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Modeling of Fertilizer Drying in Roto-Aerated
and Conventional Rotary Dryers

E. B. Arruda, F. S. Lobato, A. J. Assis, and M. A. S. Barrozo
Federal University of Uberlândia, Chemical Engineering School, Uberlândia, MG, Brazil

Conventional rotary dryers are equipped with flights placed
parallel along the length of the shell to promote a rain of solids
across the dryer section. In the roto-aerated dryer the hot air flows
through the particles that run on the bottom of the drum through a
series of mini-pipes and there is no cascading. This study analyzed
heat and mass transfer modeling between the air and the fertilizer
particles in conventional rotary and roto-aerated dryers, as well
as the simulation results with the experimental data. A good agree-
ment between the simulated and experimental results was obtained
for the two rotary dryer configurations analyzed.
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INTRODUCTION

Drying, one of the most energy-intensive operations, is
of great importance in the fertilizer industry. Despite its
importance, in many cases the design and operation of
dryers is done according to empiricism, based on the
experience of engineers.[1]

Rotary dryers are often used in fertilizer industries. The
conventional rotary dryer consists basically of a long
cylindrical shell inclined at a small angle to the horizontal
and fitted with internal flights to cascade solid material
through a concurrent or countercurrent gas stream.[2]

Wet feed is introduced into the upper end of the dryer
and the dried product withdrawn at the lower end. The
length of the drum varies from four to ten times its
diameter, which can be 0.2 to more than 3m wide.[1]

As the dryer rotates, the solids are picked up by the flights
and are conveyed for a certain distance around the periphery
before dislodging and falling back as a raining curtain
through a hot air stream. Thus, in conventional cascading
rotary dryers, the particulate material mostly dries during
the falling period.[3] The movement of particles in conven-
tional rotary dryers depends on flight design.[4,5] The perfor-
mance of rotary dryers is dictated by three important
transport phenomena, namely, solids transportation,[6–10]

heat, and mass transfer. The ability to estimate each of these
transport mechanisms is essential for proper design and
operation of rotary dryers.[11]

The literature presents some drying models for
conventional rotary dryers based on the application of
mass and energy balance equations for both solid and fluid
phases.[12–17] This approach requires constitutive equations
for the heat transfer coefficients, drying kinetics, equili-
brium moisture content, and fluid dynamic characteristics.

In order to improve drying efficacy, another version of
the rotary dryer, known as a roto-fluidized dryer or, more
accurately, roto-aerated dryer, was evaluated by Lisboa[18]

and Arruda.[19] This dryer configuration presents as its
major characteristic an aerated system consisting of a cen-
tral pipe (surrounded by the drum) from which a series of
mini-pipes conducts the hot air directly to the particle bed
that is flowing at the bottom of the surrounding drum
(without flights). Figure 1 shows a schematic diagram of
air distribution in this novel dryer.

In the roto-aerated dryer, the gas-particle contact is
more effective and occurs as long as the solid remains in
the dryer, different from the cascading conventional dryer
where this contact occurs mostly during the time that the
particles are falling from the flights. This fact allows for a
reduction of the particle residence time with a subsequent
increase in the processing capacity, as observed by
Lisboa.[18] Moreover, greater transfer coefficients of mass
and energy were observed in preliminary studies, resulting
in increased efficacy of the roto-aerated dryer in relation to
the conventional equipment. These factors motivated a
more detailed study, performed by Arruda,[19] to identify
and quantify the performance differences between the
conventional and the roto-aerated dryers.

The aim of this work is to study the modeling of the heat
and mass transfer between the air and the particles of super-
phosphate fertilizer in conventional rotary and roto-aerated
dryers, as well as to compare the simulation results with
experimental data. The utilized model is based on the mass
and energy balances performed on infinitesimal volume
elements in the rotary dryers operating at steady state. The
constitutive equations were obtained in our previous study.[19]
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EQUATIONS

The load of materials into the flights depends on its
angular position at the drum and the intrinsic characteris-
tics of the material, such as dynamic angle of repose,
particle size (dP), and the dynamic friction coefficient. This
load can be calculated using the equations proposed by
Revol et al.[20] for flights with angular geometry. These
equations were previously tested and validated by
Arruda.[19]

Simultaneous Transfer of Mass and Energy
in Rotary Dryers

The system was modeled by applying mass and energy
balances for both solid and fluid phases. The modeling
approach considers the fluid dynamic characteristics of
the dryer, as well as the intrinsic properties of the material,
equilibrium moisture, and drying kinetics. The operations
of both rotary dryers were assumed to be in a steady state.
Figure 2 shows the scheme of the infinitesimal volume
element of a conventional rotary dryer operating at a
countercurrent flow.

In the formulation of this model, the following assump-
tions were made:

� The particle velocity through the drum is constant.
� The drying rate is evaluated in each infinitesimal
volume element volume of the dryer;

� Grain shape and physical properties do not
change during drying;

� The initial conditions of solid feeding flow rate, air
and solid temperature, air humidity and solid
moisture are known.

The equation system from the balances of mass and
energy between drying gas and particulate material is
presented next, where z is the nondimensional length, given
by the proportion between a given position (x) and the
total length of the dryer (L).

dW

dz
¼ �RwH

�

Gf
ð1Þ

dM

dz
¼ �RwH

�

GS
ð2Þ

dTf

dz
¼

UvaVðTf � TSÞ þ RwH
�ðkþ CpvTf Þ

þUPpDLðTf � TambÞ

" #

Gf ðCpf þWCpvÞ
ð3Þ

dTS

dz
¼

UvaVðTf � TSÞ þ RwH
�CplTS

� RwH½kþ CpvðTf � TSÞ�

" #

GSðCpS þMCplÞ
ð4Þ

The system of differential equations of the model should
be resolved simultaneously for the four variables involved,
considering the contour conditions that follow:

WðLÞ ¼ W0; Mð0Þ ¼ M0; Tf ðLÞ ¼ Tf 0; TSð0Þ ¼ TS0:

Drying in conventional cascading rotary dryers occurs
mostly during the time in which the particles are falling
from the flights; that is, they are in contact with the drying
air, which corresponds to only a fraction of the residence
time.[21] This fraction refers to the effective contact time
between the solid and drying air (ftef) and can be evaluated
by the relation between the average falling time of the
particle and total time of a cycle. This, in turn, corresponds
to the time spent from material collection by the flight until
its return to the particle bed on the bottom of the drum.
This fraction can be evaluated by Eq. (5), where the
total number of cycles (NCi) is given by Eq. (6), and the
effective contact time gas-particle (tef) by Eq. (7). The total
solids load in the dryer (H�) is given by Eq. (8).

ftef ¼
�ttq
�ttCi

�NCi

NCi
¼ NCi�ttq

s
ð5ÞFIG. 2. Schematic of the infinitesimal volume element of the rotary dryer

operating at countercurrent flow.

FIG. 1. Schematic diagram of air distribution in the roto-aerated dryer.
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NCi ¼
L

l
¼ L

YqsenðaÞ
ð6Þ

tef ¼ ftef � s ð7Þ

H� ¼ s� GS ð8Þ

For the conventional rotary dyer, the effective contact
time gas-particle (tef) substitutes the time t in the computa-
tion of the drying rate. In the roto-aerated dryer this
effective contact time is equal to the residence time itself;
that is, the fraction of effective time (ftef) is equal to one.

Constitutive Equations

Equilibrium Moisture

Based on experimental data of equilibrium moisture
content of the simple superphosphate fertilizer, Arruda[19]

performed a statistic study of discriminating rival models
and concluded that the modified Halsey correlation[22] best
adjusted his experimental data. The modified Halsey’s
equation with the parameters estimated by Arruda[19] for
the superphosphate fertilizer is presented next.

Meq ¼
� expð�0:045TS � 2:08Þ

lnðRHÞ

� � 1
1:435

ð9Þ

Drying Kinetics

Based on the experimental study performed in a thin layer,
Arruda[19] concluded that the best correlation to represent the
drying kinetics of the fertilizer was Page’s equation.[23] Page’s
equation with the parameters estimated by Arruda[19] for
simple superphosphate is presented subsequently:

MR¼ M�Meq

M0�Meq
¼ exp �0:431exp

�121:845

Tf

� �
t0:392

� �
ð10Þ

Heat Transfer Coefficients

The best correlations for global volumetric heat transfer
coefficient (Uva) and for the lost heat through the wall
coefficient (UP) also were determined by Arruda.[19] These
equations with the parameters estimated in this previous
work are

Uva ¼ 3:535G0:289
f G0:541

S ð11Þ

UP ¼ 0:227G0:879
f ð12Þ

MATERIALS AND METHODS

The particles in this study were fertilizer in the form of
simple superphosphate granules (SSPG) of 2.45mm
Sauter mean diameter, 1100 kg=m3 particle density, and

0.245 kcal=kg�C heat capacity, with a initial moisture
contents between 0.12 and 0.15 kgwater=kg dry solid.
The dynamic coefficient of friction determined by
Arruda[19] for this material was 0.984.

Experimental Setup Description

Figure 3 shows a schematic view of the experimental
apparatus that consists of a 7.5 hp blower, an air heating
system with electrical resistances controlled by a Variac,
the rotary dryer (conventional or roto-aerated), and a
transporting belt for the solids feeding mounted under a
silo of moist fertilizer. The hot air enters the conventional
cascading rotary dryer in countercurrent flow with the
solids. The rotary dryer was 1.5m long and 0.3m wide
and was built to allow changes in the drum’s inclination
and rotation and to operate with any number and types
of flights or adapted for the roto-aerated configuration.

Experimental Conditions

The experimental trials were performed with the best
configurations determined by Arruda[19] for the conven-
tional and roto-aerated dryers. The conventional rotary
dryer was equipped with three-segmented angular flights.
This choice[19] was due to the fact that this type of flight
promotes a more homogeneous cascading through the
transversal section of the rotary dryer, thus promoting a
better spreading of the material and, consequently, a better
contact between the falling particles and the drying air. The
flights had the following dimensions: first segment¼
0.02m, second and third segment¼ 0.007m; the length of
the flights was 1.5m, with an angle of 135� between
segments.

The most effective configuration for the roto-aerated
dryer, among several tested by Arruda,[19] was the one
using a fixed 10-cm-diameter central pipe (surrounded by
the drum), from which fifty-six 0.9-cm-diameter mini-pipes
derived, disposed as shown in Fig. 1. The length of the
mini-pipes was adjusted in such a way that they remained
as close to the bottom of the surrounding drum as possible.

FIG. 3. Schematic of the experimental apparatus.
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Experimental Design

The experimental conditions (see Table 1) were chosen
by a central composed experimental design.[24] Measure-
ments of solids moisture and temperature were performed
through the length of the drum using a probe containing
a collector mounted on its tip with a copper-constantan
thermocouple. Solids moisture content was determined by
the stove method (24 h at 105� 2�C). Air and solids
temperatures were measured using a copper-constantan
thermocouple.

RESULTS AND DISCUSSION

The resolution of the differential equations system was
obtained by the technique of normal collocation with 10
placement points for the fourth-order polynomial approx-
imation, using the subroutine bvp4c of the software
Matlab1. The relative tolerance used was 10�6. The simu-
lated results of fertilizer moisture distribution, as well as
the air and solid temperature profiles along the length of
the both rotary dryers, were compared with the respective
experimental data.

Conventional Rotary Dryer

Figures 4 to 6 show typical results of the comparisons
between experimental profiles and those computed by the
model for the conventional dryer under optimum opera-
tional conditions. A good agreement between the simulated
profiles and those obtained experimentally for the conven-
tional rotary cascading dryer can be observed in these
results, with a slight overprediction for the solid tempera-
ture. The good agreement between simulated and experi-
mental results was also observed in the other condition of
the experimental design (Table 1).

Figures 7 to 9 show the experimental and simulated
results, obtained at the exit of the dryer, respectively, for
the solids moisture content, solids and air temperatures,
for each experiment of this study (see conditions in
Table 1). The average deviation of the simulation results
in relation to experimental data for the solids moisture
was 7.7%, 12.8% for solids temperature, and 4.6% for air
temperature. Therefore, it can be said that the simulation
results well matched with the experimental data for the
conventional rotary dryer.

Roto-Aerated Dryer

The experimental data and those computed by the
model for solids moisture distribution, as well as solid
and air temperatures along the length of the roto-aerated
dryer, are shown in Figs. 10 to 12 for the conditions of
the test 3 (see Table 1), where a good agreement between

TABLE 1
Experimental design

Experiment vf (m=s) Tf (
�C) GS (kg=min)

1 1.5 75 0.8
2 1.5 75 1.2
3 1.5 95 0.8
4 1.5 95 1.2
5 3.5 75 0.8
6 3.5 75 1.2
7 3.5 95 0.8
8 3.5 95 1.2
9 1.09 85 1

10 3.91 85 1
11 2.5 70.9 1
12 2.5 99.1 1
13 2.5 85 0.72
14 2.5 85 1.28
15 2.5 85 1

FIG. 4. Experimental and simulated results of the solids moisture profile

for the conventional rotary dryer operating in the conditions of test 2:

vAR¼ 1.5m=s; Tf ¼ 75�C; GS¼ 1.2 kg=min.

FIG. 5. Experimental and simulated results of the solids temperature for

the conventional rotary dryer operating in the conditions of test 2:

vAR¼ 1.5m=s; Tf ¼ 75�C; GS¼ 1.2 kg=min.
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FIG. 6. Experimental and simulated results of the fluid temperature for

the conventional rotary dryer operating in the conditions of test 2:

vAR¼ 1.5m=s; Tf ¼ 75�C; GS¼ 1.2 kg=min.

FIG. 8. Experimental and simulated results for the solids temperature at

the exit of the conventional rotary dryer for each experiment (conditions

in Table 1).

FIG. 7. Experimental and simulated results for the solids moisture con-

tent at the exit of the conventional dryer for each experiment (see condi-

tions in Table 1).

FIG. 9. Experimental and simulated results for the fluid temperature at

the exit of the conventional rotary dryer for each experiment (conditions

in Table 1).

FIG. 10. Experimental and simulated results of the solids moisture

profile for the roto-aerated dryer operating in the conditions of test 3:

vAR¼ 1.5m=s; Tf ¼ 75�C; GSU¼ 0.8 kg=min.

FIG. 11. Experimental and simulated results of the solids temperature

profile for the roto-aerated dryer operating in the conditions of test 3:

vAR¼ 1.5m=s; Tf ¼ 75�C; GSU¼ 0.8 kg=min.
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the simulated and experimental results is observed. The
trend observed in these figures also was observed in the
other condition of the experimental design.

Figures 13 to 15 show the comparison between the simu-
lated and experimental results at the exit of the roto-
aerated dryer for all experiments presented in Table 1.
The average deviation observed in relation to the experi-
mental data was 12.4% for the solids moisture content,
7.4% for the solids temperature, and 5.2% for the air tem-
perature. Therefore, it can be stated that the model pro-
posed in this study was also capable of adequately
predicting the drying performance in this novel dryer. It
is important to highlight that in the simulation approach
utilized here the parameters of the constitutive equations
were estimated in specific studies of drying kinetics, equili-
brium moisture content, and heat transfer coefficients.[19]

CONCLUSIONS

From the mass and energy balances performed over
infinitesimal volume elements in the rotary dryer, a math-
ematical model, consisting of a system of differential
equations able to adequately describe air and solids mois-
ture and temperature distribution along the length of
both conventional and roto-aerated dryers, was used in
this work.

The average deviation of the simulation results in rela-
tion to experimental data, for the conventional rotary
dryer, was 7.7% for the solids moisture content, 12.8%
for the solids temperature, and 4.6% for the air tempera-
ture. For the roto-aerated dryer, the average deviation
was 12.4% for the solids moisture content, 7.4% for the
solids temperature, and 5.2% for the air temperature.

Therefore, it can be stated that the methodology utilized
in this work—i.e., the drying model with the parameters
obtained in specific studies—can be used in optimization

FIG. 13. Experimental and simulated results for the solids moisture con-

tent at the exit of the roto-aerated dryer for each experiment (see condi-

tions in Table 1).

FIG. 14. Experimental and simulated results for the solids temperature

at the exit of the roto-aerated rotary dryer for each experiment (conditions

in Table 1).

FIG. 15. Experimental and simulated results for the air temperature at

the exit of the roto-aerated rotary dryer for each experiment (conditions

in Table 1).

FIG. 12. Experimental and simulated results of the air temperature pro-

file for the roto-aerated dryer operating in the conditions of test 3:

vAR¼ 1.5m=s; Tf ¼ 75�C; GSU¼ 0.8 kg=min.
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and project studies of rotary dryers, both conventional
and roto-aerated.

NOMENCLATURE

D Dryer diameter (m)
dp Particle diameter (m)
ftef Effective time factor
G Mass flow rate (kg=min)
H� Dryer total load (kg)
L Dryer length (m)
M Solid moisture (kgwater=kgdry solid)
MR ¼ M�Meq

M0�Meq
non dimensional moisture

NCi Total number of cycles
NR Rotation velocity (rpm)
RH Air relative humidity
RW Drying rate (min�1)
T Temperature (�C)
t Time (s)
UP Coef. of heat lost (kWm�2�C�1)
Uva Global volumetric heat transfer coefficient

(kWm�3�C�1)
W Air absolute humidity (kgwater=kgdry air)
x Position along the dryer (m)
Yq Average fall height (m)
z ¼ x=L, non dimensional length

Greek Symbols

a Dryer inclination (�)
k Latent heat of pure water vaporization (kJ kg�1)
s Average residence time (s)

Subscripts

amb Environment
ef Effective
eq Equilibrium
f Fluid
l Liquid
s Solid
su Moist solid
v Vapor
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