Influence of Time on Crystal Attrition in a
Stirred Vessel

B. Mazzarotta, S. Di Cave, and G. Bonifazi
Dept. of Chemical Engineering, University of Rome “La Sapienza,” I-00184, Rome, Italy

Attrition is the unwanted breakdown of particles within a
process, mainly as a consequence of collisions with other par-
ticles or parts of the equipment. The relevant mechanisms
are abrasion, defined as the removal of material much smaller
than the particle, and shatter (or fragmentation or breakage),
defined as the splitting of a particle into smaller parts (Bem-
rose and Bridgwater, 1987). Abrasion requires lower impact
energy (Kelly and Spottiswood, 1982), and is recognized to
prevail in crystal suspensions (see, for example, Nienow and
Conti, 1978; Conti and Nienow, 1980; and Mazzarotta, 1992).

A useful perspective on crystal attrition is found in the
works of Fasoli and Conti (1973), Chianese et al. (1986), Ayazi
Shamlou et al. (1990), Synowiec et al. (1993), and Gahn and
Mersmann (1995). However, no generally accepted method
for quantifying attrition has been assessed, although a num-
ber of attrition rates have been defined, such as the number
of abrasion fragments produced per abrading particle (Fasoli
and Conti, 1973; Nienow and Conti, 1978; Synowiec et al.,
1993), the mass-abrasion rate of the fragments (Chianese et
al., 1986), and the initial rate of fragment generation (Ayazi-
Shamlou et al., 1990).

In fact, crystal attrition does not simply generate large
amounts of small fragments, but affects the size distribution
and the morphology of all the crystals, The breakage func-
tions commonly adopted to describe the product of com-
minution events (Kelly and Spottiswood, 1982) give unsatis-
factory results when applied to crystal attrition, since abra-
sion fracture, which originates a bimodal size distribution,
predominates. Encouraging results were obtained using a
model combining abrasion and shatter fracture (Mazzarotta,
1992, 1993), although the number of parameters increased.

On the other hand, the information concerning the mor-
phology of the product of crystal attrition appears limited to
qualitative remarks about photographs of the large abraded
crystals and of the fine fragments (Fasoli and Conti, 1973;
Conti and Nienow, 1980).

The objective of the present work is to investigate the ef-
fect of time on crystal attrition by carefully examining how
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the size distribution and the morphology of the fragments,
generated by attrition of large regular crystals, evolve with
time.

Experimental Technique

The sieve fraction 1.18-1.4 mm of regularly shaped com-
mercial sugar crystals was used for the experiments. The crys-
tals were dispersed into a mixture of xylenes, nonsolvent for
sugar, in order to avoid any crystallization or dissolution phe-
nomena during the run.

The experimental vessel was cylindrical (ID, 140 mm;
height, 350 mm) with a conical bottom (height, 150 mm) and
four radial baffles, 15 mm wide, which follow the vessel pro-
file, allowing 1 mm clearance from the walls. Stirring was
supplied by a 70 mm marine propeller, rotating 85 mm above
the apex of the cone and the rotating speed was set at 18,33
RPS, based upon the criterion that no crystal remained on
the bottom for longer than 1-2 s.

The density of the suspension was 100 kg/m>, which corre-
sponds to a reasonable value for a crystallizer, obtained by
mixing 300 g of crystals and 3 L of xylene. After stirring for
the required period of time, the suspension was discharged
and filtered under a vacuum using a Whatman N.3 filter. The
experiments were carried out at ambient temperature (18—
22°C). No appreciable temperature buildup occurred during
the runs.

The recovered crystals were dried in the hood at ambient
temperature for one day and then sieved, using ASTM sieves,
100 mm in diameter, down to 0.3 mm. The fractions, ob-
tained after 20 min of shaking, were placed into separated air
tight bags. Preliminary tests showed that sieving did not pro-
duce any appreciable change in the size distribution. The
amount of product lost during discharge, filtering and sieving
operations was less than 0.5%.

The size distribution of the material below 0.3 mm was
determined, down to 5.8 um, using a laser light diffraction
granulometer (Malvern 3600). The measurements were taken
under agitation at 3-5 min intervals, until a good repro-
ducibility was achieved: this required up to 1 h for agglomer-
ated fragments. However, due to the very low suspension
density (< 0.02 vol. %), such prolonged stirring did not ap-

AIChE Journal



Table 1. Operating Conditions of Attrition Runs and Values of the Parameters of the Model Interpolated as Functions of the

Time
Time L, L,
Run (min) (pm) (mm) Viines k, ng
1 1 14.1 0.776 0.00012 0.0019 0.974
2 5 17.2 0.823 0.00018 0.0027 0.711
3 10 18.7 0.870 0.00064 0.0037 0.597
4 20 20.3 0.935 0.00284 0.0060 0.484
5 30 21.3 0.973 0.00614 0.0088 0.417
6 45 22.4 1.005 0.0121 0.0144 0.351
7 60 232 1.020 0.0185 0.0223 0.304
8 90 243 1.030 0.0316 0.0063 15
9 120 25.2 1.032 0.0442 0.0063 1.5
10 180 26.5 1.033 0.0673 0.0063 15
11 240 274 1.033 0.0875 0.0063 15
12 360 28.8 1.033 0.121 0.0063 15
13 480 30.6 1.033 0.149 0.0063 1.5

preciably modify the original size distribution. The morphoi-
ogy of the original crystals and sieve fractions obtained from
each run was studied by image analysis. Particle images, con-
taining 4-18 fragments, were acquired using a Leica Wild M2
stereomicroscope connected to a video camera (I2S IEC 800
CO) and were digitized using a frame grabber (Matrox MPV
AT) on a personal computer. Four images were taken from
each sieve fraction to achieve statistical significance.

Results

A total of 13 attrition experiments, ranging from 1 min to 8
h, were carried out, Table 1. Three of the runs were dupli-
cated: the reproducibility was good, both in terms of size dis-
tribution and of morphological parameters.

The overall amount of fragments (i.e., of particles falling
below the original size range), Ysragments» iS plotted vs. time ¢
in Figure 1. The crystals undergo copious and almost instan-
taneous attrition as soon as stirring starts: after 1 min the
fragments are more than 19%. This quantity remains practi-
cally constant during the subsequent 10 min; then increases,
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Figure 1. Overall mass of the fragments vs. time.

Symbols = experimental data; lines = curves calculated us-
ing the values of the attrition rate listed in Table 2.
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first rapidly (34% after 1 h), then more slowly (60% after 8
h).

An average fragment generation rate R, defined as mass
of fragments generated per unit time and unit volume, was
calculated for each of the above time intervals, fitting the
data by means of straight lines. A fair agreement was ob-
tained, as shown in Figure 1: the value of R +, listed in Table
2, reduces by a factor 4, after the first 1 h of stirring.

The size distributions of the fragments are shown in Figure
2, as a cumulative mass fraction y,, vs. size L in log-log
graphs: to improve clarity only six runs are presented. Such
cumulative plots are commonly used to show the results of
comminution processes (Kelly and Spottiswood, 1982). The
logarithmic coordinates enlarge the zone of the small frag-
ments, but do not allow direct comparison of the slopes.

All the curves show similar trends: proceeding from large
to small sizes, the slope is first sharp, down to about 0.6 mm,
then declines in the central part, and finally increases in its
last portion, roughly below 0.01 mm. These trends are typical
of bimodal distributions, with a main peak in the coarse frag-
ments region, and a much lower peak in the fine fragments
one. Figure 2 shows the curves regularly moving toward higher
Y. values as the time proceeds, which means an increment
in the amount of generated fragments.

The morphology of a particle can be described using a
number of shape parameters, such as roundness, surface and
volume shape factors, elongation ratio, and so on. The
roundness

perimeter ?
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was selected as the characteristic morphological parameter
since it uses all the points on the boundary of the surface of

Table 2. Rates of Fragment Generation

Rate of Fragment Generation

Time Interval (kg/m3- h)
0 min—1 min 1,154
1 min—10 min 2.7
10 min—60 min 15.7
90 min-8 h 3.7
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Figure 2. Size distribution of the product obtained from
the attrition runs.

Symbols = experimental data; lines = curves calculated in-
troducing in the model the values of the parameters listed in
Table 1.

the particle profile, thus retaining the highest information
content (Beddow, 1984). The values of the roundness are
generally greater than unity (roundness of a sphere), and ap-
proach this value as the particie becomes more spherical.

The roundness of the initial crystals was equal to 1.28 with
standard deviation 0.04, which is an index of a regular shape
as well as of a good morphological similarity.

The trend of the roundness vs. time, is shown in Figure 3
for four typical classes of fragments ranging from the crystals
still falling in the original size range to small fragments
(0.3-0.355 mm). The roundness of each examined fraction
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Figure 3. Roundness of selected size fractions of frag-
ments vs. time.
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increases during the first 10 min, then gradually declines to-
ward an almost constant value. At any fixed time, the values
of the roundness increases by decreasing the fragment size,
indicating a less spherical shape.

Modeling

The crystal attrition model proposed by Mazzarotta (1992)
was used. It makes use of the following assumptions; 1) abra-
sion generates only fragments below L, the maximum size of
the fine fragments, and leaves a coarse residue larger than
L, minimum size of the coarse residue; 2) shatter generates
fragments of all sizes; 3) the cumulative mass fraction of the
attrition fragments, y,,, can be obtained by linearly combin-
ing the size distributions of the fragments generated by abra-
sion and shatter (Stanley, 1974)

Ve =K Ys + (A= k) Gs + V) @

where k, is the contribution of shatter to attrition, and (1—
k) is that of abrasion; 4) the cumulative mass fractions of the
fragments can be estimated using the expression (Broadbent
and Callcott, 1956)
( : )n
Lmax

1—exp(—1)

1—exp

Yw = 3

where L_,, is the maximum size of the initial crystals, y,, is
the cumulative mass fraction, and n the distribution modu-
lus, which assume the values y,, ny, and y,,, n. for the fine
and coarse abrasion fragments, respectively, and y, ., n, for
the shatter fragments. .

The model is completed by the equation expressing the
congruity conditions (abrasion does not generate fragments
in the size range L, ~ L,)

wa(Lf)=ywc(Lc) (4)

and by defining the overall mass fraction of fine fragments,
Ytines» Of size below L,

Yfines=ksyws(Lf)+(l_k‘g)wa(Lf) )

Therefore, the model contains 5 independent parameters,
which are L, L, ng, k; and ygy,. The attrition model was
applied to fit the experimental size distributions, by using a
regression procedure (Rosenbrock and Storey, 1966) which
minimizes the percentage differences between calculated and
experimental values to adequately weight the contribution of
the fine fragments. The fitting was excellent for all the runs.

The trend of the parameters of the model vs. time is shown
in Figure 4. The values of L, and L. increase with increas-
ing time, in the ranges 11-30 um and 0.75-1 mm, respec-
tively: they correspond reasonably to the abscissae at which
the slopes of the curves y,, vs.  change (see Figure 2). Also
Yeines increases from 0.01 wt. % after 1 min to 15 wt. % after
8 h: taking into account the trend of the overall fragment
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Figure 4. Parameters of the attrition model vs. time.

Symbols = values calculated applying the regression proce-
dure to fit the size distributions; lines = values interpolated
using the expressions listed in Table 3.

production (see Figure 1) this means that the proportion of
small fragments increases as attrition proceeds.

The trends of the parameters related to shatter fracture, &
and n, appear specular and exhibit a discontinuity after 1 h.
The low values of k, confirm a minor contribution of shatter
to attrition: however, they increase in the first 1 h up to more
than 2%, then slow down fluctuating around 0.6%. Corre-
spondingly, n, decreases from 0.9 to 0.3 in the first 60 min,
then rises to a constant value around 1.5. The average size of
the shatter fragments, calculated by Eq. 3 to be 0.5 mm after
1 min, progressively reduces to 0.055 mm after 1 h, then fluc-
tuates around 0.7 mm until the end of the run. Therefore, in
the initial phase the contribution of shatter to attrition in-
creases and the crystals are broken into progressively smaller
pieces; subsequently, its importance reduces and the crystals
are split into much larger fragments. The values of the pa-

Table 3. Expressions of Parameters of the Model as
Functions of Time

L;=10.0141:""?" (in mm)

L, =0.270[3.829 — exp( —~0.0503¢)] (in mm)
Ve, = 0.00012 exp(— 17.17¢~93%6)

k. = exp(— 6.504+0.223¢%69)

(I1min<t<8h)
(I1min<t<8h)
(I1min<t<8h)
(Imin<t<1h)

k, =0.00632 (1.5h<t<8h)
n,=0.974-0.1641n ¢ (Imin<t<1h)
n =15 (15h<t<8h)

5
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rameters were fitted using the empirical expressions listed in
Table 3, obtaining a reasonable agreement, as shown in Fig-
ure 4. The values of the parameters calculated from this fit-
ting (listed in Table 1) were inserted into the model, and the
corresponding size distributions were calculated. They com-
pared acceptably with the experimental data, as shown in
Figure 2.

Discussion

The results showed that the influence of time on crystal
attrition was remarkable, and affected the amount of gener-
ated fragments, their size distribution and their morphology.

With reference to Figure 1, the overall fragment genera-
tion appears massive in the first min, negligible from 1 to 10
min, high from 10 min to 1 h and moderate from 1 to 8 h.

Usually, most of the nuclei production occurring as crystals
are suspended in a liquid. This is ascribed to “initial breed-
ing” and “needle breeding” mechanisms (Strickland-Consta-
ble, 1968). The first consists of detachment of crystalline dust
from the surface of the crystals, and the latter the removal of
dendrites. Both are expected to generate tiny fragments. In
the present case, based on the habit of the crystals, needle
breeding is not likely to occur, while some initial breeding
may derive from the sieving of the used crystals. However,
the size distribution of the crystals after 1-min stirring (19.3%
of fragments, but just 0.1% below 0.5 mm) is similar to those
determined in other cases of crystal attrition (Fasoli and
Conti, 1973; Mazzarotta, 1992) suggesting that relatively large
pieces were detached from the original crystals. Moreover,
the roundness of the crystals surviving in the original size
range grows from 1.28 to 1.30 in the first min, and slightly
increases to 1.31 in the first 10 min. This means that the crys-
tals become less spherical, as though a not negligible fracture
occurred.

All this considered, the hypothesis can be made that the
strong initial attrition depends on the presence of micro-
scopic cracks or flaws in the structure of the used crystals. In
these points the strength of the crystals is reduced and the
fracture can occur on impact, also at relatively low collision
energy. Such a mechanism can explain both the considerable
amount of fragments generated in the first instance and the
rapid decline of this phenomenon in the minutes immediately
following.

After the initial period, the roundness of the fragments de-
creases regularly (see Figure 3), i.e., they become more
spherical as attrition proceeds, in agreement with the find-
ings of other researchers (Fasoli and Conti, 1973; Nienow and
Conti, 1978) who took photographs of abraded crystals after
stirring for some hours. A progressive reduction of the attri-
tion rate is also expected based on the size reduction of the
largest crystals ( > 1 mm), whose collisions are the most ener-
getic, from the initial value of 1.29 to the final one of 1.19.
However, this corresponds to a decrease of about 21% of the
kinetic energy, and therefore, cannot explain the remarkable
reduction of the fragment generation rate R, after 1 h. On
the other hand, the trends of the parameter n, and k, show
that in the first 1 h increasing amounts of progressively smaller
shatter fragments are generated, while, subsequently, their
quantity is lower and their size much larger, although the
frequency of the most energetic impacts capable of crushing
the crystals does not change during the run.
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The hypothesis can be made that, in the first 1 h, the crys-
tals presenting defects become progressively fractured into
small pieces. The surviving crystals are more resistant, proba-
bly also due to their more spherical shape, but suffer from
several repeated low-energy collisions, which may induce “fa-
tigue” stress, causing a drastic reduction of their strength af-
ter a number of cycles. Crystals suffering this type of stress,
which requires a lengthy period of stirring before developing,
may be split into pieces on receiving moderate impacts.

Conclusion

The effect of time on crystal attrition is remarkable. First,
a transitory phase (about 10 min) occurs. In the first minute a
great amount of fragments are generated but immediately af-
terwards the fragment production becomes negligible. This
behavior is likely to depend on cracks initially present in the
crystals with the detachment of such pieces from the crystals
causing their shape to become less rounded. Subsequently,
the fragments become progressively more rounded as time
proceeds, while the fragment generation rate is relatively high
and almost constant up to 1 h before decreasing significantly.
The use of a crystal attrition model to fit the data confirmed
the large predominance of abrasion over shatter fracture. In
particular, during the first 1 h, the contribution of shatter
increases up to 2%, generating progressively smaller frag-
ments. This mechanism is likely to crush the majority of the
crystals presenting defects. In fact, after 1 h, the attrition rate
decreases, probably since the residual crystals, which present
fewer defects, are more resistant. In this final period (1-8 h)
shatter reduces its influence to 0.6% and generates large
fragments: this may be due to some “fatigue” fracture, possi-
bly due to repeated low-energy-impacts, which are able to
split the crystals into relatively big pieces.
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