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Rotary calcination is widely used in catalyst manufacturing and many other industrial processes. In this article, the
influence of operational variables and material properties on the mean residence time (MRT), hold up, and axial disper-
sion was investigated in a pilot plant rotary calciner. Residence time distributions (RTD) of spherical, cylindrical, and
quadrilobe catalyst particles were measured and contrasted. The Saeman’s model was successfully applied to predict
the experimental bed depth and the MRT as particles flowed through the calciner. It was observed that increasing the
feed rate did not significantly affect the MRT. Results for the different particles indicated that cylinders and quadrulobes
exhibited less axial dispersion than spheres due to the decreased flowability. A reliable method was developed to pro-
vide a reasonable RTD prediction in rotary calcination systems. VC 2013 American Institute of Chemical Engineers

AIChE J, 59: 4068–4076, 2013
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Introduction

Rotary drums are one of the most commonly used contin-
uous solid handling devices in chemical and metallurgical
manufacturing. They can be used to perform versatile opera-
tions such as blending, heating, drying, sintering, calcination,
and gas-solid reactions of a variety of feed stocks.1 The
material to be treated is fed into an inclined cylindrical drum
and transported forward due to slow rotation of the drum.
During this mass transport process, the material exchanges
heat with the wall and the freeboard gas. If the material to
be treated does not come predried, the calciner has a short
drying zone.2 This is followed by a heating zone to bring the
material up to the reaction temperature, which may occupy a
significant portion of the drum length, and a short reaction
zone at the end.1 Most recent studies have generally focused
on the bed heat transfer, although reaction kinetics have also
been included into the models for specific reaction cases.3–7

Although the focus of this work is the axial mass transfer
in rotary drum, previous literature about heat transfer in this
process is also summarized as follows. Heat-transfer models
have been developed for the bed material, freeboard gas, and
refractory wall in the cross-sectional plane and along the axial
direction.8 In high-temperature cases, radiation from the free-
board gas and walls is the most important heat-transfer mech-
anism. Boateng and Barr9 incorporated a two-dimensional
representation of the bed’s transverse plane into a conven-

tional one-dimensional plug flow model, which was able to
predict the heat transfer from the freeboard gas to the material
bed. In another paper by Boateng and Barr,10 segregation was
investigated for particles with different sizes, and the resulting
segregated state was used to estimate the effective thermal
conductivity of the bed. Studies by Dhanjal et al. 11 suggested
that segregation has little influence on heat transfer within the
bed and the radial thermal gradients are primarily the result of
improper particle blending. For low to medium temperatures,
heat transfer from the covered wall to the material bed is the
dominant mechanism, while transfer from the exposed wall
and freeboard gas to the active layer accounts for only a small
fraction of heat transfer.12 Li et al. 13 extended a penetration
theory by considering the effect of rotation to describe the
heat-transfer coefficient of the covered wall to the bulk solid.

Particle dynamic simulations have been productively
used to investigate granular flows in a variety of situa-
tions.14,15 The simplicity of the calcination operation—a
rotating cylinder with particles—lends itself particularly
well to particle dynamics simulations.16,17 Particle dynamic
simulations were applied to investigate the flow and heat
transfer between the wall and the bulk particles for a
rotary calciner. Simulations and experimental validation
showed that rotary speed has little impact on the wall-
particle heat transfer. Similar experimental results were
observed in the study of a novel experimental apparatus
for temperature measurements.18 It was found that the
solid-to wall heat-transfer coefficient increases linearly
with the solid flow rate but shows negligible variation
with the rotary speed. A new 3-D temperature measure-
ment system consisting of thermocouple arrays was
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developed,19 which can be used to obtain data over a
wide range of operating conditions.

Besides the heat-transfer process, the axial residence time

of bulk material has been long known to be the other pri-

mary factor affecting the performance of a rotary drum20

and thus is reviewer below. A predictive model has been

developed based on the assumption that particles in a rolling

bed move in a circular motion with the rotation of the kiln

in a passive layer, and then fall down the surface of the bed

in a thin active layer.21 While the time for particles to fall

down in the active layer is small compared to the time in the

passive layer, the bed depth and axial residence time can be

predicted using the geometry of the drum and the angle of

repose of the bulk material.22 Sai et al.23 determined an

empirical correlation between operating conditions and mean

residence time (MRT) of the material, and established the

dam height that leads to a flat bed depth profile. The effect

of dam height was further investigated by Scott et al.24 who

considered industrial kilns designed with cylindrical or coni-

cal dams at the end or part way along the kiln. An analytical

solution to the model equations for the axial mass transport

was developed25,26 which agrees well with the numerical

solution of Saeman.21 The influence of operation parameters

and drum geometry on the residence time distribution was

investigated.27,28 Mass hold up was observed to be directly

related to feed rate, inversely related to rotary speed, and

slightly inversely proportional to angle of inclination.
A number of studies also addressed the particle flow in

the transverse plane. Six modes have been identified in a
rotating drum: slipping, slumping, rolling, cascading, cata-
racting, and centrifuging.29,30 The noninvasive positron emis-
sion particle tracking technique was applied to study the
transverse velocity field in drums operated at low to medium
rotary speed.31 A novel parameter termed the “solids
exchange coefficient” was proposed to model the flux
between the passive and active regions. Based on modeling
that predicted the transverse bed motion,29 Liu et al. 32 esti-
mated the critical Froude number for the slumping-rolling
transition in a rotary drum. The critical Froude number was
found to be proportional to the particle to cylinder diameter
size ratio. Heydenrych et al. 33 considered the movement of
gas in the interparticle voids in the transverse mass transfer
in the rolling mode.

Based on the above review on the previous heat- and

mass-transfer studies on rotary drum, the two important time

scales for rotary calciner performance are: (1) the character-

istic time for heat transfer and calcination in the transverse

plane, and (2) the residence time that particles stay inside

the system. Desired performance can only be observed when

the residence time of the particles inside the calciner is lon-

ger than the time necessary for heat transfer and calcination.

Therefore, better understanding of the effects of operating

conditions, calciner geometry, and material properties on

both time scales is critical in providing reliable quality con-

trol and process design methods.
Two important aspects of the axial mass transport process

were seldom referred in previous literature. First, few studies
investigated axial dispersion of particles as plug flow model-
ing is commonly used to describe axial particle motion. Sec-
ond, the effect of particle shape on the RTD has not been
well studied. To address these issues, in this article, the resi-
dence time distribution and bed depth distribution of differ-
ent types of particles was measured in a pilot scale calciner

for various operating conditions. In particular, we focus on
the effect of material properties, and operating conditions on
the axial dispersion. In general, small value of the axial dis-
persion coefficient are preferred in catalyst manufacturing,
which leads to narrow residence time distribution curves and
uniform thermal treatment.

The rest of this article is organized as follows. The
“Model” section describes Saeman’s model for the prediction
of the MRT, and the Taylor’s dispersion model for the estima-
tion of the MRT and the axial dispersion coefficient through a
RTD fitting process. The “Experimental setting” section intro-
duces the experimental setup of the rotary calciner, as well as
RTD and bed depth measurement methods. Then the
“Results” section presents the experimental results of the
RTD and the bed depth at different conditions, followed by
the “Summary” section.

Model

Bed depth distribution and MRT

Previous studies indicated the possibility of predicting the
bed depth distribution in a continuous rotary drum based on
the model proposed by Saeman21

dh

dx
5

3tan H
2x

_V R22 h2Rð Þ2
h i23=2

2
tan b
cos H

(1)

where h is the depth of the solid bed, x the axial distance
from discharge, and R the radius of the calciner. The model
predicts the influence of the dynamic angle of repose H of
bulk materials, the inclination angle of the calciner b, the
volumetric feed rate _V , and the rotary speed x on the fill
level profile in the calciner. The boundary condition of Eq. 1
is the bed depth at the discharge (x 5 0). For a system with a
dam, the bed depth at the discharge is approximately equal
to the dam height

h x50ð Þ5hdam (2)

For calciners without a dam, the boundary bed depth
equals the average diameter of particles

h x50ð Þ5d (3)

While numerical methods can provide very good predic-
tions, current analytical solution approaches derive compli-
cated formulas and have limitations under certain conditions.
As a result, a numerical method is applied. The predictive
model for the fill level distribution benefits our study as
follows:

i. It provides an estimate of the MRT s. When the bed
depth h(x) is predicted, the overall mass hold-up, M, in
the calciner and the MRT, s, can be calculated as

M5qsR
2

ðL

0

ex2sin ex cos exð Þdx (4)

s5
M

_m
(5)

where qs is the dilated density of particles, ex the local fill
angle of solids, and _m the mass feed rate.

ii. It provides an estimate of the time to reach steady state
in the RTD measurement. Generally, it takes 1.5–
2 times of the MRT to reach steady state.

It should be noticed that the Saeman model is simple but
very efficient in capturing axial mass-transfer process in
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rotary drum, and thus, is still widely used and discussed in
recent literatures.25,26 Advanced model has been developed
after the Saeman’s model, most of which were proposed to
describe the complicated process of cross-sectional mass
transfer. As the purpose of this work is to capture the axial
mass transfer (RTD) of rotary drum, the use of more
advanced models is not required.

Residence time distribution

The pulse test method developed by Danckwerts34 is used
for the RTD measurement. The implementation we adopted
for solids is similar to the previous study by Sudah et al.28

Bulk material of white alumina is fed into the calciner under
constant feed rate. A tracer is made by dyeing some of the
alumina with green cobalt oxide. Further details of our par-
ticular alumina system is given in the next section. When
steady state is reached, the tracer is injected into the stream.
Instead of collecting samples at the immediate point of dis-
charge, images are recorded on the outflow stream. Since the
tracer can be distinguished from the bulk material by the dye
color, the concentration C(t) can be determined as a function
of time based on the number of tracer particles in the
images. The residence time distribution E(t) is then calcu-
lated based on concentration measurements using the follow-
ing equation

E tð Þ5 C tð Þð1
t50

C tð Þdt

(6)

To eliminate noise from the RTD measurements and to
understand its physical meaning, the RTD measurement is
fitted to the Taylor dispersion model35–37

E n; hð Þ5 Pe1=2

4phð Þ1=2
e

2Pe n2hð Þ2
4h (7)

where h5t=s and n5x=l represent the dimensionless time
and location in the rotary calciner, respectively; s is the
MRT, and l is the length from the discharge to the location
of tracer injection; Pe5vxl=Ex is the Peclet number; vx and
Ex are the axial velocity and axial dispersion coefficient,
which are estimated from the curve fitting and are used fur-
ther to understand the effects of operations and material
properties on the RTD profiles.

Experimental Setting

Geometry and operations

Experiments were conducted in the 6” rotary calciner cov-
ering a wide range of variables at room temperature, as
detailed in Table 1. Figure 1 shows the schematic diagram
of the experimental pulse test setup. The calciner has an
internal diameter of 15 cm (6”) and a length of 3.3 m

(130”), giving an L/D ratio of 21.7. A screw feeder was
used to feed materials to the calciner at a constant rate. The
feeder was operated to achieve volumetric feed rates of 75
and 242 cm3/min. The calciner was operated at rotary speeds
of 2, 3.5, and 5 RPM.

A jack mechanism was provided at the feeder side of the
calciner to adjust the incline angle between 1.8� and 2.5�.
No dam or lifter was used at the discharge of or inside the
calciner, while a fixed circular dam of around 40 mm height
was set at the feeder side to avoid backward leakage of
materials. The maximum operational fill level without back-
ward leakage is around 20%.

Material

To understand the influence of material properties on the
RTD profile, alumina particles with different shape, density,
and L/D ratio were used as bulk materials. The spherical
particles were supplied by BASF (Iselin, NJ) and are F200
7 3 14 alumina spheres, with batch number 0200273560
(Spheres). The quadrulobe and cylindrical alumina particles
are typically applied in homogeneous deposition precipita-
tion catalyst, denoted as 1/20 Quadrulobe and 1/16 Cylinder,
respectively. All of the particles are c-alumina (Figure 2).
Table 2 shows detailed material properties of the three kinds
of particles. As listed in the table, angle of repose of the
spheres is smaller than the other materials, indicating better
flowability, thus lower residence time is expected inside the
calciner. For the RTD experiments of each material, the cor-
responding tracer was prepared by dyeing the same bulk
material with cobalt oxide. Material properties such as
dilated density and angle of repose were also measured for
the tracer and they were found to be unchanged from the
original bulk material.

Pulse test

Under steady-state conditions, a spoon-like tool with a
long handle was used, inserted into the calciner, and the
tracer was injected into the bulk material at a location 1.5 m
(60”) from the discharge (Figure 1). Images of particle flow
were recorded on the tray by a Canon A520

VR

camera. The
total number of tracer particles in every five or ten images,
taken with a time interval of 2 s, was counted manually.
Experiments were carried out using different amounts of
tracer in order to determine the reproducibility of the RTD
(see Figure 3). The quantity of tracer used for each pulse
test was chosen to be 50 cm3, due to a good RTD reproduci-
bility under that condition (see Figure 3b).

Bed depth distribution

The bed depth at different axial positions along the
calciner was measured using a ruler attached to the end of a

Table 1. Range of Operation Variables.

Operation Variables Conditions

Incline angle (�) 1.8
2.5

Rotary speed (RPM) 2
3.5
5

Volumetric feed rate (cm3/min) 75
242

Figure 1. Schematic of the experimental pulse test
setup.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com].
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6-foot rod. Under steady-state conditions, the calciner and
feeder were stopped, and the rod was inserted into the
calciner. The ruler was then made to touch the bottom of the
calciner through the bed, and the value on the ruler was
recorded. This procedure was repeated for different axial dis-
tances of 2”, 4”, 6”, 12”, 24”, and 36” from the discharge.

Results

Prediction of bed depth distribution and MRT

To verify Saeman’s model described in the “model” sec-
tion, bed depth distribution and MRT were predicted by
applying Eqs. 1–5 with the operation and material properties
in Tables 1 and 2.

Figure 4 shows the comparison between the predicted and
experimental data of bed depth distribution for all three alu-
mina materials at room temperature. The measurements were
performed at rotary speed of 5 RPM and incline angle of
2.5� for both feed rates. The solid lines in the plots denote
the model predictions; the circle and cross points indicate
experimental measurements. As can be seen from Figure 4,
an increase of feed rate leads to a higher hold-up at constant
rotary speed and incline angle. Higher hold-up is also
observed as angle of repose increases from sphere to cylin-
der and quadrilobes. Figure 5 plots the comparison of pre-
dicted and experimental MRT. It is apparent that MRTs in
the cases of sphere and cylinder are somewhat overesti-
mated. This may result from attrition inside the feeder,
which introduces alumina fines due to the small distance
(around 1 mm) between the screw and the sidewall. While
the overall hold-up of the calciner may not be significantly
influenced by the fines, the effective hold-up occupied by
particles is smaller. This may lead to a smaller experimental
MRT. Despite attrition, the results in both Figures 4 and 5
show fairly good predictions, indicating the applicability of
Saeman’s model for design and quality control of continuous
calcination processes.

Effect of material properties and process variables

Figure 6 shows the effect of process variables (volumetric
feed rate, rotary speed, and incline angle) on the residence
time distributions of spheres (SPH-RT), cylinders (CYL-RT),

and quadrilobes (QUAD-RT) at room temperature. Observa-
tions from Figure 6 include: (1) MRT increases from spheres
to cylinders and quadrilobes, due to an increasing angle of
repose; (2) particles stay longer in the calciner when the
drum rotation is slower or incline angle is smaller; (3) influ-
ence of feed rate on the MRT is not as significant as the
other operations; (4) axial dispersion is lower at the higher
feed rate in the sphere cases; while for the other two materi-
als, feed rate hardly influences axial dispersion.

To better clarify the effect of operations and material differ-
ence, Figure 7 summarizes the fitted values of axial dispersion
coefficient Ex (subplots 7a–7c) and MRT s (subplots 7d–7f).
These values are obtained from the fitting the Taylor disper-
sion model. The corresponding average fill levels predicted
from Saeman’s model are also plotted (subplots 7g–7i).

As subplots 7a–7c show, axial dispersion coefficients of
particles are limited to the range 0–5 cm2/min for most con-
ditions, except for the sphere cases at the lower feed rate.
For spheres one can also see that dispersion is larger at
larger incline angle. This results from the lower fill level due
to the lower angle of repose of the spheres (improved flow-
ability). At the higher feed rate, we hypothesize that the
increased fill level limits the position exchange of neighbor-
ing spheres and leads to a lower dispersion coefficient. For
the other two materials, the larger L/D ratio (4.3 for cylin-
ders and 5.3 for quadrilobes) results in interlocking between
neighboring particles, which makes particles difficult to dis-
perse even when the fill level is low. Dispersion was further
limited in the quadrilobe cases (subplot 7c), and we hypothe-
size that the approximate square cross section of the quadri-
lobe leads to more stable interlocking than the circle cross
section of cylinder particles. As with observations from Fig-
ure 6, subplots 7d–7f depict an increasing MRT from spheres
to cylinders and quadrilobes, following the increase of pre-
dicted fill level in subplots 7g–7i.

A uniform treatment of particles in the calciner corre-
sponds to a narrow RTD. This in turn corresponds to a large
Peclet number: Pe5vxl=Ex where vx and Ex are the axial
velocity and axial dispersion coefficient respectively. Our
results suggest that in order to achieve a narrow RTD profile,
an effective adjustment is to increase the feed rate, which
leads to a decrease in the axial dispersion coefficient while

Figure 2. Bulk materials of alumina.

(a) Sphere. (b) Cylinder. (c) Quadrilobe.

Table 2. Physical Properties of Tracer and Bulk Materials

Material Dilated Density (g/cm3) Length (mm) Diameter (mm) Angle of Repose (�)

Sphere (SPH) 0.8 - 1.62 6 0.33 21.1
Cylinder (CYL) 0.6 6.76 6 3.12 1.62 6 0.37 34.3
Quadrilobe (QUAD) 0.47 5.04 6 2.39 1.26 6 0.12 31.4
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keeping a constant MRT (leading to a larger Peclet number).
Notice that the influence of increasing the feed rate on trans-
verse heat transfer should also be considered since the fill
level increase with an increase of feed rate. Meanwhile,
adjusting rotary speed or incline angle does not work very
well, in terms of a narrow RTD since our results show that
adjusting the rotary speed or incline angle to decrease axial

dispersion can result in larger MRT, which counterbalances
the effect of limiting axial dispersion.

In summary, larger MRT and smaller axial dispersion
coefficient are observed in the cases of cylinders and quadru-
lobes, especially for the conditions of low rotary speed and
small incline angle. The results summarized above can serve
as guide in design and quality control of the continuous cal-
cination process.

Effect of Particle size and L/D ratio

A distribution of particle sizes or L/D ratios is a common
situation in industrial processes and solids handling.38 To
understand the influence of particle size and shape on RTD
profiles, two additional tests were performed. In the first test,
one RTD pulse test for the spheres was analyzed for particle
size differences between the beginning, middle and end of
the RTD. Images were separated into three partitions for dif-
ferent residence times of the tracer particles: partition I rep-
resents residence times smaller than 15 min; partition II
represents residence times between 15 and 15.6 min; parti-
tion III represents residence times larger than 15.6 min. The
range of residence times was set so that around 100 tracer
particles were observed for images within each partition.
Particle-size distributions of these partitions were determined
and plotted in Figure 8, in which the average sphere diame-
ter is around 2 mm in partition I, 1.2 mm in partition II, and
0.8 mm in partition III. Results show that smaller particles
have a longer residence time inside the calciner. One possi-
ble reason for this phenomenon is segregation of particles
due to different particle size. Previous work has shown that
large particles tend to ride onto the bed surface in the
calciner, while small particles together with fines due to
attrition in the feeder are more likely to stay in the kidney
core region in the elliptic section of the bed.10 We hypothe-
size that when larger particles are more likely to be on the
active layer and fall faster on the surface in the transverse
plane, they also move faster along the calciner in the axial
direction, which leads to shorter residence time.

The effect of the L/D ratio can be illustrated in the second
test, in which both bulk material and tracer of the original
cylinders (average L/D ratio 4.1) were screened to a top cut
(average L/D 5.0) and bottom cut (average L/D 4.0). Addi-
tional pulse tests were performed for both for an incline

Figure 3. RTD reproducibility of spheres with different
tracer quantities.

(a) 25 cm3. (b) 50 cm3. Operating conditions: feed rate

75 cm3/min, rotary speed 5 RPM, incline angle 2.5�.
[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com].

Figure 4. Comparison of predicted and experimental
bed depth distribution at RT.

(a) spheres, (b) cylinders, (c) quadrilobes. h/R: bed

depth normalized by the inner radius of calciner; x:

axial distance from the discharge. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com].

Figure 5. Comparison of predicted and experimental
MRT distribution.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com].

4072 DOI 10.1002/aic Published on behalf of the AIChE November 2013 Vol. 59, No. 11 AIChE Journal

wileyonlinelibrary.com
wileyonlinelibrary.com
wileyonlinelibrary.com


Figure 6. Experimental RTD data and fitted curves.

Open circle: 75 cm3/min; cross: 242 cm3/min. Blue: 2 RPM, red: 3.5 RPM; green: 5 RPM. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com].

Figure 7. Fitted values of axial dispersion coefficient (a–c), MRT (d–f), and predictions of average fill level (g–i).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com].
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angle of 2.5� and rotary speed of 5 RPM. Figure 9 shows
the results of the RTDs and fitted results of these additional
cases, compared to the original one. For a feed rate of 75
cm3/min, the cases of the original cylinders (unscreened) and
the bottom cut (bot-cut) show similar RTD and fitted param-
eters, while MRT of the top-cut case is slightly larger. Since
the bottom cut and unsieved material have a similar L/D
ratio it is not surprising that they have similar RTDs. We
hypothesize that the larger MRT for the top cut is due to
decreased flowability at larger L/D ratio.

RTD prediction

One goal of this work was to develop a reliable method to
predict RTD in a calciner. Based on previous work,25 Sae-
man’s model provides accurate prediction of one of the key
parameters of RTD: the MRT. For the other key parameter,
the axial dispersion coefficient, previous work did not provide
a quantitative predictive method,28 since the axial dispersion
coefficient largely depends on material shape. However, since
low axial dispersion is preferred in the calcination process, we

are interested in materials or conditions in which dispersion is
limited. This makes it possible to predict RTD profiles.

Figure 10 compares data and predictions of RTDs except
the sphere cases with large axial dispersion coefficient (low
feed rate). We observed that the axial dispersion coefficients
for spheres at the low feed rate are significantly larger than
that for the other cases. As limited axial dispersion is pre-
ferred, we focused on the RTD of all of the cases (spheres at
high feed rate, cylinders, and quadrulobes) except the sphere
cases at low feed rate. This was accomplished by estimating
the MRT (for the predicted curves) from Saeman’s model.
The axial dispersion coefficients were estimated based on the
following observations from Figures 6 and 7a–c: (1) the
axial dispersion coefficient did not vary significantly with
feed rate and incline angle; (2) the axial dispersion coeffi-
cient varied with rotary speed; (3) the axial dispersion coeffi-
cient did not change significantly for different materials
(spheres at high feed rates, cylinders, and quadrulobes); (4)
limited variation of the small axial dispersion coefficient
(between 0–10 cm3/min) did not influence the RTD profile
significantly. Based on these observations, the axial disper-
sion coefficients were arbitrarily estimated as 2, 3, 4
cm2/min for rotary speed of 2, 3.5, 5 RPM (Figure 11).
Although Figure 10 do not show a perfect fit, they provide
reasonable prediction of the experimental measurements.

Summary

Since it is desirable that particles stay for a minimum
defined time inside a calciner, to guarantee complete calcina-
tion, a target residence time with low axial dispersion is pre-
ferred. In this work, the influence of operational variables
and material properties on the MRT, hold up, and axial dis-
persion was investigated in a pilot plant rotary calciner. The
effects of operating conditions on the MRT and bed depth,
similar to observations of previous work, were verified on
the three kinds of alumina particles. Results showed that the
MRT increase with a decrease in the incline angle and the
rotary speed. The bed depth increased as the feed rate
increased, while the effect of feed rate on the MRT was not
significant. It was observed that spheres have lower resi-
dence time than cylinders and quadrulobes. This difference
in residence time was correlated to the flowability of the
material through measurement of the angle of repose of the
material. The influence of material properties on the particle
dispersion behavior was investigated captured in this work,
which was not reported in previous literatures. The axial dis-
persion coefficient decreased with a decrease in rotary speed
and incline angle. High feed rate and large angle repose of
the materials led to high fill level and strong interactions
between neighboring particles, which in turn led to limited
axial dispersion.

Particle-size distribution or L/D ratio distribution are com-
mon in industrial materials; the influence of particle size and
shape properties on the residence time distribution was also
investigated in this article. It was observed that smaller or
more slender particles stay longer time inside the calciner,
leading to an axial segregation of materials. By applying the
Saeman’s model, a method was developed to provide reason-
able RTD predictions in our calcination system for cylinders
and quadrulobes. This method also led to good predictions
for spheres at high feed rates.

As stated before, the performance of a continuous calciner
is determined by the competition between the residence time

Figure 8. Size distribution of tracer particles with dif-
ferent residence time.

(a) Partitions of RTD. (b) Particle-size distribution of

different partitions. Test conditions: sphere alumina;

feed rate 75 cm3/min; incline angle 1.8�; rotary speed 2

RPM. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com].

Figure 9. RTD profiles of alumina cylinders with differ-
ent L/D ratio.

Test conditions: alumina cylinders; feed rate 75 cm3/

min; incline angle 2.5�; rotary speed 5 RPM. [Color fig-

ure can be viewed in the online issue, which is available

at wileyonlinelibrary.com].
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and the characteristic time of heat transfer in the transverse
plane. As a result, the effect of temperature on the material
flow in the calciner, as well as the cross-sectional heat-trans-
port process, is suggested for further investigations. Coupling
between the heat transfer and the axial particle flow and dis-
persion should also be considered.5,39,40
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Notation

C(t) = concentration of particles as a function of time
d = particle diameter, mm

Ex = axial dispersion coefficient, cm2/min

Figure 10. Prediction of RTDs at RT.

All cases are predicted except the sphere cases at low feed rate. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com].

Figure 11. Estimation of the overall axial dispersion
coefficient.
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E(t) = residence time distribution, min21

h(x) = depth of solid bed, mm
hdam = height of dam at the discharge, mm

l = length between discharge and tracer injection, m
_m = mass feed rate, g/min

M = mass hold-up in the calciner, kg
Pe = Peclet Number
R = radius of calciner, mm
t = time, min

vx = mean axial velocity, cm/min
_V = volumetric feed rate, cm3/min
x = axial distance of discharge, m
b = incline angle of calciner, �

n = dimensionless location
ex = local fill angle of solids, �

qs = dilated particle density, g/cm3

s = mean residence time, min
h = dimensionless time
H = angle of repose, �

x = rotary speed, RPM
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