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Abstract

Up-scaling tracer experiments were carried out in a pilot-scale rotary kiln twice as big as the kiln used in the
first two Parts of this study. Internal fixtures such as grid, or lifter structure arranged in 3 and 6 rows of single
throughout lifters were used. The effects of these removable fixtures and other usual operating conditions,
namely, mass flow rate of granular biomass materials, rotational speed and slope of the kiln on the residence
time distribution (RTD), the mean and variance of residence time (MRT and VRT), the hold-up (HU), the
Peclet number (Pe) and corresponding axial dispersion coefficient (D), were investigated. Scaling-up rules were
derived for the MRT, HU volume fraction and D from the results of a comprehensive experimental work. Good
agreement was found between the experimental data and the calculated values. The wide size distribution of
the beech chips used in the present study allows analysis of particle segregation, which may further increase
understanding of the flow characteristics of granular materials, notably within flighted rotary kilns. The results
show that while significantly increasing the dispersion, ipso facto, enhancing the mixing, the lifters limit the
extent of particle segregation.

Keywords: Rotary kiln, RTD MRT, Filling degree, Axial Dispersion, Lifters, Particle segregation

1. Introduction

Rotary kilns have become over the years among the most commonly used gas-solid reactors in a variety
of applications in metallurgical and chemical manufacturing, but also in the waste disposal. They are equally
applicable to a wide range of materials ranging from granular solids to sludge and slurry. In the processing of
solids, the particle size distribution is only a function of the handling capacity of the feeding system.

The focus of this study, initiated in [1, 2], is the characterization of solids transport within flighted rotary
kilns. If there have been several studies in that field up-to-date, most of these studies have generally focused
on the bare kiln [3-6] to model through empirical or mechanistic correlations some of the main solids transport
variables such as the hold-up, mean residence time or the bed depth profile. A few studies have characterized
effect of the lifters on the flow of solids particles [7-11].

The correlations developed by Hwan [12] for horizontal flighted rotary kilns can be mentioned. They are based
on dimensional analysis similar to the correlation by Chatterjee et al. [13], which was adjusted using residence
time distribution (RTD) measurements conducted in an inclined rotary kiln without lifters but equipped with
an exit dam. Hwan [12] performed systematic experiments carried out in horizontal rotary kilns of different

length-to-diameter ratios (between 5 and 10), using segmented lifters and different solid materials. From these
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2 MATERIALS AND METHODS 2

results, the following equations were established respectively for the prediction of the volumetric filling degree,

f, the time of passage, 7, and the axial dispersion coeflicient, D:

—0.15 —0.90 —0.03 —0.52 —0.40
F— 10010114 (%o pwb; wD; L L (1)
' D; M /D; g D; D;

. 57pLDi2 s dy —0.15 pwD? ~0.90 /2 \ ~003 o —0.52 L —0.40 o
T D M/D; g D D,
e 12%9_1-14 dy 0.15 pwD? 0.90 7 2\ 003 h 0.52 L 0.40 o
T pu D; M D; g D; D;

where 0 is the angle of repose, d,, is the particle mean diameter, w is the angular speed, h; is the lifter height,
and u is the axial solids velocity. Unsurprisingly these models suggest that the three solids transport coefficients
7, %, and pu% are dependent of same parameters, however, in the present case they may vary exactly in
the same way for the identified set of dimensionless groups, only differing by a multiplication factor.

To further understanding of the flow of materials in inclined flighted rotary kiln units started in Parts I and
1T, in the present work , granular materials (biomass) of wider size distribution, and a rotary kiln of larger scale
were used. As will be presented in the following sections, the present study aims at investigating the effects of

lifter shape and configurations, kiln rotational speed and slope, and mass flow rate on:

the RTD of solid particles, determined from experimental stimulus response test; and the corresponding

mean and variance of residence time (MRT and VRT);

the hold-up (HU) of solid particles;

— the Peclet number (Pe) as well as the corresponding axial dispersion coefficient (D);

the segregation of solid particles.

A set of models are proposed for the prediction of the MRT, HU (volume fraction) and D. These models,

established on the basis of dimensional considerations, can be used either for design or control purposes.

2. Materials and methods
2.1. Apparatus and materials

The pilot scale rotary kiln considered to carry out this study consists of a tube made of an nickel-chromium
alloy. The tube, supported on rollers, is 4.2 m in length and 0.21 m in diameter. It can be tilted from 0° and
downward to an angle of 7°. The kiln tube can be rotated between 0.5 and 21 rpm through chains and sprockets
coupled to a variable speed motor. At the upper end of the tube, the feeding system comprising a 30 L. hopper
and a vibrating cylindrical conveyor is set up. At the lower end, it is possible to install (in a sealed manner, if
necessary) a tank (30 L) for storage. Notice that the feed rate is adjusted by regulating the vibration frequency
of the conveyor on the basis of continuous weight measurements of the feeding system by an electronic balance.
A second electronic balance is installed at the kiln end, so that both inlet and outlet mass flow rates can be
continuously determined.

The smooth inner wall of the kiln tube can be equipped with a grid or a lifter structure. These features
are illustrated in Figure 1. The grid consists of 16 rows of thin rods (5 mm in diameter) equally distributed in
the periphery as shown in Figure la. The lifter structure can hold, depending on the desired configuration, a

maximum of 36 one-section lifters (30 mm), referred to as straight lifters (SL). The lifters can be longitudinally
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2 MATERIALS AND METHODS 3

arranged in a maximum of six rows equally distributed in the periphery: either as single throughout lifters
or segmented lifters. The configurations used in this study are represented in Figure 1b: 3 and 6 rows of
single throughout lifters. The main characteristics of the rotary kiln and the order of magnitude of operating
conditions investigated in the present work are summarized in Table 1.

Biomass materials are selected to run the experiments; specifically, beech chips are chosen. A characterization
of the size distribution of these particles is achieved using 250 particles randomly chosen among tracer particles
used for the RTD experiments. The size distribution of these free flowing parallelepiped chips is quite wide as
illustrated in Figure 2: 5-17 mm in length, 2-8 mm in width and 1-4 mm in thickness. In addition, as shown
in Table 2, the materials used are characterized by a bulk density, pyur, about 260 + 30 kg.m ™3 and a repose
angle, 9, about 42 £+ 1° measured through the fixed cone method [14].

A comparison with the rotary kiln used in [1, 2] shows that the two pilot-scale rotary kilns share a very
similar length-to-diameter ratio. However, looking at their dimension ratio, there is a factor about two. The
particles size used in the present study is an order of magnitude higher and of a wider distribution compared

to those of the sand (0.55 mm) and broken rice (3.8 mm x 1.9 mm) particles used in the first Parts [1, 2].

2.2. Ezxperimental procedure

The experiments conducted in the present study were performed at ambient temperature and atmospheric
pressure. The RTD measurement procedure was kept as close as possible to the one presented in Bongo Njeng
et al. [1]. However, the feeding systems of these units being different, the impulse injection was carried out
differently. In order to characterize the flow of beech chips, stimulus response tests are performed using dyed

beech chip tracers as emphasized above, following the procedure outlined below:

esStep 1: The desired internal fixture is installed at the inner wall, if necessary. The kiln tube is then tilted to

69

70

71

the desired angle value. Then the rotational speed and mass flow rate are indicated on the user interface
of the operating unit. The rotary kiln is then started and the feed hopper regularly filled with biomass

materials to keep it topped up, when needed.

72Step 2: Steady-state conditions of the flow are reached, usually after 2-4 hours. The steady-state conditions are

73

74

75

assumed to be reached when: the slopes of the lines obtained by plotting the mass variations with time
at inlet and outlet, are equal. In addition, the measured inlet and outlet mass flow rates must be equal

within a margin of +0.05 kg.h~1.

76 Step 3: The unit is then run until emptying the hopper. The kiln tube inlet end is not readily accessible. Hence,

77

78

79

80

when the vibrating conveyor was empty, the system was stopped to perform the tracer injection. A known
amount of dyed beech chips is injected at the kiln inlet end through the hopper and the vibrating conveyor,
while the system is stopped. The feed hopper is then refilled with the beech chips and the whole unit is

started again at an arbitrary zero time.

s15tep 4: Samples are then continuously collected at the kiln outlet end with a sampling time of 30 s until all tracer

82

83

materials are (visually) discharged. The sample time was reduced to 15 s when the tracer particles tended

to exit the kiln in a very short time.

saStep 5: Then, the kiln rotation is stopped and the vibrating conveyor disabled at the same time. Only the kiln

85

86

rotation is started again and the solids are discharged. The collected solids which constitute the kiln

hold-up are weighed.
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s7Step 6: Lastly, the tracer concentration in each sample is determined by weighing on the one hand the collected
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114

sample and on the other hand the dyed tracer, manually extracted from the sample. While analyzing the

collected samples, the number of dyed tracer particles extracted from each sample is also determined.

It is important to assess the amount of tracers required to provide sufficient accuracy for the RTD analysis.
Therefore, preliminary experiments were performed using amounts of dyed beech chips varying from 5 g to 30
g. It was found that amounts of 20 and 30 g of tracers are enough to get a good accuracy. To shorten the
sampling analysis time, 20 g of tracers (about 720 particles) are used to perform the RTD measurements.

2.3. Data processing

Data evaluation

The RTD curve or E-curve, E(t), the mean residence time (MRT), ¢, and the variance of residence times

(VRT), o2, are determined as follows [15]:

Ct) . C(ti)
(t)dt 2N C(ty) At

—
8
Q

Jy tC)dt STV 4:C () At

= Jo Clt)dt — SN Ct) At

2 Jo (= B2C(0)dt [ 3 120()AL -
[ C(t)dt SN C(t) At

where t is the time, C(t) represents the tracer concentration at the kiln exit end, the time integral of C(t)
represents the total tracer concentration, and At; is the sampling time with i={1, 2, 3,..., N}, N; is the total
number of collected samples.

The presented E(t) function and VRT can also be expressed in dimensionless form using the dimensionless

time, 6 = ¢, as follows: E(f) = ¢E(t), and of = ‘tf—j

Axzial dispersion model
As shown in [1], the axial dispersion model can be used to represent the time dependent E-curves. This
model is used to fit the RTD measurements assuming open-open boundary condition. In dimensionless form,

the model is given as follows [15]:

E(0) = ;\/gexp{W} (7)

The variance of this distribution is defined as:
3= o+t om (®)
The Peclet number, Pe, is then determined by a fitting method that consists in minimizing the deviation
between the experimental E-curve and the prediction. The fitted Peclet numbers obtained, and the theoretical
Peclet numbers determined from Eq.8, are compared in Figure 3. Except in isolated cases (2 in total), where
the least-square algorithm used failed to find the actual Peclet number that represents the experiment, it was
found that the theoretical Peclet Number underestimates the actual Peclet number. A similar observation was
previously made in [1] while processing sand and broken rice; however in this case the discrepancy observed is

smaller. Nevertheless, for the analysis, only results obtained from the fitting method are considered.



131

132

133

134

135

136

137

138

139

140

147

148

149

150

3 RESULTS AND DISCUSSION 5

Figure 3 also displays a comparison of the experimental MRT from Eq.5 versus the fitted MRT, which is ob-
tained when fitting the experimental data using the dimensional form of Eq.7,i.e., E(t) = 14/ % exp (— Pe(f—t)” ) .

2 4tt
Very good agreement is found. Lastly, in Figure 3 is presented a comparison of the axial dispersion determined
from the theoretical and fitted Peclet number using the following expression: D = wlL/Pe, where u = L/t
estimates the solids axial velocity. D is inversely proportional to Pe, so that the observed discrepancies show

this time an overestimation of the actual axial dispersion coefficient by the theoretical coefficient.

3. Results and discussion

The experimental matrix was derived from a set of benchmark values of the operating parameters defined as
follows: a rotational speed of 3 rpm, a kiln slope of 2° and a mass flow rate (MFR) of 5 kg.h—! (£0.05 kg.h™1).
While using the grid, the straight lifters, or even without any internal fixtures, the operating conditions were
set to the given values except the one whose effect is being evaluated on the beech chips flow. Note that
no exit dam was fitted at the kiln exit end, unlike the kiln used in Parts I and II of this study. Moreover,
compared with preceding Parts, the benchmark value of the mass flow rate is doubled, so that the actual kiln
can be operated design-loaded or over-loaded depending on the other operating conditions. In addition, the
present paper investigates in particular effect of the configuration of lifters, arranged as 3 or 6 rows of single
throughout lifters; effect of the grid on the flow behavior is also considered. Effect of the operating parameters
on the flow characteristics of materials are qualitatively and quantitatively studied through: (1) the residence
time distribution (RTD), (2) the mean residence time (MRT), (3) the variance of residence time (VRT), (4)
the hold-up (HU), (5) the Peclet number (Pe) and axial dispersion coefficient (D), and (6) the segregation of
solids. For this purpose, 28 different runs are performed. The detailed results of the experimental campaign are

summarized in Table 5 in the Appendix 5.1.

3.1. Influence of operating variables on the experimental RTD, MRT, VRT and HU
8.1.1. Effect of lifters configuration

Effect of the lifter shape has been previously established while comparing the flow characteristics in a
smaller kiln operated with 4 straight and 4 rectangular lifters equally spaced around the kiln tube internal wall
periphery. The lifters with higher hold up capacity were found to generate more dispersion and longer residence
times. Here the lifters used are similar but two configurations are tested: 3 and 6 rows of single throughout
straight lifters. In addition, the effects of a grid are also considered. Figure 4 presents the variations of the
residence time distribution when operating at the given benchmark values with and without internal fixtures;
the replicated runs are plotted. The RTD curves overlap; in particular, those corresponding to 3SL and 6SL
are nearly superimposing. Notice that in the absence of internal fixtures the flow behaves as a plug flow as
suggested by the narrow RTD obtained.

Figure 6 presents the variations of mean residence time, filling degree and variance of residence time with
the kiln operating conditions for different internal fixtures or without. From the latter, it is clear, except when
varying the mass flow rate, that the following order can apply to the experiments considering uncertainties as

presented later on:
tnn < tg < tasr < tesr » OJZVL < O'é < U?%SL < O’%SL and HUnp, < HUg < HU3sp, < HUggsy,.

It must be specified that very little or no significant differences were observed in the results obtained with

the 3SL and 6SL. However, using lifters significantly increased the kiln hold-up and thus the filling degree, but
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3 RESULTS AND DISCUSSION 6

also the MRT and VRT, as shown in Figure 6. Still, unlike what might be expected, the results are more or less
equal with small discrepancies, especially when the kiln was over-loaded in both 3SL and 6SL configurations.
The kiln was over-loaded usually for filling degree higher than 8-10%. In fact, it appears that in the latter
condition the amount of solids lifted out of the bulk bed by the lifters is virtually the same while using 3SL or
6SL, and probably would have not been increased much even with 12SL as illustrated in Figure 5. Hence, it is
not so much the number of rows of lifters that will affect the flow characteristic but rather the overall hold up
capacity of these lifters. Using lifters of (1) higher holding capacity and (2) higher angular position at the end
of discharge, such as rectangular lifters, theoretically must have shown greater differences between the lifters
configurations mainly because of the overall hold up capacity.

Aside from the evident benefit of increasing the friction at the kiln smooth wall, using a grid helps to promote
rolling motion into the bulk bed. This latter motion, well characterized by Henein et al. [16], is most commonly
found in kiln operation. It is observed that in runs where no internal fixtures are installed at the kiln internal
wall, the bulk bed is in the slipping mode as described by [16, 17|, especially when the filling degree is lower
than 8%. Experiments show that using a grid at similar operating conditions will set a rolling motion within
the bulk bed. In fact, the grid can be considered as a structure of small flights, which continuously scrape off
the solids from the bottom of the bulk bed to the upper part of the bed surface. Therefore, the grid imposes a
motion en masse at the bottom part of the bed at the kiln rotational speed and generates at the bed surface
a steady discharge of solids. This has a significant impact on the HU, MRT and VRT, which are all increased
compared to the case of a smooth internal wall. However, this is still a moderate increase compared to the large

increase induced by the use of lifters because of differences in size and holding capacity.

8.1.2. Effect of operating parameters: rotational speed, kiln slope and mass flow rate

Figure 7 shows the influence of the operating parameters on the residence time distribution of beech chips
when the kiln is equipped with 6 rows of single throughout lifters. A general remark that can be made on
the obtained RTD curves over the whole experimental campaign is the presence of small peaks extending the
tail of the distributions. This can be due to some particle segregation phenomena occurring in the bulk bed
as discussed later. The results presented in the following sections are also analyzed in the scope of previous

observations made on the flow characteristics of sand and broken rice.

Kiln rotational speed. Similar to previous observations, there is a sharp decrease of the MRT by about 70% as
the rotational speed is increased from 2 to 6 rpm (see Figure 6a). That increase is also suggested by the shifting
of the RTD curves toward lower residence times (see Figure 7). However, unlike previous observations, the shape
of the curves significantly changes from a spread distribution with a low peak to a very narrow distribution
with a high peak. This is confirmed by the sharp decrease in the VRT (see Figure 6¢). Finally, the kiln hold up
is also decreased, actually divided by 3 to 4, when the kiln rotational speed varies from 2 to 6 rpm (see Figure
6b). Indeed with higher rotational speed the solids flow in the kilning bed or through lifters is faster, so that

the accumulation of solids in the burden is reduced.

Kiln slope. The kiln slope has a similar effect to that of the kiln rotational speed on the flow of beech chips.
The same trends were previously observed while operating sand or broken rice. When increasing the kiln
slope, whether the motion within the bulk bed is slipping or rolling, the forward axial displacement of solids is
significantly increased due to gravity. In the first case, it is observed that the bed adheres to the rotating wall,

up to a certain angle of deflection as described by Mellmann [17], and then en masse, the bed slides back and
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3 RESULTS AND DISCUSSION 7

forward along the kiln slope. In the second case, when rolling motion is achieved, the particles thrown off the
apex of the bed flow down along the bed inclination but also forward following the kiln slope. The higher the
kiln slope, the higher the particles forward displacement. As a result an increase in the kiln slope reduce the
MRT and filling degree, as illustrated respectively in Figures 6a and 6b. As shown in Figure 7, the RTD shapes
also vary much from widespread distribution to narrow distribution with increasing kiln slope, as indicated by

the decrease of the VRT in Figure 6c.

Mass flow rate. Surprisingly, the mass flow rate has little effect on the flow of beech chips, as implied by the
quasi overlapping RTD curves (see Figure 7 ). Even if a similar trend was observed previously while using
broken rice, the rate of increase of the MRT with flow rate was higher than that of the present materials (see
Figure 6a). In addition, significant changes in the shape of RTD curves were reported for the flow of sand and
broken rice. The observed divergence can be related to the materials properties, rather than a difference in the
tracer pulse experiment procedure, or even the amount of tracer with regard to the bulk burden. Notice that
the VRT is strongly influenced by the type of motion of the bulk bed (see Figure 6¢). Large discrepancies can
be observed with regard to runs in slipping mode (without lifters or grid). When operating in rolling motion,
if the MRT and VRT remain almost constant, the filling degree significantly increases linearly with the mass
flow rate (see Figure 6b). This latter results are important for kiln operation, since they imply that the bulk

burden can be significantly increased, without, this requiring much more residence time within the kiln.

3.2. Influence of operating variables on the experimental Pe and D

Figure 8 represents the variations of the Peclet number and resulting axial dispersion coefficient with the kiln
operating conditions, when equipped with internal fixtures. The runs without internal fixtures, which display
slipping motion, are not represented in order to focus only on the results referring to the rolling motion.

The Peclet numbers, determined by fitting the RTD curves, are large and comprise between 200 and 800
for runs in rolling motion, and even higher in case of slipping motion (see NL in Table 5). Indeed the higher
the Peclet number, the smaller the dispersion, which thereby promotes plug flow. The Peclet number and axial
dispersion have been previously investigated by several authors [5, 18-20], concluding most of the time that
the Peclet number increased with rotational speed and slope of the kiln, and remained constant with the flow
rate. However the present results do not all agree with these previous findings. Among the internal fixtures,
the grid, which induces lower filling degree, shows higher Peclet number, and thus generates lower longitudinal
back-mixing compared to the 3SL and 6SL configurations. It can be seen that when using the grid, the Peclet
number decreases with the rotational speed, but that it remains fairly constant within the experimental error
for the 3SL and 6SL configurations. A previous analysis of the flow of sand and broken rice shows, in accordance
with the actual results, that the Peclet number increases with the mass flow rate; but unlike previous results,
it is observed in this case while investigating the flow of beech chips that the Peclet number increases with the
kiln slope.

The values reported in the present study for the axial dispersion coefficient are in the order of magnitude
of those reported for the sand and broken rice in Part I, but also with those reported by Wes et al. [21]
(4-107°m%.s71 ) or Sai et al. [5] (2-10°m?.s~!). Furthermore the observed trends are similar to those
previously described: the axial dispersion coeflicient is found to increase with rotational speed and slope of
the kiln, but to decrease with the mass flow rate. It can be added that higher dispersion coefficient values are

obtained for the 3SL and 6SL configurations, as expected. Note that the axial dispersion coefficient increases
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as the filling degree decreases for a given internal fixture. Indeed, the mixing effect is much more powerful in a

lower bulk burden than in a large one.

3.8. Modeling: MRT, HU and D

In this section are presented some scale-up rules for flighted rotary kilns. Models are determined from
dimensional considerations for the prediction of the mean residence time, the filling degree and the axial dis-
persion. The dimensionless groups presented in the following sections may not account for inter-particle forces
that may occur between cohesive particles. They may primarily be appropriated for free-flowing particles whose
size may vary between 0.4 and 15 mm. In addition, they may likely be applicable to the rolling mode. The
following scale-up rules are derived from previous findings in the literature as well as from experimental results
obtained in this study while processing sand, broken rice and beech chips. The main operating parameters,
geometrical characteristics and physical properties, that may affect the MRT, the HU volume fraction and D
are listed as follows: the rotational speed (N), the mass flow rate (M), the kiln slope (S), the exit diameter
(Deg), the cross section of materials in lifters (Syg), the length of the kiln (L), the internal diameter of the
kiln (D;), the bulk density of materials (ppuir), the tapped density of materials (piappea), the angle of repose

of the bulk materials (0), the particle equivalent size (d,), and the gravitational acceleration (g). Note that:

(1) Siife = Wf? — %Shomﬂ with ng; 4 the total number of lifters and Shoriif¢ the section of materials in a
lifter at horizontal position, which can be determined using the materials angle of repose and lifters dimensions
[22-24], (2) d, = VUil wl; with 1}, 1, and [; respectively the particles average length, width and thickness.

From the defined variables, following a procedure that can be found in [25], dimensionless groups are set to
correlate the MRT, HU[%] and D as follows. Table 3 summarizes the values of the model parameters determined

with the use of experimental data at the 95% confidence level, while Figure 9 presents the comparison of the

calculated model predictions with experimental results.

3.3.1. MRT

The model established for the mean residence time is presented in Eq.9. This might be very similar to the
previous proposition in Part II, but there are a few differences. In order to define the dimensionless groups, it
is necessary to choose a set of parameters to represent the fundamental dimensions. In this study the involved
dimensions are mass, length and time. To achieve the dimensional analysis in this paper ppyx, D; and g are
selected, instead of ppyx, D; and N in Part II of this study. This allows the impact of the operating parameter
N to be set in only one dimensionless group: the Froude number. The dimensionless parameters, # and S, are
gathered in one group. Finally, the model parameters presented in Table 3 are determined from experimental
results obtained from the 3 granular materials used: sand, broken rice and beech chips. Notice that these

parameters are determined within narrow confidence intervals.

_ N2D;\ / Dea\? 70\ M ° 481\ [ pouir CrLy"
o= wir (=) (5) (5) az) o) s ) (5) ’
\/g> < g ) D; S Pbulle? gL 7TD,L2 Ptapped D; ( )

Unlike previous results in Part II [2] or by Hwan [12] in the literature, it is found that the Froude number has
a significant impact on the MRT. As illustrated in Figure 9a, the predictions from Eq.9 are in good agreement
with the experimental data irrespective of the kiln or the materials used. For the calculations, the variables

forming the dimensionless groups must be filled in SI units, therefore the unit of the obtained predictions for
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the MRT is second. Notice that in the present study the length-to-diameter ratio varies only slightly and could
not be used for parameter fitting, therefore the value of 7 is set to 1.1, which has been previously determined

by Chatterjee et al. [13].

3.3.2. HU

The model defined for the filling degree is presented in Eq.10. It is very similar to the one proposed for
the MRT. Indeed a direct correlation can be found between these two, especially when the dispersion is very
negligible, the time of passage and the mean residence time are very close, yet the time of passage is defined
as 7= HU/ M. This also explains why some parameters of both models are very close, such as a, 3, and v, as

shown in Table 3.

« . s €
HU[%] _ kpbulkLﬂ'Diz N2Di (Dez)ﬂ (g)“/ M 4Slift Pbulk ¢ <£>U (10)
4 g Dz S PbulkD? V QL ﬂ-Dlz Ptapped Dz

Note that the model parameters were not only determined using the hold-up measurements from this hy-
drodynamic study; the hold-up measurements obtained while performing experiments at hot temperatures with
sand were also used [206], as illustrated in Figure 9b. The model parameters were defined within narrower con-
fidence intervals, and good agreements were found between the calculated and experimental filling degree. To
obtain the filling degree, the variable parameters must be filled using SI units; the model directly produces a
percentage. Note that the value of the parameter 7 is fixed to 0, since no fitting value was found in the literature

that was defined with sufficient accuracy for the length-to-diameter ratio.

3.3.8. D

The proposed model for the axial dispersion coefficient is given in Eq.11. The materials physical properties
have been reported to significantly affect the axial dispersion coefficient. They are represented in the given
model by the Hausner ratio, as well as a ratio of the particle equivalent size to the kiln diameter. The model

parameters are determined within reasonable confidence intervals as given in Table 3.

N2D\ /d,\? M * (48 Poulk CrLy"
D = ky/D%gL . (—P) S)" i L (—) 11
9 ( g ) Dl ( ) pbulkDiz\/gL WD? Ptapped Dz ( )

Figure 9c¢ shows that all experimental data do not agree well with the predicted value within the +20%
margins. However, as shown later on, these predictions are mostly within the experimental uncertainty which is
about 30%. Except scarce cases in particular for beech chips, the experimental data obtained without internal
fixture are not well predicted by the model, certainly because of a bed flowing in the slipping mode. Note that
7 is fixed to 0. Therefore the effect of the length-to-diameter ratio is taken into account within the value of the

model parameter k.

8.4. Analysis of particle segregation

Segregation is a property of dry granular solids, which tend to separate spatially by size, shape or density
under varying flow conditions [27, 28]. This phenomenon has been observed in industrial processing involving

granular materials, and it has been widely studied within rotating drums.
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In this study, there are a few elements that may indicate possible phenomena of segregation. Firstly, the
wide size distribution of beech chips, as illustrated in Figure 2, indeed implies not only larger or smaller particles
but also heavier and lighter particles. Generally, the larger the chip size, the heavier the chip weight. Secondly,
while analyzing the beech chips RTD curves, an extended tail can be observed due to small peaks of tracer
concentration, implying a possible higher concentration due to particle segregation.

Bensmann et al. [29] has been able to investigate the particle segregation through tracer experiments using
several fractions of tracers particles. With such a straightforward approach, the effects of segregation can be
easily observed and analyzed. However as previously demonstrated by Colin et al. [30] such experiments are
not mandatory. Instead, a tracer of wide distribution size (see Figure 2) can be used to achieve this purpose.
As stated before, while analyzing the samples collected after the tracer injection, the number of tracer particles
contained in each sample was determined. From the number of tracer particles collected and their weight, an
average particle weight can be determined and is used for the analysis of particle segregation. The present
analysis is therefore less in terms of particle size and more in terms of particle weight, due to the direct
relationship. Note that there have been good tracer mass recoveries as follows, for NL experiments 99.5% =+ 0.5,
for G experiments 99.4% =+ 0.7, for 3SL experiments 99.3% + 0.6 and for 6SL experiment 99.94+0.6%.

Figure 10 presents the (dimensionless) time variations of the average tracer weight for a variety of operating
conditions when using a grid, 3SL, 6SL and no internal fixtures. A first preliminary general observation concerns
the unbalanced distribution of tracer around the mean residence time symbolized by the red line, which furthers
understanding of the presence of an extended tail on the RTD curves. It is also observed that the average weight
of tracer particles is mainly between 20 and 30 mg. Out of this interval the particles can be considered lighter
or heavier and by extension smaller or larger. Assuming a beech chip of parallelepiped shape, about 10 mm x
4.5 mm x 2 mm, and a density of 279 kg.m ™3, the particle weight is about 25.1 mg.

A more detailed look in Figure 10 demonstrates that when varying only one operating condition and keep-
ing the other constant, the obtained weight distribution differed primarily in function of the filling degree as
highlighted by Colin et al. [30]. Secondly it is also observed that the tracer average weight distribution varies
depending on presence and type of internal fixtures.

In Figures 10a, b and c, where there is no internal fixtures, there is no significant effect of segregation at
low filling degree (below 8%): distributions are more centered, with a tracer weight remaining nearly constant
in spite of few lighter and heavier particles respectively at lower and larger residence times. Whereas at higher
filling degree, the tracer average weight distribution is more dispersed and the heavier particles tend to have
significantly lower residence time compared to lighter particles. This can be explained by the differing mode
of motion observed at lower and higher filling degree, respectively, slipping motion and rolling motion. From
the literature [27], it is well known that especially in the rolling motion, radial segregation may appear very
quickly, causing concentration of smaller particles toward the core of the bed, while larger particles may roll in
the active layer following the incline at the bed surface. Knowing that the axial transport is highly promoted
by the continuous flow at the bed surface, this may explain the preceding observations.

When a grid is used as shown in Figures 10d, e and f, the tracer average weight decreases slowly with time,
implying higher concentration of heavier particles at low residence time and higher concentration of lighter
particles at high residence time as previously observed in case of rolling motion. It seems that the grid tends in
a way to homogenize the bulk of particles. That homogenization can also be observed when using 3SL or 6SL.

In both latter cases, except at higher residence times, the weight distribution is not widespread, and there is



346

347

348

349

350

351

354

361

362

363

364

365

366

369

373

374

375

376

377

4 CONCLUSIONS 11

no more a decrease in the tracer average weight. These observations may be related with Grajales et al. [31]
statements implying that straight lifters do not affect the flow regimes of the kilning bed but only reduce the
area of the central core in the rolling motion. Hence, the concentration of small particles in the core at the bed
center is reduced, and the small particles are allowed to flow with the bigger particles in the active layer. This
reduces the time of residence of smaller particles, therefore lowering the tracer average weight at lower residence
times, and by scarcity effect (of lighter particles) automatically increases the tracer average weight at higher
residence times, as shown in Figures 10g, h and i when using 3SL, and in Figures 10j, k and 1 when using 6SL.

However, the presence of heavier particles at higher residence time can be possibly due to effect of axial
segregation [28], which unlike radial segregation is reported to develop after hundreds of kiln rotations. Therefore
the axial segregation, happening after radial segregation, splits the existing core into periodic axial band along
the kiln axis. This may also explained in some cases the extensive presence of heavier particles at higher

residence time.

3.5. Reproducibility of experiments

Reproducibility of the experimental results was investigated through replicates of some runs. Table 4 shows
the experimental hold-up, mean residence time, variance of residence time, Peclet number and axial dispersion
coefficient determined. Figure 11 illustrates the reproducibility of the segregation of particles. Both Table 4
and Figure 11 gather the results of the replicates of some runs carried out at selected benchmark values for the
operating conditions, when the kiln was equipped with 3 and 6 rows of straight lifters, and without internal
fixture.

In Table 4, the given values of the relative uncertainty for the hold up and MRT are lower than 6%, implying
very good reproducibility of these two flow characteristics. The reported relative uncertainties for the VRT,
Pe and D are higher, reaching 30% at maximum. For decision making in industry, even if these uncertainties
are relatively high, they are sufficiently low to consider the experimental values as consistent. Note that the
relative uncertainties derived from the replicates are determined at the 80% confidence level.

In Figure 11, the reproducibility of the experiments is very good in terms of uniform repartition of more
and less dense tracer particles along the dimensionless time. This confirms also the reproducibility of RTD

experiments as illustrated in Figure 4.

4. Conclusions

The flow characteristics of materials are significantly impacted by the internal fixtures. Therefore, in the
design stage or for improvement purposes, the choice of lifters’ configuration as well as their overall holding
capacity, mostly dependent on the shape, must be carefully selected. The use of lifters increases the burden and
the residence time of solid particles. They promote the mixing of particles as suggested by the increase of the
axial dispersion coefficient. In regard to the flow of materials of wide size distribution, by their mixing effect,
lifters reduce the segregation phenomena that may occur, causing different residence time for the different size
fractions.

The flow characteristics of solids through flighted rotary kilns are also affected by the operating conditions

as demonstrated by the experimental results:

— Increase in the mean residence time may result from a decrease of the rotational speed and slope of the

kiln, but also to a lesser extent, from an increase in the mass flow rate of solids;
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— The mass flow rate has a remarkable influence on the filling degree. As the flow rate is increased, or the

kiln rotational speed and slope are decreased, the hold-up increased.

— The axial dispersion is increased with the kiln rotational speed and slope, but decreased with the mass

flow rate. The higher the filling degree the smaller the axial dispersion.

Three models were developed for the prediction of the mean residence time, the filling degree, and the axial
dispersion coeflicient under steady-state conditions in inclined rotating kilns, whether equipped with lifters and
exit dams or not, and operated in the rolling mode. These correlations consist of dimensionless factors accounting
for (1) the basic operational parameters of the kiln, (2) the properties of the bulk solids, (3) the geometry of
the kiln, (4) the overall lifters’ holding capacity, (5) the height of exit dam. The model parameters, namely
k, a,f3,...,C as given in Table 3, have been determined from experimental data of the flow of sand, broken
rice and beech chips, at varying operational conditions and through different rotary kilns. The predictions and
experimental data were in good agreement.

The segregation analysis made on the flow of beech chips revealed a possible effect of radial segregation.
However, it was found that the segregation was lessened in some operating conditions, in particular when using

lifters, depending on the filling degree of solids within the kiln.
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ShortifiArea covered by solid
particles in a lifter at

horizontal position

t Time
t MRT
VRT Variance of the RTD

Greek letters

«,B,y, Fitting parameters

6,6,(,m

Aty Sampling times

6 Angle of repose,
dimensionless time

Ptapped Tapped density

Pbulk Bulk density

Ptrue Particle density

o? Variance of residence
time

ag Dimensionless variance
of residence time

T Time of passage

w Kiln rotational speed

Subscripts

G Grid

1 Length

NL No lifters

3SL 3 rows of straight lifters

6SL 6 rows of straight lifters

t Thickness

w Width

5. Appendices

m

7]

degrees,

min

min

rad/s

5.1. Experimental Results: HU, MRT, VRT, Pe, D

The experimental matrix achieved and the experimental hold up,

14

mean residence time, and variance of

residence time, the fitted Peclet number, and resulting axial dispersion coefficient are resumed in Table 5.
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Fig. 1: Kiln internal fixtures: a) lifter structure and b) grid.
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Fig. 5: Lifters hold-up for three configurations, from left to right side: 3SL, 6SL and 12SL.
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Fig. 7: Influence of operating parameters (N, S and M) on the RTD for the flow of beech chips, when the kiln is equipped with 6
rows of straight lifters. Solid lines represent the axial dispersion model using fitted parameters.
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Fig. 9: Comparison of the experimental MRT, HU|%)] and D, while using sand (left), broken rice (middle), and beech chips (right),
with the calculated values from Eq.9 using the sets of parameters given in Table 3. Solid lines are +20% margins.
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Fig. 10: Influence of operating parameters N (a-d-g-j), S (b-e-h-k) and M (c-f-i-1) on the tracer average weight (function of
dimensionless time) for the flow of beech chips, when the kiln is equipped with: NL (1st row), G (2nd row), 3SL (3rd row) and 6SL

(4th row). The dimensionless time is defined as 0 = ¢/t and so the red lines represent the time when t = ¢.
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Fig. 11: Reproducibility of segregation of beech chips when the kiln is operated within the defined benchmark value for the operating
parameter, and equipped with 3 or 6 rows of straight lifters or without lifters.
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7. Tables
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Table 1: Geometrical characteristics of the rotary kiln and order of magnitude of operating conditions achieved in this study.

Subsets Parameters Order of magnitude  Remarks
) D;[m] 0.21 Internal diameter

Rotary kiln )

L [m] 4.20 Kiln length

N [rpm] 2-6 Rotational speed

S [ 1-3 Kiln slope
Operating M [kg.h—1] 2.5-7.5 Mass flow rate
conditions Lifters shape None Smooth wall

and Grid (16 rows) 5 mm height

configurations 3 SL, 6SL 30 mm height

Table 2: Physical properties of granular materials.

Product Shape ptrue kgm ™3] ppuik (kem ™3] prappea kg.m ™3] Size [mm] 0 [7]
Beech chips Parallelepiped 1506 260 284 10x4.5%x2 42
Beech chips tracer Parallelepiped - 279 310 10x4.5x2 42

Table 3: Determined parameters for the models proposed for the mean residence time, the filling degree and the axial dispersion,
with associated confidence intervals.

Model t  Confid. interval HU[%]  Confid. interval D Confid. interval
parameters Value Inf. Sup. Value Inf. Sup. Value Inf. Sup.
k 0.0026  -0.0023 0.0074 45.65 5.74 85.56 152104 —8.92107% 0.0012
« -0.4422 -0.5367 -0.3478 -0.4439 -0.5506 -0.3372 0.7483 0.3033 1.1933
B -0.3597  -0.4715  -0.2478 -0.3987  -0.5229  -0.2745 0.2996 -0.1362 0.7354
Y 0.9276 0.7730 1.0822 0.7780 0.6296 0.9263 1.9859 0.6477 3.3240
d -0.1130 -0.1574  -0.0686 0.9584 0.7814 1.1354 -0.4511 -1.2280 0.3259
€ -8.8835 -11.459 -6.3081 -3.8197 -6.5517 -1.0878 1.2185 -13.809 16.246
¢ -2.4641 -5.3569 0.4286 16.763 14.275 19.252 5.5513 -4.7868 18.889
n 1.1[13] NA NA 0 - - 0 - -

Table 4: Reproducibility of experiments: experimental hold-up, mean residence time, variance of residence time, Peclet number

and axial dispersion.

Operating HU [kg| t [min] a? [min?] Pe [-] D [m?2/s]
conditions Values A?}EJ [%] Values ATE[%] Values %“22[%] Values %[%] Values %[%]
3 rpm, 2°, 2.920 +4.47 35.20 +1.51 1.81 +25.51 1370 +28.38 0.0610 +29.86
5 kg.h~!, NL 2.785 34.64 2.38 1013 0.0838
3 rpm, 2°, 4.235 +2.95 49.06 +1.48 16.42 +11.28 297.2 +8.21 0.2016 +6.73
5 kg.h~!, 3SL 4.105 49.84 18.50 272.5 0.2165
3 rpm, 2°, 4.345 +4.45 51.78 +5.57 18.19 +1.38 298.7 +12.33 0.1901 +17.86
5 kg.h_l, 6SL 4.145 48.81 18.46 262.1 0.2298
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