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Abstract. Wastewater treatment plants (WWTP) produce large quantities of
residual sludge, which is usually-discharged into the environment. Sewage
sludge contains a high moisture content (65-90%), which is a major obstacle
to any subsequent disposal method. To overcome this problem, the drying
technique appears as an alternative solution to reduce its volume, especially
in developing countries where green energy is an abundant resource. In this
context, the present study concentrates on the convection drying of sewage
sludge, highlighting its processes of cracking and shrinkage, as well as the
effective diffusion coefficients of the used samples, considering shrinkage or
not. The drying tests were conducted on samples with thicknesses of 1, 1.5
and 2 cm, respectively. The temperature and drying air velocity varied
between 50 and 70°C and between 1 and 2 m/s, respectively. Results show
that the convective drying of sewage sludge is significantly influenced by
drying temperature, hot air velocity, and sample thickness. In addition,
incorporating shrinkage into the mathematical model significantly improves
the accuracy of moisture transport prediction. Volumetric shrinkage was
successfully modeled using a cubic polynomial function, which showed
excellent agreement with experimental data (R? = 0.988).
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1 Introduction

Managing the increasing quantities of wastewater sludge has become a major environmental
and economic problem [1,2]. This increase is due to the rapid urbanisation and industrial
development [2]. Due to its high moisture content (65-90%) and its dangerous contaminants,
including persistent organic pollutants, metallic ions, and pharmaceutical traces, sewage
sludge poses challenges for handling and disposal operations [3]. Various advanced treatment
technologies have been developed to improve sludge stabilization and minimize
environmental risks. Several studies have investigated crack formation and shrinkage
dynamics in various materials, including biological and construction materials [4-6], yet
limited data exist for wastewater sludge. In the article by Chunping Gu et al. [7], shrinkage
was analyzed on prismatic specimens with regular length measurements, and cracking was
studied using a stressed plate test to monitor the appearance and evolution of cracks. Ruiz et
al. [8] investigated the influence of relative humidity on sludge shrinkage and hydro textural
proprieties during convective drying. Similarly, Messaoudi et al. [9] studied the evolution of
shrinkage and cracking phenomena during natural open-air drying. These studies contribute
to a better understanding and prediction of sewage sludge behavior according to its specific
characteristics throughout the drying process.

The present research investigates the convective drying of sewage sludge with a particular
emphasis on shrinkage and crack formation phenomena and their combined effect on the
drying kinetics. A mathematical model was employed to describe the drying behavior of
sewage sludge while considering shrinkage and crack development observed during
controlled convective drying experiments. The relative area of surface cracks was quantified
and correlated with the overall shrinkage behavior to assess their interdependence during the
drying process.

2 Materials and methodology

2.1 Origin of the samples

The samples analyzed in this study were obtained from the WWTP of Marrakech city
(Morocco). They were transported in a sealed container of approximately 10 Kg, maintaining
an initial moisture level near 80%. Seven experimental runs were conducted using a
laboratory convection dryer. Each sludge specimen (S1-S7) was placed on an aluminum tray
varied in thickness between 1 and 2 cm to analyses the influence of layer thickness on the
process of drying.

2.2 Convective drying

The convective drying system employed was designed and operated at the CNEREE
laboratory, specializing in energy efficiency and renewable processes (Cadi Ayyad
University, Marrakech, Morocco). The apparatus includes a variable speed fan (0—2.8 m/s),
electrical heating resistors, a digital thermocouple for temperature monitoring, a precision
balance connected to a data acquisition system, and an insulated drying chamber. These
measures were accompanied by photographs of the surface cracks taken with a camera to
monitor their development. The technical diagram of the convection dryer is shown in Figure
1.
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Fig. 1. Technical diagram of the convection dryer [10].

The hot air was guided tangentially along the sample surface to ensure uniform heat
distribution. Prior to each experiment, air flow velocity and temperature were preset and
maintained constant throughout the drying period to ensure measurement accuracy. The
relative humidity of the air at the entrance to the test box was approximately 8.4%. The mass
loss of the sludge specimens was automatically recorded every ten minutes. Convective air
supplied the required heat for water evaporation, with moisture migration restricted primarily
to the upper exposed surface. The drying process continues until there is no further change
in mass of the sample, indicating that the equilibrium moisture content has been reached. The
parameters and conditions used are shown in Table 1.

Table 1. Experimental conditions for the convection drying process.

Sample Thickness Temperature Air velocity
(cm) 0 (m?s~1)

S1 1 60 1.5
S2 1.5 60 1.5
S3 1.5 70 1.5
S4 1.5 60 1

S5 1.5 60 2

S6 1.5 50 1.5
S7 2 60 1.5
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3 Mathematical modeling

3.1 Effective diffusivity of water content

The normalized moisture ratio of the sewage sludge samples during drying was determinate
using the relationship defined below (Equation 1), which expresses the ratio between the
instantaneous and initial moisture contents.

X-X,
X =1k (1)

Where X' represents the reduced water content of the sample, and X, X, and X. are
respectively the water content at a given moment, the initial water content, and the
equilibrium water content (Kg of water/Kg of dry matter).

Assuming that the water content of the sample at the end of drying process negligible [11],
therefore, the reduced water content of sludge will be as follows:

X(t) 2

X ="

The drying process was treated as a thin-layer process, and the effective moisture diffusivity
was evaluated using Fick’s second law of diffusion.

We base our calculations on the following assumptions:
v" The moisture transfer occurs by diffusion;
v' The temperature remains constant throughout the drying process
v' The variation in sludge volume during the drying process is negligible.

According to Crank (1979), the analytical solution of Fick’s second law for slab geometry
can be applied to predict moisture migration during drying plate [12], with the equation

below:
X’ £) = 8 1 (2n+ 1)27T2Defft (3)
O=23 ) GnrroP\” 412

n=1

Given the long drying duration, only the dominant exponential term of the analytical solution
was considered, assuming that higher-order terms have negligible influence on moisture
transport as follows:

, 8 ? Degy (4)
X'(t) = ?exp (— R t

Where D,y represents the effective moisture diffusivity coefficient (m?s~1) and L
denotes half the sample thickness (m). By taking the natural logarithm of equation (4), the
expression can be rewritten as follows:
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The effective diffusion coefficient D g can be calculated by evaluating the slope B of the
curve [n(X") as a function of time t, according to the relationship:

B = 1% Degy (6)
42

3.2 Shrinkage phenomenon of sewage sludge

Shrinkage, which occurs as a result of internal stress generated by moisture removal, leads to
structural deformation and volume reduction during drying [13], which is created when water
is removed during the drying process. This loss of moisture causes contraction pressures
inside the product, leading to shrinkage and subsequent changes in its volume.

Throughout the drying process, the sample’s surface area and thickness were periodically
monitored to quantify geometric deformation associated with moisture loss. Based on these
criteria, the equations (7-9) are used to calculate the change in thickness, surface area, and
volume shrinkage:

. . L-L, @)
Shrinckage in thickness = ( I )
0
. . A— A ®
Shrinckage in surface = ( 2 )
0
V-V
Shrinckage in volume = ( v 0) ©)
0

The volumetric shrinkage of sewage sludge samples was defined as the quotient of the
volume of sewage sludge samples at a certain moisture content relative to the volume of fresh
sewage sludge samples.

\Y AL (10)

S, =— =
v Vo ALy

As we can also theoretically track the evolution of the decrease in sample thickness for
different drying times using the follow expression:

v Ao (11)
L=——"1L,
vop A

3.2.1. Effective moisture diffusivity

This section aims to establish the effective moisture diffusion coefficient, in the case where
shrinkage phenomenon is considered. From equation (6), D¢ is expressed as follows:
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4B (12)
— 2
Deff - T2 L

According to equation (11), this formula could be expressed as follows:

4B v 7A\1? (13)
D=z’ [ (7))

3.2.2. Shrinkage modeling of sewage sludge

Describing the shrinkage behavior of sewage sludge during the drying process requires
the use of an appropriate mathematical model. In the literature, several mathematical models
have been used to model this phenomenon.

In order to evaluate the quality of the fit between the experimental data and the values
predicted by the models, statistical indicators were used were determined by the fitting tool
in Origin software. The fitting performance was evaluated using standard statistical criteria,
including the coefficients of determination R?, the reduced chi-square (¥?) and the root mean
square error (RMSE), which quantify model precision and difference between numerical
predictions and experimental values. The corresponding mathematical expressions are
presented below:

! ! 2
2 _ ?Izl(X exp,i — Xpre,i) (14)
N-—n
" (15)
1 4 4 2
RMSE = NZ(XW- — X'expi)
i=1
4 ! 2
?Izl(X prei X exp,i) (16)

R?=1-—

évzl( X,pre,i - X,exp,i)z

Where X',.; and X', ;are the predicted and experimental values of ith,
respectively, and X’preis the predicted mean value. N is the number of
observations and n is the number of constants in a model. N is the number of
observations and n is the number of constants in a model.

3.3 Cracking phenomenon

The method adopted to monitor crack development during sewage sludge drying
consisted of capturing surface images of the samples each time their mass was recorded.
These images were subsequently processed using the ImagelJ software. A color threshold was
applied to distinguish the cracks from the sample Surface by assigning darker shades to the
cracked regions. The software then enabled the determination of the crack surface area at
each drying stage. To quantitatively evaluate crack evaluation throughout the drying process,
the crack ratio was calculated using equation (17), where s, denotes the crack surface area
and s, corresponds to the total surface area of the sample.
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. (17)

4 Results and discussion

4.1 Dying curves
Effect of initial sample thickness on drying

This section focuses on studying the impact of initial thickness on drying time. To this end,
we tested three samples of different thicknesses at a temperature of T = 60°C and a drying
air velocity of V = 1.5 m/s. The following Figure 2 illustrates the evolution of the reduced
water content of three different thicknesses over time.

A thicker sample tends to slow down the drying process, mainly because of increasing
internal resistance to heat and moisture transfer mechanisms [9,10]. This behavior can be
attributed to the higher internal resistance to heat and moisture transfer and migration within
thicker samples, which limits mass transfer and delays water evaporation.

|
I —o—e =1cm
—o—e =1.5cm
0,8 e =2cm
C)
%06
o0
)
# 0,4 -
0,2
O T T T T - 1
0 100 200 300 400 500 600

Time (min)

Fig. 2. Variation in the reduced moisture of sewage sludge at different thicknesses as a function of
time.

Effect of drying air temperature on drying

Figure 3 illustrates the curves representing the dynamics of the reduction in the water
content of sewage sludge over time, obtained at three different temperatures.

Given the data presented, for the same 1.5 cm sample and an air velocity of 1.5 m/s, for
identical operating conditions and sample thickness, higher drying temperatures significantly
reduced the total drying time of the sludge samples. This enhancement is mainly associated
with improved heat transfer and accelerated moisture evaporation at elevated temperature.

The drying process is characterized by a gradual decrease in the water content of the
samples over time, followed by a phase of partial stabilization, particularly at high
temperatures.
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Fig. 3. Development of the reduced moisture of sewage sludge at different temperatures as a function
of time.

Effect of drying air velocity on drying

To study the effect of drying air velocity on the drying kinetics of sewage sludge for a sample
thickness of 1.5 ¢cm, under drying air temperature conditions (T = 60 °C), we presented the
reduced water content as a function of time for three average hot air flow velocities as shown
in Figure 4. Increasing the air velocity promoted faster drying kinetics due to enhanced
convective heat and mass transfer between the hot air stream and the sludge surface. As a
result, moisture removal became more efficient leading to a reduction in overall drying time.
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Fig. 4. Variation in the reduced moisture of sewage sludge at different air velocities as a function of
time.

4.2 Validation of the mathematical model for sewage sludge drying

4.2.1 Calculation of effective diffusivity of water content without shrinkage
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The effective diffusion coefficient was obtained from the linear regression of In(X’) versus
drying time, as shown in Figures (5-11), derived from the experimental moisture ratio curves
for each sample. The calculations were performed using equation (5), and also based on the

slope of the linear fit B.
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Fig. 5. Linear fit graphs of In (X') versus time for sample S1.
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Fig. 6. Linear fit graphs of In (X") versus time for sample S2.
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Fig. 7. Linear fit graphs of In (X') versus time for sample S3.
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Fig. 9. Linear fit graphs of In (X') versus time for sample S5
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Fig. 10. Linear fit graphs of In (X') versus time for sample S6.
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Fig. 11. Linear fit graphs of In (X') versus time for sample S7.

These results, which do not include the shrinkage phenomenon, are shown in Table 2.
The linear regression of the experimental data produced notable coefficients of determination
R? ranging from 0.8348 to 0.9647. It was also noted that D ¢ lues ranged from 827.107 to
266.10~8 m?/s with increasing sample dimensions. This confirms the conclusions of previous
studies that the diffusivity coefficient is also influenced by thickness.

Table 2. Results of the diffusion coefficient evaluation without taking shrinkage into

account.
Sample Thickness (m) Slope B R? Dot initial (M?s™1)
S1 0.01 0.0204 0.8348 8.27%x 1077
S2 0.015 0.0292 0.9095 2.66x 1076
S3 0.015 0.0152 0.9647 1.39x 107°
S4 0.015 0.02788 0.8674 2.55x 107°
S5 0.015 0.01483 0.9594 1.37x 107°
S6 0.015 0.01289 0.8985 1.17x 107
S7 0.02 0.00583 0.8879 9.46x 107°

4.2.2. Calculation of effective diffusivity of water content with shrinkage

The diffusivity coefficient (D), which was initially determined in section 4.2.1. did not
take into account the phenomenon of shrinkage. In this section, D,y was recalculated to
incorporate the shrinkage effect observed during the drying of sewage sludge. This was
determined by using equation (18) to determine the average D, .

11
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fiX final DE[[(X,)dX, (18)

nitial

Deff,aVer = er
. inal ax’

X initial

The values obtained for the diffusion coefficient shown in Table 3 clearly illustrate that
neglecting the shrinkage phenomenon during modeling can produce significant deviations
between predicted and experimental data.

fiX’ﬁnal De[f(X,)dX,

nitial
J‘X’ﬁnal dx’
X'initial

D eff,aver =

Table 3. Results of the diffusion coefficient evaluation without shrinkage.

Sample Volume (m?) Dot avr (M%s™1) Dot initiat (M?s™1)
S1 12X 107* < v <2.56x 107* 7.33x107° 8.27x107°
S2 1.23x 107* < v < 3.84x107* 1.89x 107° 2.66x107°
S3 1.25x 107* < v < 3.84x107* 1.01x 107° 1.39x1076
S4 1.22x 107* < v < 3.84x107* 1.71x1076 2.55x107°
S5 1.24x 107* < v < 3.84x107* 1076 1.37x107°
S6 1.23x 107* < v < 3.84x107* 1.03x1077 1.17x1072
S7 1.30x 107* < v <5 .12x 1074 7.95x1076 9.46x107°

4 .2.3 Shrinkage modeling of sewage sludge

Equation (10) was used to calculate the volumetric shrinkage Sv for the three samples of

different thicknesses, and the results plotted as a function of drying time are shown in Figure
12.

12
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Fig. 12. Evaluation of volumetric shrinkage of sewage sludge at different thicknesses.

In order to mathematically model volumetric shrinkage, several models were tested for
the three sludge samples. The results show that the cubic polynomial model, represented in
equation (19) and which has already been used by Messaoudi et al. [9], proved to be the most
accurate for characterizing volumetric shrinkage.

5y =Vl = a(X'y® + b(X')’ + X' + d (19)

0

Where a=0.2306,b=0.46193, ¢ =-0.22912 and d = 0,49945

So as to validate the suitability of the selected cubic polynomial model, a comparison
analysis was performed between the predicted results and the experimental volumetric
shrinkage values (Sv). Figure 13 illustrates this comparison using a linear distribution curve,
y = x. For the adjustment with this model, the values obtained for the coefficient of
determination R2, reduced chi-square y? and the RMSE are 0.98844, 0.00118 and 0.035354,

respectively.
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Fig. 13. Comparison between experimental and predicted values of volumetric shrinkage.
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The statistical indicators obtained demonstrate that the cubic polynomial model provides
a reliable representation of volumetric shrinkage behavior during sludge drying. The strong
agreement between predicted and experimental values confirms the suitability of this model
for describing the relationship between shrinkage evolution and moisture reduction.

4.2.3 Crack analysis

Figure 14 illustrates the variation in the CR, calculated according to equation (16), in
relation to the drying time. It is striking to note that the CR curves follow a similar pattern,
which can be broken down into three key steps. During the first step, an increase in the
cracking rate is observed with increased drying time and a decrease in moisture content.
During the second step, the CR curve reaches a stable level before progressing to the third
step, during which the cracking rate begins to decline. The subsequent decrease in the crack
ratio likely results from gradual crack contraction and surface relaxation occurring near the
end of drying. This trend is also observed in the drying rate, which itself has decreased. Based
on these results, it can be inferred that the cracking rate is also affected by the thickness of
the sample.
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Fig. 14. Evaluation of sludge cracking rates as a function of drying time of three samples with
different thicknesses.

5 Conclusion

This present work study analyzed the drying behavior of sewage sludge under controlled
convective conditions by examining the influence of shrinkage and crack formation on
moisture transfer mechanisms. Experimental observations revealed that drying performance
improves with increasing air temperature and air velocity, whereas thicker sludge layers
require longer dehydration periods due to greater internal diffusion resistance. The
integration of shrinkage effects into the diffusivity model significantly improved the
prediction of moisture migration during drying. In addition, volumetric shrinkage was
satisfactorily represented using a cubic polynomial correlation that showed strong
consistency with the experimental measurements. Crack development evolved through
successive initiation, stabilization and reduction stages, highlighting the mechanical response
of sludge structure to water loss. These findings contribute to a better understanding of
sewage sludge drying behavior and may support the optimization of thermal drying systems
for WWTP.

14
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