-25/_m with 60% within 3/_m to 4/_m, volume mean diameter of
7.8/_m and mass median diameter of 3.7 _m. The lower-ranking Illinois #6 coal is
more readily oxidized than the Upper Freeport coal5. Both are irregularly shaped
and have a density of 1.33-1.37 g/ce. The liquids for slurry preparation include
aqueous solutions of 20-80% glycerol or 42% ethylene glycol or 50% isopropanol, a
80/20 w/w mixture of ethylene glycol and glycerol, and water containing a small
amount of an anionic dispersant (Coal Master A23M from Henckel Corporation
containing 44 wt% naphthalene sulfonic acid formaldehyde polymer, ammonium
salt). The water is deionized and other liquids are reagent grade. Irregularly
shaped sand particles with 2.60 g/cc density, sieved to 20-40 _m by Alpine Air-Jet
Siever, are also used for comparison of slurry rheology.

Atomization of micronized coal water slurries is carried out using one nozzle tip
of 0.249 cm in diameter and three distributors whose dimensions are given in Table
I. The nozzle tip is positioned 0.254 cm downstream from the distributor tip. Dis-
tributors # 1 and #2 have a central opening 0.152 cm in diameter for slurry flow and
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have no internal chamber. Distributor #3, used in slurry combustion 6, has a central
opening 0.244 cm in diameter for slurry flow and an internal chamber 0.40 cm in
diameter and 0.16 cm in length where the slurry meets the atomizing air prior to dis-
charging to atmosphere. Slurry flow rates vary from 1.0 to 4.7 g/s depending upon
the atomizing air and slurry pressures. Distributor # 1 is used in the atomization of
slurries a), d), e), and f); distributor #2 in slurries c), d), and f); and distributor #3 in
slurriesb) and e). The properties of these slurries are given in Table II.

While the drop size and size distribution are measured using the Malvern Particle
Sizer 2600C, the slurry viscosity is measured using the Brookfield rotational vis-
cometer RVTD at shear rates < 20 s"I, and the Burrell-Severs capillary rheometer
A120 at shear rates > 20 s"1. "lhe liquid viscosities are also measured by the Haake
rotational viscometer RV20. The zeta potential is measured using the Malvern Zeta
Sizer IIc, and the surface tension of the suspending liquids is measured using the
Fisher Scientific Surface Tensiometer Model 20. Detailed descriptions of the ex-
perimental methods, atomization setup, and data analysis are given in the papers
published by this PI's group 7"1°.

SLURRY RHEOLOGY

The slurry rheology is characterized by the Ostwald-de Waele power law of _"=
K _n, where r, _,, n, and K are the shear stress, shear rate, flow behavior index, and
flow consistency index, respectively.

C,9.rxelationbetween the Slurry Flow Behavior Index and the Hamaker Constant

We have found that the flow behavior index of a concentrated suspension is deter-
mined by the relative importance of the interparticle van der Waals attraction and
the interparticle electrostatic repulsion11. The interparticle attraction, measured by
the ttamaker constant scaled to the thermal energy at ambient temperature (A/kT),
causes particle aggregation, which breaks down at high shear rates, and thus leads to
pseudoplastic behavior (n < 1). In contrast, the interparticle repulsion prevents par-
ticle aggregation and thus leads to the Newtonian behavior of well dispersed
systems, it should be noted that the zeta potential in deionized water is a qualitative
measure of the particle surface charge density and, thus, is indicative of the relative
interparticle electrostatic repulsion I2.

At constant particle volume fraction and surface charge density (measured by the
zeta potential in deionized water), n decreases linearly as A/kT increases as shown in
Fig. 2. Also shown in Fig. 2 are results on concentrated suspensions of polystyrene

( 12, ' .... 9-11, 3,1:_spheres (mrcles), glass beads (dmmond), and sflma (dmmond) sand for com-
parison. Table III lists the Hamaker constants (A/kT) of coa! particles, polystyrene
spheres, and glass beads suspended in various liquids as calculated by the Lifshitz
equationl5:

A/kT= 3/4 {@l-e3)/(_,'l+e3)} 2 +3 hve(nl 2- I132)2/{ 16 21/2(nl2 + n3 2) 3/2} (1)

where h and k are the Planck and Boltzman constants, respectively; el and e3 are,
respectively, the dielectric constants of particle and the suspending liquid; ni and n3
are the corresponding refractive indices; ve is the absorption frequency. The
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Hamaker constant of coal suspended in a liquid mixture is assumed to be the sum of
those of coal in pure liquids multiplied by the liquid volume fractions. Also given in
this table are the liquid viscosities. The dielectric constant 16,the refractive index 17,
and the absorption frequency16 of coal are 2.89, 1.701, and 1.15x1016 s"1, respective-
ly. The dielectric constants and the refractive indices of the liquids and the other
solids as well as the liquid viscosities are supplied by the manufacturer (General
Electric for silicone oils) or taken from the CRC Handbook of Chemistry and

Table IV lists our experimental results on the slurry flow behavior indices and the
corresponding shear rate ranges within which these indices are measured. Our ear-
lier results on concentrated suspensions of polstyrene spheres, glass beads and sand
are also listed for discussion. In our earlier study, we found that suspensions of glass
beads (average diameters of 31/_m and 45/_m) in silicone oils (viscosities of 0.52 P,
1.1 P, and 9.5 P) at volume fractions of 0.55, 0.58, and 0.60 are Newtonian (n = 1)l°
in agreement with the negligible Hamaker constant. Recently, we found that suspen-
sions of irregularly shaped silica sand in silicone oils at particle volume fractions of
0.50, 0.52, and 0.55 are also Newtonian11. This Newtonian behavior of glass beads
and silica sands in silicone oils, represented by the diamond atA/kT of 0.2 in Fig. 2
was verified by repeatition and by varyin_ the particle volume fraction and the liquid
viscosity. In addition, our earlier studyl°"on concentrated suspensions of polystyrene
(average diameters of 6 k_m and 78/_m) in ethylene glycol (viscosity of 0.17 P) shows
that particle size has no significant effect on the flow behavior index of the con-
centrated suspension (within 3%). The average flow behavior' index of tile
polystyrene suspensions at 0.55 volume fraction is shown in Fig. 2 (open circle at
A/kT of 1.1). Likewise, 0.55 volume fraction suspensions of glass beads of different
sizes with average diameters of 23 _m, 31/_m, and 45/_m in ethylene glycol and
glycerol give rise to similar flow behavior indices (within 5%). The average value is
also shown in this figure (diamond at A/kT of 0.6). Based on these results, we con-
clude that neither the size and shape of particles with aspect ratio close to unity nor
the viscosity of liquids is capable of making the Newtonian suspensions behave like
pseudoplastic materials. In contrast, a good correlation between the flow behavior
index and the Hamaker constant can be seen in Fig. 2 for such diverse suspensions.
In this regard, it shot_ld be mentioned that the zeta potential of the polystyrene
spheres (6/_m) in deionized water is found to be very small (-4.5 mV). Therefore,
we believe that the interparticular electrostatic repulsion is negligible in the nona-
queous polystyrene suspensions, and the interparticle van der Waals attraction is the
predominating force that affects their flow behavior.

Fig. 2 also shows that the flow behavior index of a glycerol/water suspension of
Upper Freeport Coal (volume mean diameter of 4.4 #m and zeta potential of 24 mV
in deionized water) at 0.47 particle volume fraction (open triangles) varies linearly
with the Hamaker constant A/kT. The four triangles at A/kT ranging from 3.0 to 3.3
in this figure represent the Upper Freeport coal slurries in aqueous solutions of a
variety of alcohols with various viscosities as listed in "Fable III. lt should be noted

that the flow behavior index of the polystyrene spheres (45 _m) in silicone oil
suspension at 0.45 particle volume fractionl4 (solid circle in Fig. 2) also falls on this
line.
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The flow behavior indices of suspensions containing 0.40 volume fraction of slight-
ly oxidized Upper Freeport coal (volume mean diameter of 4.4pm and zeta
potential of-2 mV in deionized water) and surface oxidized Illinois #6 coal (volume
mean diameter of 3.7 pm and zeta potential of-30 mV in deionized water) in
aqueous solutions of 80% and 40% glycerol are also shown in Fig. 2, (inverted tri-
angles and squares, respectively). The more negative zeta potential of the

lower,rankin_and more severely oxidized Illinois #6 coal relative to the Upper
Freeport coal is expected to give rise to a greater interparticular electrostatic repul-
sion in aqueous suspensions of the same coal volume fraction. The Illinois #6 coal
slurries are therefore more Newtonian than the Upper Freeport coal slurries at 0.40
volume fraction as shown in Fig. 2. This figure also shows that while the interpar-
ticular electrostatic repulsion has a significant effect on the flow behavior of these
coal water slurries, the correlation between n and A/kT still holds at both 0.40 and
0.47 volume fractions. Moreover, the suspension becomes less pseudoplastic (n in-
creases) as the volume fraction decreases. This result is in good azreement with
what has been reported on polystyrene in silicone oil suspensionst;", and can be at-
tributed to increased interparticle distance. In fact, Fig. 2 shows that the increased
interparticular van der Waals attraction due to a decreased interparticle distance in
the 0.47 volume fraction suspension with respect to the 0.40 volume fraction suspen-
sion outbalances the increased interparticular electrostatic repulsion due to its
higher zeta potential. The Upper Freepc, rt coal slurry is more pseudoplastic at 0.4'7
volume fraction than at 0.40 volume fraction as a result. It should be noted that the

polys_rene (45 pm) in silicone oil suspension at 0.40 volume fraction is New-
tonian 14, Its flow behavior index is in line with the aqueous suspensions of the
mildly oxidized Upper Freeport coal (4.4/am and zeta potential of-2 mv in
deionized water) at the same volume fraction (see Fig. 2).

In order to further verify the role of interparticle electrostatic repulsion force in
slurry rheology, an anionic dispersant (Coal Master A23M from Henckel Corpora-
tion) is adsorbed onto the surface of Upper Freeport coal particles to increase its
surface charge density. We found that as the anionic polymer concentration in-
creases from 0.36% to 0.74% by weight of coal, the zeta potential of the coal in
deionized water decreases from + 4 to -35 mV. As a result, the flow behavior index
of the Upper Freeport CWS at 0.48 volume fraction increases from 0.83 to 1.0.
Likewise, as shown in Fig. 3, the pseudoplastic Upper Freeport CWS at 0.46 volume
fraction becomes nearly Newtonian (n equals 0.94) as the anionic polymer con-
centration increases from 0.32 % to 0.49 % by weight of coal.

Relative Slurry.Viscosity as a Function of Particle Pecled,..Nl.talb._
The relative slurry viscosity is defined as the ratio of the slurry viscosity to the vis-

cosi_ of the suspending liquid. The particle Peclet number, or called reduced shear
rate , equals the time required for a particle to diffuse a distance comparable to its
radius multiplied by the shear rate. Fig. 3 shows that the relative viscosities of the
Upper Freeport coal in water/glycerol (28/72 w/wwith liquid viscosity of 0.28 P) slur-
ry are in line with those of the sand in ethylene glycol/glycerol (80/20 wt/wt with
liquid viscosity of 0.35 P) slurry, both at 0.45 volume fraction (solid circles and solid
diamonds, respectively). It should be noted that both coal and sand particles are ir-
regularly shaped but their densities differ substantially (1.33 vs 2.60 g/cc). Also
shown in this figure for comparison are our earlier results 1°on the relative vis-
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cosities of 0.55 volume fraction suspensions of polystyrene spheres (open circles, nar-
rowly sized with volume mean diameters of 6/_m and 75/_m with a density of 1.05
g/cc) and glass beads (open inverted triangles and open triangles for unsieved and
sieved to 20-40,um glass beads #5000 from Potter Industry, respectively) in ethylene
glycol (0.17 P) and 80/20 w/w ethylene glycol/glycerol mixture (0.35 P). Based on
these results, we conclude that the relative slurry viscosity is independent of particle
density.

Fig. 3 also shows that the relative viscosities of the Upper Freeport coal slurry
containing an aqueous solution of 50 wt% isopropanol at 0.46 volume fraction (open
squares) are considerably higher than those of the Upper Freeport coal in 28/72 w/w
water/glycerol slurry at 0.45 volume fraction (solid circles). The substantial increase
in the relative viscosity, much more than what can be accounted for by the increase
in the volume fraction from 0.45 to 0.46, can be attributed to the nearly one order of
magnitude decrease in the viscosity of the suspending liquid (0.28 P vs 0.04 P). Note
that the zeta potential in deionized water for this Upper Freeport coal is + 4 mV,
and therefore the primary force affecting the rheology of these water/alcohol or
glycerol slurries is the interparticle van der Waals attraction. The relative viscosities
of the Upper Freeport CWSat 0.46 volume fraction containing 0.32 wt% anionic
polymer (open diamonds) are only slightly lower than those of the Upper Freeport
coal slurries containing aqueous solutions of 50 wt% isopropanol (liquid viscosity of
0.04 P) at the same volume fraction (open squares). In contrast, increasing the con-
centration of the anionic dispersant not only renders the slurry Newtonian as
mentioned earlier but also considerably enhances the relative viscosity (see
Table V) as compared with the rigid sphere model 19using the maximum packing
fraction of 0.50 obtained from sedimentation of Newtonian suspensions of narrowly
sized (20-40 #m), irregularly shaped sand as the scaling factor:

r/r = (1-q_/0.50) "1'34 (2)

The underlying mechanisms are under investigation.

Based on the above rheology study, coal water slurries of various flow behavior in-
dices and viscosities can be prepared by varying the coal volume fraction, the coal
surface charge density, and the compositions of the suspensing liquids. Six coal
water slurries thus prepared are atomized. As shown in Table II, these coal water
slurries are composed of 0.40-0.47 volume fraction of micronized Upper Freeport
coal and Illinois #6 coal in aqueous solutions of 20-40% glycerol or 42% ethylene
glycerol or in water containing anionic dispersant at a concentration of 0.49% of
polymer by weight of coal. Slurries a) through d) are pseudoplastic with flow be-
havior indices ranging from 0.50 to 0.58 because the interparticular van der Waals
attraction predominates over the interparticular electrostatic repulsion. As shown in
Table II, slurry e) is less pseudoplastic with a flow behavior index of 0.82 because of
its smaller volume fraction and greater interparticle electrostatic repulsion. Slurry

: f), in which the hydrophobic coal particles are dispersed in water by anionic
polymer, is nearly Newtonian with a flow behavior index of 0.94. The nearly con-
stant viscosity of slurry f) serves as a reference to determine the viscosity effect on
CWS atomization of unknown flow field.
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As shown in Fig. 4, slurries c) and d) are considerably less viscous than slurries a)
and b) throughout the entire shear rate range from 20 to 7000 s"1. This figure also
shows that the viscosity of slurry f) varies from 6.5 P at 400 s"1to ,,.5 P at 3000 s"1.
The latter equals the respective viscosities of slurry c) at 2000 _-1and slurry b) at
4500 s"1. The viscosity of slurry,e), which is more viscous than slurry f), varies *'rom
17 P at 200 s"1to 10 P at 2000 s"1.It is less viscous than slurries c) and d) at shear

rates less than 200 s"1,but more viscous than slurries a) and b) at shear rates above
2000 s"1.Within the shear rate range of 400 to 2000 s"_,slurry e) is more viscous
than slurries c) and d), but less viscous than slurries a) and b). While slurries a) and

b) have similar viscosities (40,12 Pi at shear rates between 50 and 1000 s"1,their vis-
cosities at high shear rates (2000 s ) are significantly different (less than 9 P and 8 P

for slurry a) and slurry b), respectively). In contrast, the viscosities of slurries c) and
d) at shear rates above 400 s"are similar.

SLURRY ATOMIZATION

As the atomizing air swirls downstream arround the jet, waves form on the jet sur-
face. The amplitudes of these waves gxowexponentially, if their wavelengths exceed
a minimum value based on classical wave mechanism 2°'21. As a result, the jet sheds
ligaments which subsequently collapse into small drops. Both regressional analysis
of drop MMDs and examination of drop size distributions indicate that the effects of
slurry,rheology, including the effects of coal fraction and liquid composition, on slur-
ry atomization can be accounted for in terms of three nondimensional groups,

' namely, the slurry- to-air mass ratio (I(/IS/_A), the Weber number (We), and the Oh-
nesorge number (Z). The wave mechanism-based models 4 established for primary
atomization of viscous Newtonian liquids are found to fit the slurry atomization data
with coefficients of correlation of 0.96-0.97 (see Fig. 5). Like in glycerol atomiza-
tion4, a threshold atomizing air pressure exists in the airblast atomization of
micronized coal water slurries. When the inlet atomizing air pressures exceed this
threshold value, the MMD/(1 + i_S/I_IA)is considerably smaller. This phenomenon
may be attributed to the sudden expansion at the nozzle tip when the atomizing air
reaches the maximum velocity (sonic velocity) 4'22. This threshold pressure varies
from 170 to 240 kPa depending on the distributor designS. Furthermore, the coeffi-
cient of correlation deteriorates to 0.77 if all of the experimental data are grouped
together with no consideration of this threshold pressure. Detailed discussion of
these models and effects now follows.

Wave Mechanism-based Models

Atomization is a process whereby a volume of liquid is converted into waves, liga-
- 20,21 ,....

ments, and ultimately into a multiplicity of small arops . I ne waves are initiated
by such factors as pressure fluctuation or turbulence in the gas stream or the liquid
stream 21. They continue as capillary waves if surface tension predominates, and as
acceleration waves if aerodynamic pressure force dominates. The dynamic pressure
(/gAVA 2/2) of the air stream in airblast atomization is large enough that the
amplitude of the surface waves will grow if their wavelength (4) exceeds a minimum20
value . When the amplitude becomes sufficiently large, the waves generate liga-
ments that are shed and rapidly collapse, forming drops. The amplitude (A) of the
surface waves on the liquid jet is described by the following differential equation 2o:

=
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2
dA/dt = A{[a:flpA (VA-u)2]/@pS U)- (8_2r/S)/ (;t pS )} (1)

In this equation, we see that the amplitude, damped by the liquid viscous force, in-
creases as the relative air velocity increases. When both the aerodynamicoressure. . . 20",
and the surface tension forces are important, the wave velocity u Is gwen by

u = [(a;t/2 _) + (2 a rad ;tps)] 1/z (2)

where cre is the surface tension of the liquid, and the acceleration a is caused by the
aerodynamic drag on the liquid jet in terms of free stream aerodynamic pressure.
Since VA > u Eqs. (1) and (2)show that the amplitude growth is resisted by the sur-
face tension.

The minimum wavelength ;tm, above which the amplitude grows exponentially
with time, may be estimated by setting dA/dt = 0. This results in the following cubic
expression for ;tta:

;tm3-;ta;tm2-;tc.r 3 = 0 (3)

where Lr/D = {2 n(16)1/3/fl2/3}(Z/We)2/3 (3a)
;ta/D = {64CDosin20/Nfl2at} (Z2/We) (3b)

the Weber number (We) equals pAVA 2 D/O'L,representing the ratio of
aerodynamic force to surface tension, the Ohnesorge number (Z) equals
rls/(pscrI.,D)1/2,and the shock dynamic pressure ratio (N) equals pAVA 2/ffAVA2
with respect to the free stream aerodynamic pressure.

When the aerodynamic pressure force predominates, waves propagate as ac-
1/2

celeration waves at a minimum velocity of (a am/2n) . ln this case, ;ta< <;ta,_nd
one solution to Eq. (3) is;tm = ;tawhich is governed by (Z/We) 2/3as shown in Eq.
(3a). In contrast, when the surface tension predominates, waves propagate as capil-
lary waves at a minimum velocity of (ZrrCRE./;tmpS)1/2. Since Lr < < ;ta,one
solution to Eq. (3) is ;tru = ;ta,which is governed by (Z2/We) as shown in Eq. (3b).
Therefore, both We and Z, with the exponent of Z- dependency equal to or twice

1
that of We -dependency, are included in our modeling of drop sizes. These semi-
empirical models are:

MMD/Lc= (1 + Ms/lq'IA){X2We"xi + x3 Zxi } (4a)
MMD/Lc = (1 + _S/I_IA){x2 We"xi + x3 Z2 xi} (4b)
MMD/Lc= (1 +/_Is/I_IA){x2(Z/We) xi + x3} (4c)
MMD/Lc= (1 + l_s/]_(/lA){x2(Z2fWe)×1+ x3} (4d)

where the linear scale factor Lc is equal to 0.152 cm, one of the distributor diameters
for slurry passage, D in We and Z denotes the diameter of the distributor in use for
slurry flow during atomization. Therefore, the Weber number at the same ratio of
aerodynamic pressure to su_face tension is greater' in distributor #3 than in dis-
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tributor # 1 because of its larger diameter for slurry flow. The reverse is true for the
Ohnesorge number. It should be noted that the effect of atomizer size on slurry
atomization is accounted for by D in both We and Z while I.,c is simply a scale factor
to render MMD nondimensional.

A linear dependency on 1 + [_/[S/_)IA is used in this study based on the momentum
balance 23:

I_[sVs + _/[AVA -"- (I_S + I_[A)V (5)

where V is the velocity of the atomized drop and the atomizing air after transferring
part of its kinetic energy to the slurry. We assume that the total surface energy of
the atomized drops is proportional to the loss of kinetic energy:

Zl_liDi2 GrS O: { (I_sVs 2 + I_AVA 2 ) . (IV[s + I_[A)V 2 (6)

where lqi is the nuraber of drops with a diameter Di produced per unit time, and u_
is the drop surface energy per unit area. Substituting Eq. (5) and lVls= psY-NiDi
n:/8 into Expression (6) yields

SMD ct (1 + I¢,Is/IVIA)

where the Sauter mean diameter (SMD) equals Zl(liDi 3/ y. I(/iDi2, It should be
noted that (1 + I_IL/IVlA)was used in the basic equation for prefilming atomizer 24al-

: though expcnents ranging from 0.4 to 2 were reported for airblast atomization of low
viscosity liquids25.

Since the flow field in airblast atomization is unknown, which viscosity should be
used in the calculation of the Ohnesorge number for atomization of pseudoplastic
CWS must be determined first. Fig. 6 shows that although the drop MMDs of all
slurries obtained at atomizing air inlet pressures above the threshold value under
comparable atomization conditions are quite similar, the MMDs of slurry e)
atomized at inlet air pressures below the threshold value are significantly larger' than
those of slurry a) atomized under comparable conditions. It should be noted that
the viscosity of slurry e) at shear rates above 2000 s"1is greater than that of slurry a),
but smaller at shear rates below 2000 s"1. Likewise, Table VI shows that slurry e) is
much more difficult to atomize at atomization air pressure below the threshold
value (similar drop MMDs are obtained at lower slurry- to-mass ratio and larger
Weber number) than slurry d) because slurry e) is much more viscous at shear rates
above 1000s1 even though they have similar viscosities at shear rates between 100-

300 s"1(see Fig. 4). Fig. 6 also shows that the MMDs of the nearly Newtonian slur_
t')with viscosities ranging from 6.5 P to 4.5 P in a shear rate range of 400 to 3000 s
are in line with those of the pseudoplastic slurries a), b), and d) whose high shear vis-
cosities range from 4 P to 6.5 P depending on the prevailing shear rate conditions
during atomization. Therefore, the high shear slurry viscosity based on the free
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stream slurrs' velocity at atomization conditions, equivalent to shear rates above
2000 s"1and sometimes as high as 10,000 s"1,is chosen in calculation of Z. The ef-
fects of slurry Theology will be flmher discussed later.

Iterative computation using the generalized inverse method 26is carried out to
determine the exponents and the coefficients of Eqs. (4a) through (4d) by the best
least squares fit of these equations to 44 experimental data points. Wide ranges of
the aforementioned nondimensional groups are covered:

o Q

1+ Ms/MA We Z
1.65-6.70 65-1065 0.60-3.25

Eqs. (4c) and (4d) consistently give poorer coefficients of correlation (as low as
0.91 for atomization at inlet air pressure above the threshold value) than Eqs. (4a)
and (4b). Therefore, 0nly Eqs. (4a) and (4b) with the best least squares solutions ob-
tained from the iterative generalized inverse method are listed in Table VII. Fig. 5
demonstrates the excellent agreement between the experimental data and the 3-
parameter models (Eqs, (4a) and (4'b)) with the listed best least squares solutions.
The coefficients of correlation for atomizations at air pressures below and above the
threshold value are 0.97 and 0.95-0.96, respectively. The slightly poorer agreement
for atomization at air pressures above the threshold value may be attributed to the
high percentage of the smaller than 20 pm drops, and indicate that these small drops
may result from breakup of the primary drops rather than ligament shedding (see
Figs_7 and 8). It should be noted that the coefficient of correlation in Table VII is

reduced by at least 1% when any one of these parameters exceeds the given range.
Regressional analysis using the exponent of (1 + Ms/MA) as an additional parameter
does not improve the coefficient of correlation and yields a solution close to unity.

F.,.ffectof Distributor Design,

As shown in Fig. 9, the atomization air mass flow rate using distributor # 1 varies
with the absolute inlet air pressure similarly for slurries a) and e). These atomizing
air mass flow rates at constant inlet pressures are higher than those for atomization
of slurry d), but substantially lower than those for atomization of glycerol using the
same distributor and nozzle. Also shown in this figure is saturation of atomizing air
mass flow rate at high inlet pressures in the glycerol atomization using distributor
# 14. Such a saturation phenomenon is also seen in the atomization of slurry d)
using a distributor of smaller cross section (distributor #2) for air flow, and may also
be attributed to the achievement of maximum air velocity (sonic velocity) at the
atomizer tip22.

Fig. 9 also shows that the mass flow rate of the atomizing air varies with the dis-
tributor design. Distributor # 1 gives rise to the highest air mass flow rate at a
constant inlet air pressure as a result of its largest cross section for air flow and much
smaller diameter for slurry flow relative to the discharge port (0.152 cm vs 0.249
cre). Distributor #3 gives rise to the smallest air mass flow rate because its diameter
for slurry flow is only slightly smaller than that of the discharge port (0.244 cm vs
0.249 cre). At the same inlet air pressure, distributor #2 gives rise to a smaller air
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mass flow rate than distributor #i due to its smaller cross section. However, it gives
rise to a much higher velocity,and, thus, a much higher Weber number as shown in
'Table VIII.

Also shown in Table VIII, the distributor design has a substantial effect on
(1 + I_SJ_A). At same absolute inlet pressures of atomizing air and slurry (190 kPa
and 253 kPa, respectively), distributor #3 gives rise to the largest (1 + g'Is/g'lA)while
maitains a high Weber number. Distributor #1 gives rise to the smallest
(1 + I_S./I_IA)."k'heaforementioned threshold air pressures effect!ng better atomiza-
tion for both distributors are less than 190 kPa. Distributor #2 which gives rise to
the largest Weber number yields intermediate (1 + I_IS/I_IA).However, the
threshold air pressure for this distributor appears to be higher than 190 kPa. As a
result, use of distributor #2 in the atomization of slurry d) gives rise to considerably
larger drop M_,_D(125 ktm vs 74/am) and MMD/(1 + I_IS/I_A)(42 vs 30) than dis-
tribut_, # 1.

Nevertheless, regressional analyses for atomization below and above the
threshold air pressure show that drop MMD in both cases varies with the slurry-to-
air mass ratio, the Weber number, and the Ohnesorge number in similar manners
for ali distributors. Furthermore, the atomized drop size distributions with similar
MMDs are independent of distributor design. For example, as shown in Fig. 8, the
drop size dist:ibution of atomized slurry d) with 340pm MMD from distributor # 1
is similar to that with 338 _m MMD from distributor #2, and the drop size distribu-
tion with 51 .urn MMD frem distributor #2 lies between those with 74/_m MMD and
45 _m MMD from distributor # 1(see Table VI for the atomization conditions).

Effects of Coal Volume Fractiov and Liquid Corllposition
As shown in Fig. 4, although the flow behavior index increases only slightly, the

slurry viscosity decreases considerably as the coal volume fraction decreases from
0.47 in slurry a) to 0.43 in slur_ c). From Table VI, we see that the drop MMD ob-
tained from atomization of slurry c) at atomizing air pressure below the threshold
value is significantly smaller than that from slurry a). This result can be attributed to
a higher We due to the use of distributor #2 and a smaller Z due to a much lower
viscosity,of slurry, c).

A slightly looser drop size distribution is seen in Fig. 7 for atomized slurry c) with
respect to slurry a). This appears to be true for slurry f) with a 0.46 volume fraction
(see Fig. 8) but with a high shear viscosi_ (3-4 P) close to that of slurry c). There-
tore, we believe that the looser drop size distribution is attributable to the lower
slurry viscosity,rather than the difference in coal fraction. Similar looser drop size
distribution is seen in atomized 92,/8w/w glycerol/water mixture with 3.8 P viscosity
as compared with glycerol with 9.8 P viscosity. (see Fig. 9)

Because of its much lower viscosity, slurry d) can be atomized to similar MMDs at
less severe atomization conditions than slurry a) (see Table VI). Nevertheless, a
comparison between Figs. 7 and 8 shows that the drop size distributions of atomized
slurry d) (42% ethylene glycol suspension at 0.43 coal volume fraction) are very.

-'-_ simiiar to those of atomized slurry a) (40% glycezol suspeiisio_ at v.-,,'_ _" ,._,,'"_'_,,.,,,,.......
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fraction) at cornparat, le MMDs. Therefore, we conclude that the slurry rheology,
rather than the coal fraction or the liquid composition, dictates the drop size and
si:_e.distribution in airblast atomization of micronized coal water slurries.

Effects of Slurry Rheolo_,,

As mentioned earlier, the effects of slurry rheology on slurry atomization drop
', sizes can be described in terms of the Ohnesorge number based on the high shear

slurry viscosity. Table VI shows that the effect of slurry rheology on the drop MMD
is more pronounced for atomization at air pressures below the threshold value than
above the threshold pressure. Within the ranges used, both We and Z terms make
contributions of same order of magnitude to the drop MMD for atomization at inlet
pressures below the threshold value. The We-term dominates for atomizing air pres-
sures above the threshold value. This is further illustrated in Fig. 6 in which the
lines (slope of unity) represent the MMD dependency on 1+ lVls/I_A. When
atomized at inlet air pressures below the threshold value, slurry e) gives rise to much
larger MMDs than slurries a) and d) because of its much larger high shear viscosity
(7-8 P for slurry e), 4 P for slurry a), and 2-3 P for slurry d)). In contrast, when
atomized at inlet air pressures above the threshold value all slurries generate similar
drop MMDs at comparable Weber numbers. Note that the high shear viscosities at
these atomization conditions for slurries e), a), b), and 0 are 7-8 P, 6-7 P, 5-.7P, and
4-5 P, respectively, while those for slurries c) and d) are 2-3 P.

Comoarison wii!l Viscous Liquid Atomizatioll
Also given in Fig. 6 for comparison are the drop MMDs of atomized glycerol (9.8

P, open circles and open triangles) and its aqueous solution containing 92% glycerol
(3.8 P, open inverse triangles), ,ad atomized pseudoplastic polyethylene glycol
(PEG) mixture (3.5/96.5 w/w) of molecular weights of 8000 and 600 with a flow be-
havior index of 0.78 and a high shear viscosity of 4 P (open diamonds). Open circles
and open triangles in this figure designate glycerol atomized at Weber numbers rang-
ing from 265 to 280, and from 415 to 460, respectively, q he Weber rmmbers for
PEG atomization (open diamonds) range from 24t.tto 305. The numbers next to the
clusters of solid points in the figure are the Weber numbers for CWS atomization.
From this figure we see that slurry f) which is nearly Newtonian with 4.5 P high shear
viscosity atomizes to similar drop sizes at comparable atomization conditions as the
pseudoplastic PEG mixture. Slurry t) requires a higher air velocity (greater Weber
number) than glycerol to atomize to similar MMDs. Fig. 6 also shows that at
atomization air pressures below the threshold pressure, it is more difficult to
atomize pseudoplastic slurry e) with high shear viscosities of 7 to 8 P than to atomize
glycerol. The reverse is true for atomization air pressures above the threshold value.
The atomization behaviors of pseudoplastic slurry a) with high shear viscosities of 4-
7 P and pseudoplastic slurry d) with high shear viscosities of 2-3 P are similar to that
of glycerol (9.8 P). Both atomize less readily than aqueous glycerol with a viscosity

; of 3.8 P. Thus, although the high shear viscosity dictates the atomized drop sizes, the
slurry pseudoplasticity and the presence of coal particles appear to have detrimental
effects on atomization.
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A comparison between the drop size distributions of the atomized slurries (Fig. 7
for slurry a) and Fig. 8 for slurries d) and f)) and the atomized glycerol and its
aqueous solution (Fig. 10) reveals that drop sizes with peak intensity at 350/_rn ap-
pear in the slurry atomization as well as in the atomization of glycerol and its
aqueous solution. Neither the chemical composition of the liquid mixture (glycerol
vs ethylene glycol vs water) nor the presence of c_;alparticles has any significant ef-
fect on these primary drop sizes. In contrast, considerable differences in the
distributions of smaller sizes are seen between the atomized slurries and the

atomized glycerol. A very high percentage of drop sizes smaller than 20 pm is
produced when either glycerol or aqueous glycerol is atomized at inlet air pressures
above the threshold value. Except for slurry f) at atomizing air pressures above the
threshold value, the percentage of smaller than 20pm drops is negligible in the
atomized slurries. Both slurries and aqueous glycerol solutions yield high percent-
ages of 40-50/_m drops. In fact, except for the smaller than 20/_m sizes, the slurry
drop size distribution curve is quite similar to that of the 3.8 P aqueous solution con-
taining 92% glycerol; both have a looser structure with respect to the atomized
glycerol (9.8 P). This looser structure of drop size distribution curve may be at-
tributed to disruption of the continuous phase by impurities such as water and coal
particles.

A comparison between the atomized slurry drops (Figs. 7 and 8) and the
atomized PEG drops (Fig. 10) also reveals similar drop sizes and size distributions at
atomization conditions which result in drop MMDs of 70pm and larger. At severe
atomization conditions which result in MMD of 50/_m and smaller, a much tighter
size distribution curve and a significant percentage of smaller than 20ktm drops are
seen for the pseudoplastic PEG mixture.

CONCLUSIONS

This study clearly demonstrates that the CWS flow behavior index is determined
by the relative importance of the interparticle van der Waals attraction and the inter-
particle electrostatic repulsion. The interparticle attraction causes particle
aggregation, which breaks down at high shear rates, and thus leads to pseudoplastic
behavior. In contrast, the interparticle repulsion prevents particle aggregation and
thus leads to Newtonian behavior. While the slurry pseudoplasticity and the
presence of coal particles play a signicant role in airblast atomization of micronized
CWS, the high shear slurry viscosity dictates the atomized drop size and size distribu-
tion. Coal volume fraction and liquid composition affect slurry atomization via
their effects on slurry rheology. The wave mechanism-based semi-empirical model
is shown to describe drop MMDs of atomized micronized CWS in terms of three
nondimensional groups, 1 + I_Is/I_IA,We, and Z. The overall drop size distributions
of the atomized slurries resemble those of the atomized aqueous glycerol with 3.8 P
viscosity and the atomized pseudopiastic polyethylene glycol mixture with n equaling
0.78 and a high sllear viscosity of 4.5 P, and are quite different from those of glycerol
with 9.8 P viscosity.
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NOMENCLATURE

a Acceleration

A Hamaker constant or Amplitude of the surface waves on the liquid jet

CDo Drag coefficient
D Diameter of liquid jet or atomizer distributor diameter

Di Diam,'ter of atomized drop

Lc Characteristic length
MMD Mass median diameter of drops
lVl Mass flow rate

lq Shock dynamic pressure ratio

Ni Number of drops with diameter Di produced per unit time

n, K Flow behavior index and flow consistency index, respectively
P Pressure or Poise

u Wave velocity

V Velocity or average velocity
VMD Volume mean diameter

SMD Sauter mean diameter

We Weber number pAVA 2 D/aL

Z Ohnesorge number, _ls/(ps aLD) 1/2

p Density
r/ Viscosity

,1. Wavelength

fl Jeffreys' sheltering parameter having a value between 0 and 1.

0 Angle between the jet axis and the free stream gas velocity

a Surface tension or surface energy per nit area

_',_, Shear stress and shear rate, respectively

_bscripts

: A Atomizing Air

L Liquid
S Slurry or particle
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TABLE I

ATOMIZER DIMENSIONS

Nozzle tip Discharge Diameter Cross Section
No. cm cm 2

1 0.249 4.866x10'2

Distributor Slit Design Cross Section, cm 2
No. dia. cm* No.-cm x cm Liquid Air

1 0.152 4-0,24 x 0.076 1.815x10=z 7.354x10 -2
2 0.152 6-0.076x 0.086 1.815x10 "2 3.950x10 "2

3 # 0.244 6-0.086x 0.114 4.676x10 "2 5.925x10 "2

*Diameter of the central opening for slurD, flow

#Variflo atomizer by Delavan Corp., South Carlorina

TABLE H

PROPERTIES OF COAL SLURRIES AND SUSPENDING LIQUIDS

Slurry Flow** Coal Vol. Suspending liquid
Behav. Consist Fraction Conc. Visco. S. Tension*

ind. n indx K wt% cP dyne/cm

a) 0.54 290 0.47 UpF1 40%glcerl 3.6 71

b) 0.50 308 0.47 UpF1 20%glcerl 1.7 72.2
c) 0.58 145 0.43 UpF1 40%glcerl 3.6 71

d) 0.52 175 0.43 UpF2 42%glycol 3.0 65.5

e) 0.82 35 0.40 Ill#6 40%glcerl 3.6 71

f) 0.94 8.4 0.46 UpF2 water/disp # 1. 61

**Viscosity in P equals K_'n"t, where _' designates shear rate

*Surface tension is measured using the Fisher Surface Tensiometer Model 20, and
the results are comparable with those obtained from the CRC Handbook.._

_. aistrv and Physics.
Dispersant (A23M) concentration of 0.49 % anionic polymer by wt. of coal

=
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TABLE III

DIMENSIONLESS HAMAKER CONSTANT A/kT FOR INTERPARTICLE
VAN DER WAALS ATTRACqlON ACROSS VARIOUS SUSPENDING LI-
QUIDS

Solid/liquid Polystyrene Glass Coal Liq. viscosity, P

Silicone oil 1.1 0.2 2.0 0.52-9.5

Ethylene glycol 1.3 0.6 2.1 0.17
Glycerol 0.9 0.6 1.7 9.8
Water -- 1.2 3.7 0.01
80/20 w/w glycerol/water 2,2 0.60
40/60 w/w glycerol/water 3.0 0.036
20/80 w/w glycerol/water 3.3 0.01,7
50/50 w/w isopropanol/water 3.1 0.036
42/58 w/w ethylene glycol/water 3.1 0.030
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TABLE IV
MEASURED FLOW BEHAVIOR INDEX OF A CONCEN'IT/ATED SUSPEN-
SION AND THE CORRESPONDING SHEAR RATE RANGE

Solid Vol. frac. Liquid n Shear rate, s'1 Reference

Glass beads 0.55-0.60 silicone oils 1.0 15-2000 Tsai, 1987
0.55 glycerol 0.83 9-200 Tsai, 1989

Silica sand 0.50-0.55 silicone oils 1.0 20-700 Tsai, 1990
Polystyrene 0.55 silicone oils 0.76 2-400 Tsai, 1987

78/_m 0.58 0.78 0.5-350
0.55 ethyl, glycol 0.81 45-800
0.58 0.82 150-1500

Polystyrene 0.55 ethyl, glycol 0.87 2-2500 Tsai, 1988
6# rn 0.58 0.85 1-1500

0.55 glycerol 0.85 10-200
Polystyrene 0.55 silicone oils 0.86 0.04-50 Gadala-Maria

45 _m 0.45 0.96 0.15-.50 & Acrivos,
0.40 1.0 0.5-50 1980

Upper Freeport 0.47 80% glycerol 0.76 60-1000 Tsai, 1990
coal, 4.4/zm 0.47 40% glycerol 0.54 50-6000

0.47 20% glycerol 0.50 25-6000
0.47 50% i-propanol 0.58 20.500
0.45 42% glycol 0.58 30-1500
0.40 80% glycerol 0.82 40-1000
0.40 40% glycerol 0.67 200-2000

Illinois #6 0.40 80%glycerol 0.93 20-500 Tsai, 1990
coal, 3.7pm 0.40 40% glycerol 0.77 200-2000

TABLE V
COMPARISON OF THE RELATIVE VISCOSITIES OF NEWTONIAN SLUR-
RIES

Solid Vol. frac. Dispersant # r/r, Expt. r/r, Model
coal basis 0.50 q_M

Up. Fr. coal 0.48 anionic polym, ii150 75
0.74 wt%

Up. Fr. coal 0.45 anionic polym. 450 22
1.15 wt%

Sand, 20-40/_m 0.45 Silicone oil 22 22

#Dispersant is used in coal water slurries only, and water is replaced by silicone oil
in the case of sand suspesnion.
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• TABLE VI EFFECTS OF DISTRIBUTOR DESIGN AND SLURRY RHEOL-
OGY ON SLURRY ATOMIZATION

Slurry Distr 1 + I_Is/_A We Z PA Ps MMD MMD
No. kPa kPa #m i_+ I_Is/I_A

d) 1 5.24 67 0.73 149 245 340 65
2 6,70 285 0.60 156 280 338 50
1 2.49 252 0.83 190 254 74 30
2 2,77 1060 0,69 238 280 51 18
1 2.26 288 0,85 212 254 45 20
1 2,12 410 0,80 236 280 36 17

C) 2 4,97 749 0,76 183 252 224 45
2 3.80 978 0,79 245 276 132 35
2 3,26 1065 0,83 266 276 73 22
2 3.30 1015 0.85 245 252 65 20

a) 1 4,42 204 1.98 183 333 271 61
1 3,10 269 2,26 190 324 128 41
1 2.0.5 252 3,08 170 249 74 36
1 1,79 305 3,21 204 245 50 28
1 1.76 447 2,91 244 280 36 20

e) 1 3.93 159 2,00 156 276 336 86
1 2,88 217 2,09 167 252 246 85
1 2,9.1 265 2,03 183 276 118 41
1 2,39 265 2,14 190 252 62 26
1 1.93 442 2,16 235276 34 18

f) 1 5.03 148 1.41 149 256 324 64
1 2,92 375 1.41 218 280 152 52
1 2,99 204 1.44 204 252 132 44
1 2.81 324 1,43 204 252 90 32
1 2.43 324 1,44 225 258 44 18
1 1.94 305 1,48 252 256 33 17

9,8 Pglycerl 3,20 173 2o81 156 249 159 50
2,81 502 2,81 204 314 74 26
1,84 527 2,81 225 245 36 20

3.8 P glycerl- 3,64 189 1,10 163 221 109 30
water 4.43 224 1,10 218 266 54 12

2,83 288 1,I0 238 266 41 14

Polyethylene 3,20 240 0,93 173 232 194 61
glycols 3.12 272 0,91 197 266 175 56

3,06 240 0,94 183 232 100 33
2,34 325 0.97 228 242 50 21



20

' TABLE VII
SEMI-EMPIRICAL MODEL FOR AIRBLAST ATOMIZATION

OF MICRONIZED COAL WATER SLURRIES#,

MMD/Lc =(1 + 1V[s//_A){X2We "xl + x3 Z xi} 10-2 (4a)

MMD/Lc = (1 + g,ls/lq'lA){x2 We "xi + x3 Z 2 xi} 10.2 (4b)

xl x2 x3 c,o.c. Equation

(a) 0.22 :t: 0,03 9.9 :_ 1,0 0.49 • 0,05 0.97 (4a)
(b) 0.325:0.03 10.4 5:1.0 0.21 5:0.05 0.96 (4a)

(a) 0.22 ± 0.03 9.9 :i: 1,0 0.48 :t:0.t25 0.97 (4b)
(b) 0.33::t::0.03 11.'7+_1.0 0.16 :f.0.05 0.95 (4b)

# Lc equals 0.152 cm
• Coefficient of correlation

(a) Atomizing air pressure below the threshold value

(b) Atomizing air pressure above the threshold value, MMD is replaced by volume
mean diameter in the case of glycerol atomization

TABLE VIII

EFFECTS OF DISTRIBUTOR DESIGN ON SLURRY ATOMIZATION

Slurry Distr 1 + I_Is/1VIA We Z PA PS MMD
No. kPa kPa _m 1 + _S/I_IA

d) 2 2.86 547 0.83 197 252 139 49
2 2,98 647 0.78 190 252 125 42
1 2.49 252 0.83 190 254 74 30
2 2.77 1060 0.69 238 280 51 18
1 2,12 410 0.80 236 280 36 17

e) 1 2.39 265 2.14 190 252 62 26
1 1.93 442 2.16 235 276 34 18
3 5.00 426 1.88 190 254 141 28
3 3,99 519 1.91 225 254 87 22
3 3.40 655 1.93 252 254 57 17
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Fig, 1 Design of twin-fluid atomizer
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" Fig. 2 Conelatlon between the flow behavior index of a concentrated suspension
and the Hamaker constant (solid circles are data from Gadala-Maria and Acrivos,
1980 at volume fractions (rp 's) of 0.55, (!.45,and 0.40)
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. Fig. 3 The relative viscosity of a pseudoplastic suspension is independent of particle
density



' Fig. 4 Viscosity of micronized coal water slurry as a function of shear' rate



, Fig. 5 Correlation between the wave mechanism based-models and the measured
nondimensional drop MMDs at atomizing air pressures a) below and b) above the
threshold pressure (multiply the nondimensional MMD from both axes by 15.2 to
Gbtain the drop MMD in urn, diagonal lines represent perfect correlation)
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" Fig.6 Comparisonofdropmassmediandiametersforatomizedslurries(solid
points)andatomizedglyceroland itsaqueoussolution(opencirclesand open tri-
angles),and atomizedpseudoplasticpolyethyleneglycol(opendiamonds)





• Fig. 8 Drop size distributions of slurries d) and f)

_-.-..- .o,, _,.. . o °,

• ,,,. o.,

= oo.,,. ,_. =0 ,=, c,o01_ o

om al ell>
0 tl_ N ElM .' N

oo. tO l>e ' (/14E_• I_ 0
MOe _ _I> 0 1:1.

I1,.,_ 0 e 0 4 I> 0 0
I_ _ oe t,. Dm 0 L
_. 40e 1::3 _ ._ 0 E3
_. 4oe 1> 4 o

,,_ _. 40 e I> 4 0
_- _40

_o _ c o
1_ "" = 1>,(3,-

• ii |--+-+ ; : I = : = ' = : =_- m -'f-"--t, -_ ,.... : i "-_"--f'_ m
"d' ¢'d 0 aO U_ "d' t"N 0 "ii" CN 0 eO lO ',ii" CN 0

tueoJed _.ueoJed
.--=--..-=---. 0 0

0 to '_ 0 m
_1 0 <1 0

0 < 0
I_1 0 < 0

_'< 0 <1 0

0 _ O<
0 _ O_0,_.

oo ,; ..= - oo . ®N
O ,l, (/1 O _/_

c 0 ,I CL 0
_" 0 _ 0 _ 0 0.
_m_ .._wew 04 _- _, .-.- o 0"_ Ot _ 0 L0 I_

cn m _ O_ ca I
.¢ (1| - m _Io

- _,.-, = - _,.-_, <10 Ii <1o

I1=



" Fig. 9 Effects of distributor design on the mass flow rate of atomizing air as a func-
tion of inlet pressure

1.9 •
® glycerl, distr. #1

• •
o_ 1.7

_ 15p- •
<
_ 1.5

tr) cws distr.
< 1.1
:_ o a) #I
IZ 0.9 A d) #1
_. _. d) #2

0.7 I'-I s) #1
, o e) #3

0.5
140 160 180 200 220 240 260 280 300

INLET AIR PRESSURE, kPo



' Fig. 10 Drop size distributions of glycerol (9.8 P), aqueous glycerol containing 92%
glycerol (3.8 P), and polyethylene glycol mixture of 8000 and 600 molecubar weights
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