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To analyze effects of aggregation in powder/gas reactions quantitatively, particle
packing models were applied to aggregate structures, and theoretical equations of the
reaction rate, the reaction-equivalent particle radius, the acid gas concentration expo-
nent and the particle radius exponent were deduced. While confirming the validity of
these equations by comparing experimental values (data on SO, removal in aerosol
reactions and stationary reactions) to these equations, other experimental data were
analyzed using these equations. The results show that: the dependency of lime conver-
sion on the particle size decreases sharply as the aggregation of particles in the aerosol
advances; injecting limestone powder into the furnaces, using a high rate dispersion
nozzle, reduces the degree of aggregation and elevates the lime conversion, and in ther-
mobalance analysis of SO, /limestone reactions, bulk limestone powder behaves like a
single giant particle, and the diffusion process inside the aggregates is controlling. It is
concluded that hexagonal closest packing is the optimal packing model for the particles

Studies of Aggregation Effects on S0, Removal

constituting aggregates in aerosol.

Introduction

In Japan and other developed countries, wet flue-gas
desulfurization has often been used to remove SO,, a cause
of acid rain. In the search for countermeasures against acid
rain that have world-wide applicability, however, public at-
tention has been paid to dry flue-gas desulfurization, which is
economically cheaper, although SO, removal is less complete
than in the wet technique. This article will deal with a method
of dry flue-gas desulfurization, in which SO, is removed by
injecting limestone powder into furnaces and thus inducing
the formation of acrosols of fine lime particles. Since first
reported by Wickert (1963) about 30 years ago, this technique
has been studied by numerous investigators.

To date, Borgwardt (1985, 1989a,b), Borgwardt and Bruce
(1986), and Borgwardt et al. (1986) have made a number of
basic studies of the reaction between fine lime powder and
SO,. In those studies, the relationship of reaction tempera-
tures and residence times with CaQ reactivity has been inves-
tigated in detail. However, all of these past basic studies per-
tained to reactions in stationary conditions. Few articles have
ever dealt with the principles of these reactions in the form
of aerosols.

Because reactions in the form of aerosols, which behave in
a complex manner, are difficult to predict on the basis of
reaction data obtained in stationary conditions, no notewor-
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thy progress has been achieved in the development of valid
techniques for dry flue-gas desulfurization. To facilitate the
development of dry techniques, it seems essential to establish
a basic reaction theory for aerosol conditions.

By applying an unreacted core model (a model well known
for its ability to accurately represent solid /gas reaction rates)
to aerosol reaction systems, the author previously deduced
theoretical equations concerning reaction rates of aerosols,
that is, of nonaggregated primary particles (Kobayashi, 1993).
The validity of these equations was then tested by comparing
the data obtained from experiments on aerosol reactions
(Kobayashi, 1993). Using those equations, the author then at-
tempted to clarify the cause of the low lime conversion (about
10-20%) of the dry flue-gas desulfurization using lime parti-
cle aerosol, which is the most serious problem with this dry
method (Kobayashi, 1993). That theoretical analysis revealed
that the particle radius exponent (m,), which represents the
dependency of lime conversion on particle sizes (cf. Eq. 24),
is equal to 0.85-0.97. This finding differed from the previous
experimental values of m, = 0.25-0.33 reported by numerous
investigators, who say that the lime conversion is not substan-
tially improved even when the lime particle size is reduced.
To explain these theoretical and experimental discrepancies,
the author had pointed out that the tendency of primary par-
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ticles to aggregate into coarse particles becomes more marked
as the size of primary particles decreases, and that therefore
the SO,-removing efficiency in an aerosol environment will
not be eievated satisfactorily even when the particle size is
reduced (Kobayashi, 1993).

The present article reports the author’s subsequent at-
tempt to make a quantitative evaluation of the effects of ag-
gregation. First, the author calculated the effects of aggrega-
tion on the mass-transfer rate, based on the assumption that
the aggregates are composed of packed primary particles of
the same particle size. The results of this calculation were
then applied to the theoretical equations for aerosol reaction
rates that the author previously reported (Kobayashi, 1993).
By this means, the author deduced theoretical reaction rate
equations for aggregates. The validity of these equations was
subsequently confirmed by comparing the equations with the
data from experiments concerning acrosol reactions, as well
as experiments concerning stationary reactions. Stationary re-
actions represent a particular case of aerosol reactions in
which the stoichiometric ratio (SR) of limestone to SO, is
extremely small and the R/r (degree of aggregation) is ex-
tremely large. In this way, the effects of aggregation on lime
reactivity was quantitatively analyzed, using the author’s the-
oretical equations.

Theoretical Consideration of Effects of Aggrega-
tion in Powder/Gas Reaction Systems

Packing models for aggregated particles

The aggregating effect in powder/gas systems is the effect
produced by restriction of mass transfer to the surfaces of
inner primary particles due to aggregation of primary parti-
cles. This means that when the mass transfer to primary par-
ticles, which constitute aggregates, occurs through the sur-
face of the aggregates, the mass-transfer resistance in the gas
layer (on the surface of primary particles constituting the ag-
gregates) is apparently increased because the external sur-
face area of primary particles inside the aggregates is much
greater than the void area of the aggregate’s surface. To cal-
culate the magnitude of this resistance, it is indispensable to
determine the relationship between the void fraction on the
aggregate’s surface and the packing fraction inside the aggre-
gate.

Before a powder packing model can be designated, it is
necessary to outline the structure of powders.

Gotoh (1983) studied the packing fraction and fluidity of
powders and liquids and found that the packing structure of
powders is similar to that of liquids. According to textbooks
of physical chemistry, liquids are structurally composed of
random groups of microsegments (microcrystals) made up of
orderly arranged molecules or atoms. Fluidity is attributable
to such structural features.

In view of this finding, it seems likely that bulk powders
are composed of random groups of aggregates (secondary
particles) made up of orderly packed primary particles. It is
also likely that in aerosols, such aggregates (secondary parti-
cles) are floating in gas.

The size of an aggregate is determined by the balance be-
tween the shearing stress that the aggregate receives from
outside and the attraction force among primary particles. In
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Figure 1. Random packing models of aggregate.

(a) Simple cubic lattice with defect; (b) simple cubic lattice
with defect.

other words, it may be said that the aggregate in aerosol,
whose size is determined by the magnitude of the turbulence
of gas flow during aerosol genesis, has an ordered packing
structure, while bulk powders, which are stationary, are
macroscopically characterized by random packing structure.

The validity of the hypothesis that an aggregate in aerosol
has an ordered packing structure will be tested later using
experimental data in the section on aerosol reaction experi-
ments by using an ordinary injection nozzle.

To determine the relationship between the void fraction
on the aggregate surface and the packing fraction inside the
aggregate for every possible density of packing, ranging from
low-density random packing to high-density ordered packing,
the author imagined four models of ordered packing (hexago-
nal closest packing, cubic closest packing, orthorhombic lat-
tice, and simple cubic lattice) and two models of random
packing in Figure 1. On the basis of a hypothesis that uni-
form-size spheres are arranged in contact with each other at
the lattice points of these models, the superficial packing
fraction (at surface 8) and the bulk packing fraction (in vol-
ume «) are calculated for each model, considering the geo-
metrical structures of these models. The results of these cal-
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Figure 2. Relationship between packing fraction in vol-
ume (a) and in surface ( 8) in various pack-
ing models.
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Figure 3. Relationship between mean particle diameter
(ds,) and packing fraction in volume (a) in

softly static state of powder.
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culations are approximately on a single line, as shown in Fig-
ure 2.

Although the packing fraction of bulk powder varied greatly
depending on the particle size and the manner of packing,
the relationship between the mean particle diameter (ds,) and
the packing fraction () of limestone powder, as measured
using the method prescribed in the Japanese Industrial Stan-
dard (JIS K5101), that is, setting the powder gently, is shown
in Figure 3 (Nitto Funka Kogyo). In subsequent simulations
using the random packing model, the relationship among «,
B, and Lfso, as shown in Figures 2 and 3, was used.

If an aggregate is assumed to have the form of a sphere,
the number of primary particles constituting the aggregate
(n) and the number of primary particles constituting the su-
perficial layers of the aggregate (n,) are expressed by Eqgs. 1
and 2, respectively:

n=a(R/r) 6))

n,=4B(R/r —1)° 2

where R/r is the ratio of the aggregate’s radius to the pri-
mary particle’s radius. This ratio indicates the degree of ag-
gregation and will be referred to in this article as the degree
of aggregation or the geometrical particle-size ratio.

Expansion of the overall reaction rate equation to
aggregated particle systems

The author previously reported the reaction rate equations
of an integral form for aerosol reaction systems obtained by
applying unreacted core models to the aerosol reaction sys-
tem composed of primary particles (Kobayashi, 1993).

A case where gas layer diffusion is controlling:
(C;,~Cp)D,, 6 1
e 3-SR

P In(1-7) €))

A case where reaction product layer diffusion is controlling:

(=)D
2

=(1-H)""+13m0-f)-1
pr

2

(SR=1) 4
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Querall reaction rate equation:
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where
Cy,= concentration of gas in inlet, mol-m~?
C; = equilibrium concentration of gas, mol-m”~
D, = effective diffusivity in reaction product layer, m*-s™'
D,, = molecular diffusivity of SO, in combustion gas, m?-s~!
f=lime conversion
k.= chemical reaction rate constant, m-s™"
r= particle radius of limestone powder, m
SR = stoichiometric ratio of limestone to SO, (SR f=17)
e= calculation operator given in € =1—1/5R
7= S0, conversion
6= reaction time, s
p=molal density of limestone, mol-m~>

3

In the aggregated particle reaction systems, the magnitude
of mass transfer per unit surface area may vary among indi-
vidual primary particles. To simplify the calculation of the
magnitude of mass transfer in the aggregated particle system,
primary particles are divided into two groups: primary parti-
cles exposed on the surface of the aggregate and primary par-
ticles incorporated into the aggregate. The latter includes the
inside-facing plane of the primary particles constituting the
superficial layers of aggregates. For each of these two groups
of primary particles, the author calculates the apparent
mass-transfer coefficient in the gas layer and the overall reac-
tion rate equation. A weighted average of these overall reac-
tion rate equations is then obtained as an overall reaction
rate equation for the aggregated particle reaction system.

The mass transfer toward the primary particles constituting
the aggregate occurs through the surface of the aggregate.
Since the surface area of the primary particles constituting an
aggregate is greater than the external surface area of the ag-
gregate, the mass transfer toward the surface of the primary
particles constituting an aggregate is restricted, as described
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in the previous section. This means that since the diffusional
flux toward the surface of primary particles within an aggre-
gate is equal to the diffusional flux toward the surface of the
aggregate, the diffusional flux per unit surface area of pri-
mary particles constituting an aggregate decreases, depend-
ing on the ratio of aggregate’s surface area to the primary
particles’ surface area.

The magnitude of the decrease in the diffusional flux per
unit surface area of primary particles can be obtained from
calculations based on the primary particle surface area, the
external surface area of an aggregate, and Egs. 1 and 2.

The magnitude of the decrease on the surface of an aggre-
gate can be obtained as follows: (The packing area on the
aggregate’s surface)/A(The primary particle’s external surface
area exposed on the aggregate’s surface)

47RB 1
4wr*-1/2n,  2(1-r/R)’

(C))

The magnitude of the decrease inside an aggregate can be
obtained as follows: (The void area on the aggregate’s sur-
face)AThe primary particle’s external surface area incorpo-
rated into the aggregate’s inner part)

47R*(1- B) (1-g)/R)

- - 10
4mr¥(n—1/2n;) a—2B(r/R)(l—r/R)2 a0

In other words, it may be said that aggregation of primary
particles leads to apparent reduction in the mass-transfer co-
efficient by these degrees. The apparent mass-transfer coeffi-
cient in the gas layer of aggregate constituting primary parti-
cles can be therefore expressed as follows.

The coefficient on the aggregate surface:

1
kK, = ———— K (11
fo 2(1 _ I’/R)z f

The coefficient inside the aggregate:

B (1-)/R) ]
a —28(r/R)(1-r/R)

!

fi

K; (12)

In aerosol reaction systems, the relative linear velocity be-
tween gas and particles is approximately equal to zero. For
this reason, the gas layer is adequately thick. If the distance
between two neighboring particles in such systems is denoted
by L, the actual thickness of the gas layer can be expressed
as L/2, and the mass-transfer coefficient in the gas layer of
aerosols can be expressed by Eqgs. 13 and 14. How these
equations were deduced is shown in Appendix A:

D

m

D

k,=——= = - (for single particle i 0sol)
= TAs2h p (for single particle in aer

(13)

Dm Dm .
= —— (for aggregate in aerosol) (14)

Kf:R(l—ZR/L) "R
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Overall reaction rate equations for individual particles can
be obtained from Eqs. 11 and 12 (equations pertaining to the
mass-transfer coefficient in gas layer) and Eq. 8. If these
equations are subjected to weighted averaging, an overall re-
action rate equation for an aggregate system can be obtained,
as shown below:

De povp Do) Lom
—— + <+ ——  ——
Keor P72 T ker P2

D, D,
+|——F,+F,+ —F,
kv

k}l- r

D, (C;,—C;)D,"0
= AF + Fy+ =S Fy=—1——o—— = F, (15)

2
o per

where A is expressed by Eq. 16 (taking into account Eq. 14):

2l 5] o

where F;, F,, and F; correspond to Eqgs. 3 through 7. If the
A in Eq. 15 is deemed as being equal to D,/D,,, an overall
reaction rate equation for an aerosol system composed of pri-
mary particles can be obtained.

Rate-controlling step and the equivalent radius to
reaction in aggregated particle reaction systems

The author has previously demonstrated that the diffusion
processes within the layer of reaction products are the rate-
controlling step for aerosols composed of primary particles
(Kobayashi, 1993).

As the particle size decreases and aggregation progresses,
the mass transfer toward the interior of the aggregate is re-
stricted. As a result, resistance against diffusion within the
aggregate appears to be predominant, and the aggregate be-
gins to behave as if it were a single particle (a primary parti-
cle). However, since the aggregate has large voids within it, it
is more reactive than a single particle (primary particle) of
the same geometrical particle size. Here, the author assumes
an imaginary primary particle that is as reactive as an aggre-
gate with a radius of R. The radius of this particle is defined
as the equivalent radius to reaction (R’). Discussion of the
imaginary primary particles follows.

The overall reaction rate equation for primary particles (Eq.
8) is modified for R’ to yield Eq. §':

D (C; —C.)D, 9
—=F+F,+ L fcz =F (&)
Dm p;Ri

[4
F.=
kc‘ R 3

where p’ denotes the molal density of the aggregate. From
Eqgs. 8 and 15, an equation expressing the reaction-equiv-
alent particle radius ratio (R'/r) can be obtained. Since p’/p
corresponds to the packing fraction in volume (a), the R'/r
can be expressed by Eq. 17:
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This equation indicates the relationship of the lime conver-
sion (f) and the degree of aggregation (R/r) with the reac-
tion-equivalent particle radius ratio (R'/r). Since R/r is a
function of f, the R'/r value at a given f should be evaluated
as a mean of 0 through f expressed by Eq. 18:

(Ryry= /P ['Ryr) df (18)
]

Here, R/r is called the effective reaction-equivalent radius
ratio, and R’ is called the effective reaction-equivalent ra-
dius. The order of magnitude of these three values is R/r >
R'/r > R'/r (cf. Figure 7).

If Eq. 15 is normalized by dividing it by F,, Eq. 19 can be
obtained:
D e F 3

—=1 (19)

Fl F2
k.or F,

+
FO FO

The first term of this equation indicates the contribution of
the diffusion processes in the gas layer. The second term in-
dicates the contribution of the diffusion processes in the layer
of reaction products. The third indicates the contribution of
chemical reaction processes.

Theoretical equations for the acid gas concentration
exponent in aerosol systems composed of aggregated
lime particles

The influence of acid gas concentrations on the lime con-
version in aerosol systems composed of primary particles of
lime has already been described elsewhere by the author
(Kobayashi, 1993). This section will describe this influence in
acrosol systems composed of aggregated particles.

If equilibrium gas concentration (Cy,), which is very low
under ordinary reaction conditions, is ignored, the contribu-
tion of acid gas concentrations to lime conversion is given by

f=g1[Cf0]m‘ (20)

where g, is a proportional constant. If m; is defined as the
acid gas concentration exponent, it can be expressed by

_dinf  C, df
™MTdme,  f dc,

(@A)

where m; can be obtained by calculating df/dC;, using Eq.
15.

When SR =1 and R/r (degree of aggregation) =1, Eq. 22
is obtained, since A4 (in Eq. 15) = D,/D,

. _Fy 3-1)
Y f -+ DyD, -1+ D,k )1 )P
(22)
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When the SR is equal to 1 but the R/r is larger than 1, Eq.
23 is obtained.

_fg_ 31— 1)
f a-p""+4-1+D,fk r)A-F7

(23)

m,

Theoretical equations for the particle radius exponent in
aerosol systems composed of aggregated lime particles

The influence of particle sizes on the lime conversion in
aerosol systems composed of primary particles of lime has
already been described by the author (Kobayashi, 1993). This
section will describe this influence in aerosol systems com-
posed of aggregated particles.

The contribution of particle sizes to lime conversion is

177
f=82[":|
,

where g, is a proportional constant. If m, is defined as the
particle radius exponent, it is given by Eq. 25.

(24)

(25)

This exponent can also be expressed by Eq. 26, considering
the relationship of this exponent with the acid gas concentra-
tion exponent given in Eq. 21.

r dcy
o [} m,
Cfo dr

(26)

my =

where m, can be obtained by calculating dC;, /dr using Eq.
15 as follows:

27N

Equation 27 is the basic equation for m,.
When SR =1 and R/r =1, the following relationship is ob-
tained, because the A is equal to D,/D, :

my,=—12 == lm,

B kC. r FO
When SR=1 but R/r >1, Eq. 27 can be converted into
Eg. 29 by calculating dA4/dr using Eq. 16:

(28)

D, F, D, F, 1
my=— 2— — 4+  —_—
k.r F, D, F, B—-1

(02 l)
-(1—(%)2)(9}}% (29)

VYol. 41, No. 12 AICHE Journal



T T 1117
N

Symbol  Sorbent
—=— ordinary limestone
@ Ishige
® Tohjo(cf Fig6)
Atetsu
@ Johbon

ie
Akasaka
Hikawa
--0--® dolomite
r --a-®@ coral reet

L6
=

fimestone
| --0--@ hydrated lime
109 Lo b1 o11nay 1 1T 11711
| 5 10 5 100
dso (#m)

Figure 4. Relationship between mean particle diameter
(ds,) and effective diffusivity in reaction prod-
uct layer (D,) calculated from experimental
data.

Designation of D, D,,, and k. Values for Simula-
tion in Theoretical Equations

Calculation of the D, value from the experimental data
and designation of the D, value

The D, value is estimated by analyzing the data concern-
ing SO, removal using aerosols of limestone powder, re-
ported by Ishihara et al. (1968, 1975) and Ishihara and
Hukuzawa (1970). The author calculated the D, value by ap-
plying their experimental data to Eq. 4. Figure 4 shows the
results of this calculation. Table 1 shows the chemical com-
position of the sorbents used for SO, removal in that experi-
ment. The reaction time was set at 3 s in this calculation.

Although the D, value is expected to be a physical prop-
erty and hence theoretically to be independent of particle
size, a correlation was noted in the actual fact between this
D, value calculated by the preceding method and the particle
size as shown in Figure 4. This is probably due to the influ-
ence of aggregation. If the particle size becomes too large to
allow aggregation, the D, value must reach the original level
of this physical property.

Of the limestones produced in various mines in Japan, the
limestones from Ishige, Atetsu, Johban, Mie, and Akasaka
are approximately on a single curve, indicating the relation-
ship between the D, value and the mean particle diameter
(dsy). The curve for Hikawa’s limestone is shifted upwards
from this curve, although it has the same gradient as that for
the limestones from the just mentioned mines. The curve for
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Table 1. Chemical Composition of Various Sorbents for SO,
Removal

Chemical Composition (%)

M.inix}g MgO/CaO
District CaO MgO Fe,0; SiO; Al,0; (Molal Ratio)
Ordinary limestone
Ishige 5555 00 0.03 008 027 0.00
Tohjo 5510 065 002 014 0.03 0.017
Atetsu 53.70 091 042 026 0.12 0.024
Johban 5433 1.17 0.08 044 0.16 0.030
Mie 5320 137 063 034 032 0.036
Akasaka 5145 182 058 0.60 0.28 0.050
Hikawa 50.00 5.69 053 400 148 0.159
Dolomite
Kuzuu 37.05 1590 028 140 0.68 0.601
Coral reef limestone
Tokunoshima 51.80 1.81 028 134 0.18 0.049
Tokunoshima 49.50 0.00 040 7.12 145 0.00
Hydrated lime
Kuzuu 6829 282 013 264 039 0.049

Kuzuu’s dolomite is an even further upwards shifted curve
from that of Hikawa’s limestone.

Of the components of the sorbents used for SO, removal,
Fe,0,, and MgO seem to promote desulfurizing reactions.
Fe,O, accelerates the conversion of SO, to $O,, which fa-
vorably affects the desulfurizing reactions at lower tempera-
tures and prolongs the effective reaction time. MgO, which is
not reactive with SO, seems to indirectly enhance the desul-
furizing reactions by suppressing obstruction of micropores.

The percentage of the sorbents (limestone or dolomite) oc-
cupied by Fe, 0, did not differ greatly among different mines
(0.53% for Hikawa’s limestone, 0.28% for Kuzuu’s dolomite,
and 0.03-0.63% for other mines’ limestones). The percentage
occupied by MgO was 5.7% for Hikawa’s limestone and 15.9%
for Kuzuu’s dolomite, but it was lower (0-1.8%) for other
mines’ limestones. The D, value went from highest to lowest
in the following order: Kuzuu > Hikawa > Ishige, Atetsu,
Johban, Mie, and Akasaka. This order was identical with the
order of the MgO percentage (or the MgO/CaO ratio).
Therefore, the high D, value for Hikawa’s limestone seems
to be attributable to MgO.

Figure 4 also shows the D, values when high-rate disper-
sion nozzles (cf. Figure 6) were used. As noted in this figure,
the D, values using the high-rate nozzle were considerably
higher than the values using an ordinary nozzle and the gra-
dient of the curve was smaller, when the particle size was
below 10um. When the particle size was over 30~50 pm, the
D, value tended to converge at about 1077 m*-s~", similar
to the tendency shown by Ishige’s, Atetsu’s, Johban’s, Mie¢’s
and Akasaka’s limestones injected using ordinary nozzle.

The finding that the D, value converged at 1077 m?-s™
when ds, was over 30-50 wm is probably explained by the
low content of Fe,O, and MgO in the Tohjo’s limestone (used
in this experiment), similar to Ishige’s, Atetsu’s, Johban’s,
Mie’s, and Akasaka’s limestones. The finding that the D,
value of particles smaller than 10 wm was higher for Tohjo’s
limestone than for Ishige’s and other mines’ limestones can
be interpreted as clearly indicating the dispersing effect of
the high-rate nozzle. That is, the gradient of the curve indi-
cating the relationship between D, value and ds, represents
the dispersing efficiency of the nozzle. The smaller the gradi-

1
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ent, the higher the dispersing efficiency. Furthermore, the
magnitude of the converged D, value for dsy — is deter-
mined by the chemical composition and porosity of the sor-
bent. Therefore on the basis of the data shown in Figure 4, it
seems reasonable to regard the true D, value of ordinary
limestone, which does not contain much MgO or Fe,0O;, as
1.0x1077 m2-s™.

To analyze this issue from another viewpoint, the author
calculated the micropore size by applying this D, value to
the Knudsen’s diffusion equation, shown below:

D, = 3.067a(T/M)"* (30)

When the D, value equals 1.0X 1077 m*-s~', a was equal to
23X10° 1(’m Therefore, the micropore size was 4.6 A.

The superficial CaSO, layer of the sorbents used for SO,
removal is formed by the following steps:

CaCO, — CaO — CaSO,

Considering that the weight of the sorbents has increased by
36% at the end of these steps, without being accompanied by
a correspondmg increase in the volume of the sorbents, the
micropore size may be estimated at about 1 A When com-
pared with this value, the micropore size (4.6 A) mentioned
earlier appears to be somewhat large, but still to be within a
reasonable range. Therefore, in subsequent simulations, the
D, value was set at 107 m?-s~ 1.

The D, value of Tokunoshima’s limestone (a coral reef),
which is well known to be highly porous, was 910 times that
of ordinary limestone. This seems to reflect the porous na-
ture of Tokunoshima’s limestone. The specific surface area of
the limestones used for this experiment was as follows:
Tokunoshima limestone, 5.6-6.8 m?/g; Mie limestone, 1.1
m%/g; Johban limestone, 2.0 m/g. The D, value of the slaked
lime was close to that of Hikawa’s limestone.

Designation of the value of D,

Using the equation of Gilliland (1934), the author calcu-
lated the molecular diffusivity (D,,) of SO, in gas burned at
1,000°C. This calculation yielded a D,, value of 0.952x 1074
m?-s~ ', In subsequent simulations, therefore, the D,, value
was set at 1.0 X 10 ™% m?-5s 1.

Designation of the value of k,

In analyses of the reaction rates using Thiele’s modulus,
Ishihara et al. inferred that the diffusive resistance in the
reaction product layer would be equal to the chemical reac-
tion resistance in the initial reaction phases of limestone
powder of a size between about 5 and 20 microns (Ishihara et
al., 1975; Ishihara and Hukuzawa, 1970, 1975a,b).

Furthermore, if the linear segment (including its origin of
the coordinates) of the f vs. 6 curve in Ishihara’s article is
regarded as representing the initial phases of the reaction,
the lime conversion in the initial phases (f) is estimated to
be less than 0.025-0.0S. Bearing these reports in mind, the
author estimated the value of k. (chemical reaction rate con-
stant) in the following steps. Considering that the resistance
during chemical reaction processes is equal to that during
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diffusion within the layers of reaction products when (ds,) is
equal to 10 pm and f is equal to 0.025, the second term of
the left side of Eq. 19 is equal to the third term of the same.
Thus Eq. 31 is obtained:

k.= (31)

(4

D,
r

I

ta

Substitution of 10" 'm?-s™! for D,, 5.0x107% m for r, 3.57
X1073 for F,, and 8.51x 107> for F; yields a k, value of
4,77 m-s~'. Therefore, the K, value was set at 5.0 m+s~ .

Experimental Validation of the Reaction Theory of
Aggregated Particle Systems

Aerosol reaction experiments by using an ordinary
injection nozzle

Ishihara et al. (1967, 1975) carried out some aerosol reac-
tion experiments with varying particles sizes of limestone, and
reported some experimental data concerning the relationship
between the mean particle diameter (ds,) and the lime con-
version (f). Using their data, the author tested the validity of
the theory presented in this article.

According to the present theory, the relationship between
the mean particle diameter (ds,) and the degree of aggrega-
tion (R/r) at two experimental points in an aerosol can be
calculated from the experimental data concerning the rela-
tionship between ds, and f at these two points, where only
the particle sizes differ from each other and the experimental
conditions (SO, concentration, reaction time, stoichiometric
ratio, reaction temperature, kind of sorbent, and injection
method) are the same. The calculation includes the following
steps:

(1) By applying the experimental data concerning the rela-
tionship between lime conversion (f) and particle radius (r)
at the two points to Eq. 24, m, is calculated. This is denoted
as m,

(2) By applying the experimental values of f and r and an
assumed value of R/r to Eq. 29, a value of m, for each ex-
perimental point is obtained. Subsequently, the m, values for
the two points are averaged to yield m,

(3) By applying the experimental value of f and r to Eq.
28, a value of m, for each experimental point is obtained for
a state where primary particles are assumed. The values of
m, for the two points are then averaged to yield m, 3.

(4) By applying experimental values of f and r and an as-
sumed value of R/r to Eqs. 17 and 18, a value of R’ is calcu-
lated. Subsequently, m, for imaginary primary particles is
obtained from the (f, R') values for the two points, using the
method described in step 1. The thus-obtained value is de-
noted as m, (4).

(5) The m, @ and m, @ indicate the m, value for the
aggregate state, while the m, @ and my @ are the m,
values for the assumed primary particle state. In order to
maintain the self-consistency of the present theory during the
calculation of the m, values, the two m, values within each
pair (one for the aggregate state and the other for the pri-
mary particle state) must be equal to each other. Therefore,
through calculation of the m, %@ value and the m, @ value
under the conditions where m, @ = m, D and my, @ =m,
@ the two assumed R/r values at the two experimental
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points are simultaneously determined. For the calculation of
Egs. 17, 18, 28, and 29, the physicochemical constants desig-
nated in the previous section (D, =10"" m?-s~!, D, =10~*
m?*s™! and k,=5m-s~ ') were used.

An example of these S steps of the caiculation will be shown
below.

According to the experimental data shown in Figure 6, the
value of 0 (= f) at an SR of 1 is 0.42 when ds, =1 pm and
0.25 when dy; =1 pm. From the experimental data at these
two points, the degree of aggregation at a ds, of 1 and Sum
can be calculated as follows. First, m, @ and m, @ are
obtained using steps 1 and 3.

log 0.25/0.42
log 5/1

o —lo
m2®=_ gf2 gfl -
logr, —logr,

=0.322
0.7181+0.8516

my, ®=——-"—=0.781

2

Then, through repeated trial and error, a value of R/r at
ds,=1 pm and its value at dyy=35 wm, which satisfy both
m, @ 0.322 and m, (@ = 0.781, can be determined.

When R/r is 10.7 at a ds, of 1 um, m, is calculated as
0.015 using Eq. 29, and E’/r and R’ are calculated as 5.28
and as 2.64 um, respectively, using Egs. 17 and 18.

When R/r is 32 at a ds, of 5 um, m, is calculated as
0.620 using Eq. 29, and R'/r and R’ are calculated as 1.98
and 4.96 um, respectively, using Eqgs. 17 and 18.

Then, the following values can be obtained.

0.015+0.620
m, @ = ——5—— = 0318
—log 0.25/0.42
m, @ = —loe0BA _ 070
log 4.96/2.55

When the accuracy of the calculation of the R/r value was
expressed as a standard deviation (o) of the subtraction of
the m, @ /m, @ and m, @, my @ from 1, o was equal
to 0.009.

Therefore, the degree of aggregation (R/r) is estimated at
10.7 when dsy =1 pum and at 3.2 when ds; =5 pm.

Figure 5 shows the relationship between ds, and R/r cal-
culated for the hexagonal closest packing and the random
packing, by applying Ishihara et al.’s experimental data to the
previously mentioned five steps of calculation. Every o value
calculated for these R/r values was 0.059 or less. Thus, the
calculation was satisfactorily accurate.

Usually, powders change their physical properties greatly
as their size exceeds or becomes smaller than 5 um. As pow-
ders become smaller than 2-3 wm, their attraction force is
said to increase sharply.

Takada and Fukushima (1977) studied the relationship be-
tween the physical properties of talc powders and their parti-
cle sizes, and reported a relationship similar to the one ob-
served between dg, and the degree of aggregation in the
present study (Figure 5). This finding of Takada and
Fukushima endorses the validity of the present theoretical
equations. In an aerosol system produced by an ordinary
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Figure 5. R_e_lationship between mean particle diameter
(d5,) and degree of aggregation (R/r) calcu-
lated from experimental data concerning ef-
fect of particle size on aerosol SO, removal.

method of injection, it is generally thought that the degree of
aggregation (R/r) is smaller than 20-30 at a ds, value of 2-3
um, and is approximately equal to 1 when ds, is larger than
40-50 wm. In the case of random packing, however, the R/»
values calculated tend to be higher than their ordinary values
and vary greatly among different experiments. This tendency
is more marked when the mean particle diameter (ds,) and
the packing fractions (@ and B), as described in the first
section, decrease. Also in the case of the hexagonal closest
packing, the R/r value was between 2 and 3 at a ds, of 40-50
pm, somewhat higher than the just-mentioned R/r value
close to 1. This phenomenon may be interpreted as indicat-

1.0

08

Q6

7 [-]

04

02 SO)( : 750ppm

T2 3 4 5
SR [~
Figure 6. Experimental data by using high rate disper-

sion nozzle concerning effect of particle size
on SO, removal.
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ing that the packing fractions become higher than those for
the hexagonal closest packing model, since finer particles fill
the spaces within the closest packing structure.

Aerosol reaction experiment by using a high-rate
dispersion nozzle

Miura and Ogino (1985) used a high-rate dispersion nozzle
to facilitate the dispersion of limestone powder, when they
carried out some desulfurizing experiments that involved the
injection of the fine limestone powder into furnaces. The
nozzle they used was manufactured on the basis of the study
carried out by Suganuma and Yamamoto (1983). The nozzle
is an orifice-type nozzle, 6 mm in diameter and with 8 holes.
Through this nozzle, air filled with dust at a concentration of
100 g-m~* was squirted at a high rate (about 200 m-s™1).

Figure 6 shows the data of the experiments in which Tohjo’s
limestone powder with 3 particle sizes (dsy=1, 5, and 12.1
um) were squirted into combustion gas that was 750 ppm in
SO, concentration, about 1,100°C at temperature and about
1,500 Nm>-h~1! in gas capacity.

Figure 5 shows the results of the calculation on the basis of
the experimental data shown in Figure 6, using the method
described in the previous section. The standard deviation (o),
indicating the accuracy of calculation mentioned in that sec-
tion, was always below 0.026. When the analytical results for
the ordinary injection nozzle of Ishihara et al. are compared
with the analytical results for the high-rate dispersion nozzle
(Figures 4 and 6), the degree of aggregation for the high-rate
dispersion nozzle is smaller than that for the ordinary nozzle,
endorsing the efficacy of the high-rate dispersion nozzle. This
result demonstrates that the efficiency of SO, removal can be
elevated by modifying the injection nozzle. Complete disper-
sion of the powder was not achieved in any of these analyses
as shown in Figures 4 and 5. This does not represent a defect
of the present theory or the analytical method. Instead, it can
be attributed to the large difference in the concentration of
the powder loaded on the dispersion nozzle between the
present experiment (about 100 g-m~>) and the experiment
carried out by Suganuma and Yamamoto in 1983 (below 10
g-m™?), That is, the orifice-type nozzle, whose powder load-
ing capacity is relatively small, did not allow adequate disper-
sion of powder.

Stationary reaction experiment by using a thermobalance

Hasatani et al. {(1982) studied the reactivity of limestone of
varying particle sizes (5 um) with SO,, by means of a ther-
mobalance experiment using 10-15-mg samples. They found
that (1) the chronological weight changes suggested the pre-
dominance of chemical reactions processes; (2) the activation
energy, as estimated from the temperature dependency of
weight changes, was 27 kJ/mol; and (3) 450 s were required
to obtain a lime conversion (f) of 0.12 when the SO, concen-
tration was 3,700 ppm. The activation energy of 27 kJ/mol is
a reasonable value, if diffusion rather than chemical reac-
tions is controlling. Furthermore, in the aerosol reaction ex-
periments, carried out by Ishihara et al. (1968, 1970, 1975),
using 10-um limestone powder in the presence of 2,390 ppm
SO,, an f value of 0.12 was obtained in 0.2-0.3 s, which
differs by three or more orders of magnitude from the reac-
tion time of 450 s reported by Hasatani et al.
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Table 2. Contributions of Controlling Steps and R'/r Value
Estimated Based on the Random Packing Model and on the
Data from the Thermobalance Experiment of Hasatani et al.

‘750 AF,/Fy F,/Fy (D,/k . r)F3/F, _
(pm) « B RF (%) (%) (%) Ry
5 020 0.42 6557 998 0.2 0.01 112
58 035 0.55 469 830 17.0 0.01 8.8

Based on these results, it may be said that the reaction
experiments using a thermobalance are controlled by the ap-
parent gas layer diffusion due to aggregation, rather than by
chemical reactions, as suggested by Hasatani et al.

To test the validity of this view, the author calculated the
R'/r values and the percent contribution of each process, by
applying the experimental data, obtained at ds; = 5 um or 58
pm to Egs. 17, 18, and 19, thereby regarding the 10-mg ther-
mobalance sample as a randomly packed aggregate. This cal-
culation was done under the conditions where D, =10"" m?-
s7h D,=10"*% m?-s7™!; k =5m-s”'; f=0.9; and SR=
0.001 (great excess of SO, = stationary reaction). Packing
fractions (a and B) were determined as shown in Figures 2
and 3. The R/r value was calculated from the number () of
particles constituting 10-mg powder and from Eq. 1. The re-
sults are shown in Table 2.

The calculation reveals that 5-um particles behave as a
single particle of the size of 560 um (=112X5 um) in this
reaction system. This means that the apparent gas layer dif-
fusion (diffusion within the aggregate) process completely
controls the reaction. Also in the reaction system of 58-um
particles, the particles behave like a single particle of the size
of 510 wm (= 8.8X 58 pm), indicating that the apparent gas
layer diffusion (diffusion within the aggregate) process con-
trols 86% of the reaction.

These results of the calculation agree with the view that
thermobalance reaction systems are controlled by the gas
layer diffusion due to aggregation, rather than by chemical
reactions.

Simulation Using the Theoretical Equations

To represent in concrete terms the concepts deduced in
the first section (concepts of the reaction-equivalent radius,
the effective reaction-equivalent radius, the acid gas concen-
tration exponent, and the particle radius exponent), the au-
thor carried out a simulation of the behavior of 1-um parti-
cles, using the hexagonal closest packing model whose valid-
ity was demonstrated in the third section, and using physico-
chemical constants in the second section (D, =107 m?-s~,
D, =10"% m*-s™', and k,=5 m-s™!). Figure 7 shows the
results of the calculations, using Egs. 17 and 18.

In early phases of reactions, the layer of reaction products
is not thick and the resistance to diffusion within the reaction
product layer is small, resulting in a relatively larger resis-
tance to diffusion in the apparent gas layer (diffusion within
the aggregate). For this reason, the aggregate’s R'/r is close
to R/r in the early phases of reactions, but it becomes smaller
than R/r in advanced phases of reactions. At an ordinary
lime conversion (approximately equal to 0.2), the R'/r is ap-
proximately 40-45% of the R/r, and the R/r is approxi-
mately 50~70% of the R/r. These results indicate that the
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Figure 7. Simulation of relationship among effective re-
action-equivalent radius ratio (R'/r),
reaction-equivalent radius ratio (R'/r), degree
of aggregate (R/r), and lime conversion (f) in
aggregate reaction system.

aggregate is more reactive than the primary particles of the
same size.

Figure 8 shows the results of calculations using Eqgs. 22 and
23. Figure 9 shows the results of calculations using Eqgs. 28
and 29. As is noticeable in these figures, the m, value in-
creased as the degree of aggregation became higher, while
the m, value decreased sharply as aggregation became more
intense. The tendency for the m, value to decrease sharply
following intensification of aggregation provides a good ex-
planation of the phenomenon that the particle-size depend-
ency (m, value) is low during dry flue-gas desulfurization.

Conclusion

Using the theoretical equations concerning powder/gas re-
action, based on the particle packing models, the author car-
ried out some analyses and simulations by applying experi-
mental data to these equations. The following results were
obtained:

(1) The curves indicating the relationship between the
mean particle size (ds,) and the degree of aggregation (R/r)
and that between (ds,) and the effective diffusivity in reac-
“tion product layer (D,), as determined from the analyses of
the data concerning the effects of particle sizes in aerosol
reactions, agreed well with the aggregating characteristics of
powders. This finding endorses the validity of the theory pre-
sented.

(2) When the effects of particle sizes on aerosol reactions
were examined, using two packing models (hexagonal closest
packing and random packing), the hexagonal closest packing
model was found to represent the aggregation characteristics
of aerosols more faithfully.

(3) The use of a high-rate dispersion nozzle was found to
reduce the degree of aggregation in the aerosol and conse-
quently to elevate the reaction efficiency.

(4) The thermobalance experiment of the reactions be-
tween 10 mg of limestone powder and SO,, revealed that the
percent contribution of gas layer diffusion (diffusion within
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Figure 8. Simulation of relationship among SO, gas
concentration exponent (m,), lime conversion
(f), and degree of aggregate (R/r).

the aggregate) to the overall reaction rate equation was esti-
mated to be 99.8% for 5-um limestone powder and 83.0%
for 58-um limestone powder. It is suggested that bulk lime-
stone powder behaves as if it were a giant primary particle of
a size equivalent to 560 pm (in the case of S-um powder)
and 510 pm (in the case of 58-pm powder.

(5) Graphic representation of the relationships among
R/r (degree of aggregation), R'/r (reaction-equivalent radius
ratio), and R'/r (effective reaction-equivalent radius ratio)
revealed that the order of magnitude of these three values
was R/r > R'/r> R'/r and that the aggregate was consider-
ably more reactive than the primary particies of the same
size.

De=107ms! | ]

Calculation | D= 10T *Bs™! 8
bosis ke = 5 m-s d
d=pm b

a=074,8=09

Figure 9. Simulation of relationships among particle ra-
dius exponent (m,), degree of aggregate (R/
r), and line conversion (f).
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(6) Graphic representation of the relationship between
the m, value (particle-size exponent) and R/r (degree of ag-
gregation) revealed that the particle-size dependency of the
lime conversion decreased sharply as the degree of aggrega-
tion became higher.
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Notation

a = micropore radius of intraparticle, m
C, =concentration of gas at external surface, mol-m™
C; = concentration of gas in bulk phase, mol-m™?
d =particle diameter, m
F =dimensionless resistance of reaction steps
F, =overall
F, =gas layer diffusion controlling
F, =reaction product layer diffusion controlling
F; =chemical reaction controlling
K, =mass-transfer coefficient in gas layer of aggregate, m-s™
kg =mass-t1ransfer coefficient in gas layer of primary particle,
m-s
k} =apparent mass-transfer coefficient in gas layer of primary
particles within aggregate, m-s™!
kY, =surface of aggregate
kj =intraaggregate
M =molecular weight, kg-mol ™!
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Appendix A: Mass-Transfer Coefficient in the Gas
Layer of Particles in an Aerosol

Assuming a quasi-steady state in which the particle radius
is denoted as R, the radius of the particle-occupied space as
L/2, and the distance from the particle center as x, the gas
transfer rate from the particle-occupied space to the particle
surface can be expressed by Eq. Al.

dc
4”X2D'"Z)F =4nR*%(C,~C) (A1)

Integrating the left side of Eq. Al from the margin of the

particle-occupied space (x = L/2, C = C;) through the parti-
cle surface (x = R, C =C,), Eq. A2 can be obtained:

Left side of Eq. Al=4#D, -

- m '(Cf -C,) (A2)

From Eqgs. Al to A3 can be obtained:

D

m

k= R(—2R/L) (A3)
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