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Abstract: Freeze-thaw (F/T) technology is an environmentally friendly and efficient method for
residual sludge treatment. This study investigates the enhancement of sludge dewatering
performance through the addition of straw during F/T cycles. A mathematical model was established
using the Box-Behnken central composite design and validated via COMSOL Multiphysics
simulations. Optimal conditions were identified as freezing at -16°C for 24 hours, 12.5 freeze-thaw
cycles, and a straw mixing ratio of 20%, reducing the sludge moisture content from 62.7% to 35.9%.
The specific resistance to filtration (SRF) and cake moisture content decreased significantly with
increasing straw addition, reaching a minimum SRF of 1.30x10'>m/kg at the optimal straw ratio. Straw
conditioning also intensified the combustion stage of sludge by increasing the maximum weight loss
rate and elevating the thermal decomposition temperature. Numerical simulations confirmed the
experimental results, demonstrating that straw addition significantly improves sludge
dewaterability by modifying heat and mass transfer mechanisms.

Keywords: residual sludge; freeze-thaw cycles; heat and mass transfer; dewatering performance;
COMSOL multiphysics; response surface methodology

1. Introduction

The rapid acceleration of global urbanization has precipitated a dramatic increase in sludge
production from municipal wastewater treatment plants (WWTPs), posing significant challenges to
sustainable waste management. Based on data from China Water Network, by 2023, over 17,000
WWTPs currently process approximately 216 million cubic meters of wastewater daily [1], generating
vast quantities of residual sludge. Conventional sludge treatment methods, including thermal
drying, incineration, landfill disposal, and agricultural reuse, face critical limitations in cost
efficiency, energy consumption, and environmental compatibility. Among these challenges, the
reduction of sludge moisture content stands as a pivotal yet unresolved issue, as high water content
(typically 60-80% in raw sludge) not only complicates transportation and disposal but also escalates
operational costs and greenhouse gas emissions during thermal treatments.

F/T pretreatment operates on the principle of exploiting ice crystal formation during freezing to
disrupt sludge floc structures, followed by thawing-induced water release. This process effectively
reduces sludge volume and moisture content while concurrently degrading organic pollutants,
enabling the resulting dried sludge to be repurposed for energy applications in sectors like fertilizers
and fuels. thereby aligning with the “three reductions” principle (reduction in volume, weight, and
harmfulness) advocated for sustainable sludge management. China, as the world’s largest
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agricultural producer, generates approximately 900 million tons of crop straw annually, with corn
straw alone accounting for 40% of this volume. Despite its abundance, a significant proportion of
straw is incinerated or discarded indiscriminately, contributing to air pollution and resource wastage.
Recent studies have demonstrated the potential of straw as a multifunctional conditioning agent in
sludge treatment. For instance, Xie Xizhu et al. [3] reported that straw addition during sludge
composting elevated pile temperatures and prolonged thermophilic phases, enhancing organic
matter degradation. Meng Yunjiao et al [4] further compared the efficacy of corn straw with wheat
straw and sawdust, revealing that corn straw exhibited superior performance in improving compost
quality and microbial activity. Beyond composting applications, straw has been synergistically
combined with advanced oxidation processes (e.g., persulfate activation) and biomass char to
enhance sludge dewaterability. Guo Junyuan et al. [5] demonstrated that AlCI3-modified corn stover
biochar reduced specific resistance to filtration (SRF) by 58.3% through electrostatic neutralization
and porous structure-mediated water release. These findings underscore straw’s dual role as a
physical skeleton builder and chemical conditioner, yet its interaction with F/T cycles remains
insufficiently explored, particularly in terms of microstructural modification and heat-mass transfer
dynamics. Qian et al. [6] integrated iron powder activated persulfate with waste straw, presenting a
novel approach to enhance the dewatering performance of waste sludge. The experiments yielded
noteworthy reductions in both the specific filtration resistance and moisture content of the sludge,
ultimately enhancing its dewatering performance. Guo et al. [7] examined how agricultural waste
affects the dewatering performance of ultrasound-assisted activated sludge and discovered that
incorporating wheat straw powder, corn straw powder, and rice husk powder aided in enhancing
the high calorific value of dewatered sludge. Additionally, ultrasound waves contributed to the
reduction of the sludge's moisture content, thereby further improving its low calorific value.

The numerical simulation of the sludge freeze-thaw process is a crucial aspect of sludge freeze-
thaw technology research. International researchers have elucidated the mechanism of sludge freeze-
thaw and investigated the impact of various parameters on the sludge freeze-thaw process through
the development of numerical models for the sludge freeze-thaw process. The numerical simulation
of F/T processes has become indispensable for elucidating the underlying mechanisms of sludge
dehydration. Early modeling efforts by Chen et al. [8] established a theoretical foundation by
correlating temperature gradients with ice lens formation and sludge cracking. Yan et al. [9]
employed numerical simulation techniques to investigate the heat transfer characteristics in the
sludge freeze-thaw process, compared the heat transfer coefficients across various freeze-thaw cycles,
and examined the impact of phase change heat on heat transfer during the sludge freeze-thaw
process. Zheng et al. [10] advanced this field through three-dimensional ANSYS Fluent simulations,
visualizing water redistribution and ice propagation patterns during F/T cycles, thereby validating
the model's reliability. Montusiewicz et al. [11] employed a three-dimensional unsteady numerical
model to simulate the sludge freeze-thaw process and examined the impact of various parameters on
the moisture content of sludge. Their study suggests that sludge freeze-thaw technology can
effectively decrease the moisture content of sludge.

This study bridges these knowledge gaps by systematically investigating the synergistic effects
of straw conditioning on sludge dewatering performance during F/T cycles, integrating experimental
optimization with Multiphysics numerical simulations. The research objectives are threefold: (1) to
determine the optimal operational parameters (freezing temperature, duration, F/T cycles, and straw
ratio) for maximizing moisture reduction using response surface methodology (RSM); (2) to
characterize microstructural changes induced by straw incorporation, including floc size distribution,
pore network development, and thermal decomposition behavior; and (3) to develop a COMSOL
Multiphysics-based model simulating coupled heat-mass transfer in straw-conditioned sludge,
validating experimental observations while identifying unmodeled phenomena such as crack
propagation.

The novelty of this work lies in its holistic approach to unraveling the physicochemical interplay
between straw and sludge matrices during F/T treatment. By combining RSM optimization with
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advanced characterization techniques (e.g., thermogravimetric analysis, particle size distribution)
and Multiphysics modeling, this study provides mechanistic insights into how straw modifies heat
transfer pathways, enhances pore connectivity, and alters combustion properties. Furthermore, the
integration of agricultural waste valorization with sludge treatment aligns with circular economy
principles, offering a dual solution to sludge management and straw utilization challenges. The
findings are anticipated to inform the design of scalable F/T systems incorporating biomass
conditioners, thereby advancing sustainable practices in wastewater treatment and resource
recovery.

2. Experimental Design of Freeze-Thaw Cycle of Straw-Mixed Residual Sludge
Based on Response Curved Surface Method

2.1. Experimental Design Scheme

The experimental design for investigating the synergistic effects of straw conditioning on sludge
dewatering during freeze-thaw (F/T) cycles was structured using a rigorous framework combining
preliminary trials and response surface methodology (RSM). Initial experiments were conducted to
identify baseline parameters that maximized moisture reduction in untreated sludge, revealing
optimal F/T conditions of -16°C freezing temperature, 14-hour freezing duration, and 20 cycles.
Building upon these findings, the study expanded its scope to incorporate straw as a conditioning
agent, aiming to quantify its impact on moisture content dynamics and establish an optimized
operational window for mixed sludge-straw systems. It illustrated the impact of the straw blending
ratio on the moisture content of the sludge under specific freeze-thaw conditions (Figure 1).
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Figure 1. Effect of straw mixing ratio on sludge dewatering performance.

The moisture content of the sludge decreases as the straw blending ratio increases. At a straw
blending ratio of 20%, the sludge's moisture content measures 35.65%, marking a 40.35% reduction
compared to the original sewage sludge and a 4.75% decrease compared to freeze-thaw cycles
without straw conditioning under identical freeze-thaw conditions. This negative correlation
between the sludge's moisture content and the straw blending ratio implies that raising the straw
blending ratio benefits the sludge's dewatering efficiency. Beyond a 20% straw blending ratio, the
decline in sludge moisture content persists, albeit with diminishing returns. As the straw blending
ratio rises, the dry straw absorbs some moisture, hindering the sludge from expelling water under
lower pressure and increasing the workload of sludge treatment. Hence, it can be inferred that in this
experiment, a higher straw blending ratio does not necessarily yield superior results. The optimal
range of straw blending ratio influencing the dewatering performance of sludge during freeze-thaw
cycles is 5% to 20%.

As revealed by the response surface experiments, the freezing temperature during sludge freeze-
thaw cycles exerts a comparatively minor influence when contrasted with the freezing-thawing
duration and frequency. Consequently, during the design of the straw-conditioned sludge freeze-
thaw cycle experiments, the optimal freezing temperature (approximately -16°C) was initially
ascertained. Following this, parameters including freezing-thawing duration, frequency, and straw
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blending ratio were chosen in accordance with this temperature. Varied proportions of screened
straw were incorporated into the sludge for the freeze-thaw cycle experiments (5%, 10%, 15%, 20%).

A three-factor, three-level Box-Behnken design (BBD) was employed under the RSM framework,
selected for its efficiency in exploring nonlinear interactions while minimizing experimental runs
compared to full factorial designs. The independent variables included:

Freezing-Thawing Duration (X;): Ranging from 4 to 24 hours, this parameter governs ice crystal
growth and structural disruption of sludge flocs.

F/T Cycle Frequency (Xz): Tested between 5 and 20 cycles, this factor determines the cumulative
mechanical stress imposed on the sludge matrix.

Straw Mixing Ratio (Xs): Varied from 5% to 20% (w/w), representing the proportion of dried
straw (particle size <2 mm) blended into the sludge.

Subsequently, these ranges were transformed into low and high-level values, coded according
to their respective factors, while maintaining central level values at 14, 12.5, and 12.5 for each coded
factor.

2.2. ANOVA with the Establishment of the Regression Equation

A regression model was developed and validated to ascertain the optimal parameters. Based on
the BBD response surface experimental design, a total of 12 experiments at varying levels were
performed, including 5 repetitions. Eventually, the optimal experimental conditions that influenced
the moisture content of straw-conditioned sludge after freeze-thaw cycles were identified as follows:
freezing at -16°C for 24 hours, 12.5 freeze-thaw cycles, and a 20% straw blending ratio. Under these
circumstances, the moisture content of the sludge decreased from 62.7% to 35.9%, resulting in a 3.4%
reduction compared to the sludge without straw conditioning in the same conditions.

The experimental results underwent a variance analysis using Design-Expert 13.0 software. The
sludge moisture content model had a significant F-value of 63.83, a fitted R"2 of 0.9880, and a
correlation p-value < 0.0001, all of which suggest the model's importance, accuracy, and usefulness
in analyzing and predicting the effects of individual factors and interaction terms on sludge moisture
content. Furthermore, a lack of fit can serve as an indicator of model adequacy [12]. The p-value for
the moisture content model's lack of fit was 0.1183, exceeding the 0.05 significance level, indicating a
non-significant lack of fit. In addition, the signal-to-noise ratio was 26.9581, surpassing 4, indicating
the model's reliability and repeatability to a certain degree [13]. The experimental actual values were
distributed around the predicted values, which confirms the accuracy of the model fit by
demonstrating close agreement between actual and predicted values (Figure 2).

Predicted vs. Actual

Predicted

35 40 45 50 55
Actual

Figure 2. The relationship between the actual and predicted values of moisture content.

Equation (1) displays the fitted equation for sludge moisture content (Y) under varying factor
conditions (X1, Xz, X3). The positive sign (+) preceding an influencing factor represents a promotion
effect on sludge moisture content, while a negative sign (-) signifies a reduction effect on sludge
moisture content.
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Y=67.04404-0.51863X1-1.36178X2-0.92933X3-0.03733X1X2-0.026X1X3- )
0.02044X2X3+0.03635X12+0.0664X22+0.03529X32

2.3. Experimental Analysis of Response Surface Method Using Sludge Water Content as an Evaluation Index

By conducting a significance test on the model coefficients, an analysis of the sludge moisture
content demonstrated that the p-values for each individual influencing factor, namely Xi (freeze-thaw
duration), Xz (freeze-thaw frequency), and Xs (straw mixing ratio), were all found to be less than
0.0001. These results indicate that the effects of freeze-thaw duration, frequency, and straw mixing
ratio on the sludge moisture content are all highly significant. Moreover, the negative signs preceding
X1, X2, and Xs signify that an increase in freeze-thaw duration, frequency, and straw mixing ratio leads
to a decrease in the sludge moisture content. The order of influence of the independent variables on
the response value, as determined by the F-values of X1, Xz, and X3, is as follows: straw mixing ratio
(X3) > freeze-thaw frequency (Xz) > freeze-thaw duration (Xi). This section elaborates on the
mechanistic interpretation of factor effects, interaction dynamics, and validation experiments,
supported by contour plots, perturbation analyses, and empirical verification.

Regarding the interaction effects between different factors, the p-values for XiXz (freeze-thaw
duration and frequency), XiXs (freeze-thaw duration and straw mixing ratio), and X2Xs (freeze-thaw
frequency and straw mixing ratio) are 0.0008, 0.0058, and 0.0541, respectively. Based on the F-values
of the interaction terms, which are 31.66 and 15.36, respectively, we can conclude that the interaction
effect of X1Xz has a greater impact on the sludge moisture content compared to XiXs.

By representing the interrelationships between different factors as contour plots, Figure 3(a)
reveals that the sludge moisture content decreases rapidly with an increase in freeze-thaw duration
and frequency, thus indicating a synergistic effect between these two factors on the sludge moisture
content. With regard to the relationship between freeze-thaw duration and straw mixing ratio, as
well as freeze-thaw frequency and straw mixing ratio, Figure 3(b) and (c) reveal that as the straw
mixing ratio increases, an increase in freeze-thaw duration and frequency can result in a reduction in

the sludge moisture content within a certain range.

Moisture content

Moisture content Moisture content

B: Freeze-thaw cycles
C: Straw mixing ratio

4 9 1 19 24 4 9 14 19 2 5 8 11 14 17 2

A: Freeze-thaw time A: Freeze-thaw time B: Freeze-thaw cycles

Figure 3. Influence of Interaction of Factors on Straw Moisture Content Contour Diagram (a, b, c).

In light of the experimental findings, it was prognosticated that the optimal experimental
parameters would entail a freeze-thaw duration of 24 hours, a freeze-thaw frequency of 20 cycles,
and a straw mixing ratio of 20%.Under these specified conditions, the model envisaged a sludge
moisture content of 33.93%.To validate the predicted value, three parallel experiments were executed
under the anticipated optimal conditions, yielding experimental results of 31.92%, 31.26%, and
30.83% correspondingly. The projected outcomes fell within 5% of the actual results [14], suggesting
the viability of utilizing response surface methodology to optimize the physicochemical
characteristics of straw-conditioned sludge during freeze-thaw cycles, thereby enhancing its
dewatering efficiency.
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The dewatering performance of sludge is generally subpar, and depending solely on mechanical
methods has limited efficacy in enhancing its dewatering capabilities [15]. Hence, to further decrease
the moisture content of sludge and bolster its dewatering performance, conditioning agents can be
incorporated for treating the sludge. In this investigation, straw was employed as a conditioning
agent primarily due to its capacity to absorb residual moisture in the sludge, consequently
diminishing its moisture content and enhancing its dewatering performance [16]. Moreover, this
treatment method demonstrates consistent outcomes and facilitates the utilization of straw resources.

By comparing the F-values of the sludge moisture content model, it becomes apparent that the
proportion of straw mixing in the independent variables has the most substantial effect on the
response variable. Hence, the impact of the straw mixing ratio on sludge dewatering performance is
examined and evaluated, as illustrated in Figure 4. It is evident that after undergoing freeze-thaw
cycle pretreatment, the residual sludge's specific resistance to filtration (SRF) diminishes as the straw
mixing ratio increases. With the gradual increase of added straw, both SRF and cake moisture content
display a notable downtrend. The optimal straw mixing ratio amounts to 20%, at which juncture both
SRF and cake moisture content can be minimized to their respective lowest values of 1.30x10'2 m/kg
and 35.65%. However, when the straw mixing ratio keeps surging, alterations in SRF and moisture
content of the sludge become sluggish, leading to a limited effect on its dewatering efficiency.

59.75%

30 60% -

(b)

Moisture content

SRF(x10"m-kg™)
]

35.65%

31.54%

32.43%

T T T T T T T T T T T T
5% 10% 15% 20% 25% 30% 5% 10% 15% 20% 25% 30%
Straw mixing ratio Straw mixing ratio

Figure 4. Effect of freeze-thaw cycle on sludge dewatering performance.

In order to delve deeper into the impact of straw conditioning on the thermal-mass transfer
characteristics of sludge and analyze the mechanism through which straw affects the flocculent
structure of sludge, the particle size distribution of the sludge floc before and after straw conditioning
is depicted in Figure 5a and b. During the experiment, utilizing straw as a conditioner can induce
varying degrees of alteration in the particle size of sludge flocs. Thus, by scrutinizing the particle size
distribution of sludge flocs, the underlying mechanism of the experiment can be elucidated more
effectively. The particle size distribution of sludge within the 0-1000 um range was investigated, and
it was observed that the particle size distribution exhibited a predominantly normal pattern.
Following the straw conditioning, the sludge exhibited a notable leftward displacement in
comparison to the particle size distribution curve of the frozen-thawed pretreated sludge. In order to
provide a more intuitive depiction of the alterations in sludge particle size, the mean particle size of
sludge flocs was selected as the principal criterion for analysis. Upon the introduction of straw into
the sludge, the average particle size of the sludge diminished from 116.4 um to 74.96 pm. This occurs
because introducing straw leads to the expansion of sludge flocs, thus facilitating the development
of dehydration pores. Furthermore, the collaborative influence of freeze-thaw cycles augments the
requisite channels for dehydration, subsequently enhancing the efficiency of sludge dewatering.

Utilizing TG-DTG curves of sludge samples subjected to varying freezing temperatures, this
study investigates the impact of straw conditioning on the thermal mass transfer in sludge during
freeze-thaw cycles. In order to facilitate comparison, the thermogravimetric curves of both untreated
and straw-conditioned sludge samples after undergoing freeze-thaw cycles were acquired at a
heating rate of 20°C/min, as depicted in Figure 5c.
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Figure 5. Normal distribution map of sludge particle size.

Through a comparison of the characteristic curves between individual sludge samples and
sludge-straw mixed samples, it becomes evident that the combustion performance of both sludge
and straw was thoroughly accounted for during the entire process. The composition of straw
encompasses crude protein, cellulose, hemicellulose, lignin, and various other components.
Hemicellulose, one of these components, possesses an irregular amorphous structure characterized
by low thermal stability, with a decomposition temperature ranging from 220 to 315°C.Cellulose
molecules are linked together by glycosidic bonds and possess a non-branching structure that makes
them resistant to decomposition. The decomposition temperature of cellulose is documented to fall
within the range of 315 to 400°C [17]. Conversely, lignin exhibits high stability and is resistant to
degradation. Its combustion range can span from room temperature up to 850°C (without achieving
complete combustion) [18]. Evidently, during the second stage, the combustion of straw is
predominantly governed by the presence of hemicellulose and cellulose.

The stages of volatilization and combustion represent the periods wherein the maximum weight
loss rate is most prone to manifest during the combustion of sludge and straw. Nevertheless, the
maximum weight loss rate of the sludge mixed sample following straw conditioning surpasses that
of sludge-only combustion, rising from 1.84% to 4.75%. This observation suggests that the freeze-
thaw cycles experienced by straw-conditioned sludge can augment the maximum weight loss rate,
thereby intensifying the volatilization and combustion stages of the sample. Furthermore, as a result
of straw conditioning, the weight loss temperature associated with sludge pyrolysis correspondingly
rises. This phenomenon is likely attributed to the fact that straw conditioning expedites the
combustion of volatile components within the sludge, facilitating the premature reaction between
unburned organic matter in the sludge and environmental oxygen, thereby decomposing it into more
combustible substances.
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3. Mathematical Model for Coupled Freezing-Thawing Process

The freeze-thaw (F/T) dewatering of sludge involves intricate interactions among heat transfer,
moisture migration, and multiphase fluid dynamics within a porous medium [19]. To elucidate these
coupled phenomena, a comprehensive mathematical model was developed using COMSOL
Multiphysics® 5.6, integrating the principles of non-isothermal flow, phase change dynamics, and
hygroscopic porous media theory. This section delineates the governing equations, boundary
conditions, and numerical implementation strategies underpinning the model, which bridges
experimental observations with mechanistic insights into sludge dehydration [20].

3.1. Heat Conduction Containing Wet Porous Media

The heat balance transfer equation for the sludge is derived from the following equation, taking
into account the effective control volume heat capacity at constant pressure, the temporal
temperature variation, the energy change due to thermal convection of water vapor and liquid water,
the diffusion term, and the heat source term:

aT
(pcp)effz + (pgcp,gug + plcp,lul) -VI+V-q=Q+ Qevap (2)

q = —KegVT 3)

The variables and parameters introduced in the equation are employed for modeling the heat
conduction process, particularly in the context of moist air and water. The subscript "g" is used to
denote the gas phase (moist air), while the subscript "1" is applied to the liquid phase (water). The
variables "pg" and "p;" represent the densities of water vapor and liquid water, respectively. Similarly,
"Cp,g" and "C, ;" correspond to the specific heat capacities of water vapor and liquid water at constant
pressure. The variables "u;" and "u," denote the velocity fields of liquid water and water vapor,

respectively. "q" represents the heat flux, "keg" signifies the effective thermal conductivity (averaged
across solid, liquid, and gas phases), and "(pCp)e ff" denotes the effective volume heat capacity at

constant pressure.

(pcp)eff = 05psCps + £p[(1 = sDpgCpg + 51PICp)] 4

Q= _[(Cp,v - Cp,a)gw + Cp,lgk] (5)

n,n

Building upon the provided equation, "s;" denotes the liquid water saturation, while "Q" signifies
the combined effect of heat diffusion and capillary flux in liquid water. By incorporating the
following formula, the latent heat of evaporation is included as a source term in the heat transfer
equation:

Qevap = LVGevap (6)

Within the equation, "Qeyvap "' represents the heat source resulting from water phase change, and
"L," symbolizes the latent heat of evaporation.

3.2. Water Transport in the Porous Media

By summing the mass conservation equations for steam and liquid water, we can acquire the
temporal variation of humidity within a porous medium:

ow(pw)
at

+pglg Vo, +V- gy, +u-Vp+V-g.=G (7)

w(dy) = EpSiP + Eppngcl —s1) (8)

Within the equation, "w(¢,,)" denotes the total moisture content, encompassing both liquid
water and water vapor, measured in kg/m”3. "¢,," represents the relative humidity, "u," symbolizes
the velocity field of moist air, and "w," signifies the mass fraction of water vapor in moist air.
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W, = M, b Csat (T) )
Pg
Bw = _pgDeffvu)v (10)
— _ KnKx
u = w Vpa (11)

Within this equation, "M, " denotes the molar mass of water vapor, "cg,(T)" signifies the
saturation concentration of water vapor, "g,, " represents the diffusive flux of moist air, "Deg"
symbolizes the effective diffusion coefficient of water vapor in the porous medium, "u;" denotes the
velocity field of liquid water, "k, " signifies the relative permeability of liquid water as a function of

"non

saturation, "k" represents the permeability of the porous medium, "p," symbolizes absolute pressure,

and "g)." represents the capillary flux of liquid water, expressed through the diffusion equation
concerning relative humidity:
ow(dw)
- _ 12
Ic Dy 9 q)w Vq)w ( )

"

D" symbolizes the diffusion coefficient of water. In equation (7), "G" serves as the water source
term, and the condensation source term in the liquid water mass conservation equation nullifies the
evaporation source term in the vapor mass conservation equation. The source term for water via
evaporation can be defined using a water vapor transport equation.

6[8 P (1—51)]
Gevap = Lt gt + pgug -V, + V- gy (13)

4. Model Development

The simplified dewatering process of sludge, acting as a porous medium, assumes significance
in industries like water treatment and resource recycling, where it necessitates the consideration of
strongly coupled physical effects, including fluid flow, phase change heat transfer, and the transfer
of liquid and gas [21]. The effects occurring within hygroscopic porous media can be modeled by
utilizing predefined interfaces in COMSOL. Within this model, an assumption is made that the liquid
phase and gas phase achieve equilibrium within the simplified porous sludge cake sample.
Moreover, the calculation of time-varying water saturation is conducted to simulate the thermal and
moisture transfer during two-phase flow.

4.1. Geometric Model and Network Partitioning

The geometric representation of the sludge sample was designed to replicate experimental
conditions while balancing computational efficiency. The cylindrical sludge cake, with a diameter of
5 cm and height of 2.5 cm, was simplified to a two-dimensional axisymmetric domain (Figure 6a) to
reduce computational overhead without sacrificing accuracy. This simplification is justified by the
radial symmetry observed in experimental moisture and temperature distributions. The model is
discretized using a swept meshing technique with a maximum element size of 1 mm, minimum
element size of 0.02 mm, curvature factor of 0.2, and a resolution of 1 in regions of high curvature.
Figure 6b illustrates the resulting meshed domain of the porous medium.
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Figure 6. Sludge Geometric modeling: (a) Sludge geometric modeling; (b) Model grid division; (c) Model
temperature boundary; (d) Model of the initial temperature distribution.

4.2. Condition of Experiment

The purpose of the sludge freezing experiment is to simulate a cyclic test in which the
surrounding environment, characterized by cold airflow, facilitates the removal of moisture. The
non-steady-state nature of sludge dewatering simulation imposes limitations on the duration of
software simulation due to factors like small time steps. In this experimental study, our focus is solely
on simulating and analyzing the sludge dewatering process under specific conditions, namely a
freezing temperature of -16°C, a freezing duration of 24 hours, and one freeze-thaw cycle. This
approach allows us to evaluate the accuracy of our model. In COMSOL, interpolation functions are
employed to set the temperature distribution surrounding the sludge, approximating the actual
experimental conditions. This setup is depicted in Figure 6c. The dry density of the mud cake is
specified as 1700 kg/m3, accompanied by an initial uniform moisture content of 0.8075 cm?/cm? and a
saturation water content of 95.00%. The sludge initially has a temperature of 4°C. The corresponding
temperature distribution within the model is illustrated in Figure 6d.

4.3. Parametric Analysis and Discussion

The primary method for verifying the simulation involves comparing and analyzing the
experimental values with the simulated values, with a specific emphasis on the temporal trend of
sludge moisture content. Figure 7d illustrates the utilization of an integration operator within the
porous domain to calculate the variations in moisture content within the sludge, thereby facilitating
the determination of its changes.

The findings from Figure 7d demonstrate that, under specific experimental conditions, the
numerical simulation closely corresponds to the experimental values of sludge moisture content
during the initial to intermediate stages. The disparity is minimal, and the experimental and
simulated data exhibit a high degree of proximity. These results indicate that the numerical
simulation process, which incorporates parameters such as sludge density, specific heat, and thermal
conductivity, is highly suitable for studying the sludge dewatering process experimentally.

Nevertheless, as the dewatering process advances, the experimental and simulated values
progressively deviate due to the formation of cracks and shrinkage in the sludge, resulting in an
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augmented divergence in moisture content between the two. The presence of cracks and pores
facilitates the escape of moisture from the sludge, thereby considerably improving the dewatering
efficiency. Moreover, the disparity between the experimental and simulated values intensifies with
the ongoing progress of the dewatering process.

In the simulation of the sludge dewatering process, the presence of cracks and pores, which
enhances the contact area between the sludge and air, was not taken into account. This omission led
to the numerical model of the sludge remaining unaltered throughout the calculation process,
signifying that the formation of cracks and pores profoundly affects the mass transfer phenomena
during the simulation of the sludge dewatering process.

The experimental dewatering process was concluded when the integral of the sludge porous
medium attained 0.257 kg/m. At this juncture, the simulated sludge mass fell within the range of
0.263 to 0.271 kg/m, exhibiting close agreement with the experimental values.

Under freezing conditions of -16°C, following 24 hours of freezing and one freeze-thaw cycle,
the mean moisture content within the sludge, as well as the average temperature distribution across
the central cross-section of the entire model, were visually displayed using cloud charts, as depicted
in Figure 7e and f.

To provide a clearer representation of the moisture content distribution within the sludge, the
figure showcases the grid quality of the porous medium and the relative humidity of the surrounding
environment. Additionally, the liquid saturation of the porous medium is depicted in Figure 7a, b
and c. The observation reveals that the liquid saturation in the model demonstrates a certain
correlation with the relative humidity, suggesting that the model construction aligns more closely
with the real-world scenario.
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Figure 7. Relative relationship between the model environment and the local humidity of the sludge: (a) Relative
humidity of the model, (b) Model humidity grid quality, (c) Fluid saturation inside the sludge, (d) Simulated
values and experimental values of sludge humidity; (e) Cloud map of humidity distribution of sludge cross-

section; (f) Cloud plot of the temperature distribution of the model cross-section.

It indicates a gradient distribution trend, where the surface layer exhibits lower moisture content
compared to the interior (Figure 7e). During the initial stage of the dewatering process, at the 120-
minute mark, the loss of moisture in the sludge primarily occurs from the free water present on the
surface. Simultaneously, the moisture surrounding the surface of the sludge diffuses outward,
replenishing the lost surface moisture. While the moisture content near the center of the sludge
remains uniform, a small amount of this moisture will also migrate towards the surface.

That depicts the temperature distribution at different positions within the sludge throughout
the thawing process (Figure 7f). Initially, in the thawing stage, the temperatures above and to the left
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of the sludge exhibit relatively higher values, while the central temperature is comparatively lower,
resulting in an overall gradient distribution. Over time, the temperature at the center of the sludge
gradually rises until the entire sludge reaches a uniform thawed state. During the dewatering process,
air passes over the surface of the sludge, dissipating heat from the surface layer and causing a rapid
increase in surface temperature. Once the thawing stage commences, the surface layer of the sludge
and the boundary temperature rapidly approach the pre-set environmental temperature.
Consequently, a temperature difference arises between the outer and inner layers of the sludge,
leading to heat transfer towards the internal regions influenced by this temperature gradient. As a
result, the temperature within the sludge progressively increases from the outer layers towards the
inner layers.

Under the given condition of freezing at a temperature of -16°C for a duration of 24 hours and
undergoing a single freeze-thaw cycle, the central cross-section of the model is chosen as the subject
of investigation. Temperature distribution contour maps along the cross-sectional direction are
plotted at specific time points, namely 23 hours, 24 hours, 26 hours, 33 hours, and 45 hours, to depict
the experimental environment and the localized temperature distribution within the porous medium.
This analysis aids in exploring and illustrating the temperature variation pattern during the
dewatering process of the sludge, as visually represented in Figure 8.

Time=23h Local temperature (ht)

(a)

(b)

oo feubaumme (i)

Local tempersture (ht)
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Figure 8. Cloud map of the center cross-section temperature of the model at different times.

From the observations presented in Figure 8§, it is apparent that as the sludge undergoes the
thawing and dewatering process, the low-temperature region gradually decreases while the
temperature rises progressively. The blue region within the sludge gradually diminishes, whereas
the yellow region occupies a larger portion of the sludge. As the dewatering process advances, the
temperature gradient layer within the sludge gradually diminishes until it eventually vanishes.
Initially, at around the 26-hour mark, each temperature layer near the outer layer of the sludge
exhibits a thinner thickness, and there exist more temperature layers due to the convective heat
transfer caused by air passing over the surface of the sludge. This heat transfer leads to heat being
transferred to the surface of the sludge, resulting in a temperature difference between the surface and
interior of the sludge. Utilizing this temperature difference, heat starts to transfer from the surface of
the sludge towards its interior, causing the internal temperature to gradually approach the surface
temperature. Consequently, each temperature layer gradually disappears, and the internal
temperature rises progressively.

It is worth noting that the model is designed to simulate the ventilation of the drying room,
entering from the left side, which exerts the greatest impact on the upper left position of the sludge
during the simulation process. This observation further validates that the model construction aligns
with the actual operating conditions.

Under the condition of freezing at -16°C for 24 hours and undergoing one cycle of freezing and
thawing, the central cross-section of the sludge was selected as the research object. The humidity
distribution cloud maps of the experimental environment and the local porous medium were
obtained at the moments of 26 hours, 33 hours, 35 hours, and 45 hours to investigate the moisture
variation law of the sludge during the dehydration process, as depicted in Figure 9.
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Figure 9. Cloud map of humidity of model at different times.
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Figure 9 illustrates that as the sludge undergoes gradual thawing and dehydration, the region
with higher moisture content (the red area) contracts towards the center of the sludge. With the
progress of the experiment, the water content inside the sludge gradually decreases, while the trend
of increasing moisture content from the surface to the center of the sludge remains unchanged. With
the progress of the experiment, the water content inside the sludge gradually decreases, while the
trend of increasing moisture content from the surface to the center of the sludge remains unchanged.
The thickness of each moisture layer in the sludge increases as well. The difference in moisture
content between the surface and the interior of the sludge is caused by the absorption of heat by the
sludge from the air, which leads to the initial evaporation of surface moisture into the air.

Therefore, moisture in the vicinity of the sludge surface preferentially moves towards the
surface, gradually decreasing the moisture content and forming a moisture gradient towards the
central region of the sludge. Consequently, the moisture content progressively increases layer by
layer from the surface to the interior of the sludge.

5. Conclusion

(1) Optimal Operational Parameters: Through response surface methodology (RSM), the optimal
F/T conditions were identified as freezing at —16°C for 24 h, 12.5 cycles, and a 20% straw mixing ratio.
Under these conditions, the sludge moisture content decreased from 62.7% to 35.9%, achieving a
40.35% reduction compared to untreated sludge and a 4.75% improvement over F/T treatment
without straw. This configuration balances dewatering efficiency with practical feasibility, offering a
scalable solution for industrial applications.

(2) With a gradual increase in the amount of added straw, notable reductions were observed in
both the solidification reactivity factor (SRF) and the cake moisture content. Upon reaching the
optimal straw mixing ratio of 20%, the SRF minimized to 1.301012 m/kg. Subsequent increments in
straw addition yielded marginal improvements in dewatering performance.

(3) Incorporating straw conditioner facilitated the formation of supplementary channels in the
dewatering process, while the synergistic impact of freezing-thawing cycles contributed to a
decreased particle size of the sludge, consequently elevating its dewatering efficiency.
Thermogravimetric analysis highlighted that the freezing-thawing cycles of straw-conditioned
sludge escalated the maximum weight loss rate during volatilization and combustion phases.
Additionally, the straw conditioning elevated the temperature associated with substantial weight
loss in the sludge during thermal decomposition.

(4) Through the utilization of COMSOL Multiphysics software, simulations were performed to
assess thermal and moisture variations, along with heat and mass transfer, throughout the sludge
dewatering procedure. Subsequently, the simulated outcomes underwent comparison and analysis
alongside experimental data, confirming the alignment between numerical simulations and empirical
observations. This methodology elucidated the mechanism underpinning the decline in sludge
moisture content during the freezing-thawing study and validated the efficacy of simulating the
integrated water and heat mechanisms of sludge through COMSOL Multiphysics, substantiated by
indoor freezing-thawing assessments on sludge specimens.
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