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The flow field distribution and clogging process in HFCWs are complex, the
hydraulic characteristics, distribution and size of dead zone of HFCW were
studied by using the Computational Fluid Dynamics (CFD). The results showed
that (1) The ceramsite system’s filtration efficacy in treatingwastewater is primarily
driven by deep filtration processes. The distribution of water flow within the
ceramsite wetland system is more homogenous than that observed in the blast
furnace slag wetland system. Furthermore, the ceramsite system exhibits
enhanced utilization of the primary bed area, the underlying drainage layer,
and the catchment zone. (2) The blast furnace slag system possesses a
smaller porosity and particle size distribution, which results in non-uniform
flow rates and pressure distributions. Consequently, this system is prone to
clogging, leading to a decline in both hydraulic performance and the overall
functionality of thewetland. (3) The ceramsite system exhibits a lower occurrence
of dead zones within the main bed compared to the blast furnace slag system,
with a reduction of 12.58% and 27.93% in the dead zone percentages,
respectively. This suggests that the ceramsite system outperforms the blast
furnace slag system in terms of hydraulic efficiency, resistance to clogging,
and contaminant removal efficacy.
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1 Introduction

Horizontal flow constructed wetland (HFCW) are widely used in the field of water
pollution treatment because of their advantages, such as good treatment effects and low
infrastructure and operation costs (House et al., 1999). However, clogging is common in
HFCWs after a period of operation. Relevant statistics show that 50% of wetlands
experience some extent of clogging within 5 years of operation (USEAP, 1993).
Clogging causes uneven hydraulic distribution in the wetland system, reduces the
porosity of the substrate, shortens the hydraulic retention time (HRT) of the system,
affects the pollutant treatment efficiency, and, in severe cases, reduces the service life of the
wetland (Nivala et al., 2012). The clogging problem of HFCWs has received attention in
recent years, several studies have been reported to initially explore the clogging distribution
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patterns in HFCWs (Knowles et al., 2010; Petitjean et al., 2016),
clogging extent monitoring (Morris et al., 2011; Hughes-Riley et al.,
2016; Corbella et al., 2016), and two-dimensional models of clogging
(Hua et al., 2010). The spatial and temporal distribution, as well as
the flow field characteristics of clogged areas within artificial
wetlands, have been investigated using Computational Fluid
Dynamics (CFD) (Dai et al., 2024). Nonetheless, the flow field
characteristics, the extent and location of dead zones, and the
size of clogging volumes in wetland systems remain relatively
underexplored, particularly in ceramic and blast furnace slag
wetland systems.

Computational fluid dynamics (CFD) is a product of the
combination of recent fluid mechanics, numerical mathematics,
and computer science that analyzes complex physical problems
containing fluid flow and heat transfer through computer
numerical calculation and image display, and finally can obtain
the basic physical quantities such as velocity, pressure, temperature,
and concentration in the flow field and a quantitative description to
solve various practical problems (Persson et al., 1999; Fan et al.,
2008). In recent years, CFD numerical simulation methods have also
been applied to the study of artificial wetland flow fields, laying the
foundation for the establishment of hydrodynamic models of
constructed wetland as well as the simulation and analysis of
flow patterns inside wetlands (Fan et al., 2008; Rengers et al.,
2016). Rengers used CFD methods to study the hydrodynamic
performance of constructed wetland systems, and the results
showed that flow velocity, length, and interaction between flow
rate and length had significant effects on the content of pollutants in
the effluent; Jang used numerical simulation to determine the factors
affecting the nitrate reduction process in aquifer heterogeneity
(Rengers et al., 2016; Jang et al., 2017). Garcia mainly studied the
effects of different constructed wetland sizes and substrates of
different particle sizes on the hydraulics of horizontal flow
constructed wetland and found that larger wetland aspect ratios
and smaller particle sizes, as well as the filling form of the substrate
and the location of the inlet and outlet, directly affected the dead
zone and particle removal efficiency within the constructed wetland
(Garcia et al., 2004; Kjellin et al., 2006; Choi and Park, 2013).
Rajabzadeh et al. (2015) simulated the flow field and biokinetics in a
vertical flow wetland using CFD. The results showed that biofilm
growth created dead zones in the substrate, which was the first
prediction of the bio-clogging process. Wei et al. (2024) optimized
the hydraulic performance of a bulkhead-style horizontal
subsurface flow artificial wetland by utilizing CFD modeling.
Similarly, Du et al. (2024) demonstrated that CFD models are a
potent tool for the hydraulic characterization of surface flow
constructed wetlands (SSF-CW) through their CFD modeling
efforts. However, none of these studies were able to determine
the location of the system’s short flows, dead zones, or specific
clogging volumes.

Based on the above findings, this study conducted flow field
simulation by constructing HFCW clogging simulation experiments
with CFD simulations using blast furnace slag and ceramsite, which
are commonly used in engineering practice for nitrogen and
phosphorus removal with good effect and low price, as wetland
substrates. The objectives of this study are (1) to clarify the
distribution of the flow state field within the blast furnace slag
and ceramsite wetland systems, (2) to analyze the differences in

velocity and pressure in different matrix systems and their causes,
and (3) a comparative analysis of the location and volume size of
dead zone distribution across wetland systems employing various
substrates, and an examination of their impact on hydraulic
performance and overall wetland efficacy. To the best of our
knowledge, this is the first time that the ANSYS SCDM software
module is used to build an HFCW 3Dmodel at a scale of 1:1 with the
actual device. Numerical simulations are performed using the
ANSYS Fluent solver, and data are processed by the post-
processing software module ANSYS CFD-post to examine the
distribution characteristics and blockage of the HFCW steady-
state flow field. The results of the study can provide new ideas
and technical support for the targeted prevention and control of
clogging in blast furnace slag and ceramsite constructed wetlands
(Rajabzadeh et al., 2015).

2 Materials and methods

2.1 Clogging experiments with HFCWs

2.1.1 Construction of the wetland system
A plastic box was used as a clogging test device, whose length,

width, and height were 560 mm, 360 mm and 250 mm, respectively.
The HFCWs device was divided into zones such as a water
distribution zone, a surface fine sand zone, a main bed zone, a
bottom water guide zone, a water collection zone, etc. The main bed
zone was filled with ceramsite and blast furnace slag matrix,
respectively, and the function, size, and filler type of each zone
and the relevant parameters of these filler parameters are shown in
Figure 1 and Supplementary Table S1.

Each wetland device is laid with two inlets, which are 90 mm
away from the side walls of both sides of the box, and 10 mm away
from the surface of the bed position; the four outlets were set up
from the bottom of the device at a height of 0, 5, 20, 25 cm,
respectively. The outlet at 0, 5, 20 cm can be used to determine the
porosity of each bed, and the outlet at 25 cm can prevent the device
from overflowing. The outlet at 25 cm can prevent the device from
overflowing. The diameter of the inlet and outlet straight pipes is
5.8 mm, and the water inlet is controlled by a glass rotor
flow meter.

2.1.2 Experimental design
The experiment was conducted using two different types of

fillers: blast furnace slag and ceramsite as the main bed of the
wetland system was designed with three replications for each
treatment, as shown in Figure 2. And the parameters for tracer
simulation were established as indicated in Supplementary
Table S2 and subsequently validated through tracer
experiments. A 0.3 m/d hydraulic loading rate (HLR)
operating system was used.

2.2 Creation of the 3D model of the device

Based on the experimental setup parameters, 3Dmodeling of the
wetland bed was performed using ANSYS SCDM software, with the
bottom right vertex of the inlet side of the setup as the coordinate
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origin (X = 0, Y = 0, Z = 0, X, Y, Z represent the length, width, and
height of the system, respectively); the specific partitioning of the
bed function and substrate parameters are shown in Figure 1 and
Supplementary Table S3, respectively.

2.3 Division of network model

The principle of CFD calculations is to discretize the
computational region in space into many small volume cells
using methods such as the finite volume method and to solve
within this volume cell using the governing equations of
hydrodynamics, etc. (Yamasaki et al., 2022; Sakib et al., 2022).
The model was meshed using ANSYS mesh software according
to the finite volume method (Stolarski et al., 2018). The 3Dmodel in
2.2 was divided into a total of 566720 meshes, and the specific
meshing method and related parameters are shown in Figure 3 and
Supplementary Table S4, respectively.

2.4 ANSYS fluent calculation principle

Within HFCWs, the saturated water flow state is
classified as laminar or turbulent. Re is used to measure the

flow state of the fluid in the system and is calculated as shown
in Equation 1.

Re � ρvL

u
(1)

where Re is the mathematical symbol for Reynolds number, a
dimensionless number that can be used to characterize fluid flow;
ρ is the density of the fluid, kg/m3; v fluid is the fluid velocity, m/s; L
is the characteristic length, m; and u is the coefficient of viscosity of
water, kg/(m·s).

The flow of wastewater in the bed is subject to various
resistances, so the momentum conservation equation for porous
media (Equation 2) can be constructed by adding the resistance
source term belonging to the porous media model to the momentum
control equation for fluid flow.

Si � − ∑3
j�1
Dijμvj +∑3

j�1
Dij

1
2
ρ v| |vj⎛⎝ ⎞⎠ i � x, y, z( ) (2)

where Si is the drag source term; D and C are the viscous drag
and inertial loss coefficient matrices, respectively, with 1/α and
C2 brought diagonally into the matrices D and C, respectively. α
and C2 are related to the particle size of the wetland bed
matrix and the bed porosity, and the equations for calculating

FIGURE 1
Three-D view of the structure of the test apparatus: (A) is the main view; (B) is the top view; (C) is the side view.
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FIGURE 2
Schematic diagram (A) and photo (B) of HFCW systems and their influent and effluent sampling sites (C).

FIGURE 3
Illustration of wetland model meshing.
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α and C2 are shown in (Equation 3) and (Equation 4),
respectively.

α � D2ε3

150 1 − ε( )3 (3)

C2 � 3.5 1 − ε( )
Dε3

(4)

where D is the particle size of a single matrix; ε is the porosity of the
bed (Vafai, 2015; Bear, 2003).

The theoretical Hydraulic Retention Time (HRT) and the actual
average HRT were computed using the formulas provided in
Equations 5, 6, respectively.

tn � Vt

Qt
(5)

tm � ∫∞
0
tCtdt∫∞

0
Ctdt

(6)

where tn represents the theoretical Hydraulic Retention Time (HRT)
of the experimental system, expressed in minutes; tm denotes the
actual average HRT of the experimental system, also in minutes; Qt

is the inlet flow rate of the system, measured inmilliliters per minute;
Ct is the concentration of the tracer fluorescein sodium at the outlet,
given in grams per milliliter; and vt is the volume of fluid that the
experimental system can hold in its saturated state, specified in
milliliters.

The effective volume ratio, denoted as e, is computed according
to the formula presented in Equation 7.

e � tm
tn

(7)

The tracer recovery, denoted as R, is determined using the
formula provided in Equation 8.

R � ∫∞
0
QtCtdt

Mi
(8)

where Mi represents the total input mass of the tracer fluorescein
sodium recovered during the tracer experiment, measured in grams;
R denotes the recovery rate of the tracer fluorescein sodium obtained
from the tracer experiment.

The number of continuously stirred reactors, denoted as N,
can be used to reflect the flow conditions within the wetland
and is calculated according to the formula presented in
Equation 9.

N � tn
tn − tp

(9)

where tp represents the time, in hours, at which the tracer
concentration at the outlet of the wetland system attains its
peak value.

The overall hydraulic efficiency, denoted as λ, is computed using
the formula provided in Equation 10, with tp being the duration, in
hours, during which the tracer concentration at the outlet of the
wetland system reaches its maximum.

λ � tp
tn

(10)

2.5 Parameter settings for ANSYS fluent
calculations

The simulation calculation setup for Fluent is as follows:

(1) Start-up setting: Set the calculation accuracy to double
precision in the Fluent startup item.

(2) Solver settings: select pressure as the solver type in the Fluent
general solver column, and the time calculation mode is
selected as steady state, constant flow.

(3) Physical Model Settings: Set the solution model to K-epsilon
Realizable in the Physical Model Settings field, set the
direction of gravitational acceleration to the negative
direction of the Z-axis, and its magnitude to 9.81 m/s2.

(4) Computational domain settings: the computational fluid is set
to water, and its density and viscosity coefficient (20°C) are
998.2 kg/m3 and 0.001003 kg/(m·s), respectively; the laminar
flow control and the relevant parameters of the porous
medium model are set in Supplementary Table S5.

(5) Boundary condition settings: the inlet boundary condition is
set to velocity inlet, the system hydraulic load (HLR) is set to
0.3 m/d, then its inlet velocity is 0.0133 m/s, and the hydraulic
diameter, the inlet valve diameter, is 0.0058 m. The outlet
boundary condition is set to pressure outlet; the boundary
condition of the intersection between the functional zones
within the wetland system is set to the interior (internal
surface), sharing the geometric topology between the zones
to achieve a seamless link between the zones; for the rest of the
wall conditions, the standard wall model with static and no-
slip is used.

(6) Solution method settings: the solution method uses the
pressure-velocity coupling method SIMPLE; the spatial
discretization format is kept as default; and warped-face
gradient correction is turned on.

(7) Experimental Setup for Tracer Simulation: Building on the
steady-state simulation, the two most representative middle
sections within the system were identified for further analysis.
The transient solver was activated, and the component
transport model was enabled. Physical parameters such as
the relative molecular mass of the tracer fluorescein sodium
(376.27), the diffusion coefficient (10−9 m2/s), and others were
incorporated and input into Fluent’s mixture components to
facilitate the configuration of chemical component transport.
The PISO (Pressure-Implicit with Splitting of Operators)
method was employed for transient computations. A tracer
stock solution of 60 mL was simultaneously injected into each
of the two inlets of the simulation apparatus. Given an inlet
flow rate of 0.0133 m/s, the injection of the stock solution was
completed in approximately 86 s. Consequently, the time step
for the transient calculation was set to 0.5 s, with a total of
172 iterative steps. Following the addition of the tracer, the
system’s inlet water was switched to pure water, and an outlet
monitoring surface was established. Transient data collection
was scheduled at the following time points: 1.5, 60, 600, and
2,160 min, respectively. This setup allowed for a detailed
analysis of the tracer’s movement and dispersion throughout
the system over time.
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(8) Calculation accuracy setting: to ensure the calculation
accuracy, the residual convergence condition is set to 10−6.

2.6 Validation of tracer simulation
experiments

The tracer was introduced into the interior of the apparatus via a
“hanging bottle” method, utilizing gravity flow to ensure that the
tracer feed rate for each apparatus was consistent with the
simulation trials. During the initial and mid-phases of the
experiment, sampling intervals were set at every 5–30 min;
however, in the later phase of the experiment, the sampling
interval was adjusted to approximately every 60 min. For each
system, a total of 48 samples were collected, with the entire
experimental duration lasting for 36 h. The sample pretreatment
and analysis methods adhered to the procedures outlined by Seeger
et al. (2013).

2.7 Data acquisition and analysis

After the calculation is completed, CFD-post is used for
processing and exporting the data, such as streamlines and cloud
maps. The exported image format is uniformly in PNG format; the
color scale of the cloud map is the traditional rainbow color scale.

Velocity and pressure data were collected using the cross-section
method: three longitudinal cross-sections, Y = 0.09 m, Y = 0.18 m,
and Y = 0.27 m, were selected in the simulation model to correspond
to inlet 1 (Y = 0.09 m), inlet 2 (Y = 0.27 m), and the middle section of
the system (Y = 0.18 m). The system outlet was located on this
section, and the X coordinate within the section represents the
horizontal direction of the inlet-outlet end of the system (unit: m);
the Z coordinate represents the height of the system (unit: m); and
the velocity cloud shows a maximum value of 1 × 10−4 m/s, and the
pressure cloud shows a global range. Also to quantify the variation of
velocity and pressure within different beds of different installations,
data collection was carried out at the mid-section of the wetland

FIGURE 4
Global flow diagram of blast furnace slag, ceramsite wetland system unit ((A,B) are main and side views of blast furnace slag wetland, respectively,
(C,D) are main and side views of ceramsite wetland, respectively).
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system (Y = 0.18 m) divided into fixed lines: data were collected at
the midline of each bed in fixed lines with Z = 0.025 m (upper layer:
sand layer), Z = 0.125 m (middle layer: blast furnace slag layer/
ceramsite layer of the main bed), and Z = 0.225 m (lower layer:
jute layer).

Since the configurations of the blast furnace slag and ceramsite
test groups are identical in terms of bed size and other configurations
except for the difference in the main substrate, the difference
analysis of cloud diagrams can be performed directly by using
the Case Comparison function for the absolute value difference
operation of multi-case cloud diagram data based on CFD post
software, to obtain the difference cloud diagrams of multiple cases
and other related data.

In addition, for the analysis and comparison of the water flow
field in the system from a 3D perspective, volumetric data
acquisition at the 3D level is carried out using the Isovolume
function within the CFD post.

Microsoft Excel 365 was used for the statistics of the data, and
Origin 9.8 was used for the graphing.

3 Results and discussion

3.1 Water flow status of blast furnace slag
and ceramsite wetland system

From Figures 4A, B, it can be seen that the main flow paths
within the blast furnace slag wetland system are “inlet→ front of the
main bed → bottom conductive layer → outlet”. These areas have
more dense flow lines and carry most of the hydraulic conductivity
load of the entire bed, which are theoretically the dominant flow
areas within the system (Altman et al., 2015; Emelko, 2003). In
HFCW systems, the filtering action of the bed is largely responsible
for wastewater treatment (Nakamura et al., 2017). The filtration
action of the filter bed is divided into surface filtration as well as deep
filtration, and the blast furnace slag has a small particle size
(0.25–1.45 mm) and its bed is mainly based on surface filtration
(Xu et al., 2019). The hydraulic conductivity load in the densely
flowed area in Figure 4B is higher than that in other areas, and its
effluent flux is somewhat higher than that in other areas, so the front

FIGURE 5
Intra-system variation diagram of blast furnace slag and ceramsite wetland (Y = 0.18 m): (A) velocity variation diagram; (B) pressure
variation diagram.
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area of the blast furnace slag bed is more prone to clogging than the
middle and rear ends; while the areas with sparse flow lines (fine
sand area, middle and rear ends of the main area, etc.) have lower
hydraulic conductivity and are prone to forming dead zones. Thus,
the HFCW with a fine-grained blast furnace slag matrix as the main
bed has a lower hydraulic distribution efficiency and a higher risk
of blockage.

From Figures 4C, D, it can be seen that the hydraulic distribution
of the ceramsite wetland system is more uniform, and the utilization
rate of the main bed area, the bottom spar area, and the catchment
area are all higher, and the possibility of forming dead zones or short
flow areas in the system is less. In addition, the ceramsite particles
themselves belong to the large particle size matrix (5–20 mm), and

the filtration effect for wastewater is mainly deep filtration (Liu et al.,
2020; Wu et al., 2016), and the ceramsite areas The uniform
distribution of flow lines indicates that the filtration burden at its
front end is low and the possibility of clogging is low.

3.2 Velocity and pressure differences
between blast furnace slag and ceramsite
wetland systems

As shown in Figure 5A, the velocity difference between the blast
furnace slag and ceramsite systems mainly occurs near the
intersection of the system’s water distribution zone, water

FIGURE 6
Values of velocity differences (A) and pressure differences (B) for the fixed line collection at Y = 0.18m cross-sectionwithin the twowetland systems.
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collection zone, and the main bed. As shown in Figure 6A, the
velocity difference gradually increases with increasing x along the
collection line z = 0.125 m, which corresponds to the main bed zone
(x = 0–0.4 m). The hydraulic distribution of the blast furnace slag
bed is mainly concentrated at the front end of the bed, and the
hydraulic distribution at themiddle and rear ends is sparse; while the
water flow in the ceramsite bed is uniformly distributed throughout
the ceramsite bed. The water flow velocity in the middle and rear

parts of the ceramsite bed is larger than that in the middle and rear
parts of the blast furnace slag bed. As shown in Figures 5B, 6B, the
pressure drop at the front end of the blast furnace slag bed exhibited
a more pronounced variation compared to that of the ceramic bed,
with the pressure distribution being notably non-uniform. This
sharp change in pressure drop leads to increased resistance to
water flow within the system, resulting in suboptimal hydraulic
performance. This observation aligns with the findings reported by

FIGURE 7
Distribution of regions with velocity values less than 1.0E-6 m/s within the blast furnace slag (A) and ceramsite system (B).

TABLE 1 Dead zone volume (m3) and share (%) of blast furnace slag and ceramsite wetland systems.

Parameters Dead zone volume
within the entire
system (m3)

The ratio of the dead
zone to system
volume (%)

The volume of the dead
zone within the main
bed (m3)

The proportion of dead
zone to the volume of main
bed (%)Pilot group

Blast furnace slag 0.0142 28.20 0.0072 27.93

pottery granule 0.0079 15.62 0 0

FIGURE 8
Tracer concentration of blast-furnace slag system.
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Zhong et al. (2022). As indicated by Wang et al. (2021), in artificial
wetlands with smaller porosity and particle size, the pathways
available for water flow are reduced, thereby increasing the
propensity for clogging. When clogging occurs in the wetland
system, the permeability coefficient and treatment efficacy of the
substrate experience a significant decline (Boog et al., 2019; Al-Isawi
et al., 2015). In contrast, the ceramsite system displayed more
uniform flow rates and pressure, signifying superior hydraulic
performance and overall wetland functionality compared to the
blast furnace slag bed. This is in agreement with the research
conducted by Zhu (2020), Bai et al. (2014).

3.3 Flow field dead zones for blast furnace
slag and ceramsite wetland systems
comparison

A dead zone within a horizontal submerged wetland system is a
region where the saturated water essentially does not participate in the
flow of the main flow field and only moves slowly and locally in place
or is nearly stationary. The dead zone can essentially be identified as an
ineffective or extremely inefficient zone of action within the system,
which also tends to have an infinitely long HRT (Cui et al., 2009). In
this simulation experiment, the setting is made as follows: when the
flow velocity of the region within the system is below 1 × 10−6 m/s
(1 mm/s), the region is defined as the non-dominant flow field region,
i.e., the dead region. As shown in Figure 7, the dead zones within the
two groups of systems existmainly within the non-dominant flow field
regions with sparse streamline coverage, such as the fine sand areas in
the surface layer, the corners of the system, and the dead ends.

It can also be seen from Figure 7 that the dead zone distribution
of the blast furnace slag system is larger than that of the ceramsite
system, for which volume data were collected for the relevant region
and volume integration was performed to obtain the results in
Table 1. As shown in Table 1, the dead zone volumes for the
blast furnace slag and ceramsite system are 0.0142 m3 and
0.0079 m3, respectively; the dead zone to the whole system bed is
28.20% and 15.62%, respectively. The dead zones within the blast
furnace slag bed were mainly distributed in the upper fine sand zone,
and the middle blast furnace slag zone, while the dead zones in the

ceramsite bed were mainly concentrated in the upper fine sand zone
of the bed. For the main bed zone, the dead zone volume percentage
in the main bed zone of the ceramsite system is 0 under the existing
velocity threshold, and there is no dead zone in its main bed; while
the dead zone volume percentage in the main bed of the blast
furnace slag system is 27.93%, which indicates that the ceramsite is
not easy to form a dead zone, and also confirms the thesis that the
ceramsite has better hydrodynamic performance in Sections 3.1, 3.2.

Therefore, the ceramsite substrate is significantly better than the
blast furnace slag substrate in terms of hydrodynamic properties,
bed resistance to clogging, and avoidance of dead zone formation.
The efficiency of pollutant treatment in artificial wetlands is
intrinsically linked to their hydraulic performance (Shih and
Wang, 2020). As noted by Zeng et al. (2023), the occurrence of
dead zones within the system can result in excessively high flow rates
in certain areas while other regions experience no water flow at all.
This uneven distribution of flow can exacerbate substrate clogging,
as the areas of rapid flow are more likely to capture fine particulate
matter, which may then be deposited in the dead zone areas, thereby
intensifying clogging. Such conditions can negatively impact the
overall hydraulic performance and pollutant removal efficiency of
the system. Shih and Wang (2021) discovered that the formation of
dead zones diminishes the wetland’s ability to remove pollutants. In
contrast, Bai et al. (2016) found that a multi-layer substrate
configuration can reduce dead zones and short-circuiting when
compared to a single-layer setup, leading to a marked
improvement in pollutant removal. The ceramsite system exhibited
a lower percentage of dead zones and a reduced percentage of dead
zones in the main bed compared to the blast furnace slag system by
12.58% and 27.93%, respectively. This indicates that the ceramsite
system surpasses the blast furnace slag system in terms of hydraulic
performance, resistance to clogging, and removal efficiency.

3.4 Comparative analysis between
simulation results and measured results

The figures you’re referring to, Figures 8, 9, seem to present a
visual comparison between the simulated and measured tracer
concentration results for two different artificial wetland systems:

FIGURE 9
Tracer concentration of ceramsite system.
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one using blast furnace slag and the other using ceramsite. Here’s an
interpretation of the data presented in these figures:

In Figure 8, which represents the blast furnace slag system, the
simulation results are compared with the measured results. The
similarity between the simulation curve and the measured curve,
including the trend and the overlapping peaks, suggests that the
simulation model is reliable and accurately represents the actual
system behavior to a certain extent. However, the measured peak
concentration is lower than the simulated peak, and there are
multiple peaks observed in the measured data. This discrepancy
is attributed to the smaller particle size and porosity of the blast
furnace slag, which can lead to short-circuiting and back-mixing
within the system. These phenomena can cause the tracer to pass
through the system more quickly and mix with the water in a way
that reduces the height of the peaks observed in the measured data.

In Figure 9, which represents the ceramic granule system, the
tracer RTD curves show a more complex waveform with more
pronounced fluctuations and a certain degree of delay. This
complexity is likely due to the larger particle size and greater
internal porosity of the ceramic granules. The internal pores can
adsorb the tracer, affecting the flow dynamics within the bed. Despite
the bed being water-saturated, the internal porosity of the ceramic
particles still influences the flow field, leading to more intense short-
circuiting and back-mixing. This results in a more intricate and
delayed tracer response compared to the blast furnace slag system.

In summary, the differences between the simulation and
measured results for the two systems can be explained by the
physical characteristics of the substrates used, with the ceramsite
system exhibiting more complex behavior due to its larger particle
size and internal porosity. These findings highlight the importance
of substrate selection in the design and operation of artificial wetland
systems for pollutant treatment.

3.5 Economic benefits and
sustainability analyses

Artificial wetlands are a low-cost treatment process with high
pollutant removal rates, low operation and maintenance costs and
high sustainability, i.e., 1%–2% of the plant cost (Parde et al., 2021).
Ceramsite as a filler in artificial wetlands have good adsorption effect
on pollutants and have good economic benefits (He and Wang,
2019). Ceramsite can be used as raw materials of industrial waste,
and the production of ceramic granules with uniform texture, high
strength, stable physical and chemical properties, good durability,
light weight and excellent thermal insulation properties. In
conclusion, ceramsite wetland systems are low cost, sustainable
and suitable for use in treating water pollution.

3.6 Future study

This investigation examined the hydraulic performance,
clogging resistance, and overall wetland functionality of a
plantless wetland system, excluding the influences of plant roots,
biofilms, and aeration. Subsequent research is encouraged to expand
upon these findings by assessing the impact of plant roots, biofilms,
and air on water flow dynamics within wetland ecosystems.

4 Conclusion

(1) The ceramsite system’s filtration efficacy in treating
wastewater is primarily driven by deep filtration
processes. The distribution of water flow within the
ceramsite wetland system is more homogenous than that
observed in the blast furnace slag wetland system.
Furthermore, the ceramsite system exhibits enhanced
utilization of the primary bed area, the underlying
drainage layer, and the catchment zone.

(2) The blast furnace slag system possesses a finer porosity and
particle size distribution, which results in non-uniform
flow rates and pressure distributions. Consequently, this
system is prone to clogging, leading to a decline in both
hydraulic performance and the overall functionality of
the wetland.

(3) The ceramsite slag system exhibits a lower occurrence of
dead zones within the main bed compared to the blast
furnace slag system, with a reduction of 12.58%
and 27.93% in the dead zone percentages, respectively.
This suggests that the ceramsite slag system outperforms
the blast furnace slag system in terms of hydraulic
efficiency, resistance to clogging, and contaminant
removal efficacy.
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