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As an eco-friendlier way to manage mining waste, the use of solar energy to dry phosphate sludge in a rotary dryer is envisioned.
As a first step toward this end, a design study for a bench-scale rotary dryer for phosphate sludge is detailed, using a one-
dimensional mathematical model developed for this task. Using the Engineering Equation Solver (EES) software, a steady-state
transport phenomena model was developed that enables an estimation of the moisture and temperature profiles for both gas
and product in the dryer. A sensitivity analysis evaluated the effects and influence of different geometric parameters and
operating conditions on the product moisture profile. Parameters involved include the diameter of the dryer, the residence
time of the product to dry, inlet air temperature, and inlet product humidity. This allowed for the selection of suitable design
parameters for the operation of a phosphate sludge dryer with a 1.5 m length and an internal diameter of 11.5 cm. The inlet air
temperature of the rotary dryer was set at 200°C to achieve a reduction of moisture content in the product from 30% to 7%.
The model was validated through literature and experimental datasets, with an error averaging 0.22% and 1.52%, respectively.

1. Introduction

Morocco detains the largest reserves of phosphate while
being ranked as the third producer for this ore [1]. During
mining activities related to phosphate beneficiation, fluora-
patite is separated from the associated gangue minerals (clay,
limestone, silicates ...) by a combination of various pro-
cesses, including crushing and screening, washing, and/or
flotation. These operations generate considerable quantities
of sludge that represent more than 20% of the weight of
the raw ore used for the production of phosphate concen-
trate [2]. In 2010, approximately 28.1 million tons of phos-
phate sludge were generated in Morocco only [1], and this
amount is continuously increasing with the continuous pro-
gression of production. As this gangue is clayey, it is essen-
tially a porous hygroscopic material containing a large
amount of water [3]. Van Damme et al. [4] examined the
characteristics and behavior of the sludge and defined it as

a dense assembly of grains, saturated in liquid, with or without
physicochemical interactions. This sludge is usually spread
into open-air ponds, called dikes, located at the mine site. This
requires large areas of urban and agricultural (arable) land,
while presenting a severe problem in terms of storage capacity.
Phosphate sludge can also be a source of pollution for vegeta-
tion, wildlife, air, and water [5] and present a potential global
risk, particularly for villages surrounding the mining sites [6].
This by-product also has controversial long-term sustainabil-
ity which may require costly rehabilitation measures at the
end of the operation. One of the main challenges thus facing
the phosphate industry is integrating a rational and environ-
mentally friendly method for sludge management.

As phosphate sludge is currently considered as a mining
waste without value [7], its valorization is one of the best
strategies to limit its negative repercussions. A literature sur-
vey has identified ambitious possibilities for their reuse as an
alternative raw material in several sectors and industries.
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Some examples include light aggregates [1], fired bricks [8, 9],
cementitious binders [6], ceramic materials [1, 7], glass
ceramics [10, 11], and concrete and mortars [12]. To better
valorize this by-product, drying is an essential intermediate
process that contributes to reducing the environmental impact
and the storage and transport costs from the decreased volume
and mass after water removal. Drying could also eliminate the
current form of storage in landfill dikes and limit their envi-
ronmental impact.

The idea behind the present work is to rely on a rotary
dryer previously used for phosphate drying. As new technol-
ogies have been adopted to transport and dry phosphate, the
rotary dryers are falling into disuse. This would allow their
reuse to process phosphate sludge after some adaptation,
with the required drying energy supplied by fossil fuels.
Solar thermal energy could, however, be a possible eco-
friendly alternative [13, 14]. To the best of our knowledge,
this study is the first of its kind to study the drying of phos-
phate washing sludge by a rotary kiln. To reach optimal
parameters for an effective drying, laboratory-scale experi-
ments are first required.

Many extensive studies on the various drying techniques
exist in the literature; rotary kilns are the most common and
less expensive when it comes to maintenance costs [15]. The
early 60s saw the first studies on steady-state rotary dryer
modeling [16]. Douglas et al. [17] improved the rotary dryer’s
modeling by adding the solid and gas property variations
throughout the dryer. Thorne and Kelly [18] developed a
dynamic model combining the particle transport model of
Kelly and O’Donnell [19] with the drying kinetics model of
Garside [20]. Reay [21] presented an overall model for a rotary
dryer, including models for solids and equipment separately.
Najim [22] developed static and dynamic models of phos-
phates rotary dryer. These models are based on four partial dif-
ferential equations representing the mass and heat balances on
the control volume of the dryer, taking into account heat and
mass transfer occurring in it. Other studies have been carried
out to compare the rotary dryer’s mathematical models for var-
ious product flow rates and different dryer sizes [23-25]. In the
case of the rotary dryer test bench design, it is more accurate to
use steady-state one-dimensional modeling to reduce the calcu-
lation time and simplify the process. Rotary dryers have been
applied in various industries, such as minerals, chemistry, fuel,
and food. They have broad applications involving heat and
mass transfer between gas and solid phases. Gunnarsson et al.
[26] discussed the development of a detailed 3D radiative heat
transfer model of a rotary kiln with bed material, kiln used for
iron ore pelletizing. The model predicts the inner wall and bed
surface temperatures with less than 11% of error. Gu et al. [15]
studied numerically and experimentally the drying characteris-
tics of wet filamentous biomass particles in a laboratory rotary
kiln. The simulation results were compared to experiments
under selected conditions to verify the heat and mass transfer
mathematical model. Gomez-De La Cruz et al. [27, 28] studied
the drying behavior of a rotary dryer used for olive oil milling
waste. The results showed that the drying rate decreases when
the average particle size decreases. Silvério et al. [29] compared
the performances of conventional rotary dryers for fertilizer
(concurrent and countercurrent flows) to a roto-aerated dryer
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F1GURE 1: Profiles for solid moisture (blue line) and gas temperature
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F1Gure 2: Control volume of rotary dryer (Az).

configuration, in which a hybrid distribution of mini pipes
was used. The results confirm the superior performance of
the hybrid roto-aerated dryer due to better gas-particle contact.
Firouzi et al. [30] explored the energy consumption and rice
milling quality of a drying paddy with a horizontal rotary dryer.
Results were compared to those of conventional industrial
batch-type bed dryer at different paddy moisture levels. Ther-
mal energy use efficiency was estimated to be 38.8% and
26.3%, respectively, at a moisture drop range of 12%-14.5%,
w. b. Kaveh et al. [31] investigated the drying kinetic, quality,
energy, and exergy performance of green peas in a hot air-
rotary dryer using the Adaptive Neuro-Fuzzy Inference System
(ANFIS) model at different temperatures and rotary rotation
speeds. The drying tests were performed at three air tempera-
ture levels of 40, 55, and 70°C and three rotation speeds of 5,
10, and 15 rpm. The results showed that the energy utilization
rate of the process varied in the range of 0.0121-0.1556 k]/s.
Perazzini et al. [32] developed a dynamic model of drying citrus
residues in a rotary drum, with model validation carried out in
a semi-industrial rotary dryer. Souza et al. [33] analyzed the
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TaBLE 1: Base case for drying conditions of the bench-scale rotary dryer simulation.

Variable Code Value Unit Range

Product mass flow i 5 kg/h

Solid inlet moisture X 30 %

Air inlet humidity X0 0.01 kg water/kg

Product inlet temperature Ty 20 °C

Air inlet temperature T g 200 °C

Bulb temperature Two 40 °C

Air velocity u 0.5 m/s 0.5-5

Heat loss factor o 10 %

heat and mass transfer between soybean seeds and air in a
nonconventional rotary dryer. A good agreement was found
between simulated results and experimental data. Proch
et al. [34] showed how the design of an indirectly heated
rotary kiln for the pyrolysis of waste tyres could be developed
based on numerical simulation results. They described a one-
dimensional simulation model of the particle bed’s tempera-
ture and mass flow profiles, as well as for the gas phase along
the axis of the indirectly heated rotary kiln. This model was
successfully validated using experimental measurements.

The literature review revealed the absence of comprehen-
sive numerical or experimental works covering phosphate
sludge drying. This paper tries, therefore, to bridge existing
knowledge gaps in this field. To achieve this, a steady-state
one-dimensional model is developed for the design of a
laboratory-scale phosphate sludge rotary dryer to evaluate
the effects of drying temperature and moistures content on
the dried product. Because solar energy is envisioned as the
thermal energy source, modeling and sizing are done for
low-temperature drying (e.g., less than 250°C), using the Engi-
neering Equation Solver (EES) software for simulations. Model
validation is performed using available literature data, as well
as with experimental data obtained with a bench-scale rotary
dryer for phosphate sludge. Thus, this paper provides for the
first time more theoretical and experimental information on
the behavior of phosphate sludge during rotary drying.

2. Model Development

In a direct-contact rotary dryer, the dryer is continuously fed
with the wet product and put in direct contact with hot gas
injected in the dryer. The product is transported along the
rotating cylindrical ferrule [35], with proper drying achieved
through the kiln’s continuous rotation. This continuous
rotation has dual purposes, first in carrying the product from
one end to the other, while it also serves to spread and mix
particles in the hot gas stream. The phenomena related to
the movement ensure the product transport from the inlet
to the outlet of the ferrule, inside which hot gas is withdrawn
by fans that provide a depression. Mass transfer phenomena
have to be considered, where water will pass from the prod-
uct to the gas stream. Heat transfer from the hot gas stream
to the product to be dried ensures the phase change of

phosphate-bound water into a steam state, which is then
picked by the hot gas stream.

The one-dimensional model developed in this work is
adapted from several literature works [36] and based on a
system of equations describing mass and heat balances to
consider the thermal and mass transfer between the gaseous
and solid phases. It is based on the following simplifying
assumptions:

(i) The dryer is considered at a steady state

(ii) The particles are considered spherical and their size
uniform

(iii) No heat generation in the dryer
(iv) The product is deemed to be homogeneous

(v) The velocities of the solids and drying air along the
dryer axis are constants

2.1. Governing Equations. The rotary dryer can be considered
as being formed of three successive zones, as shown in
Figure 1. The first zone, corresponding to the preheating stage,
is aimed at heating the particles until the solid-liquid surface is
equal to the equilibrium temperature. This temperature is
maintained throughout the second zone while the drying rate
is constant. This lasts until the critical moisture content X_ is
achieved, after which the drying rate begins to decrease and
moisture content adopts an asymptotic curve that approaches
the equilibrium moisture X [8]. The control volume of length
Az shown in Figure 2 is used for steady-state mass and energy
balances in each zone of the rotary dryer [37, 38].

For the first zone, the following equations from [38] are
used:

(i) For the solid:

dr,
ql +q2:ms,hcp,sE' (1>

(ii) For the gas:
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FIGURE 3: Resolution organigram.

dT,
9, t493= mg,hcp,gﬁ : (2)
(iii) For the internal wall:
43=95 9, 3)
(iv) For the external wall:
95 =44 (4)

For the second zone, the solid temperature is considered
constant and the mass balance given by this equation [38]:
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TaBLE 2: Input parameters for model validation [41].

Parameter Value Unit
Length 25 m
Internal diameter 2.5 m
Rotation speed of the dryer 10 spin/min
Inlet gas flow 47.22 kg/s
Inlet gas humidity 0.01 kg water/kg dry air
Inlet gas temperature 900 ‘C
Inlet product flow 100 kg/s
Inlet product moisture 16 %
Inlet product temperature 20 °C
dx
mss% :—mng—Zg. (5)

The energy balance is given as follows:

(i) For the gas:

d(m,,H
9 +4q;= %- (6)
(ii) For the internal wall:
43 =95 T 4qy- (7)

(iii) For the external wall:

95 =44- (8)

(iv) For mass transfer:

4+ 0= (1) . ©)

For the third zone, the mass balance is

dx dx,

S

S =—m, 7. 1
M dz mgs dz ( 0)

The corresponding energy balance equations are obtained.

(i) For the solid:
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d(mg,H,) with
gty = . (1)
f(T) = Mgy ((Cp,eau - Cp,s) (T - Tref) + Aeau(Tref))
+ Mg (Cp,sh(T - Tref) + Xs/\eau(Tref))’qi = hiSiATi'
(ii) For the gas: (16)
The equations above constitute the one-dimensional
d(my,H,) model of the rotary dryer, describing the variables’” behavior
q,+4;= %. (12)  along the dryer to yield predicted profiles for product mois-
z

(iii) For the internal wall:

43 =45+t 4q;-

(iv) For the external wall:

qs = dy-

(v) For mass transfer:

dX

S

ql +q2 :f(T) dZ 4

(13)

(15)

ture and temperatures at various interfaces. Table 1 presents
the inputs of the one-dimensional model, among which are
the sludge and gas characteristics.

The inlet air and product temperatures used are the
annual average ambient temperature in Benguerir, where
testing was performed. The heat loss factor used is the max-
imal found in the literature to achieve a conservative error
coefficient.

2.2. Parameter’s Estimation. An exact expression of the heat
transfer coeflicients is hard to obtain since the solid is flow-
ing inside a rotating dryer tube, requiring an extensive
bibliographical study of heat transfer coefficients. It is also
necessary to know the surface exchange between the various
system elements to use the heat transfer coefficients better.
Heat transfer between air and product (h,) is given by

Nu, =

5 (17)

where the Nusselt number is calculated with Ranz and
Marshall’s [39] correlation

Nu, =2+ 0.6 x Re®® x Pr’, (18)

where Reynolds number Re = pDv/y, Prandtl number
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Pr=pcy/k,. L. is the characteristic length, and k,, is the
thermal air conductivity.

The resulting heat transfer between air and product (k)
can be expressed by

Nu, ky;
hy = —12 (19)
S,
The heat transfer coefficient between the product and the

internal wall (h,) is calculated using Tscheng [21] correla-
tion:

2
120k, (20)

i

0.3
N/60)D*p.C. 0
h2=11.6£<—( )Drp. PS) :

The heat transfer coefficient between air and the internal
wall (h;) is

Nu,k,
hy = — i (21)
S3

The correlation given by Agustini [6] was used to calcu-
late the Nusselt number:

S (1)) o

For 10 < L/D; <40 and Pr<0,5.
And the friction factor is ¢ = (1, 82 log,, Re,, — 1.64)7°.

Nu; =
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For 0.5<Pr<1,5,

D. 2/3
Nu; = 0.0214(Re® - 100) Pr** (1 + <_’> ) . (23)
L

The heat exchange surface between the internal and
external walls is given by Dubois [40]:

! D. ~D; (24)
=g—2 ' |

! ln (D e/ D i)

The conduction relation served in the calculation of the

heat transfer coefficient between the internal and external
wall.

(25)
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The surface area for heat exchange between the external
wall and ambient air is calculated by

S.=nD,. (26)

The heat transfer coeflicient between the external wall
and ambient air (h;) is given by Dubois [40] correlation:

k. P 0.35
hy =0.11 <L> (0.5 Re?, + Re® + Gr)
D

e

0.35 (27)

Reynolds number while rotation: Re,, = D?N/60pu,,.
Grashof number: Gr = gBATL’p,, */u,, *.

3. Model Reliability and Resolution

3.1. Resolution Organigram. Equations of the model were
solved using the Runge Kutta fourth-order method with var-
iable integration step value programmed in EES software.
Simulation results show the profiles of moisture content
for both air and product as well as the temperature of air
and product along the dryer. For each control volume, the
properties of air and solid are calculated and the equations
solved. The organigram used to resolve the calculations is
shown in Figure 3, highlighting the iterations and conditions
used. The estimated properties and initial conditions are
listed in Table 1.

3.2. Model Validation. To validate the model, a comparison
with the work of Raffak et al. [41] has been made. Raffak
et al. [41] have worked on the simulation and experimenta-
tion of a 25 m long industrial phosphate rotary dryer with an
internal diameter of 2.5 meters. Various parameters govern-
ing the operation of these dryers were measured during this
work. Among those parameters are the conditions of the hot
gases (flow rate, temperature, water content, and composi-
tion) and the product (water content, feed rate, particle size,
and specific heats), the ambient temperature of the dedust-
ing chamber, the temperature of chimney gases, of the

bricks, and at the outlet of the hearth (the nozzle), the flow
rate of fuel oil, and the depression at the nozzle as well as
the primary, secondary, and parasitic airflow rates. These
inputs have been used to validate our model through a com-
parison with Raffak et al.’s experimental results of moisture
profiles. Table 2 lists the input parameters used.

A comparison between the simulation results (curve)
and Raffak et al.’s [41] experimental values of product mois-
ture along the dryer is found in Figure 4. The five tests were
taken in similar conditions with an inlet product moisture of
16% (precisely 16.3%, 16.1%, 16%, 15.9%, and 15.7%). The
model simulated the same experimental conditions, with
an inlet product moisture of 16%. Figure 4 shows that simu-
lation results follow a similar trend to the experimental data
at the various dryer positions. The error was calculated
between each series of experiments and between the models,
averaging 0.22% while not exceeding 1.5% at worst. We can
conclude that the developed model accurately predicts the
rotary dryer’s behavior.

This comparison proved the model’s validity for condi-
tions listed in Table 2. To evaluate the model’s accuracy for
different assumptions, it is required to perform a sensitivity
analysis for a bench test scale rotary dryer before choosing
the optimal size allowing work on phosphate sludge.

4. Sensitivity Analysis and Design

Although several variables are involved in a rotary dryer
design, certain rules must be followed to ensure that the
design is consistent with the operating conditions. Simula-
tions were performed for a 1.5 m long dryer of 11.5 cm diam-
eter to calculate the solid moisture and gas temperature at
the outlet of the dryer. Results show the product’s moisture
and air temperature along the dryer for an inlet air temper-
ature of 200°C. Through a sensitivity analysis of the dryer
diameter, product inlet moisture, and feed rate, the influence
of these parameters on the simulated final moisture content
was evaluated. This allows the rotary dryer design to achieve
target conditions.
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TaBLE 3: Design parameters of the bench-scale rotary dryer.

Results of process design calculations Code Value Unit
Internal diameter of the dryer D; 11.5 cm
Length of the dryer L 1.5 m

Air inlet temperature Ty 100 °C

Air inlet humidity Xg0 27.25 kg water/kg
Air inlet flow i 27.25 kg/h
Air mass velocity G 3975.55 kg/m*s
Air outlet temperature Tyf 86.85 °C

Air outlet humidity Xor 0.0558

Product outlet temperature Ty 76.85 ‘C
Product outlet humidity X 6 %
Evaporated mass m, 1.25 kg/h
Coeflicient of heat transfer U, 1635.36 kJ/h-K-m?
Logarithmic average of the temperature AT, 108.76 °C
Opverall heat consumption Q 4730.05 kJ/h

4.1. Effect of Dryer Diameter on the Final Moisture Content.
The length-diameter (L/D;) ratio can vary between a value of
2 in the case of large dryers to 20 for long thin dryers [5].
Variation of the internal diameter is performed while keep-
ing this ratio between 11.54 and 15, yielding an internal
diameter varying between 10 and 13 cm. Simulations were
performed with a process inlet air temperature of 200°C
and a feed rate of 5kg/h of wet phosphate sludge (30%
humidity, 20°C). Figure 5 shows that increasing the dryer
diameter results in a decrease in product’s moisture, all other
parameters being identical. This can be explained by the
increased exchange surface between air and product. A con-
stant humidity level can be observed for the initial length,
which corresponds to the preheating phase before the prod-
uct reaches the evaporation temperature. The target mois-
ture for the simulations was fixed at 7%, closely achieved
for a diameter of 11.5cm.

4.2. Effect of Product Inlet Moisture on Its Final Moisture
Content. The moisture content for the solid at inlet affects
the drying results, as shown by Figure 6. Using an 11.5cm
internal diameter dryer with an inlet air temperature of
200°C, an increased dryer length is required to achieve a
7% final moisture content when the initial moisture content
is higher. This highlights the benefits of reducing the solid’s
inlet moisture content as much as possible to limit the
dryer’s length.

4.3. Effect of Product Feed Rate on Its Final Moisture Content.
The impact of product feed rate on its moisture content along
the dryer length is shown in Figure 7. The drying model was
solved for three different feed rates, namely, 5, 7.5, and
10kg/h, having an initial 30% moisture content. Drying condi-
tions were set at 200°C for the inlet temperature, a 3.5 m/s air
velocity, and an 11.5cm internal diameter for the dryer. The
resulting outlet moisture shows an increase with feed rate,

75.8°C
73.8°C
72.1 °@
70.2°C
61.0 °C
58.2°C

Spl Sp2 Sp3 Sp S
56.

FIGURE 9: Temperature distribution in the dryer measured with the
FLIR T440 camera on April 24, 2019.

80 4o

Temperature (°C)

Test point

—— Experiment

—— Model simulation

F1GURE 10: Temperature profile of the external wall.
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with moisture values of 6%, 8%, and 10%, respectively, derived
from the 5, 7.5, and 10kg/h feed rate. The targeted outlet
moisture of 7% is thus achieved for a 5kg/h feed rate, with

higher feed rate leading to moisture values exceeding this
threshold.

5. Dryer Choice and Experiment

Relying on the sensitivity analysis, a laboratory-scale rotary
dryer has been procured to carry out the experiments. This
rotary dryer has a 1.5 m long tube with an internal diameter
of 11.5 cm. Figure 8 represents the schematic drawing of this
rotary dryer.

The developed model was used to calculate the different
operating parameters of this lab-scale rotary dryer to achieve
the targeted humidity content for the product (Table 3).

An indirect way to validate the heat transfer components
of the model is through the external wall temperature of the
dryer. Using a thermal camera (FLIR T440), the temperature
of the external dryer wall along its length was measured for
comparison to simulation. Multiple inlet air temperatures
were used during testing with the lab-scale dryer. Figure 9
shows thermal imaging of the operating dryer during testing
in solar mode, where the inlet air temperature was 100°C. To
achieve solar heating of the inlet air, the rotary dryer was
coupled to a parabolic trough [13] system via a finned tube
heat exchanger designed [14, 42] for this solar application.

A comparison of the external wall temperature between
model predictions and experimental results was made
(Figure 10). The dryer was, in this case, operated in solar
mode, explaining the lower temperature of 100°C for the inlet
air. It can be seen that the temperature profiles coincide in sev-
eral points, with a difference of less than 2% found in many
locations. Variations in product repartition inside the dryer
can explain these differences, with some zones less charged
with the product, which will affect the heat transfer between
air and product, creating hot spots on the external wall. After
a validation based on the literature, the model is reliable at the
laboratory scale with an average error of 1.52%.

6. Conclusion

Phosphate sludge has always been environmentally prob-
lematic, and more durable solutions are required to manage
such industrial wastes. Their valorization through utilization
in other industries would create value, but this requires a
drying step that could be performed in this case on disused
rotary dryers. As phosphate sludge drying has never been
characterized for a rotary dryer, testing at a laboratory scale
is required beforehand.

A one-dimensional mathematical model for phosphate
sludge drying was thus developed before being used to design
a laboratory-scale rotary dryer. Model validation was per-
formed by comparing test results obtained from literature,
achieving a low error value. Next, a sensitivity analysis was
performed on multiple design and operation parameters to
identify the best design approach. From this, the best drying
conditions were identified to achieve the targeted moisture
content in the phosphate sludge at the outlet. Finally, an indi-

rect experimental validation of the model was realized by com-
paring the simulated external wall temperature profile with
thermal imagery results obtained for a rotary dryer operating
in the same conditions. The model developed in this work
can serve as the basis for the design of an upscaled rotary dryer
for phosphate sludge.

Nomenclature

Q;: Volumetric heat transferred (J/s)

U,: Coefficient of volumetric heat transferred (J/
(sm’K))

V., The volume of the dryer (m?)

(AT),:  The logarithmic mean temperature difference

between the air and the solids at the inlet and
outlet of the dryer (K)

G: Air mass velocity (kg/s-m?)
D: Diameter of the dryer (m)
mgyy, my: Rate of flow of the humid air and dry air,

respectively (kg/h)

mgy, m: Rate of flow of the humid product and dry
product, respectively (kg/h)

H.: The enthalpy of the product (J/kg)

H,: The enthalpy of gas (J/kg)

z: The position along with the rotary dryer (m)

C,it Heat capacity of the element i (J/kg/K)

S]’; Exchange surface (m)

q: Convection between the air and the surface of
the solid (W/m-K)

4 Conduction through the internal wall of the
bench (W/m-K)

ds: Convection between the air and the surface of
the internal wall (W/m-K)

4y Conduction through the wall (W/m-K)

qs: Convection between the ambient air and the
surface of the external wall (W/m-K)

Ay (W-m*K)

L: Length of the dryer (m)

D;: Internal diameter of the dryer (m)

D,: External diameter of the dryer (m)

B: Dilatation coeflicient

Poir Air viscosity (kg/m-s)

k;: Conduction coefficient of the element i (W/
m-K).
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