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Abstract

The design of tubular flocculators has advanced in the pursuit of more efficient and com-
pact water treatment systems. Helically coiled tube flocculators (HCTFs) are known for
generating stable secondary flows and uniform hydrodynamic patterns after the develop-
ment length. However, their constant geometry restricts the hydrodynamic variability re-
quired for optimized flocculation. This study introduces the spirally coiled tube floccula-
tor (SCTF), characterized by a winding diameter that varies along its length. CFD simula-
tions and laboratory-scale experiments compared HCTFs and SCTFs in terms of turbidity
removal capacity, axial velocity profiles, secondary flows, streamlines, and global velocity
gradients. The SCTF outperformed the HCTFs under all evaluated configurations, achiev-
ing up to 98.2% turbidity removal. The results emphasize the potential of spiral geome-
tries to enhance process efficiency and highlight the need to reconsider hydrodynamic
strategies in the design of tubular flocculators.

Keywords: helically coiled tube flocculators; spirally coiled tube flocculators; CFD;
flocculation efficiency; turbidity removal efficiency; water treatment

1. Introduction

Access to safe drinking water remains a global challenge, affecting billions of people,
particularly in rural and peri-urban regions. Water security, understood as reliable and
equitable access to safe water, is a multidimensional concept that integrates environmen-
tal, social, and economic factors and is widely recognized as a cornerstone of sustainable
development [1]. This reality underscores the urgency of sustainable and affordable solu-
tions [2]. Promising alternatives include low-cost water treatment technologies designed
for rural contexts [3], compact systems for decentralized applications [4], and sustainable
approaches that support vulnerable communities [5]. Historical perspectives confirm that
water quality concerns and treatment practices have long shaped societal development
[6]. Water insecurity directly threatens public health, driving the spread of disease and
deepening social inequalities, with inadequate water, sanitation, and hygiene identified
as major contributors to the global burden of disease, particularly in low- and middle-
income countries [7,8]. Governance and water resource management issues further inten-
sify exclusion [9].
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Evidence from rural regions reveals that infrastructure deficits, water quality con-
cerns, and socioeconomic barriers continue to limit progress, highlighting the challenges
of achieving universal and equitable access to safe water and sanitation [10]. Within this
landscape, researchers increasingly focus on natural coagulants in simplified systems as
environmentally friendly and accessible options [11,12]. At the same time, contamination
by heavy metals and emerging compounds underscores the need for adaptable treatment
strategies [13].

Treating water for human consumption requires efficient removal of suspended par-
ticles and colloidal matter, with flocculation playing a central role. Large-scale systems
often rely on mechanized flocculators, while baffled channels remain common in devel-
oping countries. Both approaches face limitations: mechanized units demand high costs,
energy, and maintenance, while baffled channels create intense mixing zones that break
flocs and reduce process efficiency. Against this backdrop, helically coiled tube floccula-
tors (HCTFs) have emerged as cost-effective alternatives. They harness curved flow to
generate centrifugal forces that promote particle collisions, enhancing floc formation and
improving performance [14-17]. Although HCTFs achieve high turbidity removal rates
[16], their constant tube geometry generates uniform flow patterns, which restrict hydro-
dynamic variability and limit adaptability under changing raw water conditions. Recent
studies emphasize their relevance in the search for more compact and efficient units, par-
ticularly through hydrodynamic analyses and probabilistic assessments of process effi-
ciency [18].

Computational fluid dynamics (CFD) has become an essential tool to analyze hydro-
dynamic parameters and guide optimization, complementing large-scale trials and exper-
imental validations. A broad body of research demonstrates that hydrodynamic condi-
tions—such as residence time, velocity gradient, and mixing patterns —play a decisive role
in flocculation efficiency, directly shaping floc formation, stability, and growth. Large-
scale experimental trials, such as those conducted in [19], provide strong evidence of the
effectiveness and feasibility of tubular flocculators compared with conventional purifica-
tion methods. Their results showed average turbidity and color removal efficiencies of
98.07% and 98.50%, respectively. They also demonstrated that raw water turbidity, resi-
dence time, and velocity gradient act as critical factors that govern flocculator perfor-
mance.

Within this context, researchers increasingly rely on computational models —espe-
cially computational fluid dynamics (CFD)—to optimize these parameters and improve
system hydraulics [15,17,20,21]. Studies on nanofiltration [22] and produced water man-
agement [23] further illustrate how mathematical modeling supports process optimiza-
tion and decision-making, reinforcing the relevance of CFD in flocculation research. Re-
cent advances in reuse and advanced treatment technologies also highlight the role of
modeling in guiding safe water provision [24]. Despite the progress achieved with HCTFs,
researchers still need to develop strategies that introduce greater hydrodynamic variabil-
ity throughout the flocculation process.

This study introduces spirally coiled tube flocculators (SCTFs), a novel configuration
where the coil diameter gradually increases along the tube, generating variable shear in-
tensities and secondary flows. Although coils with variable diameters or conical geome-
tries have been previously explored in other engineering fields, particularly in heat ex-
changers and thermal systems, their use for water treatment purposes —specifically in co-
agulation and flocculation processes —has not been reported. Therefore, the novelty of this
study lies in applying this geometry to enhance hydrodynamic conditions and improve
flocculation efficiency in compact water treatment systems. By combining CFD simula-
tions and laboratory experiments, the study demonstrates the hydrodynamic advantages
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of SCTFs and evaluates their potential as a more efficient and sustainable alternative to
HCTFs.

2. Methodology

This study compared two flocculator configurations, one HCTF and one SCTF, using
complementary approaches to evaluate performance and hydrodynamic behavior:

(a) Experimental tests measured turbidity removal efficiency under controlled operating
conditions. Identical inlet flow rates and coagulant dosages were applied to both ge-
ometries, enabling direct comparison of clarification performance.

(b) CFD modeling simulated and analyzed internal flow behavior in each flocculator.
The simulations provided detailed information on streamline distribution, axial and
secondary flow patterns, and hydrodynamic indicators, clarifying the impact of geo-
metric differences on flocculation potential.

The integration of experimental and numerical results delivered a comprehensive
understanding of how progressive variation in coil diameter influences flow conditions
and flocculation efficiency.

2.1. Geometry of the Flocculators

Three geometries were evaluated: (i) SCTF with a variable diameter of 8 cm at the
top and 50 cm at the base (Dt =8 ¢cm and Ds = 50 cm), referred to as SCTEF; (ii) HCTF with
a constant diameter of 28 cm (Dt = Ds = 28 cm), referred to as HCTF1; and (iii) HCTF with
a constant diameter of 50 cm (Dt = Ds = 50 cm), referred to as HCTF2. All units used the
same tube (d = 3/8”, 9.5 mm) with a total length (L) of 36 m, divided into three equal
segments of 12 m. The segments were color-coded in the schematic representation (red,
yellow, and blue) to indicate different residence times (Figure 1). The models were ar-
ranged in a vertical orientation to promote downward flow, combining the effects of cen-

trifugal force and gravity.

Figure 1. Geometric configurations of the flocculators: (a) SCTF, (b) HCTF1, and (c¢) HCTF2. Each

configuration was divided into three 12 m segments.

2.2. CFD Modeling

This section outlines the steps adopted in CFD modeling, including geometry con-
struction, mesh generation and evaluation, selection of the physical model, boundary con-
ditions, and applied numerical criteria.

Geometry and Mesh Generation

CFD simulations used ANSYS Fluent® 2023 R2 based on the finite volume method.
Three-dimensional geometries of the flocculators were created in AutoCAD® 2023 and
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imported into ANSYS SpaceClaim®2023 R2. The geometries were then processed in AN-
SYS Meshing®2023 R2, where an unstructured mesh was generated with tetrahedral ele-
ments in the central region and prismatic elements near the walls, refined with an inflation
layer of five layers and a growth rate of 1.2. The sweep method generated hexahedral and
prismatic elements through face extrusion, producing meshes with greater regularity and
numerical stability.

Mesh Independence and Quality

Mesh independence analysis followed the methodology proposed in [14], ensuring
that the results did not depend on the adopted element density. The evaluation monitored
the velocity profile along the tube centerline across three different refinement levels. In-
dependence criteria were satisfied when the relative variation between successive results
remained below 2%. Table 1 presents the general mesh characteristics for the three tested
configurations, considering the total length of the units.

Table 1. Mesh characteristics (average values for the total length of the units).

Configuration Number of Elements [-] Skewness [-] Orthogonal Quality [-]
SCTF 4,201,720 0.13260 0.97620
HCTF1 3,721,380 0.14199 0.97831
HCTF2 4,127,906 0.13985 0.97906

Table 1 shows skewness values below 0.15 and orthogonal quality above 0.97 for all
geometries, indicating high numerical quality and suitability for CFD simulations [25].

Flow Conditions and Assumptions

The adopted flow model was laminar (R, = 1250), since the defined hydraulic and
geometric conditions produced Reynolds numbers consistent with this regime. In curved
tubes such as those used in this study, natural turbulence damping reinforces the selection
of the laminar model. Flow regime classification followed the equation proposed in [26].

Simulations ran under steady-state conditions, considering a single-phase, incom-
pressible, and Newtonian fluid (water at room temperature, 998.2 kg/m3; 0.001003 Pa-s).
In this context, the term incompressible refers both to the constant fluid density assump-
tion and to the flow regime. The use of single-phase flow represents a methodological
simplification that significantly reduces computational effort while maintaining valid and
reliable results, since the presence of suspended particles at the turbidity levels evaluated
in this study does not substantially affect the hydrodynamic behavior of the units. This
approach is widely adopted in the literature for comparative hydrodynamic assessments
of systems with different geometric configurations [17,27].

Boundary Conditions and Numerical Criteria

Pressure-velocity coupling applied the COUPLED algorithm, which solves the mo-
mentum and continuity equations simultaneously. Convergence was defined by a resid-
ual threshold of 10 for all equations, ensuring numerical stability and reliable results.
Boundary conditions included: (i) uniform inflow across the flocculator inlet section (mass
flow rate of 0.0083 kg/s); (ii) outflow with zero gauge pressure and equal flow rate to the
inlet; and (iii) walls under a no-slip condition, assuming rigid flocculator surfaces. Tem-
perature remained constant under isothermal conditions, with no heat transfer across
boundaries.

2.3. Experimental Evaluation

The experimental stage took place at the Federal Institute of Espirito Santo (Ifes), in
the NETRA Research Laboratory (Center for Studies on Water and Wastewater Treatment
and Reuse), with the objective of validating the CFD results. HCTFs and SCTFs were
tested under controlled laboratory conditions. Three prototypes, described in Section 2.1,
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were employed, resulting in nine distinct experiments. The characteristics of the tested
units appear in Table 2.

Table 2. Description of the experimental tests performed.

Configuration Diameter at the To Diameter at the Base
Test Number s CTI§/H CTF) Length (m) (Dr, em) P (Ds, cm)

1 12 30

2 SCTF 24 8 41

3 36 50

4 12

5 HCTF1 24 28

6 36

7 12

8 HCTE2 24 50

9 36

The test water was prepared with controlled turbidity by adding bentonite to simu-
late typical natural water conditions (Section 2.3.1). The applied coagulant was derived
from Moringa oleifera, obtained as described in Section 2.3.2. Experimental evaluation in-
cluded Jar test assays (Section 2.3.3) and hydraulic circuit trials (Section 2.3.4).

2.3.1. Preparation of Synthetic Water

Synthetic water was prepared using natural sodium bentonite, a clay composed
mainly of montmorillonite, widely applied in water treatment studies due to its ability to
form stable colloidal suspensions and ensure reproducible experimental conditions. This
material is characterized by very fine and heterogeneous particles, with a particle size
distribution predominantly below 10 um. Since the primary objective of this study was
turbidity removal, turbidity served as the control variable and was adjusted exclusively
during sample preparation. Each 2 L jar containing tap water received 0.246 g of bentonite,
producing an average turbidity of 50 NTU; higher levels were obtained by proportionally
increasing the bentonite dosage. After addition, the suspension underwent vigorous mix-
ing for 30 min to ensure homogeneous particle dispersion. Each 2 L sample was stored in
sealed containers for at least 24 h before testing to allow particle stabilization and provide
uniform test conditions, followed by homogenization prior to each assay to guarantee
proper distribution of suspended solids.

2.3.2. Preparation of the Natural Coagulant from Moringa Oleifera

The natural coagulant from Moringa oleifera was prepared from previously de-hulled
seeds. The seeds were ground in a mortar with pestle until obtaining a fine, homogeneous
powder. One gram of the powder was then added to 100 mL of tap water and stirred on
a magnetic stirrer for 10 min at 500 rpm to promote dispersion of the active compounds.
The resulting suspension was filtered through filter paper to remove solid residues, pro-
ducing the coagulant solution, which was immediately used in the experimental assays.

The natural coagulant obtained from Moringa oleifera seeds is mainly composed of
water-soluble cationic proteins that promote turbidity removal through electrostatic at-
traction and adsorption-bridging between positively charged functional groups and neg-
atively charged colloidal particles. Unlike conventional coagulants based on aluminum or
iron salts, whose mechanism relies on hydrolysis and precipitation of metal hydroxides,
Moringa oleifera acts through a purely organic mechanism, maintaining the pH stability of
the treated water. Recent studies have shown that this bio-coagulant exhibits high
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efficiency in turbidity removal, in addition to being biodegradable, non-toxic, and suitable
for applications in contexts with reduced infrastructure [28,29].

2.3.3. Jar Test Assays

Jar test assays with the natural coagulant were performed using dosages of 2, 4, 6, §,
10, and 12 mL. Each test was conducted at 151 rpm, corresponding to an average velocity
gradient (G) of 248 s, to ensure effective mixing between the coagulant and suspended
particles, promoting colloidal destabilization and initial floc formation. After mixing, the
samples were left to settle and were collected at 10 min intervals, for a total of 60 min, to
determine residual turbidity. The G value adopted in the jar tests was the same applied in
the hydraulic circuit experiments, ensuring comparable conditions between both systems.
This equivalence allowed the jar test results to be used as a reliable reference for defining
the optimal coagulant dosage in the hydraulic circuit, providing an integrated assessment
of coagulant efficiency under similar mixing intensity.

2.3.4. Hydraulic Circuit Tests

After determining the optimal concentration of the natural coagulant, tests were con-
ducted in the hydraulic circuit, whose schematic representation is shown in Figure 2. The
scheme presented for the HCTFs also applies to the SCTF configuration.

Flow meter Peristaltic pump

( :) Natural coagulant
\ \/ £ ‘ container

X

Helically coiled

. tube flocculator
Water reservoir

Sampling point
Turbidity

H @\ B
D

Settling tank

\

Figure 2. Schematic representation of the hydraulic circuit used for tests with HCTFs and SCTF.

The experimental system consisted of a synthetic water reservoir, a tubular floccula-
tor (HCTF or SCTF), and a conventional sedimentation unit. Synthetic water turbidity was
fixed at 100 NTU, matching the value used in the Jar test assays, which allowed direct
comparison between methods.

Once turbidity stabilized, the Moringa oleifera-based natural coagulant was dosed
with a peristaltic pump to ensure precision and homogeneity. The system operated at a
constant flow rate of 0.5 L/min, maintaining controlled and reproducible conditions
throughout the entire test.

The mixture entered the flocculator, where the geometry induced liquid agitation
and enhanced interaction between the coagulant and suspended particles, promoting floc
formation and growth. The flow then reached the sedimentation unit, where flocculated
particles were removed by gravitational settling. Samples were collected at 10 min inter-
vals to determine residual turbidity, enabling evaluation of removal efficiency over time.
The total sedimentation time considered was 60 min. Turbidity measurements were per-
formed with an Akso TU430 turbidimeter, with each test carried out in triplicate.
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Turbidity was adopted as the efficiency parameter because it represents a widely ap-
plied indicator in water treatment research and provides a reliable measure of clarifica-
tion, as its reduction directly reflects the removal of suspended particles and colloids.

3. Results and Discussion

The results integrate experimental and numerical evidence to provide a comprehen-
sive assessment of the hydrodynamic performance of the evaluated tubular flocculators.
The discussion begins with the Jar test assays, which established the coagulant concentra-
tion applied in subsequent experiments. The following section presents the outcomes of
experimental evaluation in the hydraulic circuit, highlighting the performance of HCTF1,
HCTF2, and SCTF, along with comparisons among the different geometries. Next, the
CFD simulations are detailed, including analyses of axial velocity profiles, streamlines,
secondary flows, and velocity gradients. Finally, both approaches are integrated to corre-
late experimental observations with numerical predictions, leading to a critical discussion
on the implications of hydrodynamic redesign for improving water treatment systems.

3.1. Experimental Evaluation Results

Experimental analysis was conducted in two stages: determination of the coagulant
dosage through Jar test assays and evaluation of the performance of different tubular floc-
culators in the hydraulic circuit, with a focus on turbidity removal efficiency.

3.1.1. Jar Test Assays: Determination of Coagulant Concentration

Jar test assays aimed to establish the optimal dosage of the natural coagulant for sub-
sequent experiments in the hydraulic circuit. Tested concentrations ranged from 2 to 12
mL/L in 2 L jars, starting with an average initial turbidity of approximately 100 NTU. Ta-
ble 3 presents the initial and final turbidity values as well as the corresponding turbidity

removal efficiencies.

Table 3. Jar test results for determining the optimal dosage of the natural coagulant, with average

initial and final turbidity values and corresponding turbidity removal efficiencies.

Jar Coagulant Dosage Average Initial Turbidity Average Final Turbidity Turbidity Removal Efficiency
(mL/L) (NTU) (NTU) (%)
1 2 100.20 10.32 89.70
2 4 99.81 10.03 89.95
3 6 98.54 8.89 90.98
4 8 97.93 426 95.65
5 10 102.20 6.33 93.81
6 12 101.80 11.25 88.95

The results showed that the lowest dosages, 2 and 4 mL/L, achieved efficiencies close
to 90%, while a slight increase was observed at 6 mL/L, reaching 90.98%. The best perfor-
mance occurred at 8 mL/L, with an average final turbidity of 4.26 NTU and a removal
efficiency of 95.65%. Beyond this point, performance declined: efficiency decreased to
93.81% at 10 mL/L and to 88.95% at 12 mL/L.

These results demonstrate the presence of an optimal dosage that balances floc for-
mation and stability; above this value, excess suspended material reduces process effi-
ciency. This behavior can be explained by the progressive re-stabilization of colloidal par-
ticles that occurs when an excessive amount of coagulant is introduced into the system.
At optimal dosages, the coagulant molecules effectively neutralize the negative charges of
suspended particles, promoting interparticle attraction and floc growth through charge
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neutralization and adsorption-bridging mechanisms. However, when the dosage exceeds
the optimal range, the surface of the particles becomes saturated with positively charged
sites, which can lead to charge reversal. As a result, the particles regain electrostatic re-
pulsion and remain dispersed in suspension, reducing the aggregation efficiency and pro-
ducing smaller and less compact flocs. This trend has been similarly reported in studies
employing natural coagulants, confirming that overdosing hinders the formation of stable
aggregates and diminishes turbidity removal efficiency [30]. Based on these results, 8
mL/L was defined as the reference dosage for hydraulic circuit experiments.

3.1.2. Hydraulic Circuit Performance

With the coagulant dosage established from the Jar test assays, experiments in the
hydraulic circuit evaluated the performance of different tubular flocculator geometries.
The dosage remained constant in all experiments, as did the system feed flow rate. Table
4 summarizes the average values of initial turbidity, final turbidity, and turbidity removal
efficiency for the helical configurations HCTF1 and HCTF2 and the spiral configuration
SCTF at lengths of 12 m, 24 m, and 36 m. Removal efficiency provides a clear comparison
among geometries, while the absolute values of final turbidity remain essential for as-
sessing process performance.

Table 4. Average initial turbidity, final turbidity, and turbidity removal efficiency for HCTF1,
HCTF2, and SCTF at lengths of 12 m, 24 m, and 36 m.

Length Configuration

Average Initial Turbidity =~ Average Final Turbidity Turbidity Removal Efficiency

(NTU) (NTU) (%)
HCTF1 101.13 13.04 87.1
12m HCTE2 105.23 3.42 96.8
SCTF 103.23 1.89 98.2
HCTF1 98.90 16.40 83.4
24 m HCTE2 96.53 13.08 86.5
SCTF 102.90 8.61 91.6
HCTF1 99.70 15.20 84.7
36 m HCTE2 95.10 14.68 84.6
SCTF 97.73 11.85 87.9
HCTF1

HCTF1 consistently showed the lowest turbidity removal efficiencies: 87.1% at 12 m
(13.04 NTU), 83.4% at 24 m (16.4 NTU), and 84.7% at 36 m (15.2 NTU). Extending the
length did not improve performance, indicating that in this geometry longer exposure to
mixing did not enhance floc consolidation but instead promoted floc breakup or the for-
mation of less dense aggregates. In practical terms, HCTF1 would require operational ad-
justments (e.g., gradual reduction in mixing intensity along the flow path or process seg-
mentation) to achieve competitive performance.

HCTF2

HCTF2 achieved excellent performance at 12 m, with 96.8% turbidity removal and a
final turbidity of 3.42 NTU. However, efficiency declined sharply at 24 m (86.5%; 13.08
NTU) and remained at a similar level at 36 m (84.6%; 14.68 NTU). This behavior suggests
high effectiveness when the flow remains under shorter exposure times but sensitivity to
extended path lengths under the same dosage and hydraulic conditions. HCTF2 therefore
shows promise, but its use at greater lengths demands optimization of mixing and/or co-
agulant dosage to avoid efficiency losses with longer processing times.

SCTF
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SCTF delivered the best performance at 12 m, with 98.2% removal and a final turbid-
ity of 1.89 NTU. Efficiency decreased at 24 m (91.6%; 8.61 NTU) and 36 m (87.9%; 11.85
NTU), but still exceeded that of the helical configurations at longer lengths. This trend
indicates that the spiral arrangement promotes highly efficient initial aggregation; how-
ever, extending the path without operational adjustments increases the likelihood of floc
breakup or the formation of less stable aggregates. Even so, SCTF maintained a relative
advantage, including at 36 m.

Comparison of Geometries

Comparative analysis shows that at 12 m, SCTF achieved the highest turbidity re-
moval efficiency (98.2%), followed by HCTF2 (96.8%) and HCTF1 (87.1%). At 24 m, SCTF
maintained superior performance (91.6%), while the helical flocculators showed sharper
reductions, with 86.5% for HCTF2 and 83.4% for HCTF1. At 36 m, although all configura-
tions experienced efficiency losses compared to shorter lengths, SCTF continued to per-
form better (87.9%), whereas the helical units reached similar but lower levels (HCTF1:
84.7%; HCTF2: 84.6%).

Overall, the results indicate that SCTF provides higher efficiency across all tested
lengths, particularly in compact units. HCTF2 performed well at shorter lengths but
proved more sensitive to path extension, while HCTF1 consistently delivered the lowest
results under all conditions. These findings suggest that the spiral configuration promotes
hydrodynamic conditions more favorable to floc formation and stability, especially at re-
duced lengths, whereas helical geometries may require specific operational adjustments
to optimize performance in longer paths.

Implications for Design and Operation

The results demonstrate that the performance of the different geometries is directly
linked to the hydrodynamic conditions imposed by flocculator length. For SCTF, the high
efficiency observed at shorter lengths indicates that the spiral arrangement creates favor-
able conditions for mixing and particle aggregation within the initial flow path. However,
the efficiency decline at longer lengths suggests that maintaining high velocity gradients
over extended paths promotes floc breakup, which limits overall performance.

For the helical flocculators, the results reveal greater variability: HCTF2 showed
strong initial performance but experienced sharp declines at longer lengths, whereas
HCTF1 consistently remained at lower levels. These outcomes suggest that helical geom-
etries may require operational adjustments, such as implementing decreasing velocity
gradients or segmenting the flow path into distinct mixing zones, to balance floc formation
and preservation.

Overall, the differences among geometries highlight the importance of understand-
ing the underlying hydrodynamic mechanisms. In this context, the fluid dynamic analysis
detailed in Section 3.2 plays a central role by examining velocity profiles, streamlines, sec-
ondary flows, and velocity gradients that support the interpretation of the experimental
results.

3.2. CED Modeling Results

CFD simulations enhanced the understanding of the mechanisms driving the differ-
ences observed between geometries in the experimental stage. The analysis provided a
detailed assessment of axial velocity profiles, streamlines, secondary flows, and velocity
gradients in each configuration, offering a basis for interpreting the hydraulic circuit re-
sults and discussing the hydrodynamic implications of the evaluated geometries.

3.2.1. Axial Velocity Profiles

The analysis of axial velocity profiles at the outlet section provides essential infor-
mation about the distribution of kinetic energy along the flow and its relationship with
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flocculation efficiency. To facilitate comparison among the evaluated geometries, the im-
ages were arranged in a grid where rows represent the geometric configurations (HCTF1,
HCTE?2, and SCTF) and columns represent different lengths (12 m, 24 m, and 36 m). This
arrangement enables a systematic assessment of flow evolution in each setup and high-
lights the differences associated with pathway extension. The color scale remained con-
stant across all images to ensure direct comparison between the simulated cases. The re-
sults for axial velocity profiles across the different geometries and lengths appear in Fig-
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Figure 3. Axial velocity profiles obtained from CFD simulations for HCTF1, HCTF2, and SCTF at
lengths of 12 m, 24 m, and 36 m.

Figure 3 shows that the axial velocity profiles displayed very similar behavior among
the three evaluated geometries and across the different flow lengths (12, 24, and 36 m).
Variations in velocity distributions were minimal, and differences in maximum values did
not exceed 1% in any of the simulated configurations. The results indicate that, regarding
the axial component of the flow, geometry and pathway extension exert no significant
influence. The experimental performance differences observed among the flocculators
therefore cannot be attributed to the magnitude of axial velocity but are likely related to
other hydrodynamic factors, such as the generation of secondary flows or the intensity of
velocity gradients.

3.2.2. Secondary Flows

Analyzing secondary flows is essential to understanding cross-sectional mixing
mechanisms and particle collision dynamics in tubular flocculators. Unlike axial velocity
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profiles, which showed only minor variations across geometries and lengths, secondary
flow patterns more clearly demonstrate the influence of geometric configuration on inter-
nal hydrodynamics. These transverse motions, generated by flow curvature, redistribute
the fluid within the cross-section, enhancing both the frequency of particle collisions and
the stability or breakup of formed flocs. Comparative evaluation of the different geome-
tries therefore provides a solid basis for explaining the performance differences observed
in physical experiments and for identifying potential advantages of each configuration.
Secondary flow patterns for the evaluated geometries and lengths are shown in Figure 4.

Conf. 12 m 24 m 36 m
HCTF1 ‘
Vmaximum = 0.009173 m/s Vmaximum = 0.009004 m/s
HCTE2 : :
Vmaximum =0008032 m/s Vmaximum = (;:607889 m/s
SCTF 5 |

Vmaximum = 0.009681 m/S Vmaximum = 0.008455 m/S Vmaximum = 0.007894 m/S

Figure 4. Secondary flow profiles from CFD simulations for HCTF1, HCTF2, and SCTF at lengths of
12 m, 24 m, and 36 m.

Evaluation of Figure 4, together with evidence reported in the literature, confirms the
tendency for secondary flow intensity to remain nearly constant along helically coiled
tubular flocculators once the hydrodynamic entrance length is exceeded.

For HCTF1, maximum velocities remained around 0.009 m/s (0.0091738; 0.0090044;
0.0092541) across the three lengths (12, 24, and 36 m), with no significant variation, rein-
forcing the stability of secondary flow. Linear correlation was very low (r = 0.31) with a
reduced coefficient of determination (R? = 0.10), indicating no significant alignment with
flocculator length. Relative variability was small (CV = 1.39%) with a relative amplitude
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of only 2.7% around the mean, consistent with an essentially horizontal distribution of
values.

For HCTEF2, velocities also remained constant but at lower levels (0.007889-0.008032
m/s), approximately 12-15% below those of HCTF1. Results showed a moderate negative
correlation (r =-0.66) and an intermediate coefficient of determination (R? = 0.43), with CV
= 0.91% and relative amplitude of 1.8%, again aligning horizontally. This difference can
be attributed to the larger coil diameter, which reduces the relative curvature of the fluid
trajectory and consequently the centrifugal force driving secondary vortex formation. Hy-
drodynamically, the smaller curvature radius of HCTF1 intensifies transverse pressure
gradients and enhances particle interaction, whereas the broader geometry of HCTF2 at-
tenuates these gradients, producing weaker but more stable vortices. This contrast is tech-
nically relevant, as HCTF1 tends to favor higher particle collision rates, while HCTF2 may
reduce the risk of floc breakup, albeit with lower initial aggregation efficiency.

Findings reported in [31] corroborate that increased curvature —expressed as a lower
ratio between coil diameter and reactor diameter —intensifies secondary flow. Consist-
ently, the results confirm that reducing coil diameter while keeping tube diameter con-
stant increases secondary flow intensity and thus transverse transport. In the case of
HCTF1, secondary velocities were about 12-15% higher than those in HCTF2, reinforcing
the role of curvature in hydrodynamic behavior. In [32] authors demonstrated that geo-
metric variations along helically coiled tubes, such as adopting variable pitch, also affect
vortex intensity and distribution, broadening the possibilities for hydrodynamic optimi-
zation. This perspective directly relates to SCTF, where the conical geometry produces a
gradual transition in secondary flow intensity along the tube length.

For SCTF, the behavior diverged from that of constant-diameter flocculators due to
its conical geometry, in which coil diameter increases progressively. In this configuration,
secondary flow intensity varies with local diameter, reaching higher levels in the initial
sections with smaller diameters and decreasing as the diameter increases. This trend was
confirmed by the results: at 12 m, maximum secondary velocity reached 0.009681 m/s,
significantly higher than in the subsequent sections. At 24 m, intensity decreased to
0.008455 m/s, representing a 12.7% drop from the initial value. At 36 m, maximum velocity
declined further to 0.007895 m/s, an 18.5% reduction compared with 12 m. Unlike the hel-
ical flocculators, velocities in SCTF showed a strong negative linear correlation (r = —0.98)
with a high coefficient of determination (R? = 0.96), indicating strong collinearity along a
downward trend. Relative amplitude reached 20.6% and CV 10.5%, demonstrating greater
dispersion around the mean.

This progressive reduction is particularly relevant for flocculation efficiency: while
stronger secondary flow at the beginning enhances particle collisions and promotes floc
formation, lower intensities in later sections minimize excessive shear and prevent
breakup of previously formed flocs. The variable geometry of SCTF therefore provides a
hydrodynamic transition tailored to different flocculation stages, suggesting superior per-
formance compared with HCTFs, whose coil diameters remain constant.

3.2.3. Streamlines

This section shows streamlines from steady-state simulations, obtained from points
located at the center of the inlet profile and used to visualize flow patterns for each geom-
etry. Figure 5 compiles the results for the three geometries at a length of 12 m. In these
streamline plots, the variable “time (s)” on the x-axis refers to the particle travel time along
the trajectory, not to the physical time of the simulation. Since the simulations were con-
ducted under steady-state conditions, the results represent spatial variations in the veloc-
ity field rather than temporal variations.
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Figure 5. Velocity profiles along streamlines obtained from steady-state CFD simulations for the
flocculators: (a) HCTF1, (b) HCTF2, and (c) SCTF, each with a total length of 12 m. The x-axis rep-
resents the particle travel time along the streamline, while the y-axis shows the corresponding local

velocity.

In the helical flocculators (HCTF1 and HCTF2), the flow exhibited stable behavior
after the hydrodynamic entrance length, marked by quasi-periodic (near-sinusoidal) spa-
tial oscillations along the tube with an almost constant period. This behavior demonstrates
the consistency of the hydrodynamic response in these configurations: despite geometric
differences between the two models, both maintained similar patterns of stability and re-
peatability.

The spiral flocculator (SCTF), however, displayed a different behavior. Even beyond
the entrance region, the oscillation period gradually increased along the flow path. This
continuous and coherent process caused the oscillation frequency to decrease progres-
sively, elongating the period of each cycle. The effect results from the variable winding
diameter of the SCTF, which alters the strength of secondary vortices and redistributes
the flow along the tube, contrasting with the uniformity observed in the HCTFs.

In [15] authors described quasi-periodic and near-sinusoidal streamlines in HCTFs.
The HCTFs evaluated in this study reproduced that pattern; by contrast, the SCTF exhib-
ited a progressive increase in the spatial period along the flow, disrupting quasi-periodic-
ity —an effect attributed to the variable winding diameter.

The streamline analysis reinforces the role of geometry in shaping and evolving sec-
ondary vortices throughout the tube. Similar findings were reported in [32], who observed
significant modifications in flow-line patterns in helical tubes with variable pitch, includ-
ing vortex intensification followed by redistribution along the flow path. A comparable
phenomenon emerged in the SCTFs, where the initial regions with smaller winding diam-
eters generated more intense vortices and stronger transverse mixing. In the later sections,
as the diameter increased, the streamlines redistributed more smoothly, and the vortex
cycle period lengthened, reflecting a reduction in transverse pressure gradient intensity.

This evolution along the flow path shows that the conical geometry promotes an ad-
justed hydrodynamic transition, enhancing floc formation in the early stages while reduc-
ing the risk of floc breakup in the later stages, as illustrated in Figure 5. Therefore, the
streamline analysis highlights how geometric features influence the internal dynamics of
flocculators, broadening the understanding of hydrodynamics in helical units and point-
ing to design strategies capable of balancing aggregation efficiency and floc stability.

3.2.4. Head Loss and Global Velocity Gradient

The evaluation of head loss and global velocity gradient (G) provides a basis for as-
sessing the hydraulic performance of different flocculator configurations, offering param-
eters to understand both the energy dissipation along the flow and the average shear in-
tensity experienced by suspended particles. Head loss values were obtained for the three
flocculators (HCTF1, HCTF2, and SCTF) at lengths of 12 m, 24 m, and 36 m, enabling the
calculation of global velocity gradient from the operating flow rate and tube diameter.
Tables 5 and 6 present the results for head loss and global velocity gradient, respectively,
under the conditions analyzed.
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Table 5. Head loss for HCTF1, HCTF2, and SCTF at lengths of 12 m, 24 m, and 36 m.

Flocculator Head Loss (Hf, m)
12 m 24 m 36 m
HCTF1 0.104609 0.209519 0.313246
HCTF2 0.095433 0.190430 0.285053
SCTF 0.113628 0.206097 0.303377

Table 6. Global velocity gradient for HCTF1, HCTF2, and SCTF at lengths of 12 m, 24 m, and 36 m.

Global Velocity Gradient (G, s™)

Flocculator 2m o m 3m
HCTF1 99.89 99.96 99.80
HCTE2 95.41 95.30 95.20

SCTF 104.11 99.14 98.21

The evaluation of the data shows that the helical flocculators (HCTF1 and HCTF2)
exhibited an almost linear increase in head loss with length, a behavior consistent with
systems operating under stable hydrodynamic regimes and regular geometric character-
istics. The spiral flocculator (SCTF) also displayed an increasing trend, but with slightly
higher values, indicating greater hydraulic resistance imposed by the spiral geometry.

Regarding the global velocity gradient, the helical flocculators maintained nearly
constant values across the three evaluated lengths, reflecting stability in the average shear
level applied to the flow. This outcome confirms the hydrodynamic regularity previously
identified in these configurations. In contrast, the SCTF showed a gradual reduction in G,
with higher values at 12 m followed by a progressive decrease at 24 and 36 m. This behav-
ior aligns with the observed lengthening of oscillation periods in the dynamic analyses,
suggesting that the spiral geometry induces a systematic attenuation of global shear along
the flow path.

3.3. Integration of Experimental and CFD Results

The integration of experimental results with CFD simulations demonstrates a direct
relationship between hydrodynamic behavior and turbidity removal efficiency across the
evaluated geometries. In hydraulic circuit tests, the SCTF achieved the highest efficiency
at the shortest length and process time, reaching 98.2% turbidity removal, but its perfor-
mance declined progressively at longer extensions, dropping to 91.6% at 24 m and 87.9%
at 36 m. In contrast, the helical flocculators (HCTF1 and HCTF2) maintained more stable
performance along the tested lengths, although at lower overall levels.

The CFD simulations confirmed these trends by showing that, in the HCTFs, both
secondary flow and global velocity gradient remained nearly constant across different
lengths, consistent with the experimental evidence of stability. In the SCTF, however, the
global velocity gradient decreased steadily from 104 s at 12 m to 98 s™ at 36 m, accompa-
nied by a gradual lengthening of oscillation periods. This continuous and coherent pro-
cess explains the reduction in experimental efficiency, linked to the progressive weaken-
ing of shear intensity along the flow path.

Overall, the results show that SCTF achieves high efficiency at shorter lengths and
suggest an optimal length below 12 m. Longer residence times can destabilize previously
formed flocs, leading to reduced overall process performance.

These results highlight that hydrodynamic redesign based on variable geometries
can enable more compact and efficient clarification systems, particularly in contexts with
reduced infrastructure.
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4. Conclusions

The results of this study demonstrate that transitioning from helically coiled tube
flocculators (HCTFs) to spirally coiled tube flocculators (SCTFs) represents a significant
advance in hydrodynamic redesign for water clarification systems. The integrated analy-
sis of physical experiments and CFD simulations showed that the variable geometry of
the SCTF promotes higher turbidity removal efficiency at shorter lengths, reaching 98.2%
at 12 m, outperforming the tested helical configurations.

In the HCTFs, hydrodynamic patterns remained stable, with global velocity gradi-
ents and secondary flow intensities nearly constant across different lengths. This regular-
ity resulted in lower efficiencies compared with the spiral arrangement. In contrast, the
SCTF exhibited dynamic behavior: in the initial sections, the reduced diameter intensified
the vortices of the secondary flows and enhanced floc formation, while in the later sec-
tions, the progressive increase in diameter attenuated shear gradients and reduced the
risk of floc breakage. This adjusted hydrodynamic transition along the flow path repre-
sents a strategic advantage over constant-diameter geometries.

The experiments also indicated that longer residence times can reduce clarification
efficiency in both SCTFs and HCTFs, suggesting an optimal length below 12 m for max-
imizing performance. This result underscores the need for operational and design adjust-
ments, such as process segmentation or adaptation of velocity gradients, to balance floc
formation and preservation.

In summary, the results confirm the potential of SCTFs as an innovative solution for
compact water treatment systems, particularly in contexts with reduced infrastructure.
The geometric flexibility offered by the spiral configuration expands opportunities for hy-
drodynamic optimization, enabling more efficient, stable, and sustainable processes.
These results advance the understanding of the role of geometry in flocculation perfor-
mance and provide practical guidance for designing clarification units better suited to
contemporary demands for access to safe drinking water.
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