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Abstract: Steel is a crucial industrial product with applications in various sectors, such as construction,
engineering, and industry. However, the steel industry generates significant waste, contributing to
greenhouse gas emissions and environmental challenges. To address this issue, incorporating solid
waste, especially sludge with high moisture content, into the steel industry’s operations is essential.
This study aimed to construct and test an active indirect solar dryer for reducing the moisture content
of sludge from a steel drawing industry. By employing principles of the circular economy and the
environmental, social, and governance concept, the drying process showed promising results, achieving
approximately 42% moisture reduction. This study involved collection and characterization of industrial
sludge, design and assembly of a hybrid active indirect solar dryer, fluid dynamic analysis of the
behavior of the air inside the device through CFD Ansys software 2012, tests with a thermographic
camera to validate the simulation, and optimization of the sludge drying by calculating the thermal
efficiency and drying efficiency of the equipment. The adoption of such drying processes can lead
to substantial cost reductions in the transportation, handling, and landfilling of steel-drawing sludge,
promoting innovation and aiding global steel industries in achieving their solid waste disposal targets.

Keywords: circular economy; hybrid indirect solar dryer; steel industry; CFD; industrial waste

1. Introduction

Solid-phase water removal treatment of sludge typically comprises the steps of densi-
fication, digestion, dewatering, and drying for final use/disposal. As an important fact,
sludge treatment always considers volume and mass reduction. The relevant factors that
can interfere in the removal of water from the sludge are the distribution, size, shape, and
structure of the filter cake; solids concentration; temperature; superficial tension; water
fraction; particle load; and compressibility. Thus, the treatment process by which the sludge
is produced determines the properties that affect its ability to release water. Typically,
excess water in the sludge is removed using a filter press, which is operated under plate
and frame pressure (PFP). A feed pump capable of providing a feed pressure and an air
compressor capable of providing a press pressure determine the efficiency of the water
removal [1].

The sludge contains four types of moisture [2]: (i) free moisture that can be separated
by gravitational settling, where thickening is the method of removal; (ii) interstitial water,
which is released by mechanical dewatering methods, such as filter press, centrifugation,
vacuum filters, and membrane filters, when the flocs are broken or the cells are destroyed;
(iii) capillary and bound water that is separated by mechanical dewatering after chemical
conditioning; and (iv) hydration water, which is chemically bonded to cell surfaces and
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can be released by thermochemical treatments [3]. Diverse methods of industrial sludge
management are currently available. Sludge treatments are mainly focused on stabilization,
removal of toxic compounds, and volume reduction for value-added applications. This
study focuses on volume reduction of sludge that concerns mainly moisture content, which
can be as high as 80%.

Among the moisture removal methods, thermal sludge drying is an energy-intensive
process, so using solar energy is often the natural first choice due to the competitive cost
and environmentally friendly process. Solar drying, despite requiring small investments,
presents significant moisture reabsorption by the product in wet periods and incomplete
drying, due to the ambient temperature being generally insufficient for this purpose [4].
Artificial dryers promote fast and effective drying (through flow temperature control),
despite consuming a considerable amount of energy (fossil, electrical, or otherwise) to heat
the drying air. As an alternative, solar dryers, despite being characterized by significant
variations in the thermal conditions of the drying air flow (due to the seasonality of solar
availability and the randomness of atmospheric attenuation), have a cost of drying that
is significantly lower than that of artificial drying (since the solar energy used to heat
the airflow has no direct costs) [4]. Furthermore, the implementation of solar energy
collectors can help to increase the drying rate to decrease the drying time in some places [5].
Solar drying has potential in the process of drying the sludge from the steel-wire-drawing
industry, which is necessary because it allows a reduction in volume and weight for internal
or external handling and also co-processing.

Economic development and population growth promote the demand for goods and
raw materials, in addition to energy consumption, generating a possible scarcity of natural
resources and an increase in the amount of waste generated [6]. The system was formerly
linear, with sludge being produced and directed to the landfill. However, the current
trend is shifting towards the concept of circular economy [7–10]. The internal or external
reinsertion of materials into the production cycle is sought after, aiming to minimize
deposition in the environment and consequently avoiding the generation of negative
environmental impacts [11–13].

As the linear model of production and consumption of goods intensifies, total global
waste generation could reach its peak in this century. According to the report What
a Waste: A Global Review of Solid Waste Management, published by the World Bank,
the generation of urban solid waste has reached about 1.3 billion tons per year in the
world [14]. The forecasts made in the report predict that by 2025, waste generation could
reach 2.2 billion tons per year [14]. In iron and steel manufacturing processes, various
residues are produced, such as slag, mill scale, and sludge. On average, every tonne of steel
that is produced generates approximately 200 kg of waste, in scrap metallurgy, or 400 kg in
iron-ore-based steel [15]. Mill scale represents 2% and refractories 7% of the total amount
of by-products [16].

A technological approach can be applied to solid wastes with various characteristics,
but the treatment process depends on the properties of the material to be treated. The main
disposal challenge of sludge is directly related to humidity (around 85–90% (wb)) [10].
Thus, several studies have concluded that a drying stage for sludge material is essential
before final disposal [17–20], for transportation, handling, and landfilling cost reduction.
Thermal drying is a commonly used method for phase separation treatment in the sludge
management and reuse process when it is a co-product. The sludge results from equipment
involved with the reduction of residual water and gas from different processes. Due to
the advancement of the circular economy and environmental requirements, companies
have sought to use these wastes in internal processes [16]. Within this context, this article
presents a solar drying process for sludge from a wastewater treatment plant (WWTP).

Drying by direct exposure to sunlight is a simple and low-cost alternative for dewater-
ing waste. Solar dryers are a promising alternative to drying by exposure to the sun, as
they are designed to save time and maintain product quality. Extensive reviews have been
carried out on solar dryers [21–23]. Generally, solar dryers are classified into direct, indirect,
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and hybrid solar dryers. In the case of air flow by convection, the classification of solar
dryers is into forced (active) and natural (passive). The definition of a direct solar dryer is
that the product inside a transparent enclosure is being dried under direct exposure to solar
radiation. In the indirect solar dryer, drying is done by natural or forced convection and
the product is placed in a drying chamber, where solar energy is absorbed by a collector
separate from the drying chamber [21,24]. The hybrid solar dryer combines the characteris-
tics of the direct and indirect types and also uses another heat source in conjunction with
solar energy [21,24].

The use of solar energy for drying in Brazil presents a compelling justification for
research in the context of sludge. The country’s tropical climate offers an abundance of
solar resources throughout most of the year [25]. This climatic advantage makes solar
drying an attractive and sustainable option for managing various waste streams, including
sludge. However, open-air drying causes a risk of environmental pollution, reduces drying
efficiency because the waste itself shades the adsorber area, and may affect the properties of
the product [26,27]. Indirect forced-circulation solar drying can overcome these problems.
Indirect solar drying systems provide better protection to the sludge from external factors
and reduce the gases released during drying, due to the enclosed drying chamber. The
drying efficiency is enhanced compared to open-air drying due to consistent temperatures
and airflow control. Additionally, the dependence on weather conditions is reduced due to
greater control design over environmental factors. To the best of our current knowledge,
however, there is a lack of sufficient literature reporting on small-scale forced-circulation
solar driers for industrial sludge applications.

Figure 1 presents the drying methods in terms of temperature and drying time in a
comparative way. According to the research described, in the thermal drying process, the
drying temperature can vary from approximately 60 ◦C to 200 ◦C. The thermal process
can provide faster drying efficiency in a shorter time compared to other drying methods.
With this drying method, 100% moisture reduction can be achieved, allowing for 87%
weight reduction and 70% volume reduction during the 6 to 10 h drying period. Among
the different drying methods, the biostabilization process takes the longest time, but it
can reduce the solid residue weight by 85% in 100 days. The drying temperatures of the
different drying methods have been reported as 59 ± 37 ◦C for solar drying, 115 ± 40 ◦C
for thermal drying, 55 ± 15 ◦C for biodrying, and 58 ± 11 ◦C for biostabilization [28]. The
prototype developed here has an advantage over the studies described, since the time used
for solar drying was 6 h, with a reduction of approximately 50% in humidity, operating
close to the minimum temperature of approximately 45 ± 7 ◦C.

Figure 1. Comparison of drying methods based on drying temperature and drying time [28].

While solar dryers are commonly employed for drying fruits and vegetables, there is a
noticeable lack of comprehensive research on the application of solar drying specifically
for steel wire sludge. Only one study, conducted by [4], was found on this subject. As the
steel industry generates significant volumes of sludge, there is an urgent need for more
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research in this area to explore the potential of solar drying technology to address the waste
management challenges faced by the steel-wire-drawing industry.

The steel-wire-drawing industry plays an important role for society with products such
as electrical wire, cable manufacturing, tension-loaded structural components, springs,
paper clips, spokes for wheels, and stringed musical instruments. Surface drawing or
shaping is a machining process that uses tensile forces to stretch metal, where the cross
section of a wire is reduced by pulling it through a single, or series of, drawing die(s),
usually performed at room temperature. The output of this process is known as drawn or
cold-drawn wire [29].

As global concern for climate change and sustainable practices continues to grow,
adopting solar drying technology aligns with international goals to reduce greenhouse gas
emissions and to transition towards more eco-friendly industrial processes. Research in this
field can contribute to the development of best practices and guidelines for implementing
solar sludge drying systems in steel industries worldwide, promoting the widespread
adoption of this responsible technology. Therefore, conducting research on the solar drying
of steel-wire-drawing sludge in Brazil and globally is both timely and imperative. The
tropical climate of Brazil, with its abundant solar energy resources, provides an ideal
setting for exploring the feasibility and efficacy of solar drying technology. Furthermore,
addressing the dearth of studies in this specific area will pave the way for sustainable
waste management practices, foster economic savings, and contribute to the global effort
to combat climate change. There is a need for more research in this area to explore the
potential of solar drying technology to address the waste management challenges faced by
the steel-wire-drawing industry.

The objective of this research was the construction and testing of an active indirect solar
dryer. Experimental data were used to validate the dryer performance, so as to optimize the
design parameters. For this purpose, a design of experiment (DOE) employing a quadratic
Doehlert model with two factors, temperature and air velocity, was adopted. During the
initial phase of this study, the primary goal was to design and assemble the prototype.
Then, the WWTP sludge was characterized, and computational fluid dynamics (CFD)
software was used to simulate the fluid dynamic air flow within the device. To validate
the results, tests were carried out using a thermographic camera and by comparing the
observations with the CFD simulation. Lastly, drying tests were performed for calculating
the thermal and drying efficiency of the equipment [30,31]. The frame structure of the study
is presented in Figure 2.

Figure 2. Frame structure of this study.
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2. Steel-Wire-Drawing Sludge Production

The drawing process involves reducing the cross-sectional area of the wire by forcing
the wire through a conical die. The effluent treatment station‘s inorganic sludge, known as
filter cake in the steel-wire-drawing industry, is generated in the decantation [32]. Typically,
inorganic sludge is a mixture of minerals, colloids, and decomposed organic materials.
Still, the main compounds are heavy metals in a wide range including copper, cadmium,
chromium, lead, mercury, nickel, silver, zinc, platinum, and others [33]. Some studies have
used inorganic sludge in value-added applications, for co-products in the manufacturing
process [34], which are generally directed to the construction sector [35].

In Brazil, steel wires are commonly applied in different industrial processes, such
as civil construction, agrobusiness, metal mechanics, etc. Brazil produces approximately
3.393 × 103 t of steel wire, which represents about 0.09% of Brazil’s total crude steel
production [36,37]. The extensive production of steel wires generates a significant amount
of sludge, which is mainly produced from chemical pickling. The sludge production in
Brazil is approximately 245 t/month in a large factory [38]. Due to the challenging disposal,
the effluent has a specific control process. The sludge undergoes a neutralization with
lime, with subsequent treatment by aeration/oxidation with compressed air, followed by
flocculation, decantation, and dewatering in a filter press. The final product is known as
filter cake, containing approximately 80% moisture on a wet basis.

Currently, the sludge is sent to a controlled landfill due to its chemical characteristics
and quantities, such as an iron content average of 37%, a calcium oxide (CaO) content
average of 16%, and other chemical compounds that require specific controls. The pre-
treatment of the sludge through a drying process requires other applications [4]. Solar
drying presents a good alternative for reducing volume and weight through the drying
process because it is based on renewable energy, making the process sustainable.

3. Materials and Methods

The methodology for the development of this study was divided into five stages:
collection and characterization of industrial sludge, design and assembly of a hybrid active
indirect solar dryer, fluid dynamic analysis of the behavior of the air inside the device
using CFD software, tests with a thermographic camera to validate the simulation, and
optimization of the sludge drying by calculating the thermal efficiency and drying efficiency
of the equipment.

3.1. Sampling

This study used sludge from a steel-wire-drawing plant of ArcelorMittal located in
Minas Gerais, Brazil. The filter cake was generated at the treatment facility for effluents
from the wire rod and wire treatment processes. The products from this process are the
pressing effluent, which returns to the continuous treatment collection tank, and the pressed
residue, called WWTP cake.

Sampling was performed after the WWTP pressing process. The collection was carried
out in a week of production in the three times of the pressing operation; after pressing,
approximately 3 kg was collected and placed in a plastic bag. At the end of the 7 days of
sampling, the samples were mixed and homogenized, totaling a sample of 14 kg.

To develop the experiments in this study, a design of experiment (DOE) was performed
to evaluate the combined effect of temperature and air velocity by using the response
surface method on the drying treatment conditions [39]. A Doehlert model was adopted as
the platform of choice for the DOE. As a result, the total number of experiments conducted
was 11. Table 1 shows a summary of experimental ranges of the independent variables.
Solid yield was the response selected for the proposed design. Each treatment was tested
in duplicate. As the design considered two levels for each continuous factor, a quadratic
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regression model was used. The predictive polynomial quadratic equation in general form
is given by Equation (1).

Y = β0 + ∑k
j=1β jXj + ∑k

j=1β jjX2
j + ∑i<jβijXiXj + E (1)

where Y is the response, β0 is the intercept coefficient, βj, βij, and βjj are the interaction
coefficients of the linear, the second-order, and the quadratic terms, k is the number of
independent parameters, Xj are the independent variables, and E is the residual associated
to the experiments.

Table 1. Experimental range and values of independent variables used in central composite design.

Independent Variable Level Variable 1

−1 −0.5 0 +0.5 +1
Temperature [◦C] 36 43.5 51 58.5 66

Level Variable 2

−0.866 0 0.866
Velocity [mp/s] 1 1.1 1.2

The significance of each term was evaluated based on an analysis of variance (ANOVA)
at significance level α = 0.05. Results of the DOE model, regression coefficients, and ANOVA
can be found in Supplementary Materials File SA.

Temperature control was carried out through digital control of the heat blower, which
was possible due to the flow rate, as the fan speed was constant.

3.2. Physicochemical Characteristics of Sludge

The chemical composition of the sludge was obtained by X-ray fluorescence (XRF) in
a Philips X’Pert PRO MPD spectrometer (Amsterdam, The Netherlands) and the loss on
ignition (LOI) at room temperature. The granulometric distribution was obtained by laser
diffraction in a Beckman Coulter LS analyzer LS 13 230, Fraunhofer optical model (Fullerton,
CA, USA). In addition, the waste received and pre-treated (crushed + sieved from 100 µm
to 200 µm) was coated with gold and observed by scanning electron microscopy SEM,
Hitachi high-tech S-4100, accelerating voltage of 5 kV and 25 kV (Tokio, Japan). Mill scale
X-ray diffraction (XRD) analyses, at room temperature and calcined, were performed using
a Malvern Panalytical X’Pert MRD diffractometer Ni-filtered CuKa radiation, PIXcel 1D
detector, and exposure corresponded to about 2 s per step of 0.02 2θ at room temperature
(Malvern, United Kingdom).

The sludge sample was classified according to the NBR 10004 standard [40]. The
samples showed concentrations of lead, iron, calcium, and chlorine higher than the limits
established for the solubilization test. Thus, steel wire sludge was classified as class II
waste—non-inert; the results can be found in Supplementary Materials File SB.

3.3. Development of Hybrid Solar Dryer

The proposed dryer had a drying tray with an area of 0.108 m2 (0.24 m × 0.45 m).
The drying capacity of the dryer was approximately 4 kg of wet product for every 1 m2

of drying area [41]. A small-scale active indirect solar dryer was developed as shown
in Figure 3. The wooden cabin structure was covered by 0.008 m thick tempered glass,
externally coated with galvanized steel sheets, with rock wool insulation. Matte black
was used to paint the dryer structure to increase the absorption of solar radiation. The
solar dryer dimensions were 1.15 m L × 1.25 m W × 0.25 m H in the heating channel and
0.24 m L × 0.24 m W × 0.45 m H in the drying chamber, with total areas of 0.408 m2 and
0.108 m2 for the drying chamber and solar collector, respectively. Drying capacity was
estimated at approximately 2 kg of wet sludge per batch. The air flow was carried out
by convection forced by a fan at the inlet. The development of drying kinetics with solar
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energy on a laboratory scale allows designing a new prototype on an industrial scale. In the
steelmaking process, it is estimated that for each ton of steel, a typical steelworks generates
approximately 0.6 tons of waste [29].

Figure 3. Picture of the active indirect solar dryer: (A1, A2, A3, A4, and A5) PT-100 temperature
sensors, (B1 and B2) thermo-hygrometer, (C) pyranometer, (D) anemometer, (E) photovoltaic panel.

The entire structure was made with 20 mm × 30 mm metal sheets fixed to 1” × 1/8”
angle brackets. The coating for mechanical resistance and thermal insulation was carried out
by using marine MDF with a thickness of 13 mm filled with a 12 mm ceramic fiber blanket
with a capacity for thermal insulation of 1260 ◦C. The dryer was fixed with interlocking
plates without the use of screws, in order to guarantee its sealing. The drying basket was
made of aluminum fixed with aluminum rivets, with 4 compartments of (270 × 230) mm.
The upper cover was built in aluminum H profile, exceeding the side strip by 30 mm,
allowing movement for alteration and/or cleaning of the equipment interior. In addition,
these edges were misaligned with the smaller area on the top of the dryer, preventing the
entry of moisture from the external environment. The lid was made of 8 mm thick low-Fe
tempered glass. The baffle was also built with 20 mm × 30 mm metal fixed to the absorber
plate painted in matte black for greater absorption of solar radiation.

Partial incidence of solar radiation could pass through the glass cover and reach the
absorber plate. The hot air flow removed water from the product and exited the dryer
through a rectangular screened section. The product was inserted and removed from the
dryer through the side door. The dryer was positioned with an inclination angle of 20◦

facing north. The tilt angle was defined as the absolute value of the local latitude in order
to maximize the average annual efficiency [42]. The experiments were carried out over
four days in November (spring season in the Earth’s southern hemisphere). To assess the
influence of weather conditions on the fluid dynamic behavior of heated air, four tests
were performed. During the experiments, incident solar radiation, ambient temperature
and relative humidity, exit velocity, and inlet and outlet temperatures were recorded. The
photovoltaic panel allowed the system to be autonomous, but on an industrial scale, process
variables such as particulate matter would reduce the efficiency of electricity generation for
the fan responsible for the forced convection of the equipment. In this case, a dedusting
process would be necessary, either by an automated or manual system. The solar dryer and
panel must be installed in an open area to capture solar radiation. The sensors used in the



Energies 2023, 16, 6314 8 of 18

experimental drier prototype are represented in Figure 1 and detailed in Supplementary
Materials File SD.

3.4. Computational Fluid Dynamics (CFD)

CFD software deals with the numerical simulation of fluid flow, heat transfer, and
associated phenomena. This simulation can be fundamental in dimensioning processes
and in understanding the behavior of fluids to help understand processes and equipment,
which for the current project was complementary software.

CFD is a technique used to solve and/or numerically simulate differential equations of
conservation of mass, energy, and momentum for flow problems in general by means of the
finite volume method [43]. Its application basically consists of three steps: (i) Preprocessing:
The geometry of the computational domain that represents the region or equipment in
which the flow must be represented is defined. Then, the domain is discretized into a
large number of regular geometry elements called the computational mesh. Finally, the
boundary conditions, physical models, physical characteristics of the materials and fluids
considered, and numerical parameters necessary for the iterative solution of the equations
are defined; (ii) Processing: The simulation is processed through iterative calculations;
(iii) Post-processing: The results are visualized through profiles, contour lines, flow lines,
and surfaces for variables such as velocity, pressure, temperature, and concentration. The
differential equations of conservation of mass, momentum, and energy that were to be
solved via CFD in this project are presented in Equations (2)–(4), respectively:

∂ρ

∂t
+

∂(ρui)

∂xi
= 0 (2)

∂(ρui)

∂t
+

∂
(
ρuiuj

)
∂xi

= − ∂p
∂xi

+
∂

∂xj

[
µ

(
∂ui
∂xj

+
∂uj

∂xi

)
+ δijλ

∂ui
∂xj

]
+ ρgi + Smom (3)

∂(ρh)
∂t

+
∂(ρuih)

∂xi
+

∂p
∂xi

=
∂

∂xi

kT
∂t
∂xi

+
µ

Pr ∂h
∂xj

SE

 (4)

where p represents the pressure, ρ represents the specific mass, h the enthalpy, µ represents
the dynamic viscosity, k represents the thermal conductivity, Pr represents the Prandtl
number, and t the time; and finally u, which represent the fluid velocities in the x directions,
respectively.

In this project, CFD simulations were carried out to analyze and evaluate different
geometric arrangements and operating configurations through velocity, pressure, and
temperature profiles, among others, for the various cases of interest to be studied [44,45].
The results obtained were used to aid in the dimensioning and design of prototypes on a
laboratory scale in order to enable the definition of the most suitable project for the dryer
on a pilot or industrial scale.

3.5. Thermographic Analysis

For a comparative analysis with CFD, non-contact thermography was used. This
non-invasive technique aimed to detect the distribution of thermal energy emitted by the
drier and sample surface by radiation. It is capable of detecting, visualizing, and recording
different levels of temperature distribution across the surface of an object. Non-contact
thermography allows the study of the temperature of bodies, through the infrared radiation
emitted by them using a thermographic camera [46]. This technique has some advantages
over other temperature measurement systems, namely, those that use contact techniques:
fast response time, being able to follow transient temperature phenomena, high precision,
high repeatability, and reliability of measurements [46,47].

To validate the CFD simulation, thermographic analysis was performed, which is
a non-invasive inspection technique. This method is based on the detection of infrared
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radiation emitted by bodies that have intensity proportional to their temperatures. The
equipment used was a FLIR Systems T420 thermographic camera (Wilsonville, OR, USA).
Thermographic images of the solar dryer allowed the verification of thermal anomalies,
whereby it was possible to verify at which point the highest distribution of temperatures
occurred during the drying tests. In addition to the analyses of the structure of the equip-
ment, images of the samples were also taken during the drying process. In the samples,
the distribution of heat in the area of the drying trays filled with the studied residue was
analyzed [48]. The thermographic images, with image recordings every 30 min during the
drying process, provided the thermal profile of the solar dryer.

3.6. Drying Process

The drying tests of the steel-drawing sludge in the solar dryer were carried out in
November, from 10 a.m. to 4 p.m., Brasilia time, Federal District, Brazil (GTM-3). The
reduction of moisture in the samples was monitored by means of weighing at regular
intervals of 30 min. The sludge was loaded through 4 trays that held 0.5 kg each being
placed in the drying nap that is inside the chimney of the equipment, for a total load of
2 kg of sludge for 6 h of drying. The prototype was developed on a laboratory scale that
would not allow its incorporation into an industrial process. The construction cost was
approximately USD 502.00, being designed and built in approximately 4 months. The
project can serve as a basis for designing equipment for the drying process in the steel-wire-
drawing industry. When the residues in the solar dryer reached hygroscopic equilibrium,
the moisture content was measured. Curves representing the relationship between drying
time and moisture content were derived based on the moisture content at the end and
during each drying time interval.

The thermal efficiency of the dryer was calculated using Equation (5) [41]. The ambient
temperature, inlet airflow humidity and temperature, outlet air velocity and humidity, and
incident solar radiation were measured with k-type thermocouples (maximum uncertainty
of ±0.6 ◦C), thermometer-hygrometers RH520 (±3% uncertainty for humidity and ±1 ◦C
for temperature), a thermo-anemometer THAL 300 (uncertainty of±3% for each parameter),
and a precision spectral pyranometer (PSP) (uncertainty of ±1%) connected to an A1201
squitter data acquisition system. Uncertainty analysis was performed according to a 95%
confidence interval to estimate the errors in the experimental results [41].

ηT =

.
m(h in − hout

)
A·G (5)

where
.

m is the mass flow of air, hin and hout are the specific enthalpies of the dryer inlet and
outlet, respectively, A is the collector area, and G is the hemispherical area of solar radiation
in the collector plane.

Four trays within the drying chamber were filled with sludge samples, each weighing
500 g. During the tests, the temperature and relative humidity of the air at the inlet and
outlet of the dryer (using two thermo-hygrometers), the air velocity at the inlet of the dryer
(using an anemometer), and solar radiation (using a pyranometer) were measured. For
each solar drying test, determinations of drying curves, energy balance, and thermal drying
and device efficiency were carried out.

As shown in Equation (6), the drying efficiency (ηs) was calculated by the ratio between
the vaporization energy of the product water and the energy required by the dryer [41].

ηS =

∫ .
mH2O · hlv · dt∫

A.G · dt
(6)

where
.

mH2O is the instantaneous flow of moisture that is withdrawn from the product in
the dryer, and hlv is the latent heat of vaporization.
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4. Results and Discussion
4.1. Sludge Characterization
4.1.1. X-ray Diffraction

One of the techniques used to characterize the sample was X-ray diffraction; the
analysis detected the presence of iron oxide (Fe2O3). The major element observed was
iron (Fe), the minor elements were sulfur (S), carbon (C), and calcium (Ca), and the
trace elements were oxygen (O), sodium (Na), silicon (Si), and chloride (Cl); these are
shown in Figure 4. The excessive amounts and forms of these elements may cause
negative environmental impacts. However, until now, steel-wire-drawing sludge is being
sent to controlled landfills, generating transport costs and damage to the environment.
Additional information about the elements found in the sludge sample are summarized
in Supplementary Materials File SC.

Figure 4. X-ray diffractogram of the steel-wire-sludge sample.

Due to the presence of iron in the composition of the inorganic sludge, its possible
destinations become restricted; some researchers have sought to incorporate it into ceramic
materials to replace a percentage of conventional aggregates [49]. Therefore, the use of in-
dustrial sludge in lightweight aggregates not only provides ways to reuse industrial sludge
but also reduces the consumption requirements for sintering lightweight aggregates [50].

4.1.2. SEM Analysis

In the SEM analysis, shown in Figure 5, the two figures showed heterogeneous mor-
phology. They featured different types of particles from narrow to large size.

Figure 5. SEM images of the raw sludge sample at ambient temperature. (A) 100 µm field of view
and 5 kV accelerating voltage. (B) 100 µm field of view and 20 kV accelerating voltage.
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The microstructure of the sludge at room temperature showed different porosity trends
and different surface morphologies. Figure 5A shows the appearance of coarse grains and
the formation of glassy phases. However, it has a different morphology characterized by
the appearance of coarse grains. And, Figure 5B presents a format that allows viewing
the heterogeneity of the structure and non-conforming parts. This becomes possible with
voltage acceleration from 5 kV to 20 KV, which better details the sample surface.

4.2. CFD Analysis Results

The CFD simulations were carried out with the objective of analyzing and evaluating
different geometric arrangements and operational configurations, through velocity and
temperature profiles, for the different tests carried out. The results helped in the study of
the fluid dynamic behavior of the air inside the equipment. Figure 6 presents a comparison
of the thermal profiles of simulations for four different angles of the baffle located inside the
equipment. Details of the CFD simulation stage of the solar dryer prototype are presented
in Supplementary Materials File SE.

Figure 6. CFD simulation images of the solar dryer. (A) Temperature as a function of air volume;
(B) temperature as a function of the velocity vector; (C) temperature as a function of simplified
volume; (D) temperature depending on the baffle.

The results obtained from Figure 6A demonstrate a remarkable increase in temperature
along the baffle channels, which is responsible for increasing the residence time of the
air and consequently increasing the thermal efficiency of the device. This increase in
residence time contributes to enhancing the thermal efficiency of the device, ensuring
optimal performance of the solar dryer. The heated air effectively traverses the upper part
of the baffle and converges towards the center of the drying section, creating a homogeneous
temperature profile conducive to efficient drying.
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Additionally, Figure 6B exhibits a temperature increase along the baffle channel, with
a tendency for the air to concentrate towards the center of the channel. The venture effect
observed at the beginning of each channel results from the change in air behavior as it
passes through a larger area.

Furthermore, Figure 6C highlights the proportional relationship between the increase
in air velocity and temperature gain, demonstrating the well-designed fluid dynamics
within the solar dryer. As the air reaches the end of the baffle channel, it encounters
the drying basket filled with sludge, causing resistance to the airflow. Nevertheless, the
heated air adeptly permeates the sludge samples in a turbulent manner, facilitating efficient
moisture removal. Lastly, Figure 6D portrays the dynamic temperature changes along
the channel, with the air starting at its minimum temperature and gradually reaching its
highest temperature by the end of the baffle. This temperature rise is attributed to efficient
heat exchange through conduction and convection with the matte black plate situated
inside the solar dryer.

Overall, these observations not only validate the effectiveness of the active indirect
solar dryer but also provide valuable insights into the intricate thermal and fluid dynamics
involved. Such knowledge is vital for designing and optimizing similar drying technologies
for various applications worldwide, paving the way for sustainable and environmentally
friendly waste management practices across industries.

4.3. Thermographic Analysis

The validate the CFD simulation, a non-invasive analysis was performed with a ther-
mographic camera. The boundary conditions of the CFD simulation were the same as the
thermographic analysis, as shown in Figure 7. The temperature was intrinsically correlated
with the fraction of mass and/or the volume of water (humidity) where the enthalpy (h)
was the amount of energy found in the air flow of the drying process. Thermographic
analyses of the sludge samples made it possible to investigate and compare their thermal
behavior according to the variables of the drying process. The images were taken at three
drying times on two different days, at 10:00 a.m., 12:00 p.m., and 4:00 p.m. on 28 March
2023, corresponding to Figure 7A–C, respectively, and at the same times on 29 March 2023,
corresponding to Figure 7D–F, respectively.

Figure 7. CFD simulation images of inorganic sludge samples: (A) 70% humidity, (B) 61.2% humidity,
(C) 34.5% humidity, (D) 70% humidity, (E) 62.5% humidity, (F) 30.4% humidity.
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In the drying tests carried out on 28 March 2023, in Figure 7A at 10 a.m., a homoge-
neous distribution of moisture can be seen throughout the material studied. Heat transfer
to the sample occurred from the edges to the center. Figure 7B at 12 a.m. already had a
smaller diameter of wet material, with a higher concentration of heat by conduction in the
lower area. The Figure 7C at 4 p.m. had reduced its moisture to about 50%, with some
scattered points in blue color with a small percentage of wet material.

In the drying tests carried out on 29 March 2023, in sample 7D at 10 a.m., a homogeneous
distribution of moisture concentrated in the center of the drying tray can be seen. Heat transfer
to the sample occurred from the edges to the center with a predominance of heat transfer
by conduction. Figure 7E at 12 a.m. already had a smaller diameter of wet material, with a
homogeneous moisture reduction from the edges to the center. Finally, the Figure 7F at 4 p.m.
was almost dry, with some dots distributed in the center of the tray in blue.

Figure 8 shows the tests carried out in the solar dryer prototype under conventional
(only with solar radiation) and hybrid mode (air heated by solar radiation coupled to
a secondary heat source from a heat blower). In this case, thermographic analysis was
simulating the temperatures of heat leaks in industrial processes.

Figure 8. Thermal images of the solar dryer. (A) Conventional drying and (B) hybrid drying.

A thermographic image of the solar dryer was highlighted in the drying chamber that
is located below the chimney of the equipment, which shows overheating in red. However,
the structure of the dryer had a uniform temperature on the surface, with a lower incidence
of thermal radiation. The temperature was intrinsically correlated with the fraction of mass
and/or the volume of water (humidity) where the enthalpy (h) was the amount of energy
found in the air flow of the drying process.

4.4. Results of Drying Tests

The testing phase occurred during the transition from winter to spring, coinciding with
the onset of the rainy season in Brazil. This period represents intermediate environmental
conditions in that country. As the rainy season commences, the air’s relative humidity rises,
leading to varying drying conditions. This enables comparisons across different ranges of
relative humidity. Figure 9 summarizes the observations for hemispheric solar radiation,
mass air flow inside the device, thermal efficiency, outlet air temperature, and the drying
curve during the experimental drying.

The drying test variables observed for Brazilian steel-wire-drawing sludge revealed
the significant influence of climate conditions and solar radiation on the performance of
the solar dryer. The fluctuations in ambient temperature caused by cloud cover and solar
radiation variations throughout the day made it challenging to maintain a constant global
solar radiation value (Figure 9A). The period of greatest solar incidence occurred between
10 a.m. and 2 p.m., in accordance with [51].
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Figure 9. Drying test variables observed for Brazilian steel-wire-drawing sludge.

Figure 9B shows a greater oscillation in the thermal efficiency at higher temperatures, due
to the greater availability of incident solar radiation in the plane of the dryer. High thermal
efficiency promotes an increase in the internal temperature of the device’s airflow. At lower
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temperatures, variations in thermal efficiency are smaller, as the response time to weather
conditions influences the variables on a smaller scale. The highest temperatures achieved in
the dryer correlated with the highest solar incidence, and reductions in incident solar radiation
led to proportional decreases in internal equipment temperature, as shown in Figure 9C. The
implementation of a heat reserve mechanism could mitigate such fluctuations.

Furthermore, the drying curve presented in Figure 9D indicated greater attenuation
in the first hours of testing, resulting in enhanced removal of surface water from the
residue, according to the drying standards as observed in Figure 9E. The average radiation
incident on the plane of the device and average ∆T were around 343.0 ± 1.0 W/m2 and
30.7.0 ± 0.6 ◦C, and 589.0 ± 1.0 W/m2 and 54.4 ± 0.6 ◦C, for conventional and hybrid solar
dryers, respectively. The instantaneous thermal efficiency of the no-load solar dryer ranged
from 8.4% to 28.2% in the test performed according to climatic variations. The results of
the drying test conducted on 1–3 March 2023 with the hybrid solar dryer, with 29% for the
initial solid mass, reached 62.5% for the solid mass by the test’s end. Two days of tests were
carried out on March 28 and 29 of the year 2023, starting with a solids mass of 27%, and by
the end of the tests an average of 69.6% for the final solids mass was obtained.

The implementation of the solar dryer could lead to significant cost savings in the
transport of steel-wire-drawing sludge, potentially reducing costs by up to 30.4%. By
removing water through the solar drying process, the weight and volume of the sludge
decreases, translating to considerable cost reductions. With an average generation of
245 tons per month of sludge with approximately 30.4% moisture content and a final
cost of USD 1960.00, a potential monthly savings of up to USD 595.84 could be achieved,
considering the cost of USD 8.00 per ton for the sludge delivered to the transporter.

Overall, these findings underscore the economic viability and environmental benefits
of adopting solar drying technologies for managing steel industry waste, providing a path-
way for worldwide applications and enhancing sustainable waste management practices
across industries.

The adoption of solar sludge dryers in Brazil and worldwide would offer numerous
benefits. Firstly, it could substantially reduce the environmental impact of waste disposal
by minimizing the volume of sludge generated and enhancing the solid material content
through moisture reduction. This, in turn, would reduce the reliance on conventional
landfilling methods, contributing to a more sustainable waste management approach.
Secondly, solar drying presents a cost-effective and energy-efficient alternative compared
to traditional drying methods. As solar energy is readily available in Brazil and many other
regions around the world, harnessing this renewable resource for drying processes can
lead to significant savings in energy costs and operational expenses.

5. Conclusions

This paper highlights the significance of adopting solar-energy-based drying tech-
nologies for processing filter cake from the steel-wire-drawing process. The hybrid solar
dryer displayed notable efficiency when compared to conventional equipment. Notably,
the outer layer of the sludge samples demonstrated the highest percentage of moisture
removal, indicating effective drying results.

Throughout the drying tests, the solar dryer exhibited substantial improvements
in solid material content, with an increase from 29% to 62.5% in the first three days of
testing in conventional mode. Moreover, in the last two days of testing, the solid material
content increased from 27% to an impressive 69.6%. This demonstrated the capability of
the developed prototype to significantly reduce moisture content in the sludge.

The thermal efficiency achieved during all tests was approximately 30%, underlining
the effectiveness of the solar drying process. These findings hold broad implications
transcending the specific scenarios tied to steelmaking sludge treatment:

(a) Circular economy solutions must be reinforced to mitigate potential negative impacts
on economic, energy, sustainability, and scalability aspects resulting from wastewater
treatment plant updates.
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(b) The integration of multiple drying technology upgrade solutions utilizing solar energy
will be pivotal in minimizing environmental impacts and addressing any shortcom-
ings in selected technological solutions concerning economy, energy, sustainability,
and scalability.

In conclusion, the strategic application of innovative solar-based approaches to drying
scenarios can substantially expedite the accomplishment of solid waste disposal targets
in steel industries worldwide. The general applicability of these insights underscores
the global relevance of adopting such practices to foster sustainable and efficient waste
management across the steel sector.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en16176314/s1, Supplementary Material File SA: Process performance
modeling. Supplementary Material File SB: Elemental composition of steel wire sludge using X-ray
diffraction analysis. Supplementary Material File SC: Details of the development of the solar dryer.
Supplementary Material File SD: Elements detected in steel wire sludge structure. Supplementary
material File SE: Details of the CFD simulation stage of the solar dryer prototype.
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Nomenclature

WWTP Wastewater treatment plant
DOE Employing a quadratic Doehlert
CFD Computational fluid dynamics
PFP Plate and frame pressure
PSP Precision spectral pyranometer
A Area, m2

Cp Specific heat capacity, J/kg.K
G Hemispheric solar radiation, W/m2

hi Specific air inlet enthalpy, J/kg
ho Specific enthalpy of air exit, J/kg
mi Initial mass of solid waste sampling, kg
m f Final mass Final mass of solid waste sampling, kg
mx Instantaneous mass of solid residue over the process time, kg
Ti Collector inlet air temperature, ◦C
T0 Collector outlet air temperature, ◦C
Ta Ambient air temperature, ◦C
Ui(BU) Initial moisture content on a wet basis, %
Ux(BU) Instant moisture content on a wet basis, %
•
m Air mass flow, kg/s
η Drying efficiency, %
ηi Instant solar dryer efficiency, %
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