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ABSTRACT
This paper discusses the transport of granular materials through flighted rotary drums oper-
ated at the optimum loading. A mathematical model is derived from the force balance act-
ing on a single traveling particle, to predict the mean residence time of transportation.
Based on the available parameters of mean height of falling curtains and final discharge
angle, this model can be helpful to estimate the appropriate solid feeding rate. Two steps
were followed to implement the use of the model. Firstly, experiments were carried out on
a batch rotary drum to obtain the needed input parameters. Then, a case study of a small
capacity rotary dryer was considered. In both steps, the drum was operated at the optimum
loading. The model results were compared with other correlation from the literature for two
cases of solid and air flows: con-current and counter current. Based on the results, a factor
is introduced for generalized correlation from literature.
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1. Introduction

Many basic products in our daily life including a variety
of building materials, chemicals, pharmaceuticals and
food are granular, such as sand, sugar, corn, wheat, salt,
peanuts, flour, cement, limestone, fertilizers, wood chips,
pills. A rotary drum is a popular device used in industry
for the manufacturing and processing of many vital
granular products. Rotary kilns, rotary dryers, and rotary
coolers are the most commonly used types of rotary
drums found in industry. A rotary drum consists of a
long cylinder tilted to the horizontal and have the possi-
bility to rotate around its axis. The solid granular is fed
into the upper end of the drum by various methods
including inclined chutes, overhung screw conveyors,
and slurry pipes. The charge then travels down along the
drum by axial and circumferential movements, due to
the drum’s inclination and rotation. During the traveling
of the solid, it interacts with a processing gas along the
drum specially in the so-called gas-borne area for a cer-
tain process. In either counter or co-current flow direc-
tions. Until the processed solid discharged from the

lower end of the drum.[1–3] Rotary drum’s interior wall
is usually equipped with baffles known as lifters or
flights, which helps for lifting the granular material from
the bottom bed, then cascade, and showers it through
the gas-borne area developing a series of curtains. Many
flight configurations were developed to meet industrial
requirements for a specific product. Blade or radial flight
profile is used for sticky materials, while rectangular pro-
file is mostly used for free-flowing bulk materials.[4–6]

The loading of a flighted rotary drum highly influen-
ces the whole process.[7] Three types of drum loading
states can be categorized: under loading, optimum load-
ing (or called design loading), and over loading which
are characterized based on the holdup and the discharge
angle of the first unloading flight (FUF).[8] Detailed
information of these loading types is found in Sunkara
et al.[9]: The optimum loading means the FUF starts to
unload the material very close to the 9 o’clock position,
while the unloading starts earlier before the 9 o’clock
position in the over-loaded drum and lately than the 9
o’clock position in the case of under-loaded drum.
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Many investigations from literature emphasis that the
best performance of a flighted rotary drum occurs
when the drum operates at the optimum loading condi-
tions.[10–11] Therefore, a lot of experimental and theor-
etical works have been carried out to assess the
optimum loading of a flighted rotary drum. The deter-
mination criterion of the optimum loading was based
on reaching saturation of the FUF by the solid material
at the 9 o’clock position, while the experimental work
depends on record videos in front of the drum. Then
by means of different image processing and analysis
methods, the area of the material reside in the flight
can be obtained. Consequently, the volume and mass
can be calculated.[12]

The studying of the solid transport through a
flighted rotary drum is of importance. As it helps to
predict the mean time needed for the material proc-
essing (mean residence time), it consequently deter-
mines the feed rate at a specific drum loading. For
example, in a rotary dryer, it is essential to predict the
appropriate feeding rate as it shapes the quality of the
product. Smaller residence time causes uneven drying
of the feedstock, whereas higher residence time leads
to over drying of the material which involves
unaccepted changes in the product shape, properties,
and moreover huge energy loss.[1,13]

Transportation of solid through a flighted rotating
drum is influenced by many parameters: the drum
slope to the horizontal, the drum rotational speed, the
lifting of the solid by the flights, the disperse nature
into the gas stream, the bouncing in the gas and roll-
ing, and the sliding of the particles on impact with
the bottom of the dryer.[14,15] Hence, the studying of
the axial transport is much complicated, and a lot of
assumptions for simplifications are needed.[16,17]

For more understanding of the solid transport
inside a flighted rotary drum, the physical description
is introduced in the following section.

2. Physical description of granular solid
transport in a flighted rotary drum

Figure 1 gives information about the motion behavior
of granular solid in a flighted rotating drum.
Considering a single particle of the solid transported
through the drum, the particle is lifted up by the
flight because of the rotation of the drum. From point
A to point B see Figure 1(a,b) and then it is falling
down from B to somewhere in the bottom (point C).
After the particle has left the flight, it travels through
the gas-borne area along the drum and subjected to
drag force in a direction parallel to the axis of the

drum, and a drag force opposing the falling direction
of the particle (see Figure 1(c)). The effect of the later
is negligible compared to the accelerating force due to
gravity. At the impact point at the bottom of the
drum, the particle can be rolling and sliding until it
begins anther cascade cycle.[18,19]

Because of the slope of the drum (b), a successful
axial advance (X) by the particle is observed during
the fall. And the particle motion forms a number of
cascade cycles with an axial advance till it discharged
from the drum. The number of cascades and the axial
advance per cascade are determining the mean

Figure 1. Falling of a particle in a flighted rotary drum
inclined to the horizontal, (a) cross-sectional view, (b) axial
view, (c) free body diagram showing external forces.
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residence time of the solid inside the drum. To deter-
mine the axial advance (X) by the particle, the equa-
tion of motion should be applied as will be
described later.

It is worth noting that the first unloading flight
(FUF) is at the nine 9 o’clock position for the case of
optimum loading drums (d ¼ 0). The cascades of the
particles are continuing until the last unloading flight
(LUF) position (d ¼ dL).

Performing experiments on real flighted rotary
drums to study the effect of many operating parame-
ters on the mean residence time is difficult and costly.
Instead, many solid transport mathematical models
were developed and available in the literature, as dis-
cussed in the followings.

3. Models from literature

Many solid transport models of flighted rotary drums
have involved the development of empirical relation-
ships for the mean residence time (s) from pilot-scale
experiments.[20,21] While simplistic in nature, pilot-
scale empirical relationships generally lead to under
prediction of measured values of the mean residence
time in industrial rotary drums.[22] An alternative
technique was employed by researchers to determine
the mean residence time using geometric models
arguments based on the holdup of flights over the dis-
charge angle.[12] The mean residence time of solid in
a rotary drum is influenced by four components of
particle movement along the drum: a) gravitational
force due to the slope of the drum, b) drag of the gas
on the particles for counter-current flow, c) bouncing
of the particles on impact with the bottom of the
dryer, and d) rolling of the particles in the bed at the
bottom of the drum, especially for over-loaded case.
The last two components are almost impossible to
predict theoretically and are therefore evaluated
experimentally for each type of material as mentioned
by Kemp and Oakley.[23] Numerous equations have
been proposed for the estimation of the mean resi-
dence time in rotary drums, and in the following are
some models from literature.[24–27]

In many of these studies, only average holdups and
solid feed rate were considered.[28] The mean resi-
dence time for the particles (s) in these cases is given
by

s ¼ HTot

_ms
(1)

where HTot is the total drum holdup in kg, usually
determined by suddenly stopping the drum and

subsequently weighing its contents, and _ms is the solid
feed rate in kg/s.

One of the most frequently used empirical equation
for residence time estimation was proposed by
Friedman and Marshall[1] and later modified by Foust
et al.[29]:

s ¼ 13:8L
tan bð ÞN0:9D

6
0:59L _maffiffiffiffiffi

dp
p

_ms
: (2)

Here, the upper plus sign refers to the counter-cur-
rent flow and the lower mince sign refers to the con-
current flow. b is the drum slope angle in degree, N is
the rpm, L is the drum length in m, D is the drum
diameter in m, and dp is the particle diameter in m
and _ma and _ms are in kg/s.

Saeman and Mitchell[30] were the first to break
away from the empirical approach to calculate rotary
dryer holdups adopted by previous researchers. They
analyzed material transport through the dryer in
terms of incremental transport rates associated with
individual cascade paths to yield a transport-rate dis-
tribution function. By assuming a linear relationship
between the horizontal displacement of the particles
due to the air flow and its velocity, they derived the
following equation for the mean residence time:

s ¼ L

f Hð ÞDN tan bð Þ6m0ug
� � : (3)

Where f ðHÞ is a cascade factor with values typically
between 2 and p that increase as solids holdup
increases, and m0 is an empirical parameter (dimen-
sional) for a given material. The positive sign in
Equation indicates the con-current flow and the nega-
tive sign indicates the counter-current flow.

Schofield and Glikin[31] derived the following resi-
dence time equation by considering the drag exerted
by the air flowing counter-currently to the particles:

s ¼ L

yavg sin bð Þ � ku2r
g

� � 2yavg
g

� �0:5

þ davg
pN

" #
(4)

where yavg is the average falling height, ur is the rela-
tive velocity between solid and gas, davg is the average
discharge angle corresponding to yavg; and k is a fac-
tor for the drag force.

In other publications, the total residence time was
calculated as the total number of cascades of a particle
moving along the drum times the sum of the time of
lifting and the time of falling per one cascade, where
the number of cascades can be estimated based on the
calculated axial advance of the particle per cascade.
For such reason, a mathematical model was proposed
by Kamke and Wilson.[32] The axial advance of the
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particle (X) per cascade was given by the following
expression:

X ¼ ugtfall þ 1
k
ln

cos tan �1 ug=a1
� �� �

cos �a1Ktfall þ tan �1 ug=a1
� �� �

8<
:

9=
;
(5)

where a1 and k are constants depending on the drum
inclination and drag coefficient, respectively, ug is the
gas velocity, and tfall is the falling time. The model
has been validated with an experimental drum of
1.2 m in diameter and 5.5 m in length, with six cen-
tered flights and 12 flights installed to the outer shell
of the dryer. The experiments were performed with
wood particles having a sphericity of 0.75 and exposed
to hot gas stream in con-current passion. The resi-
dence time was measured by injecting radioactive
tracer particles at the inlet along with the feed. They
noticed that within a curtain, the particles may be
affected by the other particles and shielding of the gas
flow can also occur. Due to this, the model over pre-
dicted the data collected, since the model assumes
that the particles are independent to the gas flow.
They noted that the particles may be attributed as a
bulk material, and the mean diameter can be used in
order to measure the drag coefficient. It has been
found that the root-mean-square error was 109.6% in
the case of discrete particle size, whereas, in case of
mean diameter, it was around 14.2%.

Shahhosseini et al.[33] proposed a steady-state semi-
empirical model to predict solid holdup and flow rate
in rotary dryers. Based on modifying the model of
Friedman and Marshall,[1] the dryer was modeled as a
distributed parameter system. Experiments also have
been done on a pilot scale rotary dryer for sugar.
Results were used to investigate dynamics of the sys-
tem in terms of solid motion and to validate
the model.

Based on the analysis of a large amount of data
found in the literature on the operation of rotary
drums of many applications, on both pilot and indus-
trial scales, Perry and Green[34] proposed the follow-
ing general correlation for calculation of the mean
residence time:

s ¼ KL
tan bð ÞN0:9D

(6)

Where K is a factor that depends on the number
and format of the flights.

These models are mostly considering the case of
over-loaded drums. In this paper, a mathematical
model is derived for the solid transport inside a
flighted rotary drum operated at optimum loading,

from the force balance acting on a single traveling
particle, to predict the mean residence time of trans-
portation. Based on available input parameters of
mean height of falling curtains and final discharge
angle at the optimum loading conditions, the
approach advocated in this paper can be helpful to
estimate the appropriate solid feeding rate.

4. Current work model description

4.1. Model assumptions

The following assumptions were accounted in
the model:

� Steady state operation: with constant filling degree
along the drum. This may be realistic, specially for
the case of optimum-loading at no bed formation
at the bottom of the drum. Hence, uniform dis-
charge characteristics from the flights along the
drum can be assumed.

� Neglect the interactions between particles (free
flowing – non-cohesive). Each particle spent the
same amount of time over the drum.

� The particle is of a spherical shape and it remains
its dimensions and shape unchanged along
the drum.

� Neglect the rotational effect on the particle after
leaving the flight.

� Free and vertical fall of the particle (initially at
zero velocity).

� Neglect the vertical drag force.
� No slip condition of the gas on the par-

ticle surface.
� Neglect transitional effects between the particle

and the fluid.

4.2. Equationing

The free body diagram of the forces acting on a single
particle falling freely from a flight in a rotary drum at
a certain discharge angle (d) and subjected to a gas
flow (assumed air) is shown in Figure 1(c). Applying
the equation of motion on the particle in the axial
direction after considering the model assumptions[35]

reveals that

max ¼
X

Forces (7)

m
dux
dt

¼ mg sin bð Þlku2r (8)

dux
dt

¼ g sin bð Þlku2r (9)

where the upper minus sign refers to air following
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counter-current flows and the lower positive is for
con-current. b is the drum inclination angle, ur is the
relative velocity between the particles, and the air can
be calculated as

ur ¼ ua6ux (10)

ua is the air velocity, and ux is the particle falling
velocity component in x-direction. The upper positive
sign refers to counter-current flows, and the lower
minus sign is for the con-current.

ux can be obtained by applying the free fall equa-
tion on the particle assuming the fall from rest and
then by resolving the falling velocity uy:

u2y
2g

¼ y (11)

ux yð Þ ¼ 1
2

ffiffiffiffiffiffiffi
2gy

p
sin bð Þ (12)

The calculated ux is a function of the falling distance
(y) which is already varying with the flight pos-
ition (d).

In order to simplify the solution, an average value
of the falling distance can be considered and calcu-
lated by the integration of the measured falling height
over the flight discharge angle as

yavg ¼ �hfall ¼ 1
dL

ðdL
0

hfall dð Þdd (13)

where dL is the measured final discharge angle at a
specific operating conditions, and thus, ux;avg can be
obtained as

ux;avg ¼ 1
2

ffiffiffiffiffiffiffiffiffiffiffiffi
2gyavg

p
sin bð Þ: (14)

Then, the average relative velocity can be calculated
for known air velocity as

ur;avg ¼ ua6
1
2

ffiffiffiffiffiffiffiffiffiffiffiffi
2gyavg

p
sin bð Þ (15)

Back to Equation (8), the term k (presented before
in Equation (4)) can be calculated based on the drag
coefficient CD: The drag coefficient was evaluated
using the commonly used Schiller–Naumann drag
correlation[18,32] as stated in the following:

k ¼ 1:5
CD

dp

qa
qp

(16)

CD ¼ 12
Re

Re<0:2 (17)

CD ¼ 12 1þ 0:15Re0:687ð Þ
Re

0:2<Re � 1000 (18)

CD ¼ 0:44 Re>1000 (19)

Re ¼ qaur;avgdp
la

(20)

where dp is the particle diameter, qp is the particle
density, qa is the fluid density, la is the fluid dynamic
viscosity, and Re is a modified Reynolds number cal-
culated based on the relative velocity between the fluid
and the particle.

The final solution of Equation (9) gives the axial
advance of the particle per one cascade (lifting then
falling) and it is found to be

Xavg ¼ 1
2

g sin bð Þ� �
t2fall h;avgð Þ7

1
2

ku2r;avg
� �

t2fall h;avgð Þ

(21)

where tfallðh;avgÞ is the average falling time calculated
based on the calculated average falling height as

tfall h;avgð Þ ¼
ffiffiffiffiffiffiffiffiffiffi
2�hfall
g

s
(22)

Then, the number of cascades can be drawn by
dividing the total drum length by the axial advance
per one cascade

C ¼ L
X

(23)

During one cascade, the lifting time can be
approximated as

tlift;avg ¼
2davg
x

¼ davg
pN

(24)

where davg is the discharge angle (in radians) corre-
sponding to the calculated average height of fall,

davg ¼ d �hfall
� �

: (25)

x is the angular velocity in rad/s, and N is the
rotational speed in rps. Thus, the total average time
elapsed by the particle in the drum (mean residence
time s in sec) can be estimated from the following
relation:

s ¼ C tlift;avg þ tfall h;avgð Þð Þ (26)

where tlift;avg þ tfallðh;avgÞ is the total time per
one cascade.

In order to calculate the total solid mass flow rate
passing through the drum, a new average solid vel-
ocity should be introduced where the subscript (s)
denotes the solid material as

uavg;s ¼ L
s

(27)

The total drum holdup HTot in m3/m¼m2 can be
estimated using the following relation:
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HTot ¼ foptimum � pR2: (28)

The optimum loading filling degree (foptimum) could
be estimated using correlations from the literature.[12]

By multiplying the total drum holdup HTot with
the real drum length, the total solid volume (m3)
could be obtained,

Vs ¼ HTotL (29)

hence the mass of solid (in kg) can be calculated using
the solid bulk density (qb) as

ms ¼ qbVs: (30)

Finally, the needed solid mass flow rate can be cal-
culated either by dividing the solid mass (ms) by the
total residence time (s) or by using the calculated
solid average velocity, total holdup, and the solid bulk
density as

_ms ¼ qbHTotuavg;s: (31)

To implement the use of the model, two steps were
followed. Experiments were carried out on a batch
rotary drum, to obtain needed input parameters for
the model: mean height of falling curtains and final
discharge angle, at a specific operating conditions.
Then, a case study of a small capacity rotary dryer
was considered. In both steps, the drum was operated
at the optimum loading.

5. Methods and materials

5.1. Test rig

Figure 2 shows the experimental apparatus. The test
rig consists of a 0.5-m-internal-diameter and 15-cm-
length rotating drum. The drum was directly coupled
with an electrical motor and rotated in the clockwise
direction. The rotating speed of the motor was con-
trolled by a variable frequency inverter. The drum was
set up with zero inclination with respect to the hori-
zontal position on the ground in all directions. In
order to maintain uniform solid distribution inside
the drum, a line was stretched horizontally in front of
the drum and was located at the center point level of
the drum. This line acts as the reference demarcation
of the 9 o’clock position. A total of 12 rectangular
flights are installed at the inner drum surface with
same radial length (l1=5 cm) and tangential length (l2)
of 3.75 cm forming a flight tangential to radial length
ratio l2/l1= 0.75.

The drum’s front side was covered with a circular
glass plate and the rear end with a metal wall. In front
of the drum, a high definition video camera had been
placed perpendicularly to the plane of the glass plate.

A Canon 60D still camera was used with attached
18–125mm focal length lens. The video recording was
set with auto-exposure, and the video quality was set
with 1920� 1080 pixels and 24 frames per second.
The available shortest focal length of lens was adjusted
to 18mm for a wider angle of view. The focal point
was focused at the center point of the drum to reduce
the video distortion effects and parallax error during
the recording of the entire drum object.

For the consistency of light exposure, the experi-
ments were performed in a dark room and a light
source was placed and directed toward the drum. The
position of the light was carefully placed to avoid the
reflection of light at the surface of glass which would
lead to glaring of the video. Also, the light was dis-
tributed equally over the whole drum to facilitate the
manual image analysis and to reduce eye strain.

5.2. Experimental procedures

The experimental procedure after the preparation of
experimental setup was as follows: The amount of
solid was determined in terms of the needed filling
degree to achieve optimum loading of the drum using
our correlation found in Karali et al.[12] After the
drum was fed with the solid, it was allowed to rotate
until the desired rpm and then checked for optimum
loading by reaching the saturation of the FUF and
staring the first unloading at the 9 o’clock position.
After some time and reaching steady operation, pho-
tographs were captured by the camera. The

Figure 2. Experimental test rig; (1) experimental drum coupled
with an electrical motor, (2) horizontal demarcation line, (3)
light, and (4) digital FHD camera.

Table 1. Specifications of drum and operating parameters.
Drum diameter D 0.5 m
Drum length L 0.15 m
Flight length ratio l2/l1 0.75
Number of flights nF 12
Rotational Speed rpm 3 rpm

6 M. A. KARALI ET AL.



photographs were analyzed manually using ImageJ
software[35–38] to measure the followings: a) the final
discharge angle (dL) and b) the height of falling cur-
tains (hfallðdÞ).

5.3. Operating parameters

Table 1 summarizes the drum specifications and oper-
ating parameters. Table 2 gives information about the
granular material used.

5.4. Experimental results

Cascading of solid from flights forms a number of
falling curtains equal to the number of active flights.
The height of a falling curtain can be measured dir-
ectly from photographs as the vertical distance of a
particle leaving a flight tip to the first strike point at
the bottom of drum. This height of fall determines
the time the particles will stay in the gas-borne phase
where they are exposed to the gas stream. The strike
point differs according to the filling degree of the
drum. For example, for an over-loaded drum, most of
strike points are found to be on the bottom solid bed
surface, while for the case of optimum-loaded drum,
the bottom solid bed is no longer exists (see Figure
1). However, in some cases, the impact point is

located at the metal back side of the down opposite
flight. As a conclusion, maximum falling height can
be achieved when operating the drum at the optimum
loading filling degree. Figure 3 depicts the variation of
measured height of falling curtains along with flight
tip angle. From the FUF position (d=0) to the LUF
(d=dL), at optimum loading conditions, glass beads

(1mm) are at 0.75 flight length ratio, 3 rpm, and 12
flights. The measured height of falling curtains is rep-
resented as a dimensionless quantity divided by drum
diameter. The final discharge angle can be found from
the graph 3 to be 128

�
.

6. Case study

6.1. Given data

The mathematical model described previously is
applied on a small capacity rotary dryer operated at
optimum loading, with the following specifications:

6.2. Case study results

Figure 4 represents the variation of the axial advance
per one cascade of a falling particle at the different air
velocities for two types of flows: counter-current and
con-current. It is obviously shown in Figure 4 that the
average axial advance of the counter-current flow type

Table 2. Physical properties of material to be tested.
Material dp (mm) qb (consolidated) (kg/m3)

Glass beads 1.0 1555 ± 22

Figure 3. Measured curtains falling height of a single flight
against flight tip angle. In a flighted rotary drum operated at
optimum loading (12 flights, 0.75 flight length ratio, 3 rpm)
and using glass beads (1mm).

Drum dimensions: D¼ 0.5 m (taken exactly as the current work test rig),
L¼ 2.5 m (L/D¼ 5[32,33]),
Filling degree¼foptimum¼9%,
N¼ 3 rpm (0.05 rps), x¼0.314 rad/s,
nF ¼ 12; l2=l1 ¼ 0:75;
Drum slope (b)¼4

�
(0.0697 rad).

Solid properties: glass beads,
dp ¼ 1:0 mm;
qp¼2650 kg/m3,
qb¼1555 kg/m3.

Fluid properties: Air at 115 �C, properties from Incropera and Dewitt,[39]

qa¼0.8711 kg/m3,
la¼0.000023 Pa.s,
ua¼varied from 0.2 to 0.5 m/s.

Required: Calculate for the two cases: counter-current and con-current and for the
mentioned range of air velocity, the followings are average axial advance
per one cascade, mean residence time, and average solid mass flow rate
at optimum loading conditions.
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is lower than the one of the con-current flow types.
This is mainly attributed to the higher drag coefficient
(k) achieved by the counter-current flow. From Figure
4, it can be seen that increasing the air flow rate
causes a decrease in the axial advance for the case of
counter-current flow where the air is resisting the par-
ticle advance, while for the case of con-current flow,
the axial advance increases as the air flow
rate increases.

Figure 5 illustrates the variation of the predicted
mean residence time against different air velocities for
two types of flows: counter-current and con-current.
It is shown in Figure 5 that the mean residence time
elapsed by the solid in the drum for the counter-cur-
rent flow type is higher than the one of the con-cur-
rent flow types. From Figure 5, it can be seen that
increasing the air flow velocity causes the mean resi-
dence time to increase for the case of counter-current
flow type as the drag force increased, while for the

case of con-current flow type, the mean residence
time decreases as the air flow velocity increases as the
drag force decreases.

Figure 6 depicts the variation of the solid flow rate
with the air velocity for two types of flows: counter-
current and con-current. It is clear from Figure 6 that
the average solid flow rate for the counter-current
flow type is lower than the one of the con-current
flows. This is mainly because of the higher residence
time needed for the counter-current flow type. Figure
6 shows that increasing the air flow rate causes a
decrease in the solid flow rate for the case of counter-
current flow type, While for the case of con-current
flow type, the solid flow rate increases as the air flow
rate increases.

The model results of the mean residence time are
compared with the commonly used correlation from
the literature. Correlation of Friedman and Marshall[1]

and later modified by Foust et al.[29] described previ-
ously by Equation (2). The comparison is tabulated in
Table 3 and shows high deviations between the two
results. Similar deviation was reported by previous
studies: Iguaz et al.[40] and Abbasfard et al.[41,42] That
indicates it is of importance to carry out more experi-
ments on real scale drums to investigate the time
taken by the solid at different operating conditions.

The results from this work of the mean residence
time are substituted in the general model of Perry and
Green[34] (Equation (6)) along with the corresponding
values of operating parameters, resulting in an average
value for the factor K of 22.7 as shown in Equation
(32). It worth noting that, this is valid for the case of
a drum equipped with 12 rectangular flights of 0.75
flight tangential to radial length ratio. Where, s is in
seconds, L and D are in meters, b is in degrees, and
N is in rpm.

Figure 4. Variation of the axial advance per one cascade of
falling particle with the air velocity for two types of air flows
counter-current and con-current.

Figure 5. Variation of the mean residence time with the air
velocity for two types of flows counter-current and
con-current.

Figure 6. Variation of the solid mass flow rate with the air vel-
ocity for two types of flows counter-current and con-current.
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s ¼ 22:7L
tan bð ÞN0:9D

(32)

7. Conclusion

A simple mathematical model is derived from the
force balance acting on a traveling particle through a
flighted rotating drum. To predict the mean residence
time of transportation. Experiments were performed
on a batch rotary drum, to get needed input parame-
ters for the model: mean height of falling curtains and
final discharge angle, at a specific operating condi-
tions. The drum was of 0.5 m diameter, available with
0.15 m length, and rotates at 3 rpm, having 12 flights
of 0.75 flight tangential to radial length ratio. A case
study of a small capacity rotary dryer of D¼ 0.5 m
and L¼ 2.5 m was considered in order to test the
model. For both the experiments and the case study,
the drum was operated at the optimum loading. The
model results were compared with the correlation of
Foust et al.,[29] for two cases of solid and air flows:
con-current and counter current. The results revealed
high deviation between the current work model and
the model of Foust et al.[29] Similar deviation was
reported by other researchers, indicating that it is of
importance to carry out more experiments on real
scale drums to investigate the time taken by the solid
at different operating conditions. Based on the results,
a factor K with average value of 22.7 is introduced to
be substituted in the general model of Perry
and Green.[34]

Nomenclature

A,B,C points shown in Figure 1
C the number of cascades
CD drag coefficient
D drum diameter (m)
dp particle diameter (m)
f filling degree (%)
FUF first unloading flight
g gravitational acceleration (m/s2)

h curtains height of fall (m)
H holdup (m3/m or cm2)
K fitting parameter in Equation (6)
L drum length (m)
l1 flight radial length (m)
l2 flight tangential length (m)
LUF last unloading flight
m mass (kg)
_m mass flow rate (kg/sec)
N rotational speed (rpm)
nF total number of flights
Re Reynolds number
t time (sec)
u velocity
V volume (m3)
X Axial advance (cm)
x, y direction axes

Greek letters

b drum slope angle (o)
s mean residence time (sec)
d flight tip angle (o)
l viscosity (Pa.s)
qa air density (kg/m3)
qb solid bulk density (consolidated) (kg/m3)
qp solid particle density (kg/m3)
x Drum angular velocity (rad/s)

Subscripts

a air
avg average
b solid bulk
F flight
L final discharge angle optimumoptimum loading
p particle
r relative
Tot total
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