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A B S T R A C T   

The guarantee of access to safe drinking water for rural communities is a great challenge due to the increase in 
contamination and deterioration of water sources. Rural areas face technological, financial, and operational 
limitations, having poor water quality, generally. The purpose of this study was to evaluate the efficiency of a 
vertical tubular flocculator (VTF) to be used as part of the purification process in rural areas where small flows 
are used. An experimental treatment system (ETS) implemented in the field was used. The VTF was implemented 
using PVC pipes and fittings. Tests were carried out with the same raw water used from a conventional treatment 
plant with aluminum sulfate as a coagulant. The optimal coagulant dose applied in the ETS was determined by 
the jar test. In the VTF, the length, turbidity, and flow of the raw water were varied. The hydraulic behaviour of 
the VTF was evaluated with the analysis of the time distribution curve of concentration of a tracer applying the 
Wolf-Resnick model. A low residence time VTF was obtained, representing a new efficient flocculation model for 
the reduction of turbidity and colour. The results showed that the turbidity of the raw water, the residence time, 
and the degree of agitation are important parameters in the operation and efficiency of a VTF. There was a 
predominance of plug flow in the reactor. The obtained results were compared with the efficiency of a con
ventional water treatment plant used in the study site. The results obtained indicated that this ETS that integrates 
a VTF with settling and filtration can be a useful tool for rural areas. It was recommended to replicate this study 
with wastewater, other dimensions of the VTF, to establish a specific methodology for the design of the VTF, to 
evaluate the dosage with dose bombs for improving the results of VTF, and to elaborate a hydraulic model for 
VTF.   

1. Introduction 

Urban areas have received drinking water supplied by municipal 
firms that have conventional purification plants commonly and only 
some plants with advanced treatments, due to the availability of eco
nomic resources, ensuring good drinking water quality (Wu et al., 2019; 
Valdiviezo et al., 2021). However, in rural areas, the supply of drinking 
water has several limitations such as: inadequate technology, financial 
limitations, and deficient operation (Omarova et al., 2019). In rural 
areas, slow filters are used to treat drinking water commonly (Andreoli 
and Sabogal-Paz, 2020; Souza et al., 2021); however, the high values of 

surface water turbidity originated by anthropogenic and climatological 
factors cause great pressure on the filters, reducing their efficiency 
(Iqbal et al., 2018; Fujioka et al., 2019). 

Conventional purification plants made up of coagulation, floccula
tion, sedimentation, filtration, and disinfection processes permit to treat 
very turbid water (Soros et al., 2019). Currently, the implementation of 
conventional treatment plants in developing communities is difficult 
due to construction costs, despite the small flows that are necessary to 
meet the demand of rural populations (Marobhe and Sabai, 2021; Gar
cía-Ávila et al., 2021). Therefore, research about new efficient and 
low-cost technologies for treating water in rural areas is necessary (Zinn 
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et al., 2018). 
Flocculation is one of the most important processes of purification 

(Sartori et al., 2014), because it allows the agglutination of destabilized 
colloidal substances in coagulation, thus facilitating their decantation 
and subsequent filtering. The conventional hydraulic flocculator with 
baffles accumulates sediment in the corners of the compartments, which 
reduces the flocculation performance (Cahyana et al., 2021). Mechani
cal flocculators need an external power source, such as a mechanical 
stirrer for performing the slow mixing process (Ghawi, 2018). Both 
hydraulic flocculators with baffles and mechanical flocculators require a 
high investment for their operation and maintenance, so the imple
mentation of tubular flocculators is an efficient alternative for rural 
areas (Bratby, 2006). 

The tubular flocculators allow the reduction of the residence time 
and the minimization of load losses, improving the quality of the treated 
water; in addition, tubular flocculators take up little space and reduce 
the cost of water production, generating greater social and economic 
effects (Oliveira and Teixeira, 2017a). Helically wound tube flocculators 
are considered tubular flocculation units with a low residence time 
(Vaezi et al., 2011; Sartori et al., 2014; Oliveira and Teixeira, 2017b). 
The retention times verified in spiral wound tube flocculators are 
considerably lower than the retention times observed in conventional 
flocculators such as baffled flocculators (Oliveira and Teixeira, 2017a). 
Helically wound tubular flocculators have been studied; however, 
multipass tubular flocculators made up of sections of vertical flow 
straight pipe had not been evaluated yet, so in this study a vertical 
tubular flocculator (VTF) was evaluated as an alternative technology for 
improving treatment processes of drinking water in rural areas. 

Tse et al. (2011) used straight and spiral tube flocculators and 
compared the performance of different flocculation conditions as a 
function of two properties: settling velocity and post-settling residual 
turbidity of the flocculated suspensions. Kurbiel et al. (1989) used 
experimental pilot tubular flocculators with a flow rate of 3–6 m3 h− 1 for 
the treatment of electroplating wastewater, with a 20 m long pipe, but 
with different diameters and retention times of 12 min, which were built 
with transparent PVC tubes, which allowed a better follow-up of the 
experiment. The results reached yields between 90% and 99% in the 
removal of turbidity and between 88% and 98% in the removal of sus
pended solids, confirming the high efficiency of the tubular flocculators 
in the treatment of galvanic wastewater. 

The majority of the studies about tubular flocculators has been car
ried out at the laboratory level for wastewater treatment (Tse et al., 
2011; Sartori et al., 2014; Swetland et al., 2014; Oliveira & Teixeira, 
2017a, 2019). There is a lack of knowledge about the application of 
tubular flocculators for drinking water treatment, so the main purpose of 
this study was to evaluate the main operating parameters and the hy
draulic performance of the VTF. 

The main operating parameters of the flocculation process are the 
velocity gradient (G) and the residence time [T] (Oliveira and Teixeira, 
2017b; Sun et al., 2019). The optimal values of these parameters are 
those that together will produce the greatest efficiency (Mcconnachie 
and Liu, 2000; Cahyana et al., 2021). Through research carried out, it 
has been determined that the optimal range of velocity gradients for 
hydraulic deflector flocculators varies between 20 and 75 s− 1 and that 
the range of retention times varies between 10 and 30 min, depending 
on the quality of the water (Haarhoff & Van Der Walt, 2001; Ghawi, 
2018). Therefore, the velocity gradient and residence time were 
analyzed using this type of tubular flocculators in this study, which in 
turn is related to the efficiency of turbidity and colour removal in 
purification. 

The results of this evaluation allowed to establish that the VTF can be 
used as an alternative technology to make water drinkable in rural areas. 
These VTFs built with PVC pipe could be an alternative to replace 
flocculators with vertical flow deflectors (FVFD), reducing investment 
costs and physical space and being more affordable for developing 
communities. 

2. Methodology 

2.1. Study area 

This study was applied in a purification plant located in a rural area 
of the city of Azogues, Ecuador (Bayas Drinking Water Treatment Plant 
[BDWTP]), which was administered by the community. The BDWTP is 
of the conventional type made up of coagulation, flocculation, sedi
mentation, rapid filtration, and disinfection (García-Avila et al., 2020). 
It has a design flow of 20 L/s, supplying drinking water to approximately 
6000 people. 

The BDWTP has a flocculator with horizontal flow deflectors and a 
flocculator with vertical flow deflectors. The design flow rate for each 
flocculator is 10 L/s. The BDWTP has 2 high-rate clarifiers and 4 rapid 
sand filters and a chlorination chamber. The experimental treatment 
system (ETS) used for this study consisted of a VTF, a settler, and 4 fil
ters, next to the flocculator with vertical flow deflector (FVFD) of the 
BDWTP, which was carried out to use the same raw water that entered 
the BDWTP, for comparing the results of turbidity and colour removal of 
the ETS with the BDWTP removal. 

2.2. Implementation of the experimental treatment system 

For the coagulation process, a cone-shaped vortex mixer was 
implemented, into which raw water entered tangentially in the cylin
drical part, which generated its rotation around the longitudinal axis of 
the cone, forming a downward movement towards the lower vertex 
(Tong, 2012). For the design of the mixing cone, the methodology rec
ommended by Abdulkareem et al. (2014) and Tong (2017) was used. 

Considering that there is no defined methodology for the design of 
tubular flocculators, then the recommended methodology of the design 
of the FVFD was used for establishing the dimensions of the VTF. Spe
cifically, the design criteria recommended by Haarhoff (1998), Romero 
(1999), and Crittenden et al. (2012) were used. The main criteria that 
were taken into account for the design of the VTF were the residence 
time (between 10 and 60 min) and velocity gradient (between 20 s− 1 

and 70 s− 1), recommended for the FVFD (Arboleda, 2000; Crittenden 
et al., 2012). Likewise, a water velocity between 0.1 m/s and 0.3 m/s 
was considered (Romero, 1999; Ghawi, 2018). 

For the design of the VTF, a design flow rate of 1 L/s, a residence time 
of 12.5 min, and a velocity of 0.13 m/s were chosen, complying with 
what was recommended for the design of the FVFD. Applying the 
methodology of Abdulkareem et al. (2014) and Tong (2017), it was 
possible to obtain the length of the water path and the area of the 
flocculator channel with baffles. This obtained length was used for 
calculating the number of PVC pipes necessary to form the VTF. The run 
length was divided by 6 for finding the number of PVC pipes, consid
ering that a commercial PVC pipe is 6 m long. Meanwhile, the channel 
width calculated for a FVFD was approximated to the area of a com
mercial PVC pipe; in this way, the diameter of the PVC pipe could be 
determined. The VTF was built with sections of straight pipe arranged 
vertically. Each section was made up of 3 m tubes (half a tube), in order 
to control the flocculation process efficiently. A 180◦ elbow was 
implemented in the upper part of each tube and a 3 m straight return 
tube was added to this elbow. This process was repeated until the 
calculated number of tubes were used. A valve was placed at the bottom 
of each tube for flocculator cleaning and maintenance. Fig. 1a shows a 
schema of the VTF. 

For the design of the high-rate decanter unit, the methodology rec
ommended by Romero (1999) and Arboleda (2000) was used, who 
recommended a rate or surface load of 120 m3/m2⁄d. The decanter was 
equipped with honeycomb decantation modules made of acrylonitrile 
butadiene styrene (ABS). These modules contain cells inclined at 60◦, 
with a cell gap of 7 cm, so that the water rose through the cells with 
laminar flow. For its design, a flow rate of 1 L/s and a rate of 144 
m3/m2d were considered. The dimensioning allowed to obtain a clarifier 
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with a width, length, and depth of 0.6 m, 1.00 m, and 2.00 m, respec
tively; additionally, a Reynolds number of 50 was calculated. Fig. 1b 
shows the high-rate clarifier, which was built of concrete with the 
collaboration of the BDWTP. 

For the removal of the particles that were not removed in the pre
vious processes, granular filtration made up of porous media (gravel and 
sand) was used. The main criterion for the design of the filtration system 
was the filtration speed, and due to that a value of 120 m3/m2/d was 
adopted for obtaining a fast filtration. Filters were implemented using 
PVC pipes of 30 cm diameter. For the sizing of the filtration system, the 
methodology recommended by Arboleda (2000) and Romero (1999) 
was used. A sand height of 60 cm, an effective sand size of 0.55 mm, a 
uniformity coefficient of 1.60, and a porosity of 0.42 were determined. 
With the collaboration of the BDWTP, it was possible to implement 4 
rapid filters using PVC pipes with a diameter of 30 cm and a height of 
1.80 m. Each filter treated a flow rate of 0.098 L/s, treating a total flow 
rate of 0.39 L/s. As tests were carried out with flows of 0.25, 0.5, 0.75, 
1.0, and 2.0 L/s, the difference in flow of the settled water was sent to 
the BDWTP filters. Fig. 1c shows the experimental filtration system. 

2.3. Studies of hydrodynamic flow in vertical tubular flocculation 

2.3.1. Theoretical residence time 
The theoretical residence time is the period of time that theoretically 

must elapse for water to pass through a reactor, assuming that all the 
water moves at a uniform rate. Mathematically, it is equal to the volume 
of the reactor divided by the flow rate (equation (1)). The volume of the 
VTF was determined from the length (L) and the radius (r) of the pipe (V 
= πr2L). 

to =
V
Q

(1) 

The to was calculated for all experimental flow rates (0.25, 0.5, 0.75, 
1.0, and 2.0 L/s). 

2.3.2. Real residence time 
The real residence time is the time in which the water remains 

subjected to a treatment process in a given unit. It is not always equal to 
the theoretical residence time. The tracer technique was used for its 
determination, for which an instantaneous dose of a NaCl saline solution 
was applied. This tracer was added to the input of the VTF; meanwhile, 
the concentration of total dissolved solids (TDS) was measured at the 
outlet of the VTF, prior to enter into the decanter. For the measurement 
of TDS, water samples were collected every minute once the tracer was 

added to the VTF inlet, and the samples were taken every 30 s when a 
drastic change in the TDS was detected. A digital TDS meter was used for 
measuring its concentration. Diverse graphs of time vs. concentration 
were obtained with the measured data of TDS and time. The real resi
dence time (tr) was determined with the methodology presented by 
Mastrocicco et al. (2011). 

2.3.3. Flow analysis 
The mathematical model developed by Wolf and Resnick was used 

for evaluating the hydraulic characteristics of the VTF, which allowed to 
know the type of flow in the reactor. The piston flow was analyzed, in 
which all the water particles that enter into the unit remain in it for the 
same time (Rodríguez et al., 2012). 

The particles are discharged in the same sequence in which they were 
introduced in the plug flow and there is not mixing between the water 
that enters and the water that is in the VTF. On the other hand, the mixed 
flow appears when the water that enters the VTF is immediately 
dispersed within it (Wolf and Resnick, 1963). The concentration of a 
substance at the outlet of the unit is equal to that existing in the entire 
reactor in the mixed flow. Likewise, the presence of dead spaces was 
evaluated, which are those spaces where the fluid remains static. Finally, 
the existence of short circuits was analyzed, which can happen when 
part of the volume of the water that enters crosses the VTF so quickly 
that it leaves instantly, without remaining stored in the reactor (Pérez, 
2005). A higher percentage of plug flow increases the efficiency of the 
tube flocculator system. 

The Wolf-Resnick method allowed to quantify the percentage of plug 
flow (P), the complete mixture (M), and the dead zones (m), which occur 
in the normal operation of the reactor from parameters such as θ and 
Tan α (Rodríguez et al., 2012). These percentages were obtained by 
plotting the subtraction of the unit minus the cumulative function (1-F 
(t)) on a logarithmic scale against time (t/to). Calling F(t) to the volume 
fraction that leaves the reactor before the theoretical residence time, F(t) 
is represented by equation (2) (Pérez, 2005). 

F(t) = 1 − e
− 1

(1− p)∗(1− m)

(

t
to − p (1− m)

)

(2) 

equation (3) was obtained rearranging terms and taking the loga
rithms in both terms. 

l[1 − F(t)] =
− log(e)

(1 − p)(1 − m)

[
t
to

p(1 − m)

]

(3) 

A tangent is drawn to the resulting curve of (1-F(t)) in logarithmic 
scale against normalized time (Fig. 2) for obtaining parameters that are 

Fig. 1. Experimental system: (a) pilot VTF, (b) decanter, and (c) filter.  
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used in the equations to determine the percentages of each flux. The 
equations used to calculate the percentages were the following: 

p=
θ tag α

0.435 + θ tag α (4)  

M=(1 − p)(1 − m) (5)  

m= 1 −
Ɵ
p

(6)  

tag α=
1

t2
to
+ t1

to

(7)  

Ɵ=
t1

to
(8) 

The values of the unknowns θ and tan α were obtained from the curve 
in Fig. 2, where t1 is the first time in which it crosses the line; t2 is the 
second time where it cuts the line; t0 is the initial time where the tracer is 
detected and α is the inclination angle of the line. Fig. 2 represents the 
expected curve in the Wolf-Resnick analysis, where the drawn line is 
tangential to the tracer curve; however, this line may be the curve with 
the best fit to the curve (Rodríguez et al., 2012; Pérez, 2005). 

2.3.4. Velocity gradient 
The procedure for determining the intensity of the flocculation or 

velocity gradient (G) depends on the type of unit. For this tubular hy
draulic flocculator, G was calculated using equation (9). 

G=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⍴ ∗ g ∗ hf

μ ∗ t

√

(9)  

where G: mean velocity gradient (s− 1); hf: head loss (m); ⍴: water density 
(Kg/m3); g: gravity (m/s2); μ: Dynamic viscosity of water (Kg/m/s), t: 
residence time (s). 

The density and dynamic viscosity were determined considering the 
average temperature of the water measured during the experimental 
tests. Meanwhile, the Darcy-Weisbach equation (equation (10)) was 
used to calculate head losses through pipes (Meng et al., 2019). Hf was 
determined for two different lengths, with the purpose of evaluating the 
influence of the length on the efficiency of the VTF. 

hf = f ∗
L
D
∗

v2

2g
(10) 

Being f: friction factor (dimensionless); L: pipe length (m); D: Pipe 
diameter (m); and v: average speed (m/s). For the calculation of the 
friction factor (f), equation (11) was used (Zeghadnia et al., 2019). A 
relative roughness of the PVC pipe wall (ϵ) of 3.0 × 10-7 m was 
considered (Sob, 2021). 

f =
1

(
− 2 log

{
ε

3.7065D − 5.0452
Re log

[
1

2.8257

( ε
D

)1.1098
+ 5.8506

Re0.8981

]})2 (11)  

where ε: pipe roughness (m); Re: Reynolds number, which was calcu
lated using equation (12). 

Re=
⍴ ∗ D ∗ v

μ (12) 

The load loss due to accessories used in the implementation of the 
VTF was also considered for calculating the total load loss. 

2.4. Experimental method and evaluation of the efficiency of the vertical 
tubular flocculator 

2.4.1. Configuration of the experimental tests 
For the analysis of the efficiency of the pilot system, a total of 100 

experimental trials were carried out between January and December, 
including duplicate trials to minimize the margin of error. Two pipe 
lengths were established (L1 = 58 m and L2 = 80 m). For each length (L1 
and L2), the inlet flow was varied, considering flows of 0.25, 0.5, 0.75, 
1.0, and 2.0 L/s. Likewise, for each length, five ranges of water turbidity 
were used: <10 NTU, 10–20 NTU, 21–50 NTU, 51–100 NTU, and >100 
NTU. Before each test, a sample of raw water entering the BDWTP was 
taken, which was sent to the laboratory for determining the optimal dose 
of coagulant (aluminum sulfate) with the jar test. 

2.4.2. Treatability study jar test 
A jar test treatability study was conducted to determine the optimal 

dose of coagulant to be used in the experimental system (Ismail et al., 
2012). Aluminum sulfate or alum was used as a coagulant, which is used 
in BDWTP. Jar tests were carried out for the different turbidities of the 
raw water, so that the previously established ranges of turbidity could be 
covered. A Phipps & Bird jar test kit was used. The apparatus consisted 
of six square-based vessels with a capacity of 2 L each one. The jar test 
procedure was identical for all tests, which included a rapid mix (G =
300 s− 1, 60 s) in which different doses of 2.5% alum were injected ac
cording to the turbidity of the raw water; followed by slow mixing (G =
41s− 1, 12.3 min) for promoting floc aggregation; finally, a sedimenta
tion for 20 min was realized. 

A 200 mL water sample was drawn from each beaker at the end of 
each jar test using a siphon below the water surface, for measuring 
turbidity and colour. The optimal dose was chosen as the coagulant dose 
that caused the highest percentage of turbidity removal; that is, the 
concentration of alum that showed the lowest level of residual turbidity 
in a sample. It was not necessary to adjust the pH in case of using alum, 
because the pH was between 6.8 and 7.3, which is the optimal condition 
(Naceradska et al., 2019). The agitation time applied in the jar tests was 
12.3 min, taken from the results of the tracer tests (Fig. 4) for the design 
flow rate (1 L/s) and a length of 80 m. Meanwhile, the velocity gradient 
applied in the jar test was 41 s− 1, obtained by applying equation (9) 
(Table 2) for a design flow rate of 1 L/s. 

2.4.3. Operation of the experimental system 
The raw water inlet flow rate to the ETS was regulated (0.5, 0.5, 0.75, 

1.0, and 2.0 L/s), after determining the dose of coagulant by means of a 
valve. The application of the coagulant was made in such a way that it 
fell in the centre of the rapid mixing cone. The dosage was carried out 
with a 2 L plastic bottle, in which an intravenous catheter was adapted to 
calibrate the dose of coagulant. After the coagulation of the water, it was 
introduced into the VTF for the formation of the floc. 

Fig. 2. Curve of the Wolf-Resnick method (Pérez, 2005).  
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In the previous process, a dose of flocculant similar to that used in the 
BDWTP (0.075 mg/L) was added at a point located 12 m away from the 
beginning of the flocculator. After flocculation, the water entered into 
the decanter for removing the flocs formed in the VTF. After settling, the 
water circulated to the sand filters for removing the flocs that were not 
retained in the settling. Finally, the filtered water entered the BDWTP 
chlorination chamber. This procedure was repeated for each length of 
the VTF, combined with a flow rate and turbidity indicated above. 

2.4.4. Water quality analysis 
Turbidity and colour were analyzed as main quality parameters for 

evaluating the efficiency of the VTF. For the measurement of turbidity, a 
HACH brand turbidimeter of model 2100 Q was used. Meanwhile, a 
HACH brand colorimeter of model DR/890 was used for colour. Three 
sampling points were defined in the ETS for evaluating the water quality 
parameters: (1) input of raw water to the mixing cone, before applying 
the coagulant; (2) exit from the experimental decanter, and (3) exit from 
the filtration system. While for the BDWTP we chose: (1′) raw water 
input (BDWTP rectangular weir), (2′) settled water (output of the 
BDWTP decanter), and (3′) filtered water (output of the BDWTP filters). 
It should be noted that the sampling was carried out simultaneously in 
both the ETS and the BDWTP, in order to compare the removal effi
ciencies, both of turbidity and colour, between the ETS that includes the 
VTF and the BDWTP that includes the FVFD. 

2.4.5. Percentage removal of turbidity and colour 
The efficiencies of the different experimental tests were analyzed, for 

which equation (13) allowed to determine the treatment efficiency 
when using the VTF + decanter system (D). 

RemovalVTF+D =
Raw water parameter − Settled water parameter

Raw water parameter
x100 (13) 

Equations (13) and (14) were used for determining the percentage 
removal of turbidity and colour, respectively, for each length of the VTF 
combined with a given flow rate and turbidity. Likewise, these formulas 
were used to determine the efficiency in the BDWTP. 

2.5. Data analysis 

The normalities of the distributions of two data series were analyzed 
through the Shapiro-Wilk normality test. It was found that the data was 
not normally distributed, which is why the Spearman correlation coef
ficient was applied for determining the degree of association between 
the data series. Considering that the resulting data did not follow a 
normal distribution, the non-parametric Wilcoxon test was applied for 
comparing whether there were significant differences in the means of 
the samples. Multiple linear regression was also applied with the effi
ciency as the dependent variable and the decimal logarithms of turbidity 
and length as independent variables at a confidence level of 90%. 

2.6. Comparative analysis of costs for the construction of the VTF 

The construction of a drinking water treatment plant implies costs 
that are specfic to the place where it is to be built, as well as to each 
component of the treatment plant (Sethi and Clark, 1998). The con
struction cost of a conventional baffle flocculator was calculated using 
equation (15) (Deb and Richards, 1983). The construction cost of the 
VTF was calculated by adding the costs of each one of the materials used 
in the construction. 

CC = 1553 (QM)
0.45 (15) 

Being CC, the construction cost in USD and QM, the maximum daily 
flow in m3/d. 

3. Results and discussion 

3.1. Dimensions of the pilot VTF 

The design methodology of a hydraulic flocculator with vertical flow 
deflectors for a design flow rate (Q_di) of 1 L/s allowed to define the 
length and diameter for the construction of the VTF. The length obtained 
was 82.6 m; however, a length L_1 = 80 m was considered taking into 
account the number of pipes, elbows, and other accessories. Addition
ally, in order to evaluate the influence of length on the efficiency of the 
VTF, a different length was tested, which was established at approxi
mately 3/4 of L1, obtaining a length of 58 m. For constructive reasons, a 
L_2 = 58 m was considered. The calculated tube diameter was 4 inches 
(110 mm); meanwhile, the height of the tubes was determined at 3.0 m 
(half a tube) and a change in curvature of 0.85 m. Valves were properly 
installed for changing the length of the VTF from 58 m to 80 m. Said 
open valves allowed the passage of water directly from L1 and L2 to the 
decanter. 

A 110 mm diameter PVC pipes and accessories were used for building 
the VTF, forming an up and down circuit (Fig. 3). The VTF was mounted 
on a metallic structure that served as a support. Additionally, PVC pipes 
and fittings with elastomeric sealing were used, in order to facilitate the 
assembly of the VTF. The same Fig. 3 shows the location of the mixing 
cone, which was made of polyethylene with diameters of 0.2 m and 0.05 
m. The high-rate clarifier was made of concrete with a width, length, and 
depth of 0.6 m, 1.00 m, and 2.00 m, respectively. Likewise, the location 
of the rapid filters can be observed, which had a height of 1.8 m, with a 
thickness of sand of 60 cm, with an effective size of 0.55 mm; in addi
tion, the filters were provided with a backwash system. 

3.2. Hydrodynamic analysis in vertical tubular flocculation 

3.2.1. Theoretical and real residence time of the VTF 
The results obtained are in Fig. 4. It can be seen that the values of to 

are close to tr. Both to and tr decrease as the operational flow rate in
creases. Residence times were longer at the 80 m length, compared to 
the 58 m length. Smet and Van Wijk (2002) stated that FVFDs have a 
residence time between 10 and 20 min. Furthermore, Garland et al. 
(2017) indicated that the flocculation time should be between 10 and 30 
min. For the length of 58 m and flows of 0.25, 0.50 and 0.75 L/s, resi
dence times were obtained in accordance with what was suggested by 
the literature for hydraulic flocculators. The time was 7.84 min for the 
design flow rate (1 L/s). Meanwhile, the residence time for the 80 m 

Fig. 3. Experimental drinking water system: (a) Pilot VTF, (b) high rate 
decanter, (c) sand filter, and (d) fast mixing cone. 
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length complied with what is recommended by the literature for hy
draulic flocculators for flows of 0.25, 0.5, 0.75, and 1.0 L/s. The resi
dence time for the VTFs with lengths of 58 and 80 m and a flow rate of 2 
L/s were 3.92 and 5.40 min, respectively. In the latter case, the times 
were lower than recommended by the literature. 

Series of concentration values were obtained by applying tracers to 
the VTF and analyzing the water samples taken at the outlet, which 
increased over time until reaching a maximum and then progressively 
decreased, which originated a curve as indicated in Fig. 5. It can be seen 
that the real (or experimental) average residence time in the system was 
close to the calculated theoretical time. 

3.2.2. Hydraulic efficiency applying the wolf resnick method 
After having obtained each resulting curve of (1-F(t)) on a loga

rithmic scale against normalized time (t/to), the curvilinear models were 
fitted for each flow rate experienced and for each length. Table 1 shows 
the adjusted models for each experienced flow and for the two lengths 
58 m and 80 m, as well as the percentages of piston flow, mixed flow, 
and dead spaces. 

It was found that the percentage of plug flow (%P) in the experi
mental tests varied from 87.33% to 94.73%. The mixed flow (%M) was 
between 5.27% and 12.67% and the dead spaces (m) varied from − 0.52 
to − 1.79. Negative values of m indicated that there are no dead zones in 
the system. The predominance of the piston flow over the mixed flow is 
notorious, which in turn is related to a greater efficiency in the floccu
lator. The small percentage of mixed flow may be due to existing 180◦

turns in the system. While the plug flow operation is closer, the short 

circuits will be minimized, maximizing the reaction kinetics and the 
reactor efficiency will increase (Rojas and García, 2010). Therefore, plug 
flow was mainly produced in the VTF and there were no short circuits or 
dead spaces that could affect the residence time, making the theoretical 
and real retention times relatively similar. From the hydraulic point of 
view, the present reactor is efficient, confirming that hydraulic floccu
lators do not present short circuits (Mcconnachie and Liu, 2000; Car
issimi and Rubio, 2005). 

3.2.3. Velocity gradient evaluation 
The results of the gradient calculated using both the theoretical time 

and the real time are in Table 2. It can be seen that the real G values are 
slightly higher than the theoretical G for the two lengths of the VTF and 
increase in proportion to the flow rate. The minimum value of G regis
tered for the VTF of 60 m was 3.10 s− 1 for the flow rate of 0.25 L/s; 
meanwhile, the maximum G was 64.91 s− 1 for the flow rate of 2 L/s. The 
minimum value of G recorded for 80 m was 2.98 s− 1 for a flow rate of 
0.25 L/s; while the maximum G was 62.12 s− 1 for the flow rate of 2 L/s. 

Smet and Van Wijk (2002) proposed that for a hydraulic flocculator, 
G should have typical values from 10 to 100 s− 1. Mohammed and Shakir 
(2018) recommended that G should be between 10 and 75 s− 1. 
Comparing the values of G recommended by the literature with those 
obtained in the present study, it can be seen that G is fulfilled for flows of 
0.5, 0.75, and 1.0 L/s for the two lengths of the VTF. 

Fig. 4. Retention times: theoretical (to) and real (tr) for lengths of (a) 58 m and (b) 80 m.  

Fig. 5. Tracer distribution curves in the VTF effluent.  
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3.3. Evaluation of the optimal dosage of aluminum sulfate 

3.3.1. Jars test 
The optimal doses of the coagulant applied in the ETS for eliminating 

the different turbidities of the raw water are shown in Fig. 6. Using this 
curve, it was possible to guarantee the adequate dosage of aluminum 

sulfate for each turbidity of the raw water that entered into the BDWTP 
and that also was used for the trials performed at the STE. There was not 
a linear relationship between the optimal applied dose of coagulant and 
the turbidity of the raw water, because in the experimental tests results 
were obtained that if the turbidity of the raw water increases, then the 
dose of coagulant also increases; but, this dose increase is small at tur
bidities greater than 100 NTU. The dose increase is proportional to the 
turbidity at turbidities less than 75 NTU, with a linear trend due to the 
fact that the suspended particles are few at low turbidities, which makes 
it difficult for them to collide with one another to form the floc, 
requiring more addition of coagulant. Meanwhile, the trend was expo
nential at turbidities greater than 75 NTU. 

León-Luque et al. (2016) used raw water with turbidities ranging 
between 10 and 180 NTU in their jar test study, for which their optimal 
doses of aluminum sulfate were between 10 and 35 mg/L, obtaining 
removals of 29%–94.4%. Zand and Hoveidi (2015) tested water with 
turbidities between 10 and 100 NTU, obtaining alum doses between 5 
and 50 mg/L and a turbidity removal of 95.7%–97.1%. In this study, 
they tested raw water with turbidities that varied between 9.15 and 
226.5 NTU, obtaining optimal doses of aluminum sulfate between 10 
and 54 mg/L and removals between 90.9% and 97.6%. 

3.3.2. Dose of coagulant used in the experimental tests 
The dose of alum applied in the ETS had as its starting point the curve 

of Fig. 6; however, it should be emphasized that as the execution of the 
experimental tests progressed, the doses obtained in the jar test were 
reduced. It is due to that in the first tests, a high efficiency of the 
experimental system was obtained. Therefore, it was decided to reduce 
the doses in the following tests. In the experimental field tests, a lower 
dose was used compared to the jar tests for raw water turbidities greater 
than 50 NTU; in addition, the field doses were equal to or greater than 
the doses from the jar tests for turbidities less than 50 NTU. When 
comparing Fig. 6 with Fig. 7, it is evident that a lower dose of aluminum 
sulfate was applied in the ETS compared to that obtained in the jar test. 
Fig. 7 shows the dose of aluminum sulfate vs. the turbidity of raw water 
for the different flows used and for the two lengths of the VTF under 
study. 

For the length of 58 m, the maximum raw water turbidity was 226.5 
NTU for a flow rate of 2 L/s and a coagulant dose of 43.75 mg/L, while 
the lowest turbidity was observed at the flow rate of 1 L/s, corre
sponding to 9.15 NTU with a dose of 20.83 mg/L of aluminum sulfate. In 
the 80 m length, the maximum turbidity was 222.0 NTU for a flow rate 
of 2 L/s with a coagulant dose of 42.95 mg/L, while the lowest turbidity 
was 9.48 NTU for a flow rate of 0.75 L/s and with a coagulant dose of 
23.06 mg/L. 

Fig. 8 shows the dosage of coagulant applied in the BDWTP, as well 
as the dosages applied for the different flow rates of the ETS. It is 
possible to differentiate a concentration of points at low turbidities, less 
than 50 NTU, and at doses less than 30 mg/L in Figs. 7 and 8, corrob
orating that at low turbidities there is less quantity of suspended solids, 
which makes it difficult for them to collide with each other to form the 
floc and therefore requires more addition of alum. Fig. 8 plotted the 
curve of raw water turbidity versus dose of coagulant applied both in the 
ETS for the different flow rates, as well as for the BDWTP. It can be seen 
that only for the flow rate of 0.25 L/s (blue curve), a dose higher than the 
dose of the plant (black curve) was required; meanwhile, the dosage of 
ETS was lower compared to BDWTP for the other flows. 

For achieving greater flocculation efficiency, a dose of 0.075 mg/L of 
cationic polyelectrolyte (flocculant) was added. This dose was deter
mined in a jar test and corresponds to the dose currently applied in the 
BDWTP. 

Both in Figs. 7 and 8, it can be seen that the alum dose increased as 
the turbidity of raw water also increased for the flow rate analyzed. The 
curve of the flow of 0.25 L/s is far from the curves corresponding to the 
other flows, which indicates that it is not feasible to use a flow of 0.25 L/ 
s in this VTF of 58–80 m length and pipe diameter of 110 mm; but, it is 

Table 1 
Percentages of plug flow, mixed flow, and dead spaces in the VTF.  

VTF 
Length 
(m) 

Caudal 
(L/s) 

Equation R2 

(%) 
%P %M m 

58 0.25 Log (1-F(t)) =
7.96–3.99 × t/ 
to 

99.06 88.85% 11.15% − 1.24 

0.50 Log (1-F(t)) =
8.69–4.749 × t/ 
to 

99.20 89.69% 10.31% − 1.04 

0.75 Log (1-F(t)) =
10.26–6.75 × t/ 
to 

96.92 91.12% 8.88% − 0.67 

1.00 Log (1-F(t)) =
6.89–2.82 × t/ 
to 

98.61 87.33% 12.67% − 1.79 

2.00 Log (1-F(t)) =
17.98–12.46 ×
t/to 

98.01 94.73% 5.27% − 0.52 

80 0.25 Log (1-F(t)) =
10.17–6.476 ×
t/to 

97.58 91.05% 8.95% − 0.73 

0.50 Log (1-F(t)) =
7.73–4.81 × t/ 
to 

71.74 88.56% 11.44% − 0.82 

0.75 Log (1-F(t)) =
12.30–8.45 × t/ 
to 

99.18 92.49% 7.51% − 0.57 

1.00 Log (1-F(t)) =
9.48–5.77 × t/ 
to 

90.50 90.47% 9.53% − 0.82 

2.00 Log (1-F(t)) =
12.15–7.08 × t/ 
to 

94.51 92.40% 7.60% − 0.86  

Table 2 
Theoretical and real velocity gradient.  

VTF Length (m) Caudal (L/s) Theoretical G (s− 1) Real G (s− 1) 

58 0.25 3.10 3.40 
0.50 8.43 8.92 
0.75 15.25 16.43 
1.00 23.28 23.04 
2.00 64.91 64.24 

80 0.25 2.98 3.27 
0.50 8.10 9.00 
0.75 14.63 15.71 
1.00 22.31 23.19 
2.00 62.12 60.23  

Fig. 6. Aluminum sulfate dosage curve.  
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possible to use any flow between 0.5 and 2 L/s, due to that their doses do 
not differ significantly even at turbidities lower than 50 NTU. The 
applied doses were similar in all cases. 

For turbidities greater than 50 NTU, the doses for flows of 0.5–2 L/s 
differ slightly, as shown below: (a) for raw water of 100 NTU with the 
VTF of 58 m and a flow of 0.5 L/s, a dose of 38.5 mg/L was applied, (b) a 
dose of 41.1 mg/L was applied for a flow rate of 0.75 L/s, (c) a dose of 
39.5 mg/L was applied for a flow rate of 1 L/s, and (d) a dose of 37.5 mg/ 
L was applied for a flow rate of 2 L/s. It can be seen that there was less 
dosage for a flow rate of 0.5 L/s; however, this lower dose affected the 
efficiency of the system, due to that the lower average turbidity and 
colour removals were obtained for this flow; therefore, the dose for the 
flow rate of 0.5 L/s should have been increased, as explained at the end 
of subsection 3.4.1. 

Despite the aforementioned, it is possible to find an answer to this 
event by making a hydraulic model (which is outside the scope of this 
study). This hydraulic model (digital construction of the VTF) would 
reproduce and predict the behaviour of this pilot system and to deter
mine the pressure at different points of the system, as well as the flow, 
speed, pressure loss in the pipes, retention times, and determine the 
problems and define solutions in this way. This virtual model will need 
to be adjusted in such a way that its operation is similar to the real one; 
for which, it will be necessary to perform a calibration to the virtual 
design, in such a way that the information obtained as the final result of 
the computational analysis is comparable with the real one and it is 
determined as valid, due to that in this way it will be possible to execute 
the recommendations obtained through the software in the field work. 
Software such as Watercad, Epanet, or others that are frequently used for 
pipe modeling could be used for this model. 

3.4. Evaluation of the efficiency between the experimental system and the 
BDWTP 

3.4.1. Turbidity and colour removal in the VTF + decanter system as a 
function of flow 

Fig. 9 shows the average values of the turbidity removal efficiency in 
the ETS that includes the VTF with a length of 58 m and the settler; 
which was in the range between 40.96% and 96.64%; while, the effi
ciency was between 41.97 and 96.66% when the VTF was used with 80 
m length and settler. Meanwhile, the efficiency measured at the outlet of 
the BDWTP settler (FVFD + settler) had removal values between 62.64% 
and 98.83%, showing a higher removal percentage in the latter. 

The maximum turbidity removal efficiency found in the experi
mental system (VTF + decanter) using the two lengths of the VTF were 
similar. It was 96.64% in the VTF_58 m and 96.66% for the VTF_80 m, 
while the average value was 83.33% using the first length and 79.99% 
using the second length. Meanwhile, the average value was 91.1% for 
the BDWTP. It can be seen that the removal efficiency of VTF in the ETS 
can achieve slightly lower removals than the system that has a FVFD. In 
all cases, there is removal of turbidity, due to that the residual turbidity 
was removed in the filters as will be indicated later. 

The maximum colour removal efficiency for the ETS using the 58 m 
and 80 m VTF was 95.55 and 94.62%, respectively. On the other hand, 
the average removal efficiency in the first configuration presented 
values of 74.12%, while it was 75.14% in the second configuration. This 
information can be corroborated in Fig. 10. Although there is no marked 
trend, it is possible to see that in the VTF_80 m, the removal percentage 
(72.21) was slightly higher than the efficiency of the VTF_58 m (70.74). 
However, the results of these two configurations were lower compared 
to the colour removal efficiency of BDWTP, which had an average value 
of 92.29%. 

In Fig. 9(a), (b), 10(a), and 10(b), it can be seen that the average 
percentages of turbidity and colour removals obtained for a flow rate of 
0.5 L/s were lower than those obtained for other flows; which answers 
the question presented in Figs. 7 and 8. That is, the applied dose was 
similar to that used for 1 and 2 L/s for a flow rate of 0.5 L/s, as was 
observed in Figs. 7 and 8, concluding that the dose applied for 0.5 L/s 
was lower than necessary; therefore, minor turbidity and colour re
movals were obtained. If the dose were increased for the flow rate of 0.5 
L/s; then, the curve (red colour) in Figs. 7 and 8 would fit between the 
0.25 L/s curve (blue colour), and the 0.75 L/s curve (orange colour), and 
surely the values of turbidity removal and colour would increase, being 
similar to those obtained for the other flows (Figs. 9 and 10). 

3.4.2. Turbidity and colour removal in the VTF system + decanter + filter 
as a function of flow 

The turbidity removal efficiency in the ETS using VTF + decanter +
filter is presented in Fig. 11. On average, this removal percentage pre
sented maximum values of 99.92% and 99.88% for VTF lengths of 80 

Fig. 7. Dose of coagulant applied when the VTF was used for: (a) 58 m and (b) 80 m.  

Fig. 8. Dose in the VTF vs. Dose in the Plant.  
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and 58 m, respectively, with a minimum difference with respect to the 
values reported in the BDWTP filters of 99.83%. The values in the ETS 
for the two lengths of the VTF and for the five flows were similar, except 
for the flow of 0.5 L/s. It could be due to the fact that there were 
turbidity fluctuations in the raw water during the days that the tests 
were carried out with this flow, which could affect the results in the ETS 
as well as in the results obtained in the BDWTP. 

Fig. 12 shows the maximum values of colour removal in the ETS 
using the two lengths of the VTF, as well as those of the BDWTP, finding 
a removal of 100% in the two systems. Minimum removal values of 
99.08% are observed using VTF_58 m, 99.33% using VTF_80 m, and 
99.03% in the BDWTP. Although these variations are minimal, it should 
be noted that, in all cases, they exceed 99%, demonstrating that a system 
that uses VTF + decanter + filter can be efficient for the purification 

Fig. 9. Turbidity Removal Efficiency in the Experimental System: (a) VTF_58 m + settler, (b) VTF_80 m + settler and (c) VTF + BDWTP settler.  

Fig. 10. Efficiency of Colour Removal in the Experimental System: (a) VTF_58 m + settler, (b) VTF_80 m + settler, and (c) VTF + PTAPB settler.  

Fig. 11. Efficiency of Turbidity Removal in the Experimental System: (a) VTF_58 m + decanter + filter, (b) VTF_80 m + decanter + filter, and (c) VTF + decanter +
BDWTP filter. 
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process. 
Unlike Figs. 9 and 10, Figs. 11 and 12 do not present a significant 

difference in the average removal of turbidity and colour, respectively, 
because the filters work efficiently eliminating the different concentra
tions of flocs that managed to pass through the filters for each one of the 
flows experienced in the same way. Precisely, these turbidity values 
obtained in the filters were what led to the decision about the estimation 
of the concentrations presented in Figs. 7 and 8. 

3.5. Comparative analysis among the experimental system and the 
BDWTP depending on the length of VTF 

3.5.1. Statistical analysis of flocculator + decanter systems 
Fig. 13 shows the efficiency of turbidity and colour removal 

measured at the decanter outlet between the experimental treatment 
system (STE) and the BDWTP. It is possible to show that the VTF_58 m +
clarifier and VTF_80 m + clarifier configurations have lower values 
compared to the FVFD + clarifier system of the BDWTP. As can be seen, 
in Fig. 13 there is no greater difference in the ETS removal efficiency 
when using VTF_58 m or VTF_80 m. 

In the turbidity removal efficiency (Table 3), the maximum removal 
of the two VTF configurations (96.64% and 96.66%) were similar to the 
mean of the BDWTP (98.83%). The same happens in the colour removal 
efficiency for these lengths (94.55 and 94.62%) and the mean of the 
BDWTP (97.35%). The average removal efficiency of ETS turbidity with 
the VTF_58 m and VTF_80 m was 76.57% and 77.57%, respectively. 
However, when excluding the flow rate of 2 L/s, the turbidity efficiency 
increased to 80.24% for the VTF_58 m + decanter system; similarly, the 
efficiency increased to 82.11% for the VTF_80 m + decanter system. 

A tubular flocculator with helical flow (FTHe) was used for turbidity 
removal with various lengths between 1.89 m and 36.84 m (Oliveira and 
Teixeira, 2017b). The average removal efficiency in the FTHe +
decanter system was greater than 80%, with a maximum removal of 
86.2%. It was detected that the best results were given by using lower 
values of G. Compared with the present study, the removal of the FtHe +
decanter system was slightly higher than the experimental system VTF 
+ decanter; however, the maximum removal values obtained using the 
VTF were higher than the maximum value using FTHe. 

There was a notable difference in the removal of turbidity and colour 
obtained in the ETS compared to the removal obtained in the BDWTP. 
However, as indicated above, the removals are similar to the removals 
obtained by Oliveira and Teixeira (2017b) in a helical flocculator. It 
should be noted that there were not qualified operators in the BDWTP, 
who apply doses somewhat higher than those obtained in the dosage 
curve of Fig. 4 (this fact was observed while this work was being carried 
out). However, as a result of this study, it was recommended to the di
rectors of the BDWTP that the applied doses must be reduced and the 
curve of Fig. 4 was delivered for its application in said plant. 

3.5.2. Statistical analysis of the VTF + decanter + filter system 
Fig. 14 shows graphically the turbidity and colour removal effi

ciencies between the experimental systems and the BDWTP, while 
Table 4 shows the statistical results obtained for the turbidity and colour 
removal efficiency. The average turbidity and colour removal efficiency 
in both the experimental systems and the BDWTP were greater than 98% 
and 99%, respectively. Therefore, a system made up of VTF + decanter 
+ filter has the same performance as using FTD + decanter + filter. In 
the ETS with VTF_58 m, there were maximum values of turbidity 

Fig. 12. Efficiency of colour removal in the experimental system: (a) VTF_58 m + decanter + filter, (b) VTF_80 m + decanter + filter, and (c) VTF + decanter +
BDWTP filter. 

Fig. 13. Removal efficiencies of: (a) turbidity and (b) colour in the VTF_58 m + decanter, VTF_80 m + decanter and FVFD + BDWTP decanter systems.  

F. García-Ávila et al.                                                                                                                                                                                                                           



Journal of Environmental Management 331 (2023) 117342

11

removal of 99.88% and minimum values of 93.08%; meanwhile, the 
maximum turbidity removal was 99.92% and the minimum 94.36% in 
the VTF_80 m. There was a maximum removal of 99.83% and a mini
mum of 95.12% for turbidity removal in the BDWTP. 

In the ETS with VTF_58 m and VTF_80 m, there were maximum 
values of colour removal of 100% and minimum values of 99.08% and 
99.33%, respectively. There was a maximum removal of 100% and a 
minimum of 99.03% for colour removal in the BDWTP, showing that 
there were not significant difference in the removal of turbidity with the 
uses of the VTF_58 m or the VTF_80 m, in comparison with the removal 
obtained in the BDWTP. 

3.6. Statistical results of hypothesis testing 

The Shapiro-Wilk analysis determined that there is no normal dis
tribution in the turbidity removal efficiency data measured at the outlet 
of the decanter and the filter. For the analysis of the Wilcoxon test 
regarding the turbidity removal efficiency, the following hypotheses 
formulations were made: Ho: There were not statistically significant 
differences in the turbidity removal and Ha: There were statistically 
significant differences in the removal of turbidity. The results are 
described in Table 5. 

The results showed that there were statistically significant differ
ences in the removal of turbidity between the two lengths of the VTF 
prior to the decantation process; therefore, it is better to use the longest 
VTF + decanter for efficient turbidity removal. When evaluating the 
efficiency of removal in the filters, the alternative hypothesis is 
accepted, finding that there is a significant difference between the two 
lengths of the VTF prior to the decantation + filtration process; 

therefore, the shortest length VTF + decanter + filter can be used for 
efficient turbidity removal. 

There were statistically significant differences in the removal of 
turbidity between the VTF + decantation system and the FVFD +
BDWTP decanter system; but, there were not found differences between 
the VTF + settling + filter system and the FVFD + settling + filter system 
of the BDWTP; therefore, an efficiency equal to the efficiency of con
ventional system made up with a FVFD followed by a settler and filter 
can be obtained with the VTF followed by a settler and filter. 

3.7. Empirical modeling of turbidity removal in the VTF 

The influential variables were identified: Reynolds number (Re), 
retention time (tr), hydraulic gradient (G), flow rate (Q), raw water 
turbidity (RWT), and system length (L), for defining the model that al
lows to determine the efficiency in the pilot system (VTF + settler +
filter). As a first step, the normality of each variable was analyzed with 
the Shapiro Wilk test, finding that no variable had a normal distribution. 
The results of the correlation through the Spearman test are presented in 
Table 6. 

In general, it can be seen that almost all the variables have a weak 
and non-significant correlation with efficiency, except for raw water 
turbidity with a very strong correlation (significant at 99% confidence). 
The raw water turbidity was the most important factor that influences 
the efficiency of the VTF. Table 6 also shows that there is a relationship 
between time, gradient, flow rate, and Reynolds number, because they 
are linked in their calculation. 

Table 7 presents the results after applying the multiple linear 
regression, where the adjusted R2 is the determination coefficient 

Table 3 
Statistical parameters of the turbidity and colour removal efficiency in the experimental system and the BDWTP.  

System % Turbidity Removal % Colour Turbidity 

Mean Maximum Minimum SD Mean Maximum Minimum SD 

VTF_58 m 72.09 96.64 23.97 19.62 66.8 94.55 26.89 21.42 
VTF_80 m 73.47 96.66 28.94 19.13 68.88 94.62 25.27 20.77 
BDWTP 91.01 98.83 62.64 9.24 88.46 97.35 52.55 10.94  

Fig. 14. Removal Efficiencies of: (a) Turbidity and (b) Colour in the VTF_58 m + settler + filter, VTF_80 m + settler + filter and FVFD + settler + BDWTP systems.  

Table 4 
Statistical parameters of the efficiency of turbidity and colour removal in the experimental system and the BDWTP.  

System % Turbidity Removal % Colour Turbidity 

Mean Maximum Minimum SD Mean Maximum Minimum SD 

VTF_58 m 98.39 99.88 93.08 2.04 99.82 100 99.08 0.32 
VTF_80 m 98.91 99.92 94.36 1.38 99.95 100 99.33 0.17 
BDWTP 98.7 99.83 95.12 1.42 99.9 100 99.03 0.26  

F. García-Ávila et al.                                                                                                                                                                                                                           



Journal of Environmental Management 331 (2023) 117342

12

adjusted by the number of variables with a value of 0.647. The Durbin- 
Watson (DW) test had a value of 1.71, which was between 1.5 and 2.5, so 
it was concluded that there was not autocorrelation. It was determined 
that the predictive variables of efficiency were the length of the floc
culator and the turbidity of the raw water at a confidence level of 90%, 
because they met the necessary statistical conditions (Smith, 2018). 
However, logarithms were applied in the model of this research as 
proposed by Al-Zubaidi et al. (2021). Vaneli and Teixeira (2019) found 
turbidity removal estimation models for helical flocculators whose R2 

was 0.5. LOGLength is the decimal logarithm of the length and 

LOGTurbidity is the decimal logarithm of the turbidity. 
Considering what is stated in Table 7, at a confidence level of 90%, 

the following model is obtained: 
Efficiency = 86.623 + 3.844 LOGLength + 2.982 LOGTurbidity. 

3.8. Control test 

In the first instance, the experimental system without the VTF was 
evaluated; for which, the water coagulated with aluminum sulfate was 
sent directly to the settler and later to the filter. It was done with the 
purpose of measuring the efficiency between the system composed of 
VTF + settler + filter and the system composed of settler + filter; in such 
a way to be able to determine the importance of the incorporation of the 
tubular flocculator in the purification process. This test was performed 
in triplicate using the design flow rate (1 L/s) and with an average raw 
water turbidity of 56.6 NTU and average colour of 548 UC_Pt–Co. The 
results are presented in Table 8, obtaining an average turbidity and 
colour removal of 39.9% and 45.1%, respectively. These efficiency 
values were lower than those obtained when the full pilot system was 
used. It shows the importance of including the VTF before the settler and 
filter. 

In a second case, the experimental system was evaluated without the 
dosage of coagulant; for which, the raw water with an average turbidity 
of 50.5 NTU was fed directly to the VTF + settler + filter system, without 
adding coagulant. It was done with the purpose of evaluating the 
importance of coagulating raw water in this type of system. A turbidity 
and colour removal efficiency was obtained at the outlet of the VTF_58 
m + settler + filter system of 14.78% for turbidity and 15.04% for 
colour, while in the VTF_80 m + settler + filter system, the efficiency 
was 23.03% and 20.77% for turbidity and colour, respectively (Table 8). 
The efficiencies were much lower compared to the efficiencies obtained 

Table 5 
Wilcoxon statistical test to determine the difference in removal between the 
experimental systems and the BDWTP.  

Ho Ha p-value Interpretation 

There were not 
significant 
differences between 
the VTF_58 m +
decanter system and 
the VTF_80 m +
decanter system 

There were significant 
differences between 
the VTF_80 m +
decanter system and 
the VTF_80 m +
decanter system 

0.0146 There were 
significant 
differences. 

There were not 
significant 
differences between 
the VTF_58 m +
decanter + filter 
system and the 
VTF_80 m +
decanter + filter 
system 

There were significant 
differences between 
the VTF_58 m +
decanter + filter 
system and the VTF_80 
m + decanter + filter 
system 

<0.001 There were 
significant 
differences. 

There were not 
significant 
differences between 
the VTF_58 m +
decanter system and 
the FVFD + decanter 
system of the BDWTP 

There were significant 
differences between 
the VTF_58 m +
decanter system and 
the FVFD + decanter 
system of the BDWTP 

<0.0001 There were 
significant 
differences. 

There were not 
significant 
differences between 
the VTF_58 m +
clarifier + filter 
system and the FVFD 
+ clarifier + filter 
system of the BDWTP 

There were significant 
differences between 
the VTF_58 m +
clarifier + filter system 
and the FVFD +
clarifier + BDWTP 
system 

0.9506 There were not 
significant 
differences. 

There were not 
significant 
differences between 
the VTF_80 m +
decanter system and 
the FVFD + decanter 
system of the BDWTP 

There were significant 
differences between 
the VTF_80 m +
decanter system and 
the FVFD system +
BDWTP decanter 

<0.0001 There were 
significant 
differences. 

There were not 
significant 
differences between 
the VTF_80 m +
clarifier + filter 
system and the FVFD 
+ clarifier + BDWTP 
system 

There were significant 
differences between 
the VTF_80 m +
clarifier + filter system 
and the FVFD +
clarifier + BDWTP 
system 

0.0562 There were not 
significant 
differences.  

Table 6 
Correlation matrix of elements that influence the VTF.   

Efficiency Re tr G Q RWT L 

Efficiency 1.00       
Re − 0.027 1.00      
tr 0.034 − 0.960 1.00     
G − 0.027 0.985** − 0.952** 1.00    
Q − 0.028 1.00** − 0.960** 0.985** 1.00   
RWT 0.943** 0.030 − 0.027 0.029 0.030 1.00  
L 0.029 0.000 0.244 − 0.035 0.000 − 0.107 1.00 

Note. Correlations with ** are significant at 99% confidence. 

Table 7 
Standardized and non-standardized regression function coefficients for HTF 
efficiency.  

Model Non standardized 
coefficient 

Standardized 
coefficient 

t Sig. 

B Dev. 
Error 

Beta 

(Constant) 86.623 3.891  22.262 <0.001 
LOGLength 3.844 2.099 0.156 1.831 0.073 
LOGTurbidity 2.982 0.317 0.799 9.41 <0.001  

Table 8 
Results of the experimental tests without VTF and without coagulant.  

Pilot System Turbidity 
Removal (%) 

Colour Removal 
(%) 

Settler + filter 39.90 45.10 
FTH_58 m + Settler + filter (Without 

coagulant) 
14.78 15.04 

FTH_80 m + Sedimentador + filtro 
(Without coagulant) 

23.03 20.77  
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when coagulant was used in all cases. The importance of the use of a 
coagulant in the purification process is evident. 

This study permitted to establish that there is no significant differ
ence in the removal of turbidity and colour between a system made up of 
a VTF together with a decanter and filter compared to a conventional 
DWTP made up of a FVFD, a decanter, and a filter. Average ETS effi
ciencies of 99.65% for turbidity and 99.88% for colour were obtained; 
while removal efficiencies of 99.70% for turbidity and 99.9% for colour 
were obtained in the BDWTP. 

Table 9 shows that the residence time in the VTF for the design flow 
(1 L/s) was 10.8 min; meanwhile, it was 23 min in the FVFD. Although 
the residence time of the VTF was almost half that of the FVFD, the ef
ficiency measured in the pilot settler was somewhat lower than the ef
ficiency measured in the BDWTP settler; meanwhile, the efficiency 
measured in the pilot filter was the same as the efficiency measured in 
the BDWTP filter. 

The residence time in the BDWTP settler was 25 min; meanwhile, the 
residence time in the ETS was 12 min for the design flow rate (1 L/s). 
The residence time of the pilot settler was almost half that of the BDWTP 
settler, which would be one of the factors that caused the efficiency in 
the pilot settler to be somewhat lower than the efficiency measured in 
the BDWTP settler. The removal efficiency of the floc particles depends 
on the residence time because there was a short residence time for col
lecting the flocs. The sedimentation rate in the BDWTP settler was 94 
m3/m2d; meanwhile, it was 144 m3/m2d in the experimental settler. The 
higher sedimentation rate in the pilot settler caused the efficiency to be 
lower than in the BDWTP settler. 

The same filtration rate was used in BDWTP filter and the ETS filter. 
As can be seen in Table 9, the FVFD has a longer residence time 
compared with the VTF, the BDWTP settling time was greater than the 
experimental settler, and the BDWTP settling rate was lower than that of 
the experimental settler; therefore, the aforementioned data would offer 
better efficiency for the BDWTP with respect to the pilot system under 
study. However, the system made up of VTF + settler + filter had effi
ciencies similar to those of the BDWTP made up of FVFD + settler +
filter. 

Residence time in a hydraulic baffle flocculator should be between 
20 and 25 min for allowing adequate flocculation for the production of 
low residual turbidity after a subsequent treatment step, such as sedi
mentation or filtration (McConnachie, 1993). In this study, the time was 
adequate below that recommended by McConnachie (1993). 

This study allowed us to establish that there is no significant differ
ence in the removal of turbidity and colour in a system made up with 
VTF together with a decanter and filter compared to a conventional 
DWTP. The results obtained in the system made up with VTF + decanter 
+ filter for a flow rate of 1 L/s, applying a G of 22 s− 1 and a residence 
time of 10.8 min reached 99.88% reduction in turbidity. In the con
ventional treatment plant, it achieved 99.70% reduction in turbidity, 
applying a flow rate of 10 L/s, G of 40 s− 1, and a residence time of 23 
min. Most of the tests applied for different flow rates had a turbidity 
reduction greater than 80% and a colour reduction greater than 90%. 

The evaluation of the removal efficiency as a function of G and the 
turbidity of the raw water showed that high values of G impaired the 

formation of the flocs, resulting in a lower removal of turbidity and 
colour. It occurred when flow rates of 2 L/s were used. The gradients 
applied for the other flows prevented the breakage and disintegration of 
the already formed flocs, allowing more compact and easily removable 
flocs in the following processes. 

Additional control tests were carried out for complementing the 
evaluation of the efficiency of the VTF. Tests were performed without 
adding coagulant. These tests with the design flow rate and a raw water 
turbidity between 48.8 and 52.9 NTU with the VTF_58 m and the 
decanter allowed a removal of 14.78% for turbidity and 15.04% for 
colour at the outlet of the decanter, while the removal efficiencies were 
23.03% and 20.77% using the VTF_80 m for turbidity and colour, 
respectively. These removals were much lower compared to the removal 
when coagulant was used, evidencing the importance of the use of 
coagulant for eliminating turbidity and colour in raw water using a VTF. 
Another control test was carried out excluding the VTF, that is, the 
coagulated water after the mixing cone passed directly to the decanter 
and later to the filter; during these tests, the turbidity of the raw water 
was between 55.1 and 58.5 NTU. The turbidity removal in this case was 
39.9% and the colour removal was 45.1%. In this second case, the 
importance of VTF in the purification process could be evidenced, 
because without flocculation there was not good floc formation, 
consequently affecting settling and filtration. The removal was low for 
both turbidity and colour, as in the first control tests. 

The results of the control tests permitted to verify that the collision 
between them occurs efficiently in a VTF, as the particles are destabi
lized during coagulation, guaranteeing the formation of flocs of good 
size and weight that are easily retained in the next stage of decantation. 
Therefore, the use of VTF followed by a settling and filtration treatment 
is recommended, especially for small towns, due to its easy imple
mentation and low cost for small flows, being an option for communities 
with low economic resources. 

Comparing the efficiency and other characteristics of the VTF used in 
the present study with other studies that used tubular flocculators, it can 
be distinguished that the length and diameter of the pipe used in the 
present study was much greater than those used in previous studies 
(Cahyana et al., 2021; Oliveira and Teixeira, 2017b; Kurbiel et al., 
1989). According to the results of Table 10, it can be seen that it was 
possible to treat higher flows (3.6 m3/h) in the ETS than those used by 
Cahyana et al. (2021) and Oliveira and Teixeira (2017b), who used a 
flow rate of 0.018 and 0.12 m3/h, respectively; furthermore, Kurbiel 
et al. (1989) used flows of 3.5 and 4 m3/h, similar to the flows of the 
present study. Regarding the diameter of the pipe used in the studies, 
Cahyana et al. (2021) used diameters of 12.7 and 15.87 mm; while 
Oliveira and Teixeira (2017b) used diameters of 9.5 and 16.0 mm. The 
aforementioned values were lower than the diameters of 71.4 and 86.4 
mm that were used by Kurbiel et al. (1989), as well as the diameter of the 
present study (110 mm). Looking at the gradients in Table 10, Cahyana 
et al. (2021) applied gradients of 24.7 and 32.4 s− 1. 

Kurbiel et al. (1989) applied gradients of 33.2 and 52.7 s− 1; those 
that were close to those applied in the present study, which were 42 and 
46 s− 1, which were between 10 and 100 s− 1, which is recommended for 
hydraulic flocculators; meanwhile, Oliveira and Teixeira (2017b) 
applied much higher gradients between 160 and 295 s− 1. The retention 
times in the tubular flocculators varied from 22.5 to 56.25 s in the study 
by Oliveira and Teixeira (2017a). On the other hand, the retention times 
in the tubular flocculators varied from 82.3 to 105 s in the study by 
Cahyana et al. (2021), which were lower than the times of 435 and 738 s 
used in the present study. Meanwhile, Cahyana et al. (2021) applied 
retention times between 985 and 1335 s, which were quite high 
compared to the first studies. These times were similar to the recom
mended times for hydraulic baffle flocculators, which vary between 600 
and 1800 s (Romero, 1999). Regarding the efficiencies obtained in these 
tubular flocculators, the highest efficiencies were 93.6% in the study of 
Cahyana et al. (2021) and 91.37% in the present study, as well as the 
efficiency of 86.2% obtained in the study of Oliveira and Teixeira 

Table 9 
Specifications of the pilot system and the conventional PTAP.  

Treatment Unit Residence Time 
(min) 

Surface Load (m3/ 
m2d) 

Pilot Vertical Tubular Flocculator 
(VTF) 

10.8 min  

Flocculator with Vertical Flow 
Deflectors (FVFD) 

23 min  

BDWTP high rate settler 25 min 94 m3/m2d 
ETS High Rate Pilot Settler 12 min 144 m3/m2d 
BDWTP sand filter  120 m3/m2d 
ETS pilot sand filter  120 m3/m2d  
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(2017b). The last indicated results show that tubular flocculators are 
highly efficient for the removal of turbidity in drinking water systems. 

The increased demand for water treatment systems suitable for rural 
areas and small towns has allowed experimental field studies of tubular 
hydraulic flocculators to be carried out. The VTF used in the present 
study showed high clarification efficiency and short residence time 
compared to other flocculators commonly used in drinking water facil
ities. The ETS was a compact clarification system made up with a VTF, a 
settler, and rapid sand filters. The ETS has a design flow of 86,400 L per 
day, being able to provide drinking water to a population of approxi
mately 720 inhabitants, considering a demand of 120 L/inhabitant. day. 

The VTF is somewhat flexible for varying operating conditions, 
compared to mechanical flocculators where the speed remains constant 
and the residence time increases or decreases as the flow rate changes. If 
the range of velocity gradients is chosen appropriately, then this prop
erty can be used in the design of plants that include a VTF within the 
purification process. 

Tubular flocculators are presented as easy cleaning and maintenance 
systems. Possible material adhered to the walls of the pipe can be 
released with a backwash. The VTF used in this study was very simple 
for building and operation, being very efficient when complemented 
with a high-rate settler and a rapid filter. The theoretical and real resi
dence times were similar, because there were not dead spaces or short 
circuits. The operation of the VTF is very reliable and economical, 
because it does not require electrical energy. Due to its great depth, the 
VTF requires small areas and very compact designs are achieved, being 
recommended for rural communities that have low resources and need 
small flows. 

In this study, an efficiently proven, easy-to-implement, and low-cost 
water treatment system has been presented, contributing to the sixth 
sustainable development goal, allowing small populations to have access 
to drinking water. The results of this study suggest the continuation with 
other studies such as experimentation with tubular flocculation, using 
two or more pipe diameters, a smaller diameter at the beginning and a 
larger diameter at the end of the flocculation, which will allow to have a 
greater velocity gradient at the beginning of the flocculator and a lower 
gradient at the end, which could improve floc formation, as occurs in 
baffle flocculators (Mcconnachie and Liu, 2000; Haarhoff & Van Der 
Walt, 2001). Likewise, the height and number of tubes could be varied, 
other coagulant different to aluminum sulfate could be tested, and a 
longer length than the one used in this study could be tested. 

All the experimental tests were carried out in the field for calculating 
the efficiency of a vertical flow tubular flocculator, with the same nat
ural raw water used in a purification plant in a rural community. It was 
necessary to implement a pilot system made up of the VTF, a high-rate 
decanter, and a sand filter for the experimental tests. 

4. Conclusions 

A large-scale experimental clarification system was obtained, 

considering that 3.6 m3/h could be treated, which is enough to provide 
drinking water to a population of approximately 720 people. The ver
tical flow tubular flocculator had a high efficiency in removing turbidity 
and colour from the raw water used for purification. This flocculator had 
a low residence time, compared to hydraulic baffle flocculators 
commonly used for this purpose. The results showed that the VTF must 
be coupled to a settling and filtration system for an efficient clarification 
system. 

The hydrodynamic analysis of the VTF indicated that the real and 
theoretical residence times are very similar, considering that the times 
varied between 7.84 and 10.8 min for the design flow (1 L/s) for the 
lengths of 58 and 80 m, respectively. Meanwhile, the velocity gradient 
varied between 22.3 and 23.2 s− 1 for the same flow rate for lengths of 58 
and 80 m, respectively. These data may be useful in the design of the 
VTF, indicating that this type of flocculator may be promising for use in 
clarification processes for small flow rates. 

Average turbidity removal efficiency was 99.92% using VTF_80 m +
decanter + filter, presenting similar results to the VTF_58 m + decanter 
+ filter system, where an efficiency of 99.88% was obtained; mean
while, the system composed of FVFD + decanter + filter that is tradi
tionally applied had an efficiency of 99.83%. A similar behaviour was 
verified in the turbidity removal efficiency when using the VTF of 58 and 
80 m, which indicates that it is possible to obtain maximum values of 
turbidity removal efficiency with a flocculator length between 58 and 
80 m. The decimal logarithms of length and turbidity also allow to 
explain the efficiency of the VTF at a confidence level of 90%. 

The limitations of the study are the following: (a) the coagulant 
dosages were manual and (b) continuous monitoring of the filtration 
race was not done. The coagulant dosages were changing as the coag
ulant content in the preparation tank decreased; therefore, if continuous 
doses were maintained by means of dosing pumps; then, the results 
could improve. Continuous monitoring of the filtration race was not 
done because the tests were carried out during the day, being able to 
monitor the filtration race for a maximum of 12 h; therefore, it was not 
possible to estimate the filtration race for each applied flow. 

The results of this study suggest to continue with other studies such 
as the experiments with tubular flocculation using two or more di
ameters of pipe, a smaller diameter at the beginning, and a larger 
diameter at the end of flocculation, which will allow to have a greater 
velocity gradient at the beginning of the flocculation process, and a 
lower gradient at the end, which could improve floc formation, as occurs 
in baffled flocculators (Mcconnachie and Liu, 2000; Haarhoff & Van Der 
Walt, 2001). Likewise, the height and number of tubes could be varied, a 
coagulant different from aluminum sulfate could be tested, and a length 
greater than the used in this study could be tested. 

It is recommended to evaluate the application of a flow rate of 1 L/s 
for obtaining greater efficiency in drinking water using a VTF, for which 
the VTF should have a diameter of 110 mm, a length between 58 and 80 
m, a speed of 13 cm/s, a retention time between 7.8 and 10.8 min, and a 
velocity gradient between 22 and 23 s− 1. Considering that the FVFD 

Table 10 
Characteristics and Efficiency of the VTFs used in other Studies and in the Present Study.  

Author Flocculator Length (m) Pipe diameter (mm) Gradient 
G (s− 1) 

Caudal (m3/h) Time (s) Initial Turbidity (NTU) Efficiency (%) 

Cahyana et al. (2021) 50 12.7 32.4 0.018 985 159 91.3 
Cahyana et al. (2021) 50 15.87 24.7 0.018 1335 155 93.6 
Kurbiel et al. (1989) 20 71.4 52.7 3.5 82.3  68.8 
Kurbiel et al. (1989) 20 86.4 33.2 4 105  54.3 
Oliveira y Tong (2017) 15.16 16 160 0.12 56.25 50 82.3 
Oliveira y Tong (2017) 36.84 9.60 295 0.06 22.5 50 86.2 
Current study 58 110 23 3.6 470 226 76.5a 

98.4 b 

Current study 80 110 22 3.6 648 222 77.5 a 

98.9 b  

a Measured at the settler outlet. 
b Measured at the filter outlet. 
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design methodology was used in order to dimension the VTF of the 
present study; therefore, it is still necessary to establish a specific 
methodology for the design of the VTF. Finally, it is recommended to 
evaluate the dosage with dose bombs for improving the results of VTF 
and to elaborate an hydraulic model for VTF, considering that a filtra
tion race is necessary for optimizing its operation. 
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