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Resumen.

vf) aplicando el modelo 
de la teoría de las trayectorias,  considerando la remoción de sólidos suspendidos totales y el tamaño de 
partícula.  En un UGFL la sedimentación representa el principal mecanismo de remoción de partículas, pero 

un papel importante. Se observó una reducción progresiva de partículas pequeñas para menores tamaños 

vf.  Los factores de adherencia calculados por el modelo para cada tamaño de grava fueron mayores para 
tamaño de grava de 6.4 mm para las vf de 0.75 y 1.0 m/h.
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Abstract.

UGFL. 
(vf) applying the trajectory theory model approach looking 

at total suspended solids and particle size removal. In a UGFL sedimentation represents the main particle 

role. Progressive reduction of smaller particles with . 
vf. Attachment factors for each gravel size calculated 

by the model were highest for gravel size of 6.4 mm for vf 0.75 and 1.0 m/h. 
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1. Introduction

Upflow gravel filter in layer (UGFL) is a 
pretreatment process that is being used in tropical 
countries in multi-stage filtration systems (MSF) 
which combines dynamic roughing filters (DRF) in 
combination with different forms of pre-treatment 
filters (upflow, down flow and horizontal flow 
gravel filters) and slow sand filtration (SSF). This 
combination allows the treatment of water with 
considerably higher levels of contamination than 
can be treated by SSF alone. Gravel filters have been 
specified normally to produce an effluent below 
10-20 NTU and a level of total suspended solids 
below 5 mg/l to facilitate the treatment process 
in the SSF units and increase the operational run 
time (1). In the UGFL, gravel is placed in layers 
of different grain sizes, ranging from coarse at 
the bottom to fine at the top. The water passes 
through the gravel bed from bottom to top. During 
this passage impurities are retained in the filter. 
Upflow filtration has the advantage that the heavier 
particles are removed first at the bottom of the filter 
(1), and the system is able to store large amounts of 
solids at a very low head loss (2).
Numerous studies use mathematical models, 
applying trajectory theory or phenomenological 
theory to describe the mechanisms in gravel 
filtration. Trajectory theory explains the particle 
transport mechanisms and their behavior in the 
filter pores, treating them as a single collector. 

Phenomenological theory uses simple variables 
such as: the filtration velocity, (vf), filter media 
size, (d), depth (L) and porosity (ε) to describe the 
efficiency of the filter.

The Trajectory model approach used in this study 
was developed by Yao et al. (3) distinguishes three 
dominant processes governing particle transport: 
diffusion, interception, and sedimentation. Tufenkji  
& Elimelech (4) refined the Yao model taking 
into account close range forces (hydrodynamic 
interactions and universal van der Waals attractive 
forces). These two models shown in Table 1 indicate 
that diffusion (ηD) represents the dominant process 
for small particles (< 1 mm), whereas interception 
and sedimentation is dominant for larger particles. 
Diffusion of small particles to the grains is related 
to the temperature and viscosity of the water along 
with filtration rate and diameter of the particle and 
the collector. Interception (ηI) is defined as occurring 
when a particle following a fluid streamline comes 
into contact with a collector. Sedimentation (ηG) 
occurs when a particle is transported out of its 
fluid streamline onto a collector surface due to 
gravitational force. The sum of these three processes 
(see Table 1) serves as the basis to calculate the 
theoretical single collector efficiency (η total), 
which is the ratio of the rate at which particles strike 
a collector surface and the rate at which particles 
flow towards the collector (3).

Filtration mechanism Yao Model (1971) Eq. Tufenkji and Elimelech 
Equations (2004) Eq.

Trajectory Approach Refined Trajectory approach

1. Diffusion (1) (5)

2. Sedimentation (2) (6)

3. Interception. (3) (7)

4. Single collector ef-
ficiency  (4) (8)

5. Attachment (9)

Phenomenological theory 

6. Specific deposit (10)

Table 1. Mathematical model for theoretical filtration analysis.
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Where: K: Boltzmann constant (1.38 x10-
23 J/°K); T: temperature (°K); Vf: Filtration 
velocity (m/s, or m/h) dp: Particle diameter 
(m) dc: collector diameter (m) μ: Viscosity of 
water (NS/m) g: gravity (9.81 m/s²) C: effluent 
concentration (mg/L); Co: Influent concentration 
(mg/L); L: Filter length (cm) ε: porosity of 
the filter media; η: efficiency of a collector; α: 
collision efficiency, probability of adhesion or 
adhesion factor δ: specific deposit (g/m3); t: Time 
(h). As is the porosity-dependent parameter of 
Happel’s model; As=2(1-γ5)/(2-3γ+ 3γ5-2γ6) and 
γ=(1-ε)1/3. Happel’s model is a commonly used 
approximation for the flow field around spherical 
collector (14). NR=dp/dc (aspect ratio), Npe=v*dc/
(kT/3πdpμ) (Peclet number characterizing the 
ratio of convective to diffusive transport, Nvdw= 
A/kT (van der Waals number characterizing the 
ratio of van der Waals interaction energy to the 
particle’s thermal energy; A is the Hamaker 
constant of the interacting media, i.e. 10-20 
(5), NA=A(12πμ(0.5dp)2v) (attraction number; 
combined influence of van der Waals attraction 
forces and fluid velocity on particle deposition by 
interception), and NG=(Pp-Pf)gdp/18μv (gravity 
number; ratio of Stokes particle settling velocity 
to approach velocity of fluid).
The filter performance can be related to the single 
collector efficiency and the attachment factor for 
a given particle size by Eq. 9 (3). Attachment is a 
factor to estimate the collision between a particle 
and the collector.  

Lin et al (7) and Collins et al (8) have analyzed 
filter performance and the attachment factor 
adopting the trajectory model of Yao et al (3) using 
a mix of tap water and kaolinite clay suspensions in 
their experience. I am not aware however of studies 
applying this model with natural surface water 
as is done in this research using water from the 
Cauca river. This paper presents the results of this 
experiment exploring the performance of a pilot 
upflow gravel filter in layers fed with natural water 
(surface source) operating with three vf and take 
applying the trajectory theory model approach. 

2. Materials and methods
The study was conducted on a circular filter 
with a diameter of 1.93 m filled with four gravel 

layers. Gravel sizes and thickness of each layer 
were defined according to the investigations of 
Galvis 1. The layer with the coarsest gravel was 
put at the bottom and the layer with the smallest 
gravel on the top of the filter. The thickness of 
each layer was 0.25 m resulting in a total length 
of 1.0 m filter medium (Fig. 1). The UGFL was 
fed with natural water from the Cauca River. To 
reduce the entrance of turbidity or TSS selected 
in the pilot filter a dynamic roughing filter, 
DyRF, unit was installed before the UGFL. 
Flow control was carried out in a channel 
with a triangular weir. Table 2 summarizes the 
characteristics of the pilot filter and the media 
sizes used in this study. The gravel was washed 
with clean water and a grain size analysis was 
performed to confirm the grain size for each 
layer to estimate the uniformity coefficient, 
Uc (d60/d10) (Table 2); the porosity (εo) of the 
filter material was determined following the 
procedure defined by Ives (9). 

Piezometers and sampling points were ins-talled 
in each gravel layer to allow taking measurements 
of head loss (hf) and water quality samples during 
the filter run. Hydraulic behavior was verified 
for a clean bed using tracer tests following 
the methodology described by Sánchez et al 
(10). Tracer test results were analyzed with the 
mathematical model Wolf-Resnick and the model 
of completely mixed reactors in series (CMRS). 

Tree filtration velocities, vf, were analyzed 
(0.5, 0.75 and 1.0 m/h), and the first filter runs 
were carried out at vf 0.5 m/h. For each velocity 
two filter runs were analyzed, one with filter 
material that was washed outside the filter and 
one after a normal filter cleaning procedure 
by drainage. Two criteria were considered to 
ending the filter run as suggested by Galvis (1): 
Drop in the removal efficiency for turbidity or 
TSS (filter breakthrough) and the maximum 
permissible head loss (hf maximum) of 15 cm 
(1). One parallel unit was conditioned wi-thout 
gravel to check the effect of no media for each 
filter bed height; the experiment was conducted 
for vf 0.5 m/h.

2
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Turbidity measurements were performed using 
a Hach 2100P turbidimeter. TSS were measured 
according to Standard Methods 2540 B (11), 
using Whatman paper filter of 1.2 µm and 
particle size distributions were measured using 
the equipment Mastersizer 2000 (vers. 5.6), laser 
diffraction particle size in the range of 0.02µm to 
2000µm, following the procedures described in 
the operating manual.

2.1 Attachment factor determination using 
colloid filtration theory (CFT)

A theoretical single collector efficiency SCE was 
calculated for different particle sizes using Eq. (4) 
and Eq. (8) (defined by the median particle diameter) 
for the respective filter design variables in each 
gravel layer to check the effect of hydrodynamic 
and Van der Waals attractive forces. The attachment 

Figure 1. Pilot filter scheme used in the study with marked sampling points S1-S5 and respective piezometers.

Characteristic Value

Filter material Ferrocement
Form Circular
Diameter 1.93 m

Gravel media used in the study

Layer 1 (bottom) Thickness: 0.25 m; media size: 25.4 – 19 mm; *Uc  1.3; Porosity: 0.52

Layer 2 Thickness: 0.25 m; media size: 19 – 12.7 mm; Uc 1.28; Porosity: 0.45
Layer 3 Thickness: 0.25 m; media size: 12.7 – 6.35 mm; Uc 1.46 Porosity: 0.39

Layer 4 (surface) Thickness: 0.25 m; media size: 6.35- 3.17  mm; Uc 1.5 Porosity: 0.34

Table 2. Characteristics of pilot filter.

* Uc= d60/d10
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factor was calculated using Eq. (9) and following 
the procedure of Lin et al (7) for which the particle 
size distribution of the TSS concentration of the 
influent and the effluent for each gravel layer was 
analyzed; weighted according to the particle size 
distributions (PSD) and matched to the respective 
SCE value. The attachment factor (Eq 9) was 
verified by trial and error until it matches the sum of 
colloid filtration theory modeled (CFTm) be close 
to the measured for TSS concentrations for each 
particle size distribution of the influent and effluent 
and the correlation (r2) was verified for CFTm and 
actual CFT (measured). Attachment factors over the 
filter length were calculated by comparing the TSS 
concentration and PSD results of the initial influent 
and effluent from each gravel layer. 

3. Results and discussion

3.1 Operation behavior of UGFL

The analysis of the hydraulic performance of the 
UGF showed a plug flow fraction of 80% and a 
mixed flow of 20%. The results of the CMRS model 
indicated n = 10 reactors in series, which shows 
good hydraulic conditions for the experiment. The 
filter was operated with influent turbidity between 
15-70 UNT and the maximum removal efficiency 
of 70% was obtained for influent values of 50 
NTU. Turbidity is caused by suspended particles 
or colloidal matter that obstructs light transmission 

through the water (12). As the turbidity does not 
directly measure the solids concentration, in this 
study the TSS were measured by their relation with 
particle size. Taking into account that the system 
was fed with natural water for each vf where two 
runs were carried out with TSS influent being: 
median TSS 9.6 mg/l for vf 0.5 m/h; 10.7 mg/l for 
vf 0.75 m/h and 8.6 mg/l for vf 1.0 m/h. 

3.2 Theoretical single collector efficiency

The theoretical SCEs calculated using Eqs. (4) 
and (8) for the different filtration velocities and 
gravel layer size of UGFL as a function of particle 
size are shown in Fig. 2. Results indicated that 
sedimentation represents the main particle removal 
mechanism in UGFL which is in accordance with 
the research of Wegelin et al (13), Boller (2), Collins 
et al (8) and Lin et al (7). Fig 3 shows that single 
collector efficiency calculated by Eq 4 and Eq 8 
was almost the same as the value calculated for a 
constant gravel size. This suggests that the effect 
of hydrodynamic interactions and universal van 
der Waals attractive forces is of low significance 
in the UGFL according to Tufenkji and Elimelech 
(4) in Eq 8. For smaller filtration velocity (vf 0.5 
m/h) the highest value of single collector efficiency 
was obtained (both Eqs). This higher efficiency 
can be explained because hydrodynamic forces 
are smaller at low velocities and this can promote 
sedimentation rates of particles in the grains.

Figure 2. Theoretical SCE calculated using Eqs. (4) and (8) for gravel size 19.1 mm.
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3.3 Total suspended solids and particle size 
behavior in the gravel layers

Figure 3a shows the removal efficiency of the 
TSS in each gravel layer for the three vf. Results 
indicate that the removal efficiency improved with 
reduction of gravel grain size, but little difference 
in the removal efficiency was noticed between 
different vf. This result also was confirmed by 
a review of the incremental removal efficiency 
of TSS over the gravel bed height. However, the 
removal efficiency of TSS increases with filter 
depth bed reaching maximum efficiency in the last 
two gravel layers of 6.35 and 3.2 mm (Fig. 3b). The 
test in the unit without gravel reveals that, even in 
the absence of any media, some removal of TSS is 
obtained due to sedimentation, but the removal is 
low (C/Co between 0.02 to 0.04) (Fig 3a).

Figure 3. UGFL TSS removal efficiencies for: a) different 
layer media sizes and b) incremental removal efficiencies in 

the gravel bed height (vf 0.5-1.0 m/h).

The particle size distribution in samples collected 
at the end of each gravel layer indicates that the 

particle removal pattern changed with filter run 
time. The overall particle removal efficiency 
can be influenced by change in the effluent of 
each gravel layer as stated by Kim and Lawler 
(14). Figure 4 shows the results of particle size 
distribution from two representative samples 
of the same UGFL operating at vf 0.5 m/h one 
after 30 days (Fig 4a) and one after 53 days (Fig 
4b). Low particle removal was obtained after 
30 days but improved considerably over time 
indicating a conditioning process of the filter 
media that becomes better at capturing particles. 
With increasing filter operation time the pattern 
of reduction of particles along the filter depth 
bed changes (Fig 4b) with the total gravel bed 
becoming more efficient in particle removal 
(6). Progressive reduction of particles along the 
filter height (Fig 4b) is an indication of deep-bed 
filtration, Lin et al (7). 

Figure 4. Particle size distributions by gravel media: (a) run 
time 30 days- vf 0.5 m/h, influent TSS 37.4 mg/L and (b) run 

time 53 days, vf 0.5 m/h, influent TSS 22.4 mg/L.
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Figure 5 shows the net removal efficiency of 
particles in the UGFL for each vf. The result 
indicates that the removal efficiency is similar 
for the three flow velocities for particles larger 
than 5 µm. Particles larger than 80 µm were 
removed totally, however for particles in the 
range of 10-80 µm removal efficiencies were 
about 90%, for particle sizes in the range of 
2-10µm removal efficiency descended with 
significant differences for each vf and it was 
difficult to remove particles less than 2 µm, 
this result was consistent with Lin et al (7). The 
results also show that vf has an effect on removal 
of particles smaller than 5 µm, demonstrating a 
better removal for the lowest vf (0.5 m/h).

Figure 5. Net removal efficiency of particle size in  
UGFL for three filtration velocities.

3.4 Attachment factor behavior

Taking into account particle size distribution 
in each gravel layer for different filtration 
velocities and the theoretical SCEs derived 
from Eqs. (4) and (9) the attachment factors 
were calculated for each grain size in the UGFL 
according with the model of Eq. 9. Figure 6 
shows a typical result for the attachment factor 
(α) verified by trial and error until it matched the 
sum of colloid filtration theory modeled (CFTm) 
TSS concentrations for each particle size to the 
actual TSS concentration (measured by particle 
size distribution test) of the effluent en each 
gravel layer and the respective correlation (r2). 

Figure 6. Attachment factor (α) obtained by trial and error 
between CFTm (calculated) and CFT act (measured by 
particle size test) for different gravel layer size (vf= 0,5 m/h).
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 Attachment factors for each grain size obtained in 
the UGFL are shown in Figure 7. The calculated 
attachment factor in the two models was highest 
for gravel sizes of 6.4 mm both for vf 0.75 and 1.0 
m/h. The figure also shows the difference between 
the two models indicating that the inclusion 
of hydrodynamic and attractive van der Waals 
forces (Eq. 8) results in an increased estimation of 
attachment factor (7-15%) for small size grain. For 
vf 0.5 m/h the attachment factor was similar for the 
different gravel sizes (Fig 7a). 

These results are in harmony with reports of Lin et al 
(7) who observed increasing removal efficiency and 
attachment factor for gravel size of 7.55 mm with vf 
in the range of 0.5 -1.5 m/h. The results also show 
that the deposition of particles in a UGFL not only 
is the result of sedimentation but also of attachment. 
The attachment factor is the ratio between the 
particles adhering to the collector and the particles 
contacting collector (8). However, Bradford et al 
(15) have reported that attachment of colloids to the 
solid–water interface is not a significant mechanism 
of deposition. Attachment is affected by London–
van der Waals forces, surface chemical interactions, 
electrostatic forces, hydration, hydrophobic in-
teractions, or steric interactions (Tobiason and 
O’Melia, 1988; O’Melia, 1985; O’Melia and 
Stumm, 1967). When this factor is close to 1, there 
is complete destabilization and particles will be 
readily removed in the filter. When α=0, the particles 
are completely stabilized and their removal will be 
difficult. The important effect of the attachment 
factor implies that it may be expected that the 
removal efficiency of a UGFL can be improved by 
destabilizing particles that is for example by adding 
a coagulant (19).

 

Figure 7 Average attachment factors in UGFL using  
Eq. (4) and Eq. (8) for vf 0.5, 0.75 and 1.0 m/h.

4.Conclusions
This paper analyzes the attachment factor in upflow 
gravel filter in layers in a pilot filter fed with natural 
water (surface source) operating with three vf and 
applying the trajectory theory model approach 
looking at total suspended solids and particle size 
removal. In a UGFL sedimentation represents the 
main particle removal mechanism but the findings 
clearly show that attachment and flow velocities 
also have a significant role. Progressive reduction of 
smaller particles with small media size along the filter 
height was observed indicating deep-bed filtration 
process. The attachment factor was calculated taking 
into account total suspended solids and particle size 
distribution adopting the model of  Yao et al (3) and 
the theoretical single collector efficiencies. Single 
collector efficiencies increased with decreasing vf. 
Attachment factors for each gravel size calculated 
by the model were highest for gravel size of 6.4 mm 
for  vf  0.75 and 1.0 m/h. The difference in vf on 
the overall removal efficiency was only observed 
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for particles smaller than 5 µm which were better 
removed at vf of 0.5 m/h. 

Removal efficiency of particles smaller than 10 
µm was basically obtained in gravel bed layers of 
6.35 mm and 3.2 mm. Particles sizes larger than 
80 µm were totally removed and it was difficult to 
remove particles less than 2 µm. 

The results of the research suggest that it would 
be useful if future research explores in detail 
the effect of destabilization of particles by 
coagulation in UGFL. 

5. Acknowledgements
The author thanks the Universidad del Valle 
for their financial support to this research and 
the Cinara Institute Research Center at Puerto 
Mallarino for their laboratory support.

6. References
1.	 Galvis G. Development and evaluation of 

multistage filtration plants; an innovative, 
robust and efficient water treatment 
technology [Ph.D. thesis]. Guilford, UK: 
CEHE, University of Surrey; 1999.

2.	 Boller M. Filter mechanism in roughing 
filters. Water SRT-Aqua. 1993;42(3):174-85.

3.	 Yao KM, Habibian MT, O'Melia CR. 
Water and wastewater filtration: concepts 
and applications. Environmental Science 
and Technology. 1971 nov;5(11):1105-12.

4.	 Tufenkji N, Elimelech M. Correlation 
equation for predicting single-col-
lector efficiency in physicochemical fil- 
tration in saturated porous media. En-
vironmental Science and Technology. 
2004;38(2):529-36.

5.	 Tien C. Granular Filtration of Aerosols and 
Hydrosols. Stoneham (MA): Butterworth; 
1989. 380 p.

6.	 Crittenden JC, Trussell RR, Hand DW, 
Howe KJ, Tchobanoglous G. Granular 
Filtration. In: MWH’s Water Treatment: 
Principles and Design. Third Edition. s.l.: 
John Wiley & Sons; 2012. p. 727-818.

7.	 Lin E, Page D, Pavelic P. A new method 
to evaluate polydisperse kaolinite clay 
particle removal in roughing filtration 
using colloid filtration theory. Water 
Research. 2008 feb;42(3):669-76.

8.	 Collins RM, Westersund CM, Cole JO, 
Roccaro JV. Evaluating roughing filtration 
design variables. Denver (CO): AWWA 
Research Foundation; 1994. 181 p.

9.	 Ives KJ. Testing of filter media. Water 
suply research and technology - Aqua. 
1990;39(3):144-51.

10.	 Sánchez LD, Burbano LM, Visscher JT, 
Rietveld LC. Low-cost multi-stage filtration 
enhanced by coagulation-flocculation in 
upflow gravel filtration. Drinking Water 
Engineering and Science. 2012dec;5:73-85.

11.	 APHA, AWWA, WPCF. Standard 
methods for the examination of water and 
wastewater. 21st ed. s.l.: American Public 
Health Association, American Water 
Works Association, Water Environment 
Federation; 2005. 1496 p.

12.	 WHO (World Health Organization). 
Guidelines for drinking water quality. 4th 
ed. Geneva, Switzerland: WHO (World 
Health Organization) library; 2011. 564 p.

13.	 Wegelin M, Boller M, Schertenleib R. 
Particle removal by horizontal-flow 
roughing filtration. Aqua. 1987;3:115-25.

14.	 Kim J, Lawler DF. Influence of particle 
characteristics on filter ripening. Se-
paration Science and Technology. 20-
08;43(7):1583-94.

15.	 Bradford SA, Torkzaban S, Walker 
SL. Coupling of physical and chemical 
mechanisms of colloid straining in saturated 
porous media. Water Ressearch. 2007 
jul;41(13):3012-24.

16.	 Tobiason JE, O'Melia CR. Physicochemical 
aspects of particle removal in depth filtration. 



130

Ingeniería y Competitividad, Volumen 19, No. 2, p. 121 - 130 (2017)

American Water Works Association. 1988 
dec;80(12):54-64.

17.	 O'Melia CR. Particles, pre-treatment, and 
performance in water filtration. Journal 
of Environmental Engineering. 1985 
dec;111(6):874-90.

18.	 O'Melia CR, Stumm Q. Theory of 
water filtration. American Water Works 
Association. 1967;59(11):1393-1412.

19.	 Sánchez-Torres LD. Upflow gravel 
filtration for multiple uses [Ph.D. thesis]. 
Delft, Netherlands. Delft University of 
technology; 2016. 132 p.

Revista Ingeniería y Competitividad por Universidad del Valle se encuentra bajo una licencia Creative 
Commons Reconocimiento - Debe reconocer adecuadamente la autoría, proporcionar un enlace a la 
licencia e indicar si se han realizado cambios. Puede hacerlo de cualquier manera razonable, pero no 
de una manera que sugiera que tiene el apoyo del licenciador o lo recibe por el uso que hace.


