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Abstract. This paper assesses the operational and design aspects of coagulation and flocculation in upflow
gravel filters (CF-UGF) in a multi-stage filtration (MSF) plant. This study shows that CF-UGF units improve
the performance of MSF considerably, when the system operates with turbidity above 30 NTU. It strongly
reduces the load of particulate material before the water enters in the slow sand filters (SSF) and therewith
avoids short filter runs and prevents early interruption in SSF operations. The rerfimiahey of turbidity

in the CF-UGF with coagulant was between 85 and 96 %, whereas the avéiagmey without coagulant

dosing was 46 % (range: 21-76 %). Operating with coagulant also improves the reifiawahey for total
coliforms, E-coli and HPC. No reduction was observed in the microbial activity of the SSF, no obstruction

of the SSF bed was demonstrated and SSF runs were maintained between 50 and 70 days for a maximum
head loss of 0.70 m. The most important advantage is the flexibility of the system to operate with and without
coagulant according to the influent turbidity. It was only necessary for 20 % of the time to operate with the
coagulant. The CF-UGF unit represented 7 % of total construction costs and the O&M cost for the use of
coagulant represented only 0.3 %.

1 Introduction 80 % of the water supply systems are based on surface water

supply (Ministerio de Desarrollo, 1998). The problems par-
Water quality and quantity from surface sources are changticularly affect water supply systems in rural areas and small
ing due to the deterioration of watersheds caused by defortowns, many of which even lack adequate water treatment.
estation, erosion, and the discharge of untreated wastewater Multi-Stage Filtration (MSF) is one of the more promis-
(e.g., in Colombia only 3.1 % of the total volume of wastew- ing and reliable water treatment options for small communi-
ater produced is treated, CGR, 2009). These changes are ities. This technology uses a combination of gravel filtration
tensified by the global climate change causing longer dry pe{GF) in combination with slow sand filtration (SSF). Upflow
riods on the one hand and more intense rainfall on the othegravel filtration (UGF) is the most common pre-treatment
(Bates et al., 2008). The two most serious problems concergystem used for MSF in Colombiad8chez et al., 2006a).
the peaks in turbidity level and higB-coli concentrations In UGF the water passes through the gravel bed from bot-
of long duration. These changes aieating the existing tom to top. During this passage impurities are retained in the
water treatment plants, causing higher operation and mainfilter. Upflow filtration has the advantage that the heavier par-
tenance (O&M) requirements and even interruptions in theirticles are removed first at the bottom of the filter. Burganos et
operation (Bates et al., 2008). These growing water qualityal. (1994) have reported that upflow units have an increased
problems are not unique for Colombia but imply a significant collection dficiency at small and medium pore inclination
challenge in the Andean region, because surface water is thangles. This concept is interesting for the theoretical analysis
main source in the water supply systems. In Colombia about
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of particle motion and deposition, but complex to manage in The community of Colinas de Arroyo Hondo, located in
practice. When the time comes to clean the filters, the accua rural area of Yumbo municipality, Colombia, had a treat-
mulated particles can be removed by opening the drainagenent plant functioning with the processes of coagulation,
valve, allowing gravity flow to drain and clean the filter. flocculation, sedimentation, rapid filtration and disinfection
Research carried out by Cinara over more than 15ymwith chlorine and ultraviolet light. However, in field studies
showed that dierent MSF alternatives that were tested, in- on water quality in the distribution network, biofilms were
cluding UGF (filtration rateV; = 0.6 mht) and SSF (oper- found in the pipes, which generated problems of re-growth
ating at 0.15 m ht), were able to producefuents with alow  of micro-organisms in the water supplied to the users (av-
microbial risk (Galvis, 1999). Research also explored the useerage values of 2183 CFU (100 mi)for heterotrophic bac-
of coagulation and flocculation with UGF, called CF-UGF, teria, 7 CFU (100 mh* for E-coli, and 39 CFU (100 mt}
focusing, in pilot plants, on the combination with rapid fil- for total coliforms were also found at four points in the dis-
ters (RF). The results showed a reduction in the consumptiortribution network), (&inchez et al., 2006b). In the treatment
of coagulants by up to 30% compared to the conventionabplant, which had been operating for 4 yr, failures were identi-
system of coagulation, flocculation and high rate sedimentafied in its functioning, allowing solids and micro-organisms
tion (Cinara and IRC, 1996). to pass into the distribution system. After an investigation,
Other research into CF-UGF has emphasized the laborathe treatment system was redesigned and rebuilt to CF-UGF
tory variables and the removdfieiencies. Richter and Mor-  with MSF. This new system has been in operation for 7 yr at
eira (1981) reported that a flocculation time of 3-5 min in a the time that this evaluation study was carried out.
UGF is equivalent to a time of 15min in the jar test under This paper assesses the performance and the design as-
laboratory conditions and 25 min in non-compartmentalizedpects of the CF-UGF units followed by UGF and SSF, defin-
flocculation units in full-scale plants. Santaf@ar(1999) ing influent turbidity levels to allow operation with and with-
showed that, using UGF, the flocculation time can be reduceaut coagulant, taking advantage of the SSF as the final stage
by up to 60 % compared to mechanical flocculators; Salazaof filtration for the removal of microorganisms.
and Ocampo (1999) found that in CF-UGF, producing the
same Wate.r qugllty would require between 10 and 20 tl.nje?2 Materials and methods
less retention time compared to a sludge blanket clarifier;
Kawamura (198_5_), working on pilot units with UGF and RF, 21 Set-up of the treatment system
reported a turbidity removal of 50 %; Ahsan (1995) found
that horizontal gravel filtration (HGF) with coagulation re- In Fig. 1 the set-up of the CF-UGF MSF plant is shown.
moves more particles compared to the HGF without chem-The system operation is performed by pumping raw water
icals. In addition, studies with flerent packed gravel beds to the plant and then, after treatment, pumping it into the dis-
found that a stratified bed is mordfieient than a uniform  tribution network. The system uses two pumping flow rates:
bed (Attakoya et al., 1991). Di Bernardo and Sabogal (2009% | s, which is the maximum capacity for 12 h during the
have further refined some of the parameters for design anday and 315! for another 12 h at night. The treatment plant
operation and maintenance, but have only applied these atonsists of 5 components. Raw water passes through the flow
pilot scale. The use of CF-UGF with MSF has had few full- control unit in the dynamic roughing filter (DRF), whose
scale applications. Full-scale experiences using UGF baserhain function is to protect the next steps from excessive
on conventional technology with rapid filtration as a fi- loads of suspended solids and turbidity. Filtered water flows
nal stage were reported by Kardile (1981), working with ainto a rapid mixing chamber (RMC), where the coagulants
Vi = 4-10 m ! and turbidity levels between 300-500 NTU, are dosed. Afterwards, the water enters the CF-UGF stage
achieving construction costs between 30 to 50 % less thamvhich consists of 2 units in parallel, where the processes
conventional systems of equal capacity. Bhole (1981) re-of coagulation, flocculation, sedimentation and filtration of
ported a velocity gradient in a truncated pyramid filter of destabilized particles occur. Water is collected in a front weir
G = 1230 s at the bottom layer and 35%at the upper layer to later enter the UGF where remaining flocculated particles
with a V; = 11.3mht. More recent studies indicated that are removed in the fierent layers of gravel. From there, the
aluminium residual has not shown anffeets on biologi- water enters the SSF stage for final removal of suspended
cal activity in SSF, when coagulation with aluminium sul- particles and microorganisms.
phate has been used, Dorea and Clarke (2006). This indicates The RMC unit allows a proper rapid mixing time and a
that the addition of coagulant with UGF has potential to im- velocity gradient, while the CF-UGF unit facilitates floccula-
prove the performance of MSF during variations in influent tion and deposition of particles. The hydraulic RMC operates
water quality, conserving biological processes in the follow- through a rectangular weir that allows free flow of water to
ing stages. Consequently full-scale evaluations are necessafgrm a hydraulic jump for mixing the coagulant with the raw
to better understand the design variables and operation andater. Above the RMC a channel provided with holes is in-
maintenance conditions. stalled to distribute the coagulant and initiate the destabiliza-
tion of the particles, which will be removed in the CF-UGF
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Figure 1. Layout of the treatment system (1-5: monitoring points of water quality).

Table 1. Parameters and formulae.

Parameter Formulae Value
RMC

Length to the mixing point Lm = 1+0.5h,(P,/h,)°%* (1) 0.17m
Velocity gradient for rapid G = (YEp/uTm)®% (2) 1282s?!
mixing

Average mixing time Ty,) Tm=L/Vap (3) 0.31s
CF-UGF

Average velocity gradient G= W 4) 28.5-3.1%
CF-UGF (Di Bernardo and Sabogal,

2009)

Unit head loss in the = Bl Va) | LTS0-o)Vap® (i) 0.0016-0.0009 m i

. ~ 9(@)*(Cs)(Dmg)> * d(€0)3(Cs)(Dmg)
porous medium (Ergun, 1952) e o

Reynolds number in the R= M (6) 732-41
porous medium (Dinoy,
1971)

Where:L, = hydraulic jump lengthL, = length between the base of the weir and the mixing point f;table of water over the weir (m);

P, = height of water from the base of the weir and fill up sheet of water Ep) loss of energy in the channel unit coagulation ();= average
time of mixing (s);y = specific weight of water (N mt); 1 = absolute viscosity (N nT$); Vap = approach velocity (m$); & = porosity of clean
filter; J = loss of unit load (m mY), v=kinematic viscosity (rAs™t). g = gravity constant (%), Cs = coeficient of sphericityDmg = average grain
size,p = density of water (kg ), Re= Reynolds numbek = permeability (cm?).

and the UGF. The RMC is divided into 3 compartments, onepending on the properties of the filter bed and the average
for arrival and energy dissipation, one for mixing and one for fluid velocity in each gravel layer, the cross-sectional area
the outlet of the coagulated water to the CF-UGF. Table 1lof the filter and the head loss in the bed. The calculation of
lists the parameters considered for the design of the unit, théhe velocity gradient was done by Eq. (4) (see Table 1) and
formulae and the values obtained during the operation, whilghe head loss by Eq. (5) proposed by Ergun (1952), which is
Fig. 2 shows the layout of the CF-UGF unit. valid for any flow regime as long as the bed is not fluidized
The CF-UGF step consists of 2 units in parallel and forms(Di Bernardo and Sabogal, 2009).

the third component in the treatment scheme. The system has The flocculation gradient is greater at the bottom of the
4 layers of gravel bed and was designed as a truncated pyrded, decreasing towards the top of the filter, basically to
mid to facilitate variation in the velocity gradient, producing promote the formation of flocs (Fair et al., 1984). It should
a variable gradient from the highest to the lowest value frombe noted that the velocity gradient values were lower than
the bottom to the surface of the unit. In Table 2 the values ofthose reported by Ahsan (1995) (200-30%) decause the
the velocity gradient for two flow operations are listed, de- filtration rate in CF-UGF was lower. The Reynolds numbers
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Figure 2. CF-UGF Unit Scheme (2—3: monitoring points of water quality).
Table 2. Velocity gradients in the CF-UGF for the 2 flows of operation.
Filter media £ Dpmg (M) Flow 31s? Flow 61s?
size mm Vap J G Re \bp J G Re
(ms?) (mm™) st (msYH  (mm?) st
31.7-19.0 0.31 0.0317 0.00375 0.0016 142 366 0.0075 0.0032 285 732
19.0-12.7 0.38 0.0191 0.0014 0.0007 53 124 0.0029 0.0015 11 257
12.7-9.5 0.40 0.0111 0.00075 0.0009 4.2 43 0.0015 0.0019 85 86
9.5-6.3 0.42  0.0079 0.00045 0.0009 3.1 20 0.0009 0.0018 6.3 41

T=228°C,y=9737Nn, 4 =944x10*Nms?,v=947x10" m?s %, Cs=0.81.

indicate that the units work in the hydraulic transition maximumhy. To facilitate the measurementstef steel rules
regime; values obtained above 10 indicate a stable inertialvere installed in the inlet chamber, taking care that the zero
regime for flocculation in the porous medium, as reported byof the rule coincides with the water level in the chamber for
Wright (1968). For the calculation of the head loss in the fil- the no-flow condition.
ter the Ergun equation was used. The dose of coagulant for operation of the CF-UGF sys-
The calculations for each barrier of the treatment systentem was previously defined according to studies developed
were done on the basis of the design parameters presentedliry Cinara (2004). In these studies two types of jar tests were
Table 3 and the dimensions of each barrier in Table 4. carried out: (a) to define basic parameter such as rapid mixing
time, gradient of rapid mixing, slow gradient mixing, slow
mixing time, and sedimentation time; the rapid mixing inten-
sity and the slow mixing during the jar test were expressed in
During the study, the raw water was monitored for the fol- the velocity gradienG (s™*) following the method described
lowing parameters: turbidity, true coloug-coli, total col- in CEPIS (2004) and were used for a first approximation of
iforms, heterotrophic bacteria plate count (HPC) and pH. Thethe velocity gradient in the CF-UGF and (b) one second set
water quality parameters and related methods are listed inf jar tests were done with raw water of the source to de-
Table 5. Measurements of the head ldsg pver the filter  fine the optimal dose of coagulant (turbidity up to 100 NTU),
bed were done for short periods of operation (4—6 h), wherfollowing the method presented by Di Bernardo and Sabo-
coagulants were applied. However, when operating withoutgal (2009), where rapid mixing is done using jar test equip-
coagulant, daily measurements were done during periods afnent with 2-L glass jars. The coagulant used was 50 % lig-
8 days, according to the schedule defined by the plant opuid aluminium sulphate diluted with water to 2 %, and was
erators for cleaning the CF-UGF and UGF. This is becauseadded for a period of 60s at a velocity gradient greater than
with time large quantities of solids will accumulate within 300 rpm. After rapid mixing, water was extracted and filtered
the gravel bed and then filter resistance will increase gradu-
ally and the water level within the inlet chamber will rise to a

2.2 Monitoring water quality and system operation
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Table 3. Treatment barriers and design parameters.

77

Criteria Treatment Stage
DRF RMC CF-UGF UGF SSF
Design period (years) 15 15 15 15 15
Operation time (h) 24 24 24 24 24
Number of units in parallel 2 1 2 2 4
Flow per unit (Is?) 3 6 3 3 15
Filtration rate (m h') 3 3.2-27 1.0 0.30
Backwashing rate (mf) 20 20 20
Area by unit (nf) 3.6 4 10.8 18
Gravel
Length (m) 0.6 1 1.1 0.2
Size (mm) 25.4-3.2 19-6.3 25.4-3.2 125
Sand
Length (m) - - - 0.85
dio (mm) 0.15-0.35
Cu - - - - 2-3.5
Table 4. Dimensions of each barrier.
Treatment barrier  Number of Dimensions Flow Material
units L(m) A(m) H(m) (Is!) structure
Input chamber 1 5.15 0.6 0.7 6.0 Concrete
DRF 2 4.0 0.9 0.8 3.0 Concrete
RMC 1 2.2 0.4 0.5-0.7 6.0 Concrete
CF-UGF 2 2.0 2.0 1.4 3.0 Concrete
UGF 2 3.8 2.84 1.3 3.0 Concrete
SSF 4 3.7 4.7 1.75 15 Concrete

L: length; A: width; H: depth;* Bottom Area: 0.16 rh Surface Area: 4.0 f

Table 5. Water quality parameters and analysis method.

Limit of
detection

Parameters Method

Total coliform  9222B, filtrationk membrane 0

E-coli 9222B, filtrationx membrane 0
HPC 9215A, discharge in plate 0
Turbidity 2130B 0.1
Aluminium 3500-Al B 0.03
pH 4500 H+ 2
True colour 2120C 1
TOC 5310B 0.18

(APHA, AWWA, WPCF, 2005)

Trials were conducted following the experimental stimulus-
response method, in which a tracer, easily detectable and
not involved in any of the physical and chemical processes
that may alter the actual fluid hydrodynamics and with a
known concentration, is injected into the influent (Rocha et
al., 2000). The concentration curve of the tracer was anal-
ysed to determine the portion of plug flow, dead zones, and
the fraction that works as a completely mixed flow. These
tests were conducted using sodium chloride. The substance
was dosed continuously through a constant hydraulic head
dispenser with a sodium chloride concentration between 50—
100 mg L. The dosing period was three times the theoret-
ical retention time of each unit and the response was mea-
sured at the output of each unit by means of electrical con-
ductivity. Measurements were taken after the CF-UGF unit

8um), to obtain a volume dficient to realize analyses.

model Wolf-Resnick, the Morril Index (relationship between

Tracer tests were performed according to the methodologyhe time between the 90% and the 10% passage of the
described by Brez and Galvis (1990), in order to understand tracer), and the model of completely mixed reactors in se-
the hydraulic performance of the CF-UGF and UGF units. "es (CMRS), Rrez and Galvis (1990). Wolf-Resnick model

www.drink-water-eng-sci.net/5/73/2012/
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Eq. (7) indicates that by plotting the fraction of tracer re- was filled to the maximum level of the top; (b) the water flow

maining in the filter (- F(t)) versustt;! (relationship be- into the filter was interrupted; (c) the surface area was mea-

tween measured time and the theoretical retention time), it isured @); (d) the butterfly valve was opened until the water

possible to estimate the valuésind tam (the slope of the level lowered by 5cm; (e) the declining water levahj was

straight line), and to identify the characteristics of the reac-measured over timd)(and (f) the initial flow rate was set by

tor using Egs. (8) to (11). CMRS model was analyzed us-the expressio® = Ah- A/t (m3s™2).

ing Eq. (12), wheren is the number of reactors in series and

CC;t, is the relationship between the concentration of tracer . .

; L . .~ 3 Results and discussion

which remains in the reactor at a time and the concentration

of tracer applied. 3.1 Water quality of the source water

Logl-F(t) = —tane[(tt;*) — p(1 - m)] (7)  The water source is a small mountain river (the Arroyo
Hondo River) which drains an area that has problems of de-
forestation and erosion, strong activity in the basin of rocky

Tany = (0.434- p)/(6- (1 - p)) (8) material exploitation for construction and discharge of un-
treated wastewater. The behaviour of microbiological param-
Plug flow @) : 6 = p(1—m) 9) eters over a 3-month period indicated that the source has,
according to Lloyd and Helmer (1991) and WHO (2011),
Dead zonesn)) : m=1-(6/p) (10) & high microbiological risk, because faecal coliform values
. at all times exceeded 1000 CFU (100 ml)E-coli bacteria
Mixed flow (M) : Mt = (1~ p)(1-m) (1) \ere below 4.2 logs CFU (100 mb for 95% of the time,
c (n- i)n—l but were never less than 3.2 logs CFU (100™l)The av-
CMRS model — = nl‘; (g“'%) (12) erage values of HPC and total coliforms were 5.3 logs CFU
Co (n-1)! (100 mly* and 5.1 logs CFU (100 i}, respectively.

. , . . The behaviour of turbidity in the source was measured for
The porosity &) of the filter material was determined fol- . . .
a period of one year. This parameter, which is easy to mea-

lowing the procedure defined by Ives (1990): first, the mass

(M) occupied by the sample of gravel in a container of known sure, is a good indicator to control the system and facilitates
P y P 9 . decision-making by the operator. The results indicated that
volume and the apparent volumé)(occupied by the gravel

. . ) ) the turbidity in the source did not exceed 100 NTU for 97 %
in the container were both measured; then the densiy ( . . -
. . of the time, while the turbidity was lower than 25 NTU for
of the gravel was determined by the ratio between the mass., . .
of the sample and the volume occupied by the sample. Th S /0 of the time. Mmm_mm values (.)f 3NTU were recorded
. ' %urmg the summer period and maximum values of 350 NTU
porosity was calculated by Eq. (13). during the rainy season. Turbidity peaks were of short dura-
g0=1-M/psV (13)  tion (4-6h) but sometimes lasted up to 24 h. For 95 % of the
time the true colour level in the river was below 25 UPC and
The filter cleaning procedure was the following: the water at no time the level dropped below 5 UPC.
inlet to the unit was interrupted; without removing the super-
natant yvater the surfa_ce_t of the gravel bed was clean_ed many ,, Coagulant dosage
ually with a shovel, stirring the surface layer of the filter to
remove solid material adhering to the gravel; the supernatanthe basic parameters defined for the operation with coagu-
water with the removed deposits from the top of the filter bedlant were as follows (Cinara, 2004): rapid mixing time 60s,
was discharged through a front weir; then the filter was pre-gradient of rapid mixing 300 rpm3 = 280 s?), slow gradi-
pared for removal of the deposits in the filter by adding wa- ent mixing of 60 rom G = 28 s1), slow mixing time 25 min,
ter to the unit by opening the flow control valve in the inlet and sedimentation time of 20 min. Figure 3 presents the coag-
chamber to restore the supernatant water layer and increasiant dose of aluminium sulphate forfiirent turbidity lev-
ing its height to a level of water between 20-25cm aboveels, applied to the operation with coagulant based on previ-
the gravel in the main compartment; this increased heighbus studies developed by Cinara (2004). The dosage behaves
adds some pressure for the cleaning procedure, in whiclas a logarithmic function and a little variation in the dose
fast drainage was carried out by quickly opening and clos-of coagulant is presented fofflment turbidities between 60—
ing (some 10 times) the butterfly valve on the underdrains;100 NTU. The optimum pH was in the range of 6.6—7.6 for
the unit was thereafter refilled with water and the cleaningan alkalinity between 59-133 mg (I Cag)®. The pH range
and drainage procedure was repeated for adequate cleanimg the water source has facilitated affi@ent and low cost
of gravel; then the filter was put back into operation. operation because only very small changes occurred during
The flow rate Q) of the draining procedure in the UGF the coagulation-flocculation process, thus avoiding the need
units was determined by the following procedure: () the unitfor pH adjustment. The dosing conditions as shown in Fig. 3
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Figure 4. Hydraulic Wolf-Resnick model results for the CF-UGF.

are clearly within the range suggested by CEPIS (2004),

of 3-30mg Lt of aluminum sulfate and a pH close to 7, ) ) o _

which suggest that prevailing coagulation mechanism is dué’f 31571 while theoretical _retent|on time was 19 min. These
to charge neutralization of the aluminium hydroxide. Dos- différences may be explained by the presence of dead zones
ing of aluminum sulphate is carried out by a dispenser at theand _|mpI|es that the curve of d|§trlbutlo_n reS|den'ce time has
point of greatest turbulence in the RMC; the concentration? tail and therefore the time will be displaced in the time
of solution of aluminum sulphate was 2%, which is in line @S (Fig. 5), the fluid elements that were trapped in the dead
with the recommendation of CEPIS (2004) which suggests &°nes is conducted very slowly and will have a much larger
coagulant concentration between 1-2 % for water treatmengesidence time.

plants. This level of concentration in combination with suf-

ficient turbulence, allows for a good coagulant dispersion3 4 Removal of turbidity in the operation without

which facilitates its coming into quick contact with a large coagulant

number of particles (Di Bernardo and Sabogal, 2009).
The operation of the CF-UGF without coagulant dosing was

used in dry periods. Figure 6 shows the frequency of turbidity
in raw water and after elierent treatment barriers, including
Figure 4 shows the results of the mathematical model Wolf-DRF, CF-UGF, UGF and SSF. The CF-UGF units produced
Resnick. The model results for CF-UGF indicate that the sys-an efluent between 2.5-7.5NTU, with mean removéi-e
tem worked with a plug flow fraction of 51 %, a mixed frac- ciency of 46 %, while for 78 % of the time the UGF showed
tion of 46 % and a dead zone fraction of 3P4 £ 0.90). Tak-  turbidity levels lower than 1 NTU and another 22 % were be-
ing into account the dead zones in the CF-UGF, the velocitytween 1.5-2 NTU. SSF units processed water with 0.3NTU
gradient in the unit varied between 3.2 and 294 whichis  for 98 % of the time. CF-UGF and UGF always produced wa-
close to the value calculated in Table 2 and obtained in the jater with turbidity levels below 10 NTU, which is the guide-
test by Cinara (2004) to define the coagulant dose. The Morline value of inflow water to the SSF units, according to Di
rill Index (MI) was 1.82, which suggests, according to ex- Bernardo and Sabogal (2009) and to Galvis et al. (1999) who
periments by Brez and Galvis (1990), the presence of plug add the requirement that filtration rates should be lower than
and mixed flow in the CF-UGF unit. Figure 5 presents the0.20 mir! in SSF units. In this case it was a little higher be-
results of the CMRS model. The continuous lines show thecause the system operated at filtration velocities of between
hydraulic behaviour witim reactors in series, while the dotted 0.15 and 0.30mt (3-61s?).

line represents the measurements at the CF-UGF unit. When

comparing the results Of. the thegretical model with experi-3_5 Removal of turbidity in the operation with coagulant
mental data, the hydraulic behaviour of the reactor CF-UGF

tends ton = 6 reactors in series (see continuous black curve Figure 7 shows the frequency of turbidity in raw water and
Fig. 5), confirming the presence of a relative plug flow. The different treatment barriers, when the CF-UGF is operated
mean residence timé,{) was estimated from the experimen- with coagulants. The application of coagulant in the RMC
tal curve, determining the centroid under the curve, the meawaried as indicated in Fig. 3. In théfieent CF-UGF units,
residence time for the CF-UGF was 19.7 min for the flow for 97.2 % of the time turbidity levels lower than 10NTU

3.3 Hydraulic behaviour of CF-UGF units

www.drink-water-eng-sci.net/5/73/2012/ Drink. Water Eng. Sci., 5, 73-85, 2012



80 L. D. Sanchez et al.: Low-cost multi-stage filtration

e
60 / /
) A
/

O TR E T R R ET | L1l R ET |
0.1 1 10 100 1000

Turbidity NTU

% of time

- = IRW
— - UGF (B)
LInfluent; E: Effluent

——CFUGF ()
——SSF1 (E)

....... CFUGF (E)
SSF2 (E)

—e—Experimental n=7 Figure 7. Frequency of turbidity levels (operation with coagulant).

76 %. The removalféiciencies in CF-UGF with velocity gra-
dients between 28.5-3.1's(for 3 and 61s?) was consis-
tent with the findings of Di Bernardo and Sabogal (2009),

Figure 5. CMRS model for CF-UGF.

e - - who established that the gradient must be less than100s
80 -~ The dficiency in the removal of turbidity can be explained
@ Zg by the good opportunities for contact with particles in the
S 5 gravel bed, which is consistent with Richter (1987), Attakoya
0\2 40 et al. (1991), and Di Bernardo and Cruz (1994).
20
18 . o 3.6 Removal of microorganisms in the operation without
0.1 1 10 coagulant
Turbidity NTU
When operating without aluminium sulphate, the duration of
- - Rw —CFUGE®Mm e CFUGF (E) the filter run was 8 days in the CF-UGF and UGF, regardless
— . UGF (E) ——SSF1 (E) — -SSF2 (E) . X X
I: Influent; E: Effluent whether it achieved the maximum head loss or not (normally

head loss is less than 5¢cm in 8 days, to a maximum value
of 15cm). The typical removal of microorganisms for a filter
run is presented in Table 6 for samples taken in the influent of
CF-UGF unit and thef8uent of the UGF. The removatte
ciency in the CF-UGF and UGF steps was 0.16 logs for total
were achieved, while the maximum value of turbidity in the coliforms, 0.16 logs foE-coliand 0.17 logs for HPC, lower
effluent in this step ranged between 15-20 NTU for 1.4 % ofthan that reported by Galvis et al. (1999), which was proba-
the time. The UGF showed turbidity levels lower than 6 NTU bly due the &ect of a higher filtration rate. SSF achieved a
for 100 % of the time, thereby facilitating the operation of total reduction oE-coli of 3.2 log units, facilitating the work
the SSF, which produced water with turbidity below 1 NTU of chlorination as a security barrier. These results are consis-
for 98 % of the time. The addition of coagulant in the CF- tent with the WHO (2011) which indicated that the range of
UGF enabled water with turbidity levels below 10 NTU after log removal of bacteria for SSF must be between 2—6 under
UGF to be obtained. Increments in turbidity levels, which presence of schmutzdecke and appropriate: grain size, flow
occur basically in the rainy season, could be managed in theate, operating conditions (mainly temperature, pH), clean-
treatment plant by the CF-UGF unit, which contributed to ing and refilling and in the absence of short circuiting.

an dfective operating system, preventing reductions in the The reduction of the filtration velocity in the UGF from
SSF filtration runs. Additionally, stops in the operation of the 1.0 to 0.5 m h* contributed to improvedf&ciency in the re-

Figure 6. Frequency of turbidity levels (operation without coagu-
lant).

treatment plant were prevented.
The removal ficiency of turbidity in the CF-UGF with

moval of microorganisms. The average removal for total co-
liforms andE-coli was 0.57 and 0.5 logs respectively in CF-

coagulant was between 85 and 96 %, which is higher comUGF and UGF steps, while HPC reached a removal of 0.64

pared to operating without coagulant, and averdfeiency

logs. These reductions are close to those reported by Galvis

of turbidity in the CF-UGF was 46 %, ranging between 21— et al. (1999). The average removal in SSF was 3.0 logs. The

Drink. Water Eng. Sci., 5, 73-85, 2012
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Table 6. Microbiological behaviour without the use of coagulant (UGF= 1.0 m i, SSFV; = 0.30 m IT1).

Descriptive statistics Raw water CF-UGF and UGHuent SSF fluent

TC EC HPC TC EC HPC TC EC HPC
No data 9 9 7 9 9 7 10 10 9
Average 15131 2262 202629 12227 2161 139625 12 0 744
Maximum 25000 3600 403500 19400 6700 272000 68 0 1900
Minimum 8000 1250 120000 6100 800 73000 2 0 100
STD deviation 6733 914 123549 5893 1859 80237 19.7 O 651.6
Average log CFU 106 ml~* removal units 0.16 0.16 0.17 33 32 23

TC: Total coliforms (CFU (100 mf}') EC: E-coli (CFU (100 mly) HPC: heterotrophic play count bacteria (CFU (1001)l)operational flow 615!,

Table 7. Microbiological behaviour with the use of coagulant (UGKF1.0 m !, SSFV; 0.3m ).

Descriptive statistics Raw water CF-UGF and UGHuent SSF fluent
TC EC HPC TC EC HPC TC EC HPC

No data 5 5 5 5 5 5 5 5 5
Average 13240 2780 110740 6070 1125 41100 28 O 540
Maximum 16050 5600 160000 10100 2150 47100 4 0 800
Minimum 8900 1200 79300 3900 1000 35000 1 0 200
STD deviation 2746 1684 31494 2402 465 5290 13 0 219
Average log CFU 106 mL™! 0.44 0.40 0.44 34 31 39

removal units

TC: Total coliforms (CFU (100 mf}') EC: Eschirichia coli(CFU (100 mly!); HPC: heterotrophic play count bacteria (CFU (100)l)
operational flow 61!,

efficiency of the SSF was not influenced by changes in thesms, between 0.16-0.17 log to 0.40 to 0.44 log was ob-
filtration rate, probably due to the high level of maturity of served, i.e. in the operation with coagulant the removal ef-
the filters. ficiency for total coliformsE-coli and HPC, was 2.75, 2.5
and 2.6 higher respectively compared to the operation with-
out coagulant in the CF-UGF and UGF units.
3.7 Removal of micro-organisms, operation with
coagulant

] i 3.8 Aluminium, pH, colour and organic matter
Table 7 presents the results of operating with coagulant, the

data correspond to samples taken in the influent of CF-UGRResidual aluminium in the system was low in thitent
unit and the &uent of the UGF for a period of 6 h, because of CF-UGF and 53% was removed in the UGF, so that
when turbidity was less than 30 NTU the coagulant dosingthe concentration in the influent of the SSF varied between
was stopped. The dose of aluminium sulphate corresponde@.07 and 0.09 mgt?, and the averageftuent concentration
to 10 mg L1, with an operation flow of 6 I'$. Overall, the  was 0.04 mg ! (STD 0.005 mg t2). This value was lower
pre-treatment with CF-UGF and UGF contributed to the re-than the WHO (2011) guidelines, which recommended less
duction of microbiological load: average 0.44 log removal than 0.2 mg E?* for aluminium in drinking water. In a pilot
for total coliforms, 0.40 log removal dE-coli, and 0.44 log  study that examined the impacts of chemical pre-treatment
removal for HPC. Only the CF-UGF unit contributed with by gravel filters on SSF Dorea and Clarke (2006), reported
average ficiencies for total coliforms equivalent to 0.19 log, an average aluminium concentration of 0.041 myin the
0.12 logs fore-coli and 0.15 log for HPC. The last stage of effluent of the SSF and indicated that the chemical improved
treatment, SSF, allowed a total reduction of 3.4 log of totalthe overall treatmentficiency. However as indicated by
coliforms, 3.1 log forE-coli, and 3.9 log of HPC. This sug- these authors careful control of the coagulation step is needed
gests that the dosage of aluminium sulphate did fietaithe  to avoid carry-over of aluminium to the SSF as this might
biological activity in pre-treatment and SSF, which is consis- contribute to possible filter clogging even though turbidities
tent with that reported by Dorea and Clarke (2006). of less than 10 NTU are achieved. In our study however pre-
When comparing operation with and without coagulant anmature clogging did not occur at all and filter runs of SSF
increase in the averagdieiency of removal of microorgan- were maintained between 50 and 70 days with a maximum

www.drink-water-eng-sci.net/5/73/2012/ Drink. Water Eng. Sci., 5, 73-85, 2012



82 L. D. Sanchez et al.: Low-cost multi-stage filtration

70 11 2500 500
= 60 10 450
E 9~ 5 2000 | 400
Z 50 gé E o0 £ 350
2 40 63 £ 255
2 30 525 3 1000 3 200
Ei 43 E 5 150
F 20 3T F 500 100
mE % 50
A A A et VS S . 4 A S — O 0
0 =i 0 0 50 100 0 100 200 300
0 100 200 300 Cleaning time (s), CF-UGF Cleaning time (s), UGF
Time (min)
Figure 9. Behaviour of turbidity on a deep clean-up of CF-UGF
and UGF.
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and did not achieve the maximum value of 20 cm. Table 8
summarizes the operating and monitoring conditions.

Based on the information registered by the operators of the
water treatment plant, cleaning frequency for the CF-UGF
and the UGF units was every 8 days (without a coagulant
head loss of 0.70 m, which is in line with the range of 20— dosage). During the rainy period the CF-UGF units, oper-
60 days reported by Schulz and Okun (1984), the minimumating with aluminium sulphate, registered cleaning frequen-
of 45 days recommended by Cleasby (1991) and the rangeies in the range of 6-100 h. The cleaning frequency of 6 h
of 46-178 days recommended by Galvis et al. (1999). Thewas obtained when influent turbidity reached values of above
pH in the influent varied between 8.2 and 8.5 and between 800 NTU, while the 100-h operation mode was observed
and 8.2 in the fluent of CF-UGF, which is expected not to when influent turbidity levels were between 30-60 NTU.
affect the biological development of the Smutzdecke in the The behaviour of the cleaning of the CF-UGF in terms of
SSF, respect Galvis et al. (1999) reported pH in the range ofurbidity is presented in Fig. 9. In the CF-UGF, cleaning was
7.1-8.0 for operation of SSF and indicate that the adsorptiordone by operating the butterfly valve in such a way that 10
of virus the sand improves with increasing ion concentrationshock waves were created. It can be observed that, for the
and valence of the cations in solution. The true colour reduc-CF-UGF, in the first 15s of the discharge a turbidity peak
tion recorded an averagdfieiency of 54 % in the CF-UGF occurred, for 35s the water was clear, and then after 85s a
stage and 57 % in the UGF stage, and the figtiency of  second peak was observed. For the UGF, the solids discharge
the true colour reduction of the CF-UGF and the UGF stagestarted immediately to reach a second peak after 150 s, about
together was 76 %. The organic matter content measured dstimes higher than the first peak. The behaviour of the water
total organic carbon (TOC) was low, the influent had an aver-quality in the discharge of the wash water waaient from
age value of 1.1 mgt! (+0.075), and the removatficiency  that reported by Wolters (1988) and Cinara and IDRC (1993).
in the CF-UGF and UGF step together was 9 %, within e When the valve was opened suddenly, the particles which
ciency at the end of the treatment of 28 %. stayed on the filter media experience a change in velocity,
whose €fect may be to drag the particles to transport to the
drainage system.

The flow rate of the drain water for cleaning the filter was
The treatment plant operated without coagulant for turbidityvariable over time; measurements were done féiedknt
levels below 30NTU. When influent turbidity was greater heights of water level relative to the position of the butter-
than 100 NTU, operators interrupted the operation to reducely valve. The maximum backwashing rate for the UGF was
the turbidity load on the plant and, depending on water needs9.4 m hr! while for the CF-UGF it was 9.1 nTH.
operated with coagulant, reducing the filtration rate by half.
When rain events occurred and the influent turbidity was, ;o
greater than 30 NTU, a dosage of coagulant was applied. Fig-
ure 8 shows the behaviour of turbidity in CF-UGF and UGF Tables 9 and 10 list the construction costs (year 2011) and
and head loss in the CF-UGF units for an event of short duraeperation and maintenance costs (year 2010). The CF-UGF
tion when the turbidity increased above 30 NTU up to a max-stage and the pre-treatment by UFG represent respectively
imum value of 58 NTU, and operation with coagulant was 7% and 28 % of the total construction costs of the water
necessary. The monitoring of the head loss was only done itreatment plant (see Table 10). The cost pérofproduced
the CF-UGF units. In the UGF unit, there was no change inwater was US$0.05 (discount rate of 12% for Colombia
head loss detected in the relatively short period of the eventand project horizon of 15yr). Per capita investment costs
The total loss over a period of 4 h of operation was 3.5 cmare US$ 18, for an average consumption of 158dc?. The

Figure 8. Turbidity in CF-UGF and UGF units and head loss on
CF-UGF.

3.9 Operation and maintenance

Investment, operation and maintenance costs
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Table 8. Summary of operating and monitoring conditions.

Variable Value
Operational parameters
Influent turbidity for coagulant dosing >30NTU

Maximum turbidity of operation

Normally 100 NTU,
sometimes can
operate with peaks
above 100NTU
for short periods of

time (4-6 h).
Cleaning period CF-UGF and UGF, Each 8 days
operation without coagulant.
Time cleaning of CF-UGF 15min
Time cleaning of UGF 45 min

Monitoring parameters

Coagulant used

Liquid aluminium
sulphate, type A,
50 % concentration

Filtration run of the CFUGF with application of coagulant

6-100h

Percentage of time with coagulant dosage 20%yr
Percentage of operating time without coagulant 80 % yr
Maximum period of time recorded dosing coagulant 100h
Maximum duration of registered plant shutdown 24h
Percentage of stops in the year 3%
Maximum head loss in CF-UGF units 20cm
Maximum head loss in UGF units 15cm
Maximum backwashing rate CF-UGF 9.1to 7.5mh
Maximum backwashing rate UGF 9.4t08.4mh

83

costs of O&M for the use of coagulant are low, represent-CF-UGF with MSF greatly contributed to the removdii-e
ing only 0.3% of total O&M costs, because the operator ciency of the system without negativelffecting the biolog-
only doses in periods of high turbidity, making the technol- ical activity of the treatment system in terms of tiaency

ogy attractive. The highest costs of O&M represent pumpingof microorganism removal in the UGF and SSF when coag-
ulant was dosed. This strongly contributes to the operational
(depreciation was included), when compared to the costs ofiexibility of the system as it allows to dose coagulant only
US$1.04 m? (includes the average investment costs) for thewhen high influent turbidity peaks occur.

utility of the city of Cali, close to the community. The O&M
costs in a gravity system would reduce to US$0.14 p&rm

energy and st The O&M costs of US$0.264 M is low

4 Conclusions

CF-UGF is a relatively new technology that has been appliedwith coagulant dosing was between 85 and 96 %, which
in a few cases with rapid sand filtration. In this study CF-js higher compared to operation without coagulant dosing;
UGF has been used in combination with MSF technologyaverage ficiency of turbidity in the CF-UGF was 46 %,

CF-UGF improved the operation of MSF compared to
only UGF, when the system operated with turbidity levels
above 30NTU, facilitating the performance of the SSF by
reducing the load of particulate material to avoid short fil-
ter runs and possible interruptions in treatment plant oper-

ation. The removal ficiency of turbidity in the CF-UGF

comprising UGF and SSF. This study shows that combining

www.drink-water-eng-sci.net/5/73/2012/
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Table 9. Initial investment costs. Table 10. Operation and maintenance costs.
Stage of treatment *Cost(US$) % Item Monthly cost %
DRF 9821 16 s sy
CFUGF 4554 7 Cost of coagulant (aluminium sulphate) 13 0.3
UGF 17002 28 Cost of the chlorine 365 9.5
SSF 29783 49 Stdf costs (including benefits 1399 36.4
Total cost (US$) 61160 and social security)
CostlIst (US $) 10193 Electrical energy costs 1661 43.3
Per capita cost (US$) 18 Costs of materials and equipment 249 6.5
Costs for water quality analysis 155 4
* Costs up to February 2011. Total monthly cost O&M (US $) 3842

O&M costs per M produced (US$ n¥)  0.25

* Costs to December 2010.

ranging between 21-76 %. The addition of coagulant in the
CF-UGF allowed for obtaining water with turbidity levels be- Acknowled s, The auth knowledge th ¢ and
low 10 NTU after UGF, which contribute to thefective op- 7 .c<nowiecgements. - The authors acknowledge the support an

: ... trust received from the community and the governing board of
eration of the SSF. The overall system produced water with

. 0 Arroyo Hondo for the construction and evaluation of the system.
turbidity below 1NTU for 98% of the samples that were They are also grateful for the fieldwork done by Carlos Mejia

taken in the research period. In the operation with coagulantry|s, |RC-YZz program) and Diana Posso (Sanitary Engineer
the removal #iciency for total coliformsE-coli and HPC,  program, Univalle) and the plant operators Alfonso Eséand
was 2.75, 2.5 and 2.6 higher respectively compared to the opand Eulogio Msquera. Financial and $tasupport for the study
eration without coagulant in the CF-UGF and UGF units. No were received from the water supply research group of the Cinara
reduction was observed in the microbial remoilcéency Institute, Universidad del Valle, which included the use of the
of the SSF, no obstruction of the SSF beds were demonstrate@search station in Puerto Mallarino.

and SSF runs were maintained between 50 and 70 days for a )

maximum head loss of 0.70 m. Edited by: A. Verliefde

The hydraulic behaviour of CF-UGF indicated that the
system worked with a plug flow fraction of 51 %, a mixed
fraction of 46 % and a dead zone fraction of 3 %. The com-
_par_ison between the theoretical_ model and experimental datﬁhsan, T.: Process Analysis and Optimization of Direct Horizon-
indicated that hydraulic behaviour of the reactor CF-UGF 5 _ Flow Roughing Filtration, Ph.D. thesis, Delft University of
tends ton = 6 reactors in series, confirming the presence of Technology, A.A. Balkema De, Rotterdam, The Netherlands, 193
a relative plug flow. The mean residence time was 19.7 min pp., 1995.
for the operating flow of for the flow of 38; theoretical ~ APHA, AWWA, and WPCF: Standard Methods for the examination
retention time was 19 min. of water and wastewater, USA, 21a Edn., 2005.

It was only necessary to operate the system with CoaguAttakOya, A., Prasad, V. S., and Nagaraja, S. V.: Performance study
lant for 20 % of the time. The CE-UGF run time was 6—100h  ©of granulated flocculators, Indian Jour. Evir. HLTH., 33, 498—
depending on raw water turbidity. In the operation without 504, 1991. ) )
coagulant, the run time for the CF-UGF and UGF was 8Bas; B. C., Kundzewicz, Z. W., Wu, S., and Palutikof, J. P. (Eds.):

. . . El Cambio Clindético y el Agua. Documenta@tnico del Grupo
days. Whereas the designed drainage flow was establlshedI e )
1. . . ntergubernamental de Expertos sobre el Cambio &litn, Sec
at20mh in practice this level was not reached_ andthereal | i i gel IPCC, Geneva, 224 pp., 2008.
flow according to the measurements in the units was abougnole, A. G.: Design and fabrication of a low cost water treatment
9mht indicating that more research is needed on tiece plant for rural areas in India, Aqua, 5, 315-320, 1981.
of the drainage system during the cleaning operation. Burganos, V. N., Paraskeva, C. A., Christofides, P. D., and Pay-

The CF-UGF unit represented only 7% of the total con- atakes, A. C.: Motion and deposition of non-Brownian particles
struction costs, and the pre-treatment CF-UGF and UGF rep- in upflow collectors, Sep. Technol., 4, 47-54, 1994.
resented 35 % of total costs, while the cost of pnoduced  Centro Panamericano de IngeféeSanitaria y Ambiental (CEPIS):
by the MSF with the CF-UGF system was US$0.05, for a Tra;amiento de agua para consumo humano, FitiraEapida,
per capita investment of US$18. The O&M costs for the _ Peu, 2004. - o
use of coagulant represented only 0.3% of the total O&M Cinara: ES‘tUdIO gle tratabilidad plantell de potapnhacnde la
costs. The production cost was US$ 0.264 fior the opera- parceladdn Colinas de Arroyohondo; proyecto: ASOPROCO-

. ith ) | . h . d d LAR , Cali, Colombia, 27 pp., 2004.
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US$0.14 per rh
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