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Within this dissertation, a number of advancements are made with regard to hy-

draulic flocculation. In the first chapter, two models are developed for hydraulic

flocculation performance in terms of suspended solids removal as a function of

key flocculator and raw water characteristics. The first model assumes that vis-

cous forces govern the transport of two colliding particles with respect to one

another, while the second model assumes that inertial forces are dominant. Both

models were used to predict results of a laboratory-scale turbulent flocculation

and sedimentation process, resulting in similar predictions. Although the iner-

tial model performed slightly better, the viscous model was recommended for

engineering practice since the two models are very similar, and the core of the

viscous model, the product of mean velocity gradient (G) and mean hydraulic

residence time (θ), Gθ, has been a cornerstone of flocculator design for most of

the last century up until the present.

The second chapter follows up on the first with a further exploration of the

effect of sedimentation capture velocity on performance. The experiments of the

prior chapter had considered only one capture velocity, 0.12 mm/s, so that sed-

imentation had a constant effect on performance. However, as expected, when

looking at six capture velocities ranging from 0.1 to 0.6 mm/s, capture velocity

had an important effect on the selectivity of particles that were removed, and

therefore performance. These experimental results showed that the value of k,



a constant that relates the collisions of primary particles, i.e., colloidal particles,

to the conversion of nonsettleable particles to settleable sizes, decreases expo-

nentially with increasing capture velocity. Physically, this was linked to the area

under the small-size tail of the particle size distribution curve, which can be

modeled with an exponential function. Thus, the area under this curve is itself

an exponential function. Taken together, the first two chapters provide a model

for flocculation performance that can inform design and operation decisions.

The third chapter gives an algorithm for the design of vertically-baffled hy-

draulic flocculators, which has been lacking in engineering literature. First,

this chapter explores the theoretical and practical constraints for effective hy-

draulic flocculator design. It then details the design algorithm that AguaClara

Cornell has developed for vertically-baffled flocculators. The AguaClara de-

sign for vertically-baffled flocculators is more compact than conventional de-

signs for horizontally-baffled hydraulic flocculators at low flow rates, extend-

ing the range of applicability of hydraulic flocculators for engineering practice.

Hydraulic flocculators are more efficient and sustainable than their mechanical

counterparts, but they have been largely neglected as an option in the United

States in recent decades.

The work of this dissertation, comprising the performance prediction equa-

tion and the algorithm, is intended to be a resource for engineering practitioners

who are designing or operating baffled hydraulic flocculators.
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tor syndrome set in. Nevertheless, these were formative years of learning how

to approach research, humanitarian work, and life in general. Outside of class,
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Chapter 1

A Hydrodynamic and Surface Coverage
Model Capable of Predicting Settled
Effluent Turbidity Subsequent to Hydraulic
Flocculation

1

Introduction

Hydraulic flocculators have significant advantages over mechanically mixed

flocculators. They have no moving parts, resulting in lower operation (elec-

tricity) and maintenance (repair and replacement) costs. In addition, hydraulic

flocculators approach plug flow, which improves reaction kinetics because the

inflow is not diluted. They are also far less vulnerable to short-circuiting

compared with mechanically mixed flocculators, which operationally approach

continuous-flow stirred tank reactors [5]. Hydraulic flocculators have been

chosen for their sustainability in drinking water treatment plants, such as the

gravity-powered plants designed by Cornell University’s AguaClara program

implemented in Central America as well as those in South Africa studied by

Haarhoff [27].

Flocculation changes the particle size distribution (PSD) received by the

downstream water treatment processes of sedimentation and filtration. Im-

proving drinking water treatment plant performance, therefore, requires the

1The contents of this chapter have been published in Environmental Engineering Science

(https://doi.org/10.1089/ees.2017.0332) with coauthors Monroe L. Weber-Shirk and Leonard

W. Lion.
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optimization of flocculation to give the best PSD for subsequent removal pro-

cesses. To optimize flocculation performance, it is useful to develop a general-

ized, mechanistically based flocculation model to guide design and operation of

flocculators.

Haarhoff [27] developed an empirical design approach for horizontal baffled

hydraulic flocculators, and then verified these guidelines with computational

fluid dynamics (CFD) simulations [29]. Although this work is an excellent re-

source, their design guidance is limited to one geometry and it does not provide

performance predictions.

Several researchers have developed population balance models (PBM),

which are sets of differential equations applied to a control volume defined by

the entire flocculator (i.e., Eulerian frame of reference) based on the model pro-

posed by Smoluchowski [41]. These are numerically integrated to solve for the

PSD over time. An example of this approach applied to mechanically-mixed

flocculators is given in Ducoste [19]. This approach has the advantage of being

theoretically-based and providing predictions for the evolution of PSD through

the process. Challenges in applying this approach include finding sufficiently

accurate estimates of the initial conditions, the hydraulic conditions within the

flocculator, and the values of attachment efficiencies that are unknown functions

of the coagulant dose and raw water quality. In addition, especially when CFD

simulations are used to model the hydraulic conditions, this approach suffers

the disadvantage of being computationally intensive, which may be too cum-

bersome for design and operation [39, 9].

Argaman and Kaufman [3] proposed an analytical solution to Smolu-

chowski’s [1917] PBM by making a number of simplifying assumptions and
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integrating, creating a flocculator performance prediction equation that can be

used for design and operation of both plug flow (hydraulic) and completely

mixed (mechanical) flocculators. Liu et al. [33] refined this formulation to en-

hance predictions for hydraulic flocculators that have nonuniform hydraulic

conditions. The Argaman-Kaufman equation has three experimentally derived

constants. Two are physically based, representing the rates of aggregation and

breakup in the process, and each can be derived from a different set of experi-

ments, each containing at least nine runs [28]. The third constant has no phys-

ical meaning, and is unique to each flocculator [33]. Determining the values of

these parameters presents an obstacle to using the Argaman-Kaufman model to

design new flocculators.

This work aims to further simplify hydraulic flocculator performance pre-

diction by integrating from an alternative differential equation to the Smolu-

chowski equation that Argaman and Kaufman [3] integrated. This differential

equation, a Lagrangian model proposed by Pennock et al. [36], achieves sim-

plicity by modeling the journey of a characteristic nonsettleable particle through

the flocculator. It is reasonable to track nonsettleable particles to the exclusion of

flocs that have grown large enough to be settleable, because the nonsettleable, or

residual, particles determine flocculation performance. In addition, the majority

of successful collisions involving nonsettleable particles appear to be collisions

with other nonsettleable particles. This hypothesis is supported by the research

of Casson and Lawler [11] who found in flocculating a trimodal distribution of

particles that homocoagulation dominated. They cited Adler [2], who found

that numerical simulations accounting for the effects of hydrodynamic, van der

Waals, and double-layer forces generally gave higher collision efficiencies for

particles of similar size. It is therefore assumed that the rate of nonsettleable
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particles’ conversion to settleable flocs can be modeled as a function of the con-

centration of nonsettleable particles.

In their article, Pennock et al. [36] began with a first-order model, which

relates the rate of successful collisions between nonsettleable particles to the

time between collisions:

dNc

dt
=

Γ

tc
, (1.1)

where Nc is the number of successful collisions between nonsettleable particles,

dNc
dt is the rate at which these collisions occur, Γ is the mean fractional coverage

of particle surface area by coagulant precipitates, and tc is the mean time be-

tween collisions of nonsettleable particles. The mean fractional coverage, Γ, is

akin to the attachment efficiency term in other flocculation models (e.g., Casson

and Lawler 11, Ducoste 19) and has a physical basis, given knowledge of the

concentrations and diameters of colloidal particles and of coagulant precipitate

clusters [44]. The inclusion of Γ in Equation 1.1 converts the general collisions

described by tc to the successful collisions described by dNc
dt . The concept behind

Γ differs from random sequential adsorption (RSA) in that it allows for the pos-

sibility of coagulant precipitate clusters stacking on top of previously-attached

coagulant precipitate clusters, thereby approaching complete coverage asymp-

totically [22, 44]. The calculation of Γ also accounts for the loss of coagulant

to reactor walls, with the assumption that the coagulant has equal affinity for

particle and wall surfaces [44].

The probability that two nonsettleable particles attach is expected to be equal

to the probability that at least one of the colliding particles has a precipitated

4



coagulant nanoparticle at the initial contact point. The original use of Γ by Pen-

nock et al. [36] to describe the fraction of collisions that are successful did not

properly account for this probability of a successful collision. While Γ is the

probability of a single nonsettleable particle surface colliding at a site on its

surface that is covered with a coagulant precipitate, the collision involves two

particles, and so the probability of success is higher.

It is simplest to derive the probability of attachment from the probability that

neither particle has a coagulant precipitate at the point where the two particles

collide, since the probability of a successful collision includes the probabilities of

one particle and of both particles having a coagulant precipitate. The probability

of one particle colliding at a point without a coagulant precipitate is (1 − Γ), so

the probability of neither particle having a coagulant precipitate at the point of

collision is (1 − Γ)2. As this is the probability of a failed collision, the probability

of a successful collision is 1− (1−Γ)2. For the corrected form of Equation 1.1, the

mean collision efficiency factor, α, will be defined as

2Γ − Γ
2

(1.2)

so that it now reads

dNc

dt
=
α

tc
. (1.3)

Thus, the relationship originally proposed by Pennock et al. [36] was missing a

second-order term.

A relationship for the mean time between collisions tc was found by propos-
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ing an average condition for a collision, successful or unsuccessful, to occur. To

define this condition, it was assumed that each nonsettleable particle on average

occupies a fraction of the reactor volume, VSurround, inversely proportional to the

number concentration of particles. Furthermore, before a collision, a particle on

average sweeps a volume, VCleared, proportional to tc and to the mean relative ve-

locity between approaching particles, vr. As an average condition, it was posited

that for each collision, VCleared must equal VSurround. From this, a relationship for a

characteristic collision time, tc, was obtained:

tc =
Λ

3

πd
2
Pvr

, (1.4)

where dP is the characteristic diameter of nonsettleable particles and Λ is the

mean separation distance between nonsettleable particles, Λ =
3
√

VSurround.

To make use of Equation 1.4, relationships based on dimensional analysis

were obtained for the relative velocity between a pair of particles approaching

collision, vr, with the assumption that they had Stokes numbers approaching

zero [36]. In viscosity-dominated flows, it was determined to be

vr ∼ ΛG, (1.5)

where G is the local velocity gradient
[

1
T

]
, defined as

G =

√
ε

ν
, (1.6)

with ν being the kinematic viscosity and ε being the local energy dissipation rate
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in units of power per mass,
[

L2

T3

]
, commonly reported in mW/kg [14].

In isotropic inertia-dominated flows, the velocity relationship from dimen-

sional analysis was

vr ∼ 3
√
εΛ. (1.7)

The use of Equations 1.5 and 1.7 to describe the relative velocity between par-

ticles assumes that fluid shear is dominant over Brownian motion and differ-

ential sedimentation as transport mechanisms. Since the model assumes that

collisions between differently sized particles are unfavorable, differential sed-

imentation is considered negligible. Benjamin and Lawler [5] note that Brow-

nian motion is only significant for particles smaller than 1 µm, so this model

assumes that particles are larger than 1 µm. Equations 1.5 and 1.7 are similar to

Equations 4a and 4b in Delichatsios and Probstein [16], with the major distinc-

tion that while Delichatsios and Probstein scaled by particle diameter, dP, these

equations are scaled by Λ.

In laminar flocculation, it was posited that Equation 1.5 would apply, while

for turbulent flocculation, it was posited that both Equations 1.5 and 1.7 would

be applicable. This is because the predominance of one force over another varies

over length scales in turbulence, and it is hypothesized that turbulent transport

of two particles toward collision is primarily governed by eddies of order Λ.

The largest turbulent eddies are anisotropic and are affected by the geometry

of the flow. These are said to comprise the energy-containing range [38]. Eddies

in the energy-containing range are too large to be considered in the direct trans-

port of flocculating particles toward collision. At smaller length scales, eddies
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become isotropic and have a generalizable structure that is independent of the

flow geometry, and this is known as the universal range [38]. The subset of the

largest length scales in the universal range, where inertial forces are more sig-

nificant than viscous forces, is referred to as the inertial subrange [38]. Equation

1.7 is expected to apply when mean particle separation distances are within the

inertial subrange. The dissipation range represents length scales smaller than the

inertial subrange where viscous forces are dominant [38]. For this reason, it

was hypothesized that Equation 1.5 would apply within the dissipation range

of turbulence.

The two relative velocity relationships, Equations 1.5 and 1.7 were then put

in terms of spatial averages to reflect the mean properties of the flocculation

process (i.e., vr ∝ εx
Λ

y
, where x and y represent the exponents pertaining to the

viscous and inertial relations). The use of spatial averages makes the assump-

tion that energy dissipation and particle concentration are uniform throughout

the flocculator. These averaged equations were then substituted into Equation

1.3 to obtain differential equations for the rate of successful collisions domi-

nated by viscous or inertial forces. For collisions dominated by viscous forces,

the differential relationship was determined by Pennock et al. [36] to be

dNc = πα
d

2
P

Λ
2 Gdt, (1.8)

where G is the spatially averaged velocity gradient. For inertial forces, the rela-

tionship was found to be

dNc = πα
d

2
P

Λ
2

(
ε

Λ
2

)1/3

dt, (1.9)
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where ε is the spatially averaged energy dissipation rate.

Because the flocculation performance equations will ultimately track particle

concentration, the concentration of nonsettleable particles, CP, was substituted

for Λ using

Λ
3

=
π

6
ρP

CP
d

3
P, (1.10)

where ρP is the characteristic density of nonsettleable particles. For viscous floc-

culation, the above equation can be substituted into Equation 1.8 to result in:

dNc = πα

(
6
π

CP

ρP

)2/3

Gdt. (1.11)

The inertial relation can be similarly modified with the additional substitution

of Equation 1.10 for the Λ
2/3

quantity in Equation 1.9, resulting in:

dNc = πα

(
6
π

CP

ρP

)8/9
 ε
d

2
P


1/3

dt. (1.12)

Equations 1.11 and 1.12 reveal that dNc
dt increases with CP, ε, and Γ (see Equation

1.2). During flocculation, CP will decrease and thus dNc
dt will also decrease.

Model

Continuing from Pennock et al. [36], the above Lagrangian differential relation-

ships are further developed to become integrated performance prediction equa-

9



tions. Equations 1.11 and 1.12 cannot be integrated as written because the con-

centration of nonsettleable particles is expected to change with each collision,

and thus that relationship must be specified. This is accomplished by use of

another first-order relationship that relates CP to Nc:

dCP

dNc
= −kCP, (1.13)

where k is an experimentally derived constant that physically represents the

portion of the nonsettleable particles that become settleable particles on av-

erage after each collision time, tc, and will depend, in part, upon the design

capture velocity used for sedimentation, vc. Since tc increases over time as Λ

increases, the above formulation is not proportional to dCP
dt . Physically, Equa-

tion 1.13 states that, with each progressive nonsettleable particle collision, CP

decreases by some proportion. Furthermore, Equation 1.13 states that this de-

crease is directly proportional to CP. With each successive successful collision,

the absolute reduction in CP is less than the prior one. The value of k is expected

to be less than 1, because not all nonsettleable particles will have a collision and

grow to a size with a sedimentation velocity greater than vc in the average time

required for a collision.

Having Equation 1.13, the next step is to substitute it into Equations 1.11 and

1.12 and integrate. It is not currently known how to make accurate estimates of

ρP and dP over the course of the flocculation process, during which the distribu-

tion of sizes, composed of fractals of varying densities, increases in both mean

and in magnitude of spread. Given reliable estimates, Equations 1.11-1.13 could

be used directly. However, as a first approximation, they can be expressed in

terms of the subset of nonsettleable particles which are primary particles, since

10



ρP and dP can be more confidently estimated for this population of particles.

Primary particles are chosen over the minimally settleable size or any inter-

mediate nonsettleable size, because it is hypothesized that, since primary parti-

cles must collide with other small nonsettleable particles numerous times to at-

tain a settleable size, collisions involving primary particles are the rate-limiting

step in flocculation. For the majority of the flocculation process in an initially

monodisperse suspension, after the first collisions have been completed, the

collision rate of primary particles becomes slower than the collision rates of an

equivalent number concentration of primary particles that have already formed

flocs containing any other number of primary particles [47]. Therefore, the final

concentration of nonsettleable particles is hypothesized to be proportional to

the final concentration of primary particles. Further experimental work will be

needed to confirm this hypothesis and detail this relationship, but for this study,

prediction of performance with respect to primary particles will be considered

representative of nonsettleable particles. The primary particles are defined here

as the suspended particles (kaolinite for this study) and the attached nanoparti-

cles of coagulant precipitate.

Viscous Model Derivation

Solving Equation 1.13 for dNc, substituting it into Equations 1.11 and 1.12, and

rewriting the equations in terms of primary particles result in Equation 1.14,

dCP

−kCP
= πα

(
6
π

CP

ρP

)2/3

Gdt, (1.14)
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and Equation 1.15,

dCP

−kCP
= πα

(
6
π

CP

ρP

)8/9
 ε
d

2
P


1/3

dt. (1.15)

From this point forward, variables with the subscript P will represent a property

of the primary particle subset of the nonsettleable particle population rather

than the whole.

It is interesting to note that rearranging Equations 1.14 and 1.15 in terms

of dCP
dt gives exponents for CP of 5

3 and 17
9 . Previous flocculation rate equations

were second order, but the observed flocculation rate was less than second order

[5]. The slight deviation from an exponent of two comes from the assumption

of Pennock et al. [36] that relative velocity between colliding particles scales

with Λ rather than dP. This is to say that, in dilute suspensions characteristic of

raw water, where particles are separated by Λ � dP, the majority of tc is spent

with the distance between particles characterized by Λ instead of dP. The time

required for the final approach for a collision is hypothesized to be insignificant

compared to the time for VCleared to equal VSurround.

From Equations 1.14 and 1.15, it is possible to integrate and obtain equa-

tions for flocculation performance. After separation of variables, one side of the

equation is integrated with respect to time from the initial time (t = 0) to the

time of interest, generally taken to be the mean hydraulic residence time (t = θ).

The other side of the equation is integrated with respect to the concentration

of primary particles from the value at the initial time (CP0), equivalent to the

initial concentration of nonsettleable particles, to the concentration of primary

particles at the time of interest (CP). For collisions dominated by viscous forces

12



(Equation 1.14), the integral becomes:

1
π

(
ρP
π

6

)2/3 ∫ CP

CP0

C−5/3
P dCP = −kαG

∫ θ

0
dt. (1.16)

The integral on the left-hand side assumes that ρP does not change as CP

changes. One assumption on the right side is that Γ, of which α is a function,

does not vary with t. This requires that attachment of coagulant to colloidal

particles in rapid mix be fast enough to be approximated as completed by the

beginning of flocculation. This assumption may not be valid for high rate floc-

culators, especially under conditions of low CP0 . Further work on the rate and

efficacy of rapid mix is merited.

The other assumption on the right-hand side is that the mean velocity

gradient, G, does not change over the course of the flocculation process. In

mechanically-mixed flocculators, the use of a simple spatial average is not rea-

sonable, as the velocity gradient changes very dramatically from the bulk flow

to the tip of the impeller blade and individual particles follow different paths

that expose them to different velocity gradient zones in different sequences and

durations [6]. The distribution of residence times in a mechanical flocculator

would also need to be taken into account for the integration. For baffled hy-

draulic flocculators, on the other hand, the use of the spatial average, G, and

considering it constant with t is generally a reasonable approach. This is because

mixing energy in a well-designed hydraulic flocculator is rather uniformly dis-

tributed spatially, the zones of higher energy dissipation rate after the baffles do

not vary appreciably with time when operating at a constant flow rate, and all

particles follow similar paths through the flocculator.

13



Integration of Equation 1.16 gives:

3
2π

(
ρP
π

6

)2/3 (
C−2/3

P −C−2/3
P0

)
= kαGθ. (1.17)

This can be put in terms of Λ for simplicity by using Equation 1.10 and rear-

ranging in terms of the familiar Camp-Stein parameter, Gθ, to be

Gθ =
3
2

(
Λ

2 − Λ
2
0

)
kπαd

2
P

. (1.18)

which is the final form of the viscous flocculation design equation. Equation

1.18 gives guidance for flocculator design in that higher values of Gθ are needed

for flocculators to achieve greater changes in Λ (or CP) or to overcome low Γ. It

should be noted that the Λ0 term in Equation 1.18 will generally be very small

compared to the Λ term for most flocculation scenarios. In this case, Λ0 can

be considered negligible. While simplifying the equation, this also gives the

result that flocculators must be designed not so much for the particle concentra-

tions they will receive but for the particle concentrations they are intended to

produce. Modifying Equation 1.18 to be in terms of CP produces the following

equation:

Gθ =
3

2kπα

(
π

6
ρP

CP

)2/3

. (1.19)

A desirable way to represent flocculation performance is with the negative

log of the fraction of particles remaining (also often referred to as log removal),

pC∗, given in Swetland et al. [44] as:
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pC∗ = − log10

(
CP

CP0

)
(1.20)

Likewise, a way to simplify Equation 1.17 is to put it in terms of the particle

volume fraction, φ, defined as:

φ =
CP

ρP
=
π

6

dP

Λ

3

. (1.21)

Putting Equation 1.17 in terms of pC∗ and φ results in:

pC∗ =
3
2

log10

2
3

(
6
π

)2/3

kπαGθφ2/3
0 + 1

 . (1.22)

which is the viscous flocculation operation equation.

The AguaClara viscous flocculation operation equation is a predictive per-

formance relationship for flocculation in flows with long range particle trans-

port toward collisions dominated by viscous forces. It is proposed as applicable

to laminar flows, with potential applicability to the dissipation range of turbu-

lent flows. Given the properties of the flocculator (G and θ) and its influent (φ0

and α), flocculation performance can be predicted in terms of pC∗. The devel-

opment of the design and operation equations, Equations 1.18 and 1.22, was the

result of a team effort of Cornell University’s AguaClara program and hence

they will subsequently be referred to collectively as the AguaClara viscous floc-

culation model.
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Inertial Model Derivation

The same procedure that was used to find Equation 1.22 for viscous-dominated

flocculation can be performed on Equation 1.15 for flocculation predominantly

controlled by inertial forces. Once the variables are separated, the integration is

set up as:

1
π

(
π

6
ρP

)8/9 ∫ CP

CP0

C−17/9
P dCP = −kα

 ε
d

2
P


1/3 ∫ θ

0
dt. (1.23)

This integration makes the same assumptions as those given for Equation 1.16

with the additional assumption that dP does not vary with t.

Completing the integral in Equation 1.23 results in:

9
8

(
C−8/9

P −C−8/9
P0

)
= kπα

(
6
π

1
ρP

)8/9
 ε
d

2
P


1/3

θ. (1.24)

As previously, the integrated result can be rearranged to provide more design

intuition. The alternate form, which is analogous to Equation 1.18 is

ε1/3θ =
9
8

(
Λ

8/3 − Λ
8/3
0

)
kπαd

2
P

, (1.25)

which is the inertial flocculation design equation. It should be noted that floc-

culator design parameter becomes ε1/3θ instead of the Camp-Stein number, Gθ,

for flocculators in which inertial forces dominate viscous forces in bringing pri-

mary particles together for collisions. As before, the form of Equation 1.25 can

also be simplified to be in terms of CP if Λ0 is small enough (CP0 is large enough)
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to be neglected. For inertially dominated flocculation, this results in

ε1/3θ =
9d

2/3
P

8kπα

(
π

6
ρP

CP

)8/9

. (1.26)

Taking the negative logarithm (base 10) of both sides of Equation 1.24, as before,

results in the integral flocculation model for turbulent flows where interparticle

collisions are primarily driven by inertia:

pC∗ =
9
8

log

8
9

(
6
π

)8/9

πkα

 ε
d

2
P


1/3

θφ8/9
0 + 1

, (1.27)

the inertial flocculation operation equation.

Equation 1.27 is, like Equation 1.22, an equation for predicting the perfor-

mance of a flocculator using known information about the flocculator (ε and θ)

and the influent suspension (dP, α, and φ0). Likewise, its development was also a

product of a team effort, and so it, along with Equation 1.26, will collectively be

referred to as the AguaClara inertial flocculation model. As with Equation 1.22,

it must be experimentally validated. For these experiments, the flow through

the flocculator must be turbulent, and the relative velocities of particles leading

up to collision must be influenced primarily by inertial forces.

Validation of the performance equations (Equations 1.22 and 1.27) will re-

quire experiments over a range of conditions. For laminar flocculation, data

have already been collected by Swetland et al. [44], and the aptness of Equation

1.22 can be tested with respect to its predictions for these data. Turbulent flow

flocculator performance data can also be compared with data from Swetland

et al. [44] to see if there is any distinguishable difference between performance
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for these two different conditions.

Since validation of the performance equations for turbulent flows requires

flocculation experiments in turbulent conditions, it is important to differentiate

which experimental conditions will constitute viscosity-dominated flocculation

(Equation 1.22) and which will constitute inertia-dominated flocculation (Equa-

tion 1.27). The distinction is made based on the division between ranges of

length scales in turbulent flow. The Kolmogorov microscale (η) describes the

smallest dissipative eddies in a turbulent flow and is defined as

η =

(
ν3

ε

)1/4

(1.28)

[38]. At the Kolmogorov microscale, the Reynolds number defined by the length

scale of eddies is 1, which means that inertial and viscous forces are in balance.

At this length scale, Equations 1.5 and 1.7 predict the same vr, meaning that

the successful collision rate for both the viscous and inertial models is the same

when Λ = η, where η is the spatially averaged Kolmogorov microscale for the

flow.

Therefore, for this study, when Λ
η
≥ 1, flocculation was considered to occur

in the inertial subrange, and when Λ
η
< 1, flocculation was nominally said to

occur in the dissipation range. Turbulence literature indicates that the transi-

tion between the inertial subrange and the dissipation range does not occur at

the Kolmogorov microscale, but at some length scale that is a multiple, proba-

bly order 10, of the Kolmogorov microscale [38]. Dimotakis [17] suggested that

scales greater than 50η are completely inertial. There does not, however, ap-

pear to be a clear value given for this length scale, and for the purposes of this
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study, the Kolmogorov microscale was utilized to nominally characterize the

transition. Experiments to test Equation 1.22 must therefore occur in conditions

where Λ
η
< 1, and experiments to test Equation 1.27 must occur in conditions

where Λ
η
≥ 1.

Based on the considerations given above, there were two potential lines

of experimentation to prove the validity of both the AguaClara viscous and

AguaClara inertial flocculation models. The applicability of Equation 1.22 to

the dissipation range of turbulent flow required experiments performed in con-

ditions where Λ
η

was small (i.e., < 1). This could be accomplished by performing

experiments with high initial primary particle concentration (i.e., small Λ0) and

low mean energy dissipation rate (i.e., large η). It should be noted that it would

be necessary for Λ
η

to remain small over the entire process in order for Equa-

tion 1.22 to describe the process. Based on the model, it was not clear that this

would be the case, since the model predicts that as flocculation proceeds, Λ will

increase, coming closer to length scales in the inertial subrange.

Likewise, testing Equation 1.27 would require conditions where Λ
η

was made

large (i.e., ≥ 1) by means of a low primary particle concentration and a high en-

ergy dissipation rate, which may even result from conditions in which Λ0 is

large. Thus, an efficient way to test the applicability of both equations was to

run high primary particle concentration experiments at the lowest energy dis-

sipation rate possible while still maintaining turbulent conditions. If the results

proved to be better fit by the inertial model, it would be evidence that inertial

forces are dominant for the majority of turbulent flocculation, even for cases

where viscous forces are initially dominant.
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Experimental Protocols

In order to conduct the experiments required to test the performance equations,

it was necessary to use a laboratory-scale flocculator that operated under turbu-

lent conditions and had flexibility in the parameters that control Λ
η

. The design

scheme chosen to meet these requirements was a tube flocculator, illustrated in

Figure 1.1 and described in Pennock et al. [36]. This tube flocculator operated

in the turbulent flow regime, which for pipe flow means that Re > 4, 000 [26].

Additionally, the ratio Λ
η

can be adjusted by varying influent primary particle

concentration (for Λ) as well as the periodic constriction of the tubing, the hy-

draulic residence time through the system, or the head loss across the system

(for η). The latter modifications change ε, which then changes η according to

Equation 1.28. The change in mean energy dissipation rate due to any modifi-

cation to the system was approximated by

ε =
gh`
θ
, (1.29)

where g is the acceleration due to gravitational force and h` is the head loss

across the flocculator. As mentioned previously, the use of ε assumes that the

energy dissipation rate throughout the flocculator is completely uniform so that

it can be represented with a simple spatial average rather than a weighted aver-

age, accounting for the proportion of the flow passing through different zones

of energy dissipation rate. This approximation requires that the majority of en-

ergy dissipation (represented by head loss) be due to fluid shear (minor loss)

in the bulk flow. If the head loss across a flocculator were primarily a result of

shear on the reactor walls (major loss), only a small fraction of the flow would
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experience this energy dissipation rate in the near-wall zone, and estimating the

mean energy dissipation rate by this method would be invalid.

It is hypothesized, however, that the constrictions in the tube flocculator cre-

ated submerged free jets downstream, generating fluid shear across the cross-

section of the flow [36]. This hypothesis is supported by a calculation of the

head loss due to wall shear using the Darcy-Weisbach equation [26]. The turbu-

lent tube flocculator would be expected to have a total head loss of around 7 cm

if only wall shear were present, but an average head loss of 90 cm was measured

across the flocculator by means of a differential pressure sensor, indicating that

significant fluid shear is present.

Referring to Equation 1.29, changing the head loss by changing the constric-

tion of the tubes or changing the water elevation difference across the floccula-

tor would change the energy dissipation rate. Likewise, either of the above two

modifications would change the mean hydraulic residence time in the floccula-

tor. This could also be accomplished by changing the length of the flocculator.

Figure 1.1 illustrates the process sequence used in this study. At the begin-

ning of the process, tap water from the Cornell University Water Filtration Plant

came into the system with average properties as shown in Table 1.1 [7].

This water was temperature-controlled by means of a PID (proportional-

integral-derivative) controller, which regulated the relative fractions of hot wa-

ter and cold water used to maintain the level in the constant head tank. The

temperature-controlled water was passed through a granular activated carbon

filter to reduce the effect of dissolved organic matter (DOM) on experimental

results. The water was then sent to the constant head tank, where it was bub-
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Figure 1.1: Diagram of Turbulent Tube Flocculator adapted from Pennock
et al. [36] with modifications made to the outlet weir system
and the addition of strong base solution.

bled with air to strip out supersaturated dissolved gases that might come out of

solution during the experiment, resulting in formation of bubbles.

From the constant head tank, this conditioned water was delivered to the

turbulent tube flocculator. Before entry to the flocculator, the water was set at

a constant primary particle concentration by means of a computer-controlled

peristaltic pump that introduced a concentrated kaolinite clay suspension (R.T.

Vanderbilt Co., Inc., Norwalk, CT) of about 250 g/L. The kaolinite was assumed

to have a density of 2.65 g/cm3. A fraction of the mixed flow was sampled by

a peristaltic pump and analyzed for turbidity with an HF Scientific MicroTOL
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Table 1.1: Average properties of tap water provided by Cornell Univer-
sity Water Filtration Plant as reported by Bolton Point Municipal
Water System et al. [7]. NTU is an abbreviation for nephelomet-
ric turbidity units.

Property Average Value

pH 7.67

Turbidity 0.056 NTU

Total Hardness 150 mg/L

Total Alkalinity 140 mg/L

Dissolved Organic Carbon (DOC) 1.80 mg/L

turbidimeter at a distance of > 10 diameters downstream from the clay input

and then reintroduced at the point where clay suspension was added. This tur-

bidity reading was input into a PID control system which determined the speed

of the clay pump according to the discrepancy between the influent turbidity

and the experimental target value.

Along with the clay, strong base (NaOH) manufactured by Sigma-Aldrich

(St. Louis, MO) was added upstream of the flocculator with a peristaltic pump

to keep the pH of the water at 7.5 ± 0.5, which was the criterion set for the pH

in these experiments. In the winter, the pH of the tap water dropped close to

7, and so sufficient NaOH was added to account for seasonal variations in the

natural base-neutralizing capacity of the water and to raise the pH above 7 to

around 7.5. This base addition was also sufficient to neutralize the acidity of the

polyaluminum chloride (PACl) coagulant used for this study, which had been

found to impact the solubility of PACl at high doses. Base doses were calculated

to account for the normality of the PACl solution, based on a titration which

found that the PACl solution was approximately 0.025 equivalents of strong
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Table 1.2: Mean experimental conditions achieved within the apparatus.

Characteristic Mean Standard Deviation

pH 7.4 0.1

Influent Turbidity 900 NTU 0.6 NTU

Flow Rate (Q) 108.7 mL/s 3.0 mL/s

Mean Energy Dissipation Rate (ε) 21.5 mW/kg 0.8 mW/kg

Mean Velocity Gradient (G) 147 s−1 3 s−1

Mean Hydraulic Residence Time (θ) 413 s 12 s

Water Temperature 22.1◦C 0.5◦C

Reynolds Number (Re) 4570 155

acid per gram as Al.

Just prior to entering the flocculator, PACl coagulant (PCH-180) manufac-

tured by the Holland Company, Inc. (Adams, MA) was added to the flow by a

computer-controlled peristaltic pump which varied the coagulant dose between

experiments. After entering the system, the coagulant then entered a small ori-

fice used to accomplish rapid mix by forming a jet downstream. From there, the

suspension traveled up through the flocculator made of 3.18 cm (1.25”) inner

diameter tubing. Within the flocculator, the fluid passed through constrictions

in the tubing that caused the flow to contract, resulting in flow expansions af-

terward and achieving increased mixing and energy dissipation. The resulting

experimental conditions are summarized in Table 1.2.

After leaving the flocculator, the flow passed a vertical tube with a free sur-

face that served as an air release. This removed bubbles in the system so that

they would not interfere with the settling process or turbidity measurements.
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A portion of the flow was then diverted for sedimentation by means of a peri-

staltic pump up a clear 1” PVC pipe angled at 60◦. The flow rate through the

pump was selected based on the dimensions of the tube and its angle to achieve

a desired capture velocity, vc. The supernatant from this tube settler was passed

through an HF Scientific MicroTOL nephelometric turbidimeter to record the

effluent turbidity for the duration of the experiment. Recording the settled ef-

fluent turbidity made it possible to calculate the pC∗ term in the performance

equations (in terms of nonsettleable particles) and made possible comparison

with data from Swetland et al. [44].

After data from the settled flocs had been collected, the flow from the efflu-

ent turbidimeter was sent to the drain along with the bulk flow. The bulk flow

traveled past a second air release before exiting the drain. The air release gave

the flow exiting the drain a free surface as it flowed over the exit weir so that the

exiting water developed into a supercritical flow. Thus, the flow over the weir

was not influenced by the flow downstream of the free surface, and the flow

rate could be controlled by adjusting the elevation of the free surface before the

drain. The outlet weir was a 1-1/4” PVC pipe within an upright 3” clear pipe,

which were joined by a flexible coupling adapter. The effluent water accumu-

lated in the clear outer pipe until it reached the elevation of the top of the inner

pipe and flowed down through it. The flow rate could be adjusted by loosening

the flexible coupling so that the elevation of the top of the inner pipe could be

adjusted. As the bulk flow exited down out of the inner pipe to the drain, it

passed over a glass electrode sensor to measure pH.
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Results

The above process was used to conduct experiments to test the applicability of

Equations 1.22 and 1.27 in turbulent flocculation. The influent turbidity was

set at a constant of 900 NTU, giving a φ0 of about 5.8 × 10−4, neglecting the

contribution of coagulant precipitates. The mean energy dissipation rate was

about 21.5 mW/kg (G = 147 s−1), which resulted from choosing a flow rate of

about 110 mL/s so that the Reynolds number was just above 4,000. These values

were chosen to ensure viscous-dominated turbulent initial conditions. For these

experiments, coagulant doses ranged from 0.05 to 98 mg/L as Al, varying αwith

all other independent variables held constant. A vc of 0.12 mm/s was used for

all experiments. Data from these nominally viscous experiments are shown in

Figure 1.2 as a function of coagulant dose.

The data shown in Figure 1.2 were compared with the viscous model, as

shown in Figure 1.3. In this graph, the data are plotted in terms of Equation 1.22

and its corresponding composite parameter taken from Equation 1.8,

Nc ∝ αθGφ2/3
0 . (1.30)

The data were also plotted in terms of the AguaClara inertial flocculation

model, Equation 1.27 and its composite parameter (from Equation 1.9),

Nc ∝ αθ
 ε
d

2
P


1/3

φ8/9
0 . (1.31)

This was done for comparison, to determine which model fit the data better.

The plot for the inertial model can be seen in Figure 1.4
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Figure 1.2: Effluent turbidity as a function of coagulant dose for experi-
ments performed with influent turbidity of 900 NTU, velocity
gradient of 147 s−1, and hydraulic residence time of about 413
seconds.

In Figures 1.3 and 1.4, the data show increasing performance (i.e., pC∗) with

increasing values of composite parameter. At the highest values, however, an

apparent decrease in pC∗ begins. The values for k were determined by the

Levenberg-Marquardt algorithm, and the value for the viscous model was 0.028,

while the k value for the inertial model was 0.027. In Figure 1.4, it can be seen

that for lower values of the composite parameter, the AguaClara inertial floccu-

lation model fits the data better, while in 1.3 the AguaClara viscous flocculation

model can be seen to somewhat better fit the performance at higher coagulant

doses. The root mean square error (RMSE) for the viscous fit is 0.227, while that

for the inertial fit is 0.181. Thus, the two models give similarly good fits of the
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Figure 1.3: Fit of AguaClara viscous flocculation model (Equation 1.22) to
data from Re ≈ 4, 000 experiments. Hollow points data points
statistically determined to be outliers.

data, but the inertial fit overall gave somewhat better predictions of pC∗. The

fit was also performed with the last two points neglected, as consecutive fits of

the model found the last point, followed by the penultimate point, to have the

highest DFBETA values. Removing these points gave much better fits, with an

RMSE of 0.160 for the viscous fit (k = 0.029) and an RMSE of 0.139 for the inertial

fit (k = 0.031).

From the values given previously, the ratio Λ0
η

can be calculated for the ex-

perimental conditions. Equation 1.10 can be used to compute (Λ0). For these

experiments, dP is taken to be the average diameter of kaolinite clay particles,

found by Wei et al. [49] and Sun et al. [42] to be 7 µm. The concentration can be
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Figure 1.4: Fit of AguaClara inertial flocculation model (Equation 1.27) to
data from Re ≈ 4, 000 experiments. Hollow points indicate data
points statistically determined to be outliers.

converted from NTU to the necessary mass/volume (mg/L) unit by using as a

proportion the measurement reported by Wei et al. [49] of 68 NTU for 100 mg/L

of kaolinite clay. Last, the density was assumed to be 2.65 g/cm3 for kaolinite.

The Kolmogorov microscale for the experimental conditions can be calcu-

lated using Equation 1.28. The mean kinematic viscosity of water for these

experiments was 0.95 mm2/s, which is calculated from the mean water tem-

perature for the experiments of 22.1◦C. The mean value of energy dissipation

rate, ε, can be calculated from Equation 1.29. Using the procedure described

above, the initial mean separation distance between primary particles (Λ0) in

the above experiments was 71 µm. The Kolmogorov microscale was 79.5 µm,
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and 645 NTU would be the turbidity expected for separation distances match-

ing the Kolmogorov microscale. The above calculations give a ratio of 0.89 for

Λ0
η

, which is less than 1, as intended.

For flocculation in laminar flows, data were used from the work of Swetland

et al. [44]. Figure 1.5 shows Equation 1.22 fit to results for a capture velocity of

0.12 mm/s at two hydraulic residence times, five influent turbidity values, and

a range of coagulant doses. Swetland et al. [44] showed that the projected x-axis

intercept of the linear region of the data (with a log-log slope of 1 according

to her plotting of the data) was proportional to the capture velocity used for

sedimentation. Correspondingly, k in these models is expected to be a function

of capture velocity.

Referring to Figure 1.5, Equation 1.22 fits the data from Swetland et al. [44]

well using a k value of 0.051, with an RMSE of 0.215. Although not shown, the

AguaClara inertial flocculation model was also applied to these data to confirm

the applicability of the AguaClara viscous flocculation model. As expected, the

fit was inferior, with an RMSE of 0.228.

Discussion

Scaling by separation distance, as previously discussed, results in the proposed

models being slightly less than second order in concentration with respect to

time. Deriving the viscous model as above, but using vr = dPG instead of Equa-

tion 1.5, results in
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Figure 1.5: Fit of AguaClara viscous flocculation model (Equation 1.22) to
laminar flocculation data from Swetland et al. [44]. Parameters
used are as determined by Swetland et al. [44], with the excep-
tion that Γ has been replaced with α.

pC∗ = log10

[
kαGθ6φ0 + 1

]
, (1.32)

, which has an exponent of 1 on phi0 instead of 2/3. The ability of this model
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to collapse and fit flocculation-sedimentation data can be tested on the same

laminar data set shown in Figure 1.5. This is done in Figure 1.6. Although the

fits look similar, the use of φ0 instead of φ2/3
0 results in a wider scatter of the

data, such that the RMSE in Figure 1.5 is 0.175, while the RMSE for Figure 1.6 is

0.204. Thus, this length scaling assumption, which results in reaction order with

respect to concentration slightly less than 2 and an exponent of 2/3 instead of 1

on φ0, improves the predictive ability of the model compared with an equivalent

second order model.

The goodness of fit seen in Figures 1.3, 1.4, and 1.5 indicate that the mod-

els capture the important mechanisms governing flocculation performance for

a wide range of coagulant doses in both laminar and turbulent hydraulic floc-

culation. One of the challenges in fitting the data pertained to the assumption

made for the characteristic diameter of PACl precipitate clusters, dC. This value

has significant influence on the value of Γ, which in turn influences the values

of the composite parameters (Equations 1.30 and 1.31).

It is known that PACl contains aluminum monomers and oligomers as well

as Al13 and Al30 nanoclusters, with the larger Al30 nanoclusters having a diam-

eter of 1 nm and a length of 2 nm [35]. It has been found, however, that the

components of PACl self-aggregate and go on to form larger clusters [43]. For

these experiments, the value of dC was chosen based on sizing experiments per-

formed by Garland (personal communication) with a Malvern Zetasizer Nano-

ZS to analyze a 138.5 mg/L (as Aluminum) solution of PACl. The results of

her experiments showed a large peak at about 90 nm and a smaller peak at 20

nm. It was originally hypothesized that the 90 nm peak could be a result of the

aggregation of 20 nm clusters, so 20 nm was originally chosen.
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Figure 1.6: Fit of (Equation 1.32) to laminar flocculation data from Swet-
land et al. [44]. This equation is based on vr = dPG, with the
result that dCP

dt ∝ C2
P. Parameters used are the same as in Figure

1.5 for direct comparison.

Analysis of the data from this study, however, lent more credence to assum-

ing 90 nm, because when model predictions based on an assumption of 20 nm

coagulant precipitate clusters were applied to the data, they predicted a level-

ing off of performance (i.e., due to diminishing returns of adding coagulant as
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clay platelet surfaces approached full coverage) at coagulant doses where per-

formance continued to improve in the experiments. Selecting 90 nm for dC gave

performance predictions that were more consistent with experimental findings

for the coagulant doses used in the study, and this value was used in Figures 1.3

and 1.4 along with the analysis associated with them. The difference the choice

of dC makes in the estimation of Γ is shown in Figure 1.7.

Figure 1.7: Differing estimates of surface coverage by coagulant, Γ, for two
choices of characteristic PACl coagulant precipitate cluster di-
ameter.

A limitation of the model can be seen in the data in Figures 1.3 and 1.4 at

higher values of the composite parameters. After increasing steadily for all of

the preceding range of coagulant doses, the performance began to decline af-

34



ter the dose of 10.9 mg/L as Aluminum. A simple hypothesis for the decline

in performance (which corresponds with an effluent turbidity increase over the

five data points from 2.7 NTU to 11.1 NTU) is that an increase in free PACl pre-

cipitates made a significant contribution to the effluent turbidity. As the PACl

concentration increased, the coverage of reactor and clay platelet surfaces by

coagulant became more complete and the free coagulant concentration also in-

creased. With very high coagulant doses like the ones used in the upper end of

the experimental range, it is possible that the formation of PACl self-aggregates

was favorable, increasing the turbidity of the suspension. Indeed, calculation

of the volume fraction for the 10.9 mg/L experimental PACl dose gives a vol-

ume fraction value (for clay and coagulant combined) of 6.1 × 10−4, while for

the highest dose of 98 mg/L as Al, the value was 8.3 × 10−4, a 37% increase due

solely to the increased contribution of PACl precipitates.

Another possibility is that as Γ increases the resulting flocs are increasingly

formed by PACl-PACl bonds instead of by PACl-kaolinite bonds. If the PACl-

PACl bonds are weaker than PACl-kaolinite bonds, it is possible that attachment

efficiency decreases for high Γ. The weakness of PACl-PACl bonds compared

with PACl-kaolinite bonds is suggested by the relative charges of PACl and

kaolinite. While PACl precipitate surfaces are positively charged, the surfaces

of kaolinite are mostly negatively charged [49]. Therefore, it follows that PACl

precipitates will likely have more affinity for kaolinite surfaces than for other

PACl precipitates. The Γ calculated for the peak performance was 0.52, and so

it is possible that performance decreased past this point because the strength of

bonds for experiments at higher doses was weaker.

Comparison of the fits in Figures 1.3 and 1.4 shows comparable fits for the
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inertial model (Equation 1.27) and the viscous model (Equation 1.22). It is ap-

parent that the behaviors of the two models are not drastically different, and

this stems from the fact that the difference between Equation 1.5 and 1.7 is the

difference between an exponent of 1/2 and 1/3 for ε as well as an exponent of 1

and 1/3 for Λ.

Figure 1.8 shows the predictions by both the inertial and viscous models of

Λ with time. If the transition between viscosity-dominated relative velocities

and inertia dominated relative velocities was the Kolmogorov microscale, the

velocities would have become inertia dominated by about three seconds into

flocculation, < 1% of the mean hydraulic residence time, leaving the majority of

the process governed by inertial forces. The slightly better fit rby the AguaClara

inertial flocculation model, which is slight enough to be attributable to random

error, would indicate that this transition happened before the end of the process,

suggesting a transition between η and 2η. However, greater multiples of η have

been suggested for the transition between viscous and inertial dominance [17],

implying that viscous forces were likely dominant for the entirety of the process.

Figure 1.8 provides a few interesting points for reflection. First, the two mod-

els make similar predictions for Λ during flocculation, which relates to the sim-

ilar relationships used for vr. The models make especially similar predictions

near η, since this is where viscous and inertial forces are of similar magnitude.

Where both models cross η, they are parallel, as particles have the same vr in

either model at this point.

Second, these experiments, which were very turbid (low Λ0) and minimally

turbulent (large η) demonstrated performance trends comparable between the

viscous and inertial models, but slightly more suggestive of inertial influence.
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Figure 1.8: AguaClara viscous and AguaClara inertial flocculation model
predictions for Λ as a function of time given the experimen-
tal conditions of 900 NTU influent turbidity, 10.93 mg/L as Al
PACl dose, and an energy dissipation rate of 22.75 mW/kg up
until the flocculator mean hydraulic residence time of 430 sec-
onds.

Therefore, it is reasonable to hypothesize that Equation 1.22 is applicable to tur-

bulent flocculation processes with high Λ
η

. For improved modeling accuracy, it

would be possible, once the respective ranges of the viscous and inertial models

have been found, to use the viscous model up until the transition and then use

the inertial model to account for the remainder of the process.

Until further work is done to delineate the applicability of the two mod-

els over the range of flocculation regimes, it is reasonable to recommend the
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viscous model for design (Equation 1.18) and operation (Equation 1.22) of hy-

draulic flocculators, since the viscous model gives similar predictions to the in-

ertial model, the results of this study were not overwhelmingly in favor of the

inertial model, and turbulence literature suggests viscosity likely controlled the

flocculation process. Additionally, the Camp-Stein parameter, Gθ seen in Equa-

tion 1.18 has historically been the key design parameter for flocculators, and

provides context for use of the new model.

Applying the AguaClara viscous flocculation model to the design of a hy-

draulic flocculator indeed gives reasonable results. Assuming that a flocculator

is expected to receive sufficiently high turbidities that the influent concentration

can be neglected, Equation 1.19 can be used. In order for it to treat down to a

settled effluent of 3 NTU (pre-filtration) with sufficient PACl to achieve a sur-

face area coverage fraction of 0.5, it would need to have a Gθ of 99,600. Davis

and Cornwell [15] give the range of Gθ values pertinent to flocculation of high

turbidities as between 36,000 and 96,000, so this result is reasonable. This analy-

sis does not account for removal of particles in a floc blanket that would enable

use of a lower value of Gθ.

Regarding flocculator design, recommended values of G in flocculation

range from 10 1
s to 100 1

s , which correspond to ε values of about 0.1 to 10 mW/kg

[34]. However, there is evidence that higher velocity gradients are advanta-

geous, as found by Garland et al. [25] as well as the work done in this study,

which made use of energy dissipation rates of about 22 mW/kg (G ≈ 150 1
s ). For

hydraulic flocculators, at least, designers should consider using higher energy

dissipation rates than conventionally used, since they have a much lower ratio

of maximum to average energy dissipation rate, leading to less floc breakup at
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high energy dissipation rates compared to mechanically mixed flocculators.

The assumption that primary particle removal is proportional to nonset-

tleable particle removal appears to be supported by the goodness of fit sup-

plied by the AguaClara viscous and AguaClara inertial flocculation models to

the data (see Figures 1.3 and 1.4). This assumption is likely included in the val-

ues of k fit by the model. A mechanistic understanding of k will require that

the proportionality between primary and nonsettleable particles be understood

explicitly. It is possible that k is a function of rapid mix effectiveness, and since

k predicts pC∗, it will also be dependent on vc. Future experiments at varying

vc are planned. Currently, α is calculated assuming that rapid mix was accom-

plished very early on in the process for these experiments, but if colloid coating

by precipitated coagulant in rapid mix is dependent upon diffusion rather than

hydraulic shear, it will be a function of θ rather than Gθ, making flocculation less

effective at high flow rates. In addition, the use of ε (or G) assumes a uniform

energy dissipation rate in the flocculator. Any spatial deviation in the labo-

ratory flocculator from a uniform energy dissipation rate would have had an

impact on the values of k relative to their theoretical values, which are dictated

by the rate of conversion of primary particles to flocs. Chemically, this model

has only been verified for kaolinite suspensions with low DOM concentrations

and circumneutral pH.

Summaries

In this work, two models were proposed for the prediction of the performance

of hydraulic flocculators operating in different drinking water treatment floc-
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culation regimes with the aim of creating simple models that are not overly

empirical. When the flow is laminar, viscous forces control the relative ve-

locities between particles on a collision path, and the performance equation is

pC∗ = 3
2 log10

[
2
3

(
6
π

)2/3
πkαGθφ2/3

0 + 1
]
. When flocculation occurs in turbulent flow,

the relative velocities between primary particles could be controlled by viscous

forces or inertial forces. The equation for inertially controlled relative velocities

is pC∗ = 9
8 log

[
8
9

(
6
π

)8/9
πkα

(
ε

d
2
P

)1/3
θφ8/9

0 + 1
]
.

To test the applicability of the first equation to laminar conditions, its pre-

dictions were compared with data from Swetland et al. [44]. To validate the

first equation and the second equation in turbulent flow, experiments were con-

ducted in turbulent flow for initial conditions of Λ
η
< 1. It was found that the

inertial model had a lower RMSE than did the viscous model. Both models fit

the data reasonably well.

Until further work is done on delineating the relative predominance of vis-

cous and inertial forces over the range of turbulent flocculation conditions, the

authors recommend using the AguaClara viscous flocculation model, given the

similarity of the models and the widespread use of Gθ (as opposed to ε1/3θ).

For design purposes, this model indicates that flocculator design is more sensi-

tive to the desired effluent concentration of particles than the range of influent

concentrations that might be encountered. This study also supports the use of

higher energy dissipation rates (or velocity gradients) than conventionally rec-

ommended for hydraulic flocculators. Further work is needed to characterize

the functional dependence of k on capture velocity and energy dissipation rate,

as well as the relationship between the final concentrations of primary and non-

settleable particles.
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Chapter 2

Correlating Flocculator Performance with
Sedimentation Capture Velocity

1

Introduction

Hydraulic flocculators are a sustainable alternative to their mechanical counter-

parts because they do not require electricity to operate and do not have moving

parts that will periodically fail. Additionally, they approach plug flow opera-

tion, meaning that they do not dilute the influent stream, improving floccula-

tion kinetics which are dependent upon concentration [5]. Plug flow operation

also makes hydraulic flocculators more resistant to short-circuiting.

Despite these advantages, mechanically-mixed flocculators have been the

de facto design choice for decades. One barrier to the adoption of hydraulic

flocculators is limited guidance on their design and operation. To remedy this,

Pennock et al. [37] published a model to predict hydraulic flocculator perfor-

mance. This model, referred to hereafter as the AguaClara Hydraulic Floccula-

tion Model, has advantages over the longstanding model originated by Arga-

man and Kaufman [3] for hydraulic flocculator performance prediction.

The previously-proposed Argaman and Kaufman [3] model was most re-

cently modified by Liu et al. [33] from an equation which Bratby et al. [8] de-

veloped. Bratby et al. [8] arrived at an equation for hydraulic flocculators by

re-integrating a differential equation derived by Argaman and Kaufman [3] for

1The contents of this chapter have been submitted to Environmental Engineering Science for

peer review with coauthors Monroe L. Weber-Shirk and Leonard W. Lion.
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completely mixed flow stirred tank reactors, but with new assumptions to adapt

to plug flow reactors. Argaman and Kaufman [3] had developed their equa-

tions from simplifying assumptions applied to the differential equations first

proposed by Smoluchowski [41]. The integrated equation for hydraulic floccu-

lators as given by Liu et al. [33] and Bratby et al. [8], hereafter referred to as the

Argaman-Kaufman Model for its intellectual foundation, can be written as:

n1

n0
=

Kb

Ka
G +

(
1 − Kb

Ka
G
)

e−KaGt, (2.1)

where n0 and n1 are the number concentrations of primary particles at time 0 and

time t, respectively; Kb and Ka are coefficients representing floc breakup and floc

aggregation, respectively; and G is the mean velocity gradient in the flocculator,

which Argaman and Kaufman [3] defined as

G =
u′2

Kp
, (2.2)

where u′2 is the mean-squared turbulent fluctuations of velocity and Kp is the

coefficient relating G to u′2, which is a non-physical quantity that is unique to

each flocculator and related to its geometry [3].

Liu et al. [33] modified Equation 2.1 to be a summation for which the res-

idence time and velocity gradient in each subsequent flocculator channel are

individually accounted for using computational fluid dynamics (CFD). They

compared predictions from this model favorably (generally within 20% error)

with experimental hydraulic flocculator performance. They then offered a de-

sign example based on their modified approach which demonstrated the ability

of the model to predict performance in terms of percent removal of primary
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particles. It also showed that the model is relatively insensitive to the value of

Kp.

As mentioned previously, Equation 2.1 is an integration of the differential

equation first proposed by Smoluchowski [41], and Argaman and Kaufman [3]

cite a number of similar integrations, including Fair and Gemmell [21], Swift

and Friedlander [45], and Hudson [30]. All such integrations of the Smolu-

chowski [41] equations require simplifying assumptions based upon the sys-

tem of interest. Argaman and Kaufman’s integration of their modifications to

Smoluchowski’s equation is for particles of the size and concentration found in

water treatment and is applied to the case of turbulent flow in which most water

treatment processes operate.

Argaman and Kaufman [3] began with the assumption that the flocculating

particles move chaotically, similar to gas molecules. They made a number of

key assumptions regarding the turbulent flows in which particles are brought

together, which they represented by a diffusivity. Argaman and Kaufman [3]

made scaling arguments based on the assumption that the particles are larger

than the smallest scales of turbulence. Given this intermediate size, they also

made corrections for the degree to which particles will move with the fluid

based on their inertia. From here, they postulated that the diffusivity (i.e., large

scale transport) of particles will be governed by eddies much larger than their

size, but that the relative motion of two nearby particles will be controlled by

eddies equal to or smaller than their separation distance. They argued that the

large scale eddies are the more important in flocculation. It is for this reason of

incorporating length scales that Argaman and Kaufman [3] departed from us-

ing the traditional root-mean-square definition of velocity gradient developed
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by Camp and Stein [10]:

G =

√
ε

ν
, (2.3)

where ε is the energy dissipation rate (energy per time) and ν is the kinematic

viscosity. Argaman and Kaufman [3] assumed that the primary particles in

flocculation are chiefly removed by combining with larger previously formed

flocs. They also assumed that the rate of flocculation is counteracted through

floc breakup by surface erosion (primary particles sheared off from larger flocs)

as opposed to large scale fragmentation [31].

A number of the above assumptions appear to be incorrect for hydraulic

flocculation of drinking water. In measuring performance relative to primary

particles, the Argaman and Kaufman [3] model (Equation 2.1) places the focus

on primary particles in flocculation. However, the mechanism by which the

model asserts that primary particles are removed in turbulent flow has been

shown incorrect experimentally, as small (i.e., primary) particles are in fact un-

likely to successfully collide with and adhere to large particles (i.e., flocs). This

was demonstrated by Casson and Lawler [11] using an oscillating grid turbulent

flocculator on a trimodal suspension of polymeric microspheres. The results in-

dicate that once flocs grow past a certain size, they no longer contribute to the

effective concentration for flocculation of primary particles.

Another important limitation of the Argaman-Kaufman model is that it does

not incorporate information about the subsequent particle removal process.

Flocculation by itself is only intended to make particles removable, but does

not remove them. Equation 2.1, therefore, does not represent a removal but a
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conversion of primary particles to flocs. The particle size distribution resulting

from flocculation and the selectivity of the subsequent process determine ulti-

mate removal performance. It is possible to imagine a scenario where Equation

2.1 would predict high performance as measured by conversion of primary par-

ticles to flocs, but the resulting flocs would still be small and almost as difficult

to remove as the primary particles.

An additional discrepancy between the Argaman-Kaufman model and the

conditions of hydraulic flocculation is its inclusion of floc breakup. The assump-

tions made by Argaman and Kaufman [3] were for a mechanically-mixed sys-

tem, where velocity gradients in the wake of the impeller tip can be 400 times

as high as those in the bulk fluid [6]. In hydraulic flocculators, the velocity gra-

dient is far more uniform because the flow expansions after each bend [36] are

designed to be as large as possible and spaced relatively closely so that the tur-

bulence level as measured by the energy dissipation rate only varies by a factor

of two [29]. This means that flocs are unlikely to experience fluid shear much

larger than the fluid shear they were formed in. The weak importance of floc

breakup is likely at least partially accounted for in the literature by the values

given for the ratio of Kb to Ka. For the studies by Liu et al. [33] in hydraulic floc-

culators, this ratio was up to four times smaller than the ratio given by Argaman

and Kaufman [3] in their studies of mechanically-mixed flocculators.

Beyond concerns about the applicability of the assumptions made by Arga-

man and Kaufman [3] to hydraulic flocculators, there are a number of practi-

cal obstacles to implementing their model for design and operation purposes.

Haarhoff and Joubert [28], who added to the guidance developed by Bratby

et al. [8] for applying the model, noted that selecting appropriate constants for
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Ka and Kb poses a number of challenges. Among these are that the floccula-

tion constants are significantly affected by the initial turbidity, the choice of set-

tling time, and the choice of the coagulant dose in the tests done to determine

their values. This represents a significant limit on the ability of the Argaman-

Kaufman model to make predictions for other flocculation regimes without ad-

ditional experiments.

The AguaClara flocculation model previously proposed by the authors [37]

offers an alternative to the Argaman-Kaufman model. Pennock et al. [37] inte-

grated a differential equation for flocculation which Pennock et al. [36] devel-

oped from model assumptions proposed by Weber-Shirk and Lion [47]. These

assumptions include that non-settleable particles can only successfully collide

with each other, which makes the first collision the rate-limiting performance for

the overall process. As the non-settleable particles collide, their concentration

decreases and the separation distance between them increases. The Pennock

et al. [36] differential equation related the rate of change in the concentration of

non-settleable particles to the average time between collisions and the coverage

of the particles by coagulant. It also included the assumption that the eddies

which transport flocculating particles relative to each other are similar in size to

the average separation distance between the particles, Λ. This assumption was

substantiated by experimental evidence from Casson and Lawler [11].

To accomplish their integration, Pennock et al. [37] introduced a new differ-

ential equation relating the change in the concentration of non-settleable parti-

cles per average successful collision to the concentration of non-settleable par-

ticles and a constant that accounts for the influence of the subsequent settling

process on the conversion of the non-settleable particles to settleable ones. That
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constant, k, is the primary focus of this paper. A final assumption is that the

minimally-settleable particles are sufficiently small that their diameter and den-

sity can be roughly characterized as those of primary particles.

The resulting form of the AguaClara flocculation model is

pC∗ =
3
2

log10

2
3

(
6
π

)2/3

πkαGθφ2/3
0 + 1

 , (2.4)

where φ0 is the initial volume fraction of non-settleable particles (assumed to

be all influent particles), θ is the average hydraulic residence time in the floccu-

lation process, G is the average root-mean-square velocity gradient in the floc-

culation process, α is a coefficient corresponding to the mean probability an in-

terparticle collision will result in successful aggregation and is a function of the

surface coverage of particles by precipitated coagulant, k is the fitting param-

eter mentioned previously which corresponds to the fraction of non-settleable

particles that are converted to settleable particles in the average time for a col-

lision between primary particles, and pC∗ is a term describing overall removal

of particles by the combined flocculation/sedimentation processes and can be

defined with respect to turbidity measurements as

pC∗ = − log10

(
Effluent Turbidity
Influent Turbidity

)
. (2.5)

One advantage of the resulting form of the AguaClara flocculation model is

that it contains as explicit variables most of the important parameters governing

flocculation performance: influent turbidity, coagulant dose, flocculation veloc-

ity gradient, flocculation residence time, and mean primary particle size and

density. The work of Du et al. [18] further expanded the model conceptually to

47



include the influence of dissolved organic matter concentration. More study is

needed on this front, as the experimental work done by Du et al. [18] was done

only for humic acid. Nevertheless, the AguaClara Model represents consider-

able improvement over the former model, in that the Argaman-Kaufman Model

put a number of these key parameters into a few empirical constants. Thus, the

Argaman-Kaufman Model requires that new experiments be conducted in or-

der for it to be applied to conditions involving a new coagulant dose, influent

particle concentration, or influent properties [28].

Another significant advantage is that the AguaClara flocculation model

equation is written in terms of overall flocculation performance (i.e., overall

removal of particles) instead of conversion of primary particles to flocs, as is the

case for the Argaman-Kaufman Model. This means that the AguaClara model

can predict settled turbidity while the Argaman-Kaufman model can only pre-

dict the number of flocs after flocculation. This is because the AguaClara Model

incorporates information about the performance of the subsequent settling pro-

cess. Up to this point, the influence of sedimentation in the AguaClara floccula-

tion model was included implicitly in the constant k, but the research described

here is intended to make the influence of the settling process on the final process

performance explicit.

The current study has some precedent, as the forerunner of the AguaClara

Hydraulic Flocculation Model was a model put forth by Swetland et al. [44],

which had a composite parameter very similar in form to the one at the core

of the AguaClara Model. To account for the effect of sedimentation selectivity,

Swetland et al. [44] added a constant to the composite parameter, β. This con-

stant was empirically determined by fitting the flocculation performance data
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with the model (which had a slope of 1 on a log-log plot) and taking the mean

of the intercept. The value of β was then taken as 10 raised to the power of the

intercept for incorporation into the simplified version of the model.

Swetland et al. [44] found that β had a dependence upon the characteristics

of the settling process, as embodied in the sedimentation capture velocity, that

is, the minimum terminal settling velocity particles can have and be reliably

captured. The form of this relationship was β =
ηCoag

VCapture
, where ηCoag is an em-

pirical constant that varied between experiments with PACl and experiments

with alum, and VCapture is the capture velocity. The R2 values for these correla-

tions were equal to 0.997 and 0.999 for alum and PACl, respectively, demon-

strating a clear link between sedimentation capture velocity and flocculation

performance.

Experimental Protocols

As the present work is an extension of the model proposed by Pennock et al.

[37], it uses similar experimental methodology. The apparatus is shown in Fig-

ure 2.1 and is fully detailed in Pennock et al. [36].

For all experiments, tap water from the Cornell University Water Filtration

Plant was used, which has the characteristics listed in Table 2.1. The tap water

was filtered through a bed of granular activated carbon and kept at a constant

temperature of about 22◦C and a constant height of about 130 cm above the out-

let weir of the apparatus. This height difference ensured a flow rate of between

111 and 120 mL/s.
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Figure 2.1: Turbulent tube flocculator experimental apparatus.

Before entering the flocculator, the flow was first dosed by a variable speed

peristaltic pump with hydrochloric acid (HCl) diluted from 1 N stock (VWR

Chemicals, BDH, Radnor, PA) with distilled water to keep the pH in the range

7.45-7.74 for better polyaluminum chloride (PACl) precipitation [50], as the nat-

ural pH in the spring months when these experiments were conducted was

about 7.97. The HCl stock was generally diluted to around 0.2 N based on an

estimate of acid neutralizing capacity taking into account the measured pH of

the raw water and the average total alkalinity given in Table 2.1 with the goal

of running the pump at a constant flow rate of about 2 mL/min (15 rpm). The

flow rate was then adjusted to bring the pH close to 7.5.
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Table 2.1: Annual mean water quality parameters for Cornell University
Water Filtration Plant [13].

Parameter Value

pH 7.508

Turbidity (plant) 0.069

Turbidity (point of use) 0.165

Total Hardness 150 mg/L

Total Alkalinity 117 mg/L as CaCO3

Total Organic Carbon (plant) 1.76 mg/L

Dissolved Organic Carbon (plant) 1.73 mg/L

The water was also kept at a constant turbidity of 90 nephelometric turbid-

ity units (NTU) with kaolinite clay (R.T. Vanderbilt Co., Inc., Norwalk, CT). To

ensure the proper dose, a peristaltic pump sampled the flow at 38 mL/s at a dis-

tance > 10 pipe diameters downstream of the clay injection and an HF Scientific

MicroTOL nephelometric turbidimeter measured the turbidity. Based on this

reading, a variable speed peristaltic pump regulated by proportional-integral-

derivative (PID) using ProCoDA, a LabVIEW-based interface for process control

and data acquisition, pumped the clay from a 100 g/L clay stock.

Prior to entering the flocculator, PACl was added to the raw water with PACl

doses ranging from 0 to 2.79 mg/L as Aluminum. These doses were chosen such

that the fractional surface coverage of clay particles by coagulant precipitates,

Γ was calculated to be 0.1, 0.2, 0.3, 0.4, and 0.5. These surface coverages were

calculated from a model developed by Swetland et al. [44] that includes the

measured size of clay particles (7 µm) and the measured size of coagulant pre-

cipitate (90 nm) as inputs [37]. The flow passed through an orifice static mixer
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and then through the flocculator.

The flocculator had an average energy dissipation rate, ε of 24 mW/kg. The

mean hydraulic velocity gradient, G can be estimated from ε with a modified

version of Equation 2.3:

G = ΠG

√
ε

ν
, (2.6)

where ΠG is a coefficient that accounts for the spatial variation of ε, since the

square root relationship between G and ε (Equation 2.3) means that their means

are not directly related, except when they are completely uniformly distributed,

in which case ΠG = 1. Values of ΠG should be nearly identical for similar geome-

tries, such as between baffled hydraulic flocculators, and so this assumption of

ΠG = 1 is assumed to be acceptable for the purposes of this paper. Using Equa-

tion 2.6 with this assumption results in a G of 161 s−1. Taking into account the

residence time of 387 s, the resulting value of Gθ is 62,200.

After flocculation, the water was settled using an inclined settling tube made

from transparent 1” nominal diameter PVC pipe with an inner diameter of 2.7

cm and a length of 86 cm angled at 60◦ to the horizon. The flow rate through

the settling tube, controlled by a variable speed peristaltic pump, varied from

0.95 to 4.74 mL/s in order to attain capture velocities of 0.1 to 0.6 mm/s as

determined by

QSettle =
π

4
D2Vc

( L
D

cosα + sinα
)
, (2.7)

where QSettle is the flow rate through the tube settler, D is the diameter of the
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tube settler, Vc is the capture velocity, L is the length of the tube settler, and α is

the angle of inclination of the tube settler with respect to the horizon [40]. The

settled water was then analyzed for turbidity (HF Scientific MicroTOL nephelo-

metric turbidimeter) as a measure of performance.

Results

For this study, 72 experiments were conducted by duplicating a matrix of ex-

periments with six coagulant doses and six capture velocities. The resulting

performance is shown in Figure 2.2 in terms of settled water turbidity and co-

agulant dose, separated by capture velocity. It should be noted that error bars

were calculated for this and subsequent figures using the standard error of the

mean. However, these values were small enough that the error bars were not

visually distinguishable from the plotted points.

For simplicity in interpreting the results and comparing them with results

of previous studies, the effluent turbidity can be transformed to reflect relative

performance according to Equation 2.5. Figure 2.2 transformed this way can be

seen in Figure 2.3.

To demonstrate the dependence of the performance upon the capture veloc-

ity, the data are grouped by capture velocity instead of by coagulant dose in

Figure 2.4. This figure is also helpful in assessing the impact of coagulant dose

and pH, as experiments with the same coagulant dose were performed con-

secutively with approximately the same water chemistry. The pH did change

between different experiments with the same coagulant dose by a maximum of

0.26 pH units, but the variability was generally much lower than the variability
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Figure 2.2: Effluent turbidity for 72 experiments with an influent turbidity
of 90 NTU.

in pH across experiments with the same capture velocity.

To see how the AguaClara Hydraulic Flocculation Model fits the data, the

data are appropriately transformed and the values of k for individual fits of

each set of experiments (grouped by capture velocity) are shown in Figure 2.5.

Discussion

Particle Size Distributions

The value of k decreases as the sedimentation tube capture velocity increases

(Figure 2.5). The parameter k is linked with the fraction of the particles with

terminal settling velocities slower than the capture velocity. As a rate constant,
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Figure 2.3: Flocculation performance in terms of coagulant dose.
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Figure 2.4: Flocculation performance in terms of capture velocity.
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Figure 2.5: Fit of the AguaClara Hydraulic Flocculation Model individu-
ally to experiments with different capture velocities.

it represents the fraction of these small particles which aggregate to become set-

tleable in the average time required for a successful collision between primary

particles, thus connecting primary particle collisions with removal of nonset-

tleable particles. The data indicate that as the capture velocity increases, this

rate of aggregation to settle faster than the capture velocity (captured in k) de-

creases considerably. The significant decrease in k suggests that a significant

fraction of primary particles were contained in flocs that were close to the sizes

represented by the given capture velocities.

To explore the significance of floc diameter further, the capture velocities can

be used to calculate the diameters at which 100% removal will be accomplished

(d100) using a relationship from Weber-Shirk and Lion [48]:

Vs =
gd2

P

18Φν

(
dFloc

dP

)Df−1 (
ρFloc0

ρH2O
− 1

)
, (2.8)
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where g is the acceleration of gravity, dP is the diameter of primary particles,

Φ is a shape factor which is taken as 45/24 for flocs, dFloc is the diameter of

the floc that settles at the given settling velocity, Vs, ρFloc is the initial density

of the primary particle coated with coagulant precipitate, ρH2O is the density of

water, and Df is the fractal dimension, assumed to be 2.3, which determines the

relationship between the growth of the diameter of a floc, and the growth of its

mass.

Substituting the capture velocity for Vs and d100 for dFloc, Equation 2.8 can

be solved for d100 as a function of capture velocity. Solving Equation 2.8 in this

way results in values of d100 for these experiments of around 20 µm at 0.6 mm/s

to around 80 µm corresponding to 0.1 mm/s. This transformation is used in

Figure 2.6, which shows turbidity measurements plotted against the calculated

diameters that represent the largest size that was completely removed for each

measurement. Each measurement of turbidity is assumed to vary linearly with

the mass of clay being measured, and therefore is a measure of the total pri-

mary particles (including those contained in flocs). Because each measurement

at a lower capture velocity (higher d100) should contain the mass from previous

measurements, Figure 2.6 effectively is a type of cumulative distribution func-

tion of floc sizes. Figure 2.6 shows that for most of the coagulant doses, a major-

ity of the original primary particles are contained in flocs of sizes of around 80

µm diameter or more by the end of flocculation.
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Figure 2.6: Effluent turbidity as a function of the largest diameter of flocs
expected to be 100% represented in the turbidity measurement.

The influence of capture velocity on k

The values of k shown in Figure 2.5 along with potential curve fits are plotted

in Figure 2.7. For all of the curve fits considered (i.e., Ae−BVc , Ae
−B
Vc , A

Vc
, A

V2
c
, where

A and B are constants), only one term was considered (i.e., no constant added to

change the intercept). The fitting was done using a simultaneous least squares

optimization (Levenberg-Marquardt) of A and B for each equation. From Figure

2.7, an exponential fit of the form

k = Ae−BVc (2.9)

emerges as the best fit, with values of A = 0.35 and B = 4.72.

Considering the form of the exponential fit, the physical meaning of the con-

stants A and B can be inferred. First, there cannot be units in the exponential,
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Figure 2.7: Various curve fits of k plotted with respect to capture velocity.
The root-mean-square error (RMSE) of each fit is included in
parentheses in the legend.

and so B must have units of time per length to cancel the units of capture ve-

locity. One plausible physical meaning for B is the initial settling velocity of

the primary particles. According to Stokes’ Law, kaolinite clay particles with

a mean diameter of 7 µm and density of 2.65 g/cm3 settling in water of 20◦C

have a settling velocity of 0.04 mm/s, which has an inverse value of 22.7 s/mm.

This is higher than B, and so an additional constant is needed to correct for this,

which will be called κ′. This brings the form of the model to:

k = Ae−κ
′ Vc

Vs0 . (2.10)

Pennock et al. [37] indicated that k must incorporate the proportionality be-
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tween the conversion of primary particles to doublets and the overall perfor-

mance of converting non-settleable particles to settleable particles. That rela-

tionship appears to be accounted for, at least in part, by the presence of the

exponential decrease in performance as capture velocity deviates from the ter-

minal settling velocity of primary particles, Vs0 . The effect of the ratio of Vc to Vs0

on k presents a possible physical interpretation of the constant κ′, as a constant

that represents this proportionality.

Looking at the coefficient A, it should not have units, as it is multiplied by

the exponential to give a value of k, which is unitless. Based on the assumptions

developed thus far in developing Equation 2.10, it is reasonable to expect that

when Vc = Vc0 that it should follow that k = k0, where k0 is the first-order con-

stant for primary particles. However, the form of the model given in Equation

2.10 does not allow for the assumption that A = k0, since the exponential quan-

tity in this case will be equal to −κ′ rather than to 0 when Vc = Vc0 . To correct for

this, the model can be modified to:

k = k0eκ
(
1− Vc

Vs0

)
. (2.11)

where κ has a different magnitude from κ′, but retains the physical interpreta-

tion that it sets the proportionality between the performance of primary particle

conversion to doublets and the overall conversion of non-settleable particles to

particles settleable at the given capture velocity.

Whether or not k0 is the first-order constant for primary particles must still

be verified experimentally as must the assumption that the constant in the ex-

ponent is indeed the terminal settling velocity of primary particles. Therefore,
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future work should focus on the fate of primary particles in flocculation and

sedimentation. As Swetland et al. [44] found that β was a function of coagu-

lant type, it is likely that k0, κ, and Vs0 might depend upon coagulant type and

other relevant parameters that would affect the rate of aggregation and fractal

properties of flocs.

Theoretical Considerations

Although it may seem arbitrary, the form of Equation 2.11 appears to derive

from fundamental characteristics of the flocculation process. As noted previ-

ously, the constant k includes information relating the primary particle concen-

tration to the overall concentration of particles that are not settleable at a given

capture velocity. The most particles should be removed (k should be highest)

when the capture velocity is lowest (d100 is lowest). Considering an influent

particle size distribution, the area under the curve between the diameter of pri-

mary particles (Vc = Vs0) and d100, the diameter of particles completely captured

by sedimentation (Vs = Vc) is the mass of particles that remains able to escape

the sedimentation process. Thus, the (1 − Vc
Vs0

) component of the exponent in

Equation 2.11 reflects that the smaller the disparity between sedimentation cap-

ture velocity and the terminal settling velocity of primary particles, the more

rapidly will flocs grow to a size where they are removed.

The presence of the exponential itself is not completely unanticipated. Tse

et al. [46] found that particle size distributions after flocculation were best fit

with a modified gamma distribution. The gamma distribution’s probability dis-

tribution function (PDF) and cumulative distribution function (CDF) are both
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exponential, since the CDF is the integral of the PDF and the integral of an ex-

ponential function is also an exponential function. Figure 2.6 can be interpreted

as being analogous to a non-normalized CDF, since turbidity is a cumulative

measurement. Except for the 0 mg/L experiment, all of the turbidity curves

in Figure 2.6 are well-described by exponential fits. Thus, these graphs show

that the area under the particle size distribution curve (analogous to the PDF)

increases exponentially with particle diameter. Therefore, the mass of particles

able to escape the sedimentation process would be expected to decrease expo-

nentially as the capture velocity decreases, and this explains the appearance of

the exponential in Equation 2.11. Connecting Equation 2.11 to the particle size

distribution suggests that κ is a factor that describes the shape of the particle

size distribution.

Inspection of a graph of the PDF of a gamma distribution or a typical particle

size distribution for a flocculated suspension will show that the distribution

first rises and then falls. This means that the CDF (and Figure 2.6 by extension)

should be S-shaped, and a simple exponential fit will not be applicable for the

entire range of the distribution. Practically, this indicates that there is a range on

the applicability of Equation 2.11. However, the range of capture velocities as

well as the flocculation collision potential used in these experiments fit within a

range typical of drinking water treatment practice. Therefore, it is expected that

Equation 2.11 will be applicable to most situations. However, to determine the

exact range of this applicability as well as to extend the model outside of this

range (if practical) will require a more complete resolution of the evolution of

the particle size distribution with time, and this is a subject of future study.
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Practical Implications

Equation 2.11 provides some guidance for the design of sedimentation pro-

cesses. For insight on optimization of the treatment train, the newly added

sedimentation component should be taken into consideration along with the

whole AguaClara Hydraulic Flocculation Model. To see the guidance of the

newly modified model clearly, the model can be arranged and plotted as shown

in Figure 2.8. This plot is based on Equation 17 in Pennock et al. [37], rearranged

as

αGθk0eκ
(
1− Vc

Vs0

)
=

3
2π

(
π

6

)2/3
( ρP

CP

)2/3

−
(
ρP

CP0

)2/3 , (2.12)

where CP and ρP are the concentration and density of primary particles, respec-

tively, and where CP0 is the initial concentration of primary particles and CP is

the final concentration of non-settleable particles. To generate Figure 2.8, the

left hand side of Equation 2.12 was used to plot the data against their effluent

turbidity, while the right hand side was used to generate the model predictions

of effluent turbidity for a given influent turbidity curve. The values of k found

previously are also applicable to this approach to plotting the model and data.

Figure 2.8 reveals that, for example, the extent of treatment needed to bring

settled water to 1 NTU is approximately the same whether the raw water is 900

NTU or 9 NTU. A settled turbidity of 1 NTU is a reasonable target for floccula-

tion and sedimentation without filtration, and it illustrates that when setting the

collision potential for a flocculator and the capture velocity for a sedimentation

tank, the influent turbidity is not as important as the desired effluent turbidity.

The influent turbidity will influence the design of the solids waste stream.
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Figure 2.8: Alternative plot of flocculation data and AguaClara Hydraulic
Flocculation Model based on Equation 2.12.

The form of Equation 2.12 gives four parameters that can be changed to

achieve the desired level of treatment (α set by the coagulant dose, G set by

the head loss and residence time in the flocculator, θ set by the volume of the

flocculator, Vc set by the plan view area of the plate settlers). Those parameters,

when combined as shown in Equation 2.12, must reach a value of about 9,000

for the case of using PACl to treat water containing 90-900 NTU of kaolin and

reaching a goal of 1 NTU for the settled water. The value drops to a little over

7,000 for the 9 NTU case, but it is clear that the orders of magnitude change in

the influent turbidity require only modest changes in treatment to achieve the

same effluent turbidity, except when the influent turbidity is already very close

to the desired effluent turbidity.
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With an existing flocculator, α can be adjusted by varying the coagulant dose.

Pennock et al. [37] found what seemed to be diminishing returns with respect

to α at high fractional coverage of the primary particles, and this should be

taken into consideration. The choice of G depends mainly on the allowable

head loss for the flocculator, so there is likely also a practical limit on G. The

maximum value of G could also be set by floc breakup if the flocculator has a

large difference between average and maximum velocity gradients. Well de-

signed hydraulic flocculators have a factor of 1.4 difference between maximum

and average velocity gradients [29] and are able to operate with high velocity

gradients [25]. This leaves Vc and θ (or the combined term Gθ) as the parame-

ters with likely the greatest flexibility for determining performance of hydraulic

flocculation coupled with sedimentation.

Equation 2.12 could be combined with cost information for plate or tube set-

tlers and hydraulic flocculators to determine the least cost design that would

meet a target performance value. This analysis does not yet consider the ef-

fect of floc blankets and they must be considered to obtain an optimal design,

as they greatly extend the capabilities of flocculation-sedimentation [25]. Thus,

additional work is required to develop a floc blanket model that can be com-

bined with the AguaClara Hydraulic Flocculation Model to fully describe the

combination of hydraulic flocculator, floc blanket, and lamellar sedimentation.

Porous media filtration also requires model development to create a water treat-

ment plant performance model.
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Summaries

In this paper, the impact of capture velocity on the AguaClara Hydraulic Floccu-

lation Model has been examined. Based on replicate experiments with six coag-

ulant doses and six capture velocities, it can be seen that k in the model increases

with capture velocity. The model for k specifically takes the form k = k0eκ
(
1− Vc

Vs0

)
,

where k0 is the first-order constant describing conversion of primary particles

to doublets, Vc is the capture velocity, Vs0 is the settling velocity of primary par-

ticles, and κ is a constant that describes the shape of the particle size distribu-

tion. More experimental work is needed to confirm this model, but it provides

a dimensionally correct picture of how changes to capture velocity affect over-

all hydraulic flocculation and sedimentation performance. The newly-modified

AguaClara Hydraulic Flocculation Model provides designers of drinking water

treatment plants with a rational basis for optimizing key parameters of the hy-

draulic flocculation and sedimentation processes to accomplish adequate treat-

ment economically in addition to providing a way for operators to predict the

performance of hydraulic flocculation coupled with sedimentation and the abil-

ity to predict the particle size distribution exiting from a hydraulic flocculator.
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Chapter 3

Design Algorithm for Vertically-Baffled
Hydraulic Flocculators

1

Introduction

For much of the modern era of municipal drinking water treatment, there

have been two alternative approaches to flocculation: mechanically- and

hydraulically-mixed flocculation [32]. Mechanical flocculators, which use mo-

tors and impellers, have become the default choice in the United States, per-

haps due to the ability to adjust the velocity gradient by changing the motor

speed. Hydraulic flocculators do not require electricity to operate and they do

not have moving parts that require repair and replacement. Additionally, hy-

draulic flocculators approach plug flow operation, minimizing short-circuiting

and maximizing reaction kinetics (no dilution of influent). Well-designed hy-

draulic flocculators create relatively uniform velocity gradients, which elimi-

nate floc breakup. Their design also allows operators to easily observe the floc-

culation process. A key advantage is that during rapid changes in raw water

quality, the plant operators can observe the effects of coagulant dose changes

after as little as 60 seconds because of the plug flow kinetics. Likewise, the re-

sults of the corresponding changes in dosing are readily observed.

The most commonly-used hydraulic flocculators are vertically-baffled and

horizontally-baffled (VBFs and HBFs), otherwise referred to as over-under and

1The contents of this chapter have been submitted to AWWA Water Science for peer review

with coauthors Leonard W. Lion and Monroe L. Weber-Shirk.
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around-the-end flocculators. Of the two, HBFs appear to be more commonly

used. However, VBFs present an advantage for low flows (see Discussion sec-

tion) in that they use less plan-view area, which means the plant’s building

envelope can be smaller. VBF designs also can enhance bottom scour to prevent

premature sedimentation within the flocculator. Vertical flow flocculators can

be designed to have the same bottom elevation as the adjoining sedimentation

tanks and thus simplify construction.

An obstacle to the implementation of hydraulic flocculators in the United

States is a regulatory framework that either explicitly or implicitly favors me-

chanical mixing. For example, the Great Lakes - Upper Mississippi River Board

of State and Provincial Public Health and Environmental Managers in their Rec-

ommended Standards for Water Works (commonly referred to as the ”10 States

Standards”) specifies that baffled hydraulic flocculators are limited to use in

small plants and only after permission has been obtained following consulta-

tion with the reviewing authority. If the use of baffled hydraulic flocculators

is approved, their flows and velocities must conform to the values specified

for mechanical flocculators (i.e., ≥ 30 minute detention time, velocity of 0.5-1.5

feet per minute, or 2.5 to 7.6 mm/s), not accounting for the differences between

hydraulic and mechanical flocculators. In this case, the governing standards

provide barriers of scale, additional review steps, and design requirements that

do not account for the inherent advantages of hydraulic flocculators.

AguaClara Cornell, a humanitarian engineering research and education pro-

gram at Cornell University has partnered with Agua Para el Pueblo in Hon-

duras and Agua Para la Vida in Nicaragua to design and build hydraulic floccu-

lators for municipal scale plants. To date, this has resulted in eighteen vertically-
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baffled hydraulic flocculators in Honduras and two in Nicaragua. This paper

draws on the institutional experience of AguClara Cornell, Agua Para el Pueblo,

and Agua Para la Vida with designing, constructing, and operating VBFs.

A key difference between mechanical and hydraulic flocculators is the en-

ergy source and the corresponding responses to changes in flow rate. The en-

ergy input for mechanical flocculators can be varied by adjusting the mixer

speed and is independent of plant flow rate. The ability to adjust this energy

input is a potential advantage of mechanical flocculators. The mixing energy

for hydraulic flocculators is primarily due to flow expansions, and thus the en-

ergy input varies with flow velocity, which changes with flow rate. As the flow

rate through a hydraulic flocculator decreases the mixing intensity decreases

and the hydraulic residence time increases. It can be shown that the net result is

that the collision potential decreases as the flow rate decreases (Gθ ∝ Q1/2), and

thus a deterioration in performance would be expected at lower flow rates.

However, operators of hydraulic flocculators designed by AguaClara Cor-

nell in Central America have observed that settled and filtered water turbidities

decrease when the flow rate decreases, presumably because of improved par-

ticle capture by floc blankets, plate settlers, and rapid sand filters. Thus, hy-

draulic flocculators designed for the maximum flow rate will perform well over

a range of flow rates. The similar performance of hydraulic flocculators/floc

blanket/plate settler systems over a wide range of flocculator velocity gradients

[25] suggests that the ability to adjust the velocity gradients is not an important

advantage of mechanical over hydraulic flocculators.

Despite the important advantages that hydraulic flocculators possess, they

have often been passed over in favor of mechanically-mixed flocculators. The
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preference for mechanical flocculators in the United States may be the result of

several advantages.

• Ability to adjust the velocity gradient during operation.

• Simple and well-documented design methodology.

• Simple construction of a tank with a mixer.

• Delegation of design responsibility to a vendor.

• Smaller plan view area than conventional hydraulic flocculators.

Prior to the design advances over the past 15 years by AguaClara Cornell,

it was recommended that horizontal flow flocculators should be used for small

flows and there was a lack of designs for flows below 115 L/s [40] because of

the construction limitation that baffles be spaced far enough apart for a human

to work between the baffles. Haarhoff [27] proposed a design approach to HBFs

based on ten published design examples and a survey of eight flocculators built

in South Africa. In this article, Haarhoff made an important contribution to

hydraulic flocculator design by identifying the three physical ratios that govern

HBF design. Haarhoff and van der Walt [29] followed up on this study with a

computational fluid dynamics (CFD) investigation to systematically determine

the ideal values of these design ratios. Although some aspects are transferable

to VBFs, the guidance given by Haarhoff and van der Walt [29] is specific to

HBFs.

The invention of small, compact, vertical flow hydraulic flocculators with re-

movable baffle modules overcame the aforementioned construction limitation

inherent with HBFs at low flow rates. The introduction of VBFs made it pos-

sible to design hydraulic flocculators that are more compact than conventional

70



mechanical flocculators. In this article, the authors will outline the design al-

gorithm for VBFs developed by AguaClara Cornell and implemented in this

Python codebase. An example diagram of a VBF is shown in Figure 3.1

Figure 3.1: A representative isometric view of a vertically-baffled hy-
draulic flocculator derived from AguaClara Cornell’s Onshape
model. The top (under) baffles are visible, and the notch in the
left upper wall is the fluid exit to the sedimentation tanks.
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Hydraulic Flocculator Principles

Before detailing the design algorithm, it is important to understand some of

the underlying physical constraints on baffled hydraulic flocculators. Under-

standing these physical characteristics will enable a more rational approach to

design.

Implications of Performance Prediction Model

The water treatment goal for flocculation is to reduce the number of primary

particles such as clay and pathogens that have not collided with and attached to

other primary particles. This is because the small primary particles are the most

difficult to remove in the subsequent processes of sedimentation and filtration.

The AguaClara Hydraulic Flocculation Model [37, 18] characterizes the rate of

conversion of primary particles to larger flocs. The simplest form of the model

shows the relationship between the mean initial and final spacing of primary

particles, Λ0 and Λ, respectively:

Gθ =
3
2

(
Λ

2 − Λ
2
0

)
kπd2

Pα
, (3.1)

where G is the average velocity gradient in the fluid, θ is the mean hydraulic

residence time in the flocculator, dP is a characteristic diameter of primary par-

ticles, k is the first-order constant relating the conversion of primary particles to

flocs to the conversion of non-settleable flocs to settleable flocs, and α is the av-

erage probability that the initial point of contact between two colliding particles
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is at a location on an attached coagulant nanoparticle that is not covered with

natural organic matter.

The AguaClara Hydraulic Flocculation Model, Equation 3.1, reveals the

mechanism by which water treatment plants are able to produce similar quality

settled water over a very wide range of raw water turbidity. The initial aver-

age primary particle separation distance effectively drops out of the equation

because it is small relative to the final average primary particle separation dis-

tance. Achieving similar performance between various raw water conditions,

then, is a matter of adjusting the coagulant dose to achieve similar coverage of

the primary particles by coagulant nanoparticles.

Neglecting the initial spacing of primary particles, the final average spac-

ing of primary particles, Λ, is a function of the final concentration of primary

particles, CP, their characteristic size, dP, and their characteristic density, ρP:

Λ =

(
πd3

P

6
ρP

CP

) 1
3

. (3.2)

Equation 3.2 can be substituted into Equation 3.1 to obtain the final concentra-

tion of primary particles after flocculation,

CP =

(
π
6ρP

)
(

2
3πkαGθ

) 3
2

. (3.3)

For Equation 3.3 to hold true, the condition Λ � Λ0 must be satisfied for Λ0 to

be truly negligible [37].

Equation 3.3 illustrates that the concentration of primary particles after floc-
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culation is a function of flocculator design parameters, the collision potential

Gθ, and the probability that the point of contact of two primary particles is the

sticky surface of a coagulant precipitate, α. The plant operator sets the coagulant

dose and thus controls the probability that the point of contact of two primary

particles is the sticky surface of a coagulant precipitate. The target value of the

primary particle concentration (those not contained in flocs) exiting the floccula-

tor is a function of what is required by downstream water treatment processes.

The collision potential, Gθ (also called the Camp number) is a dimension-

less measure of the total viscous deformation of the fluid in the flocculator [47].

Flocculators cause primary particles to collide with each other by deforming the

fluid and thus causing them to have motion relative to each other as they are

carried by the fluid. Fluid deformation is key for primary particle transport, be-

cause primary particles have negligible sedimentation velocity and thus travel

with the fluid. Assuming uniform shear, the total relative displacement of two

particles that have an initial separation distance of Λ0 is approximately equal to

Λ0Gθ. For example, a separation distance of 1 mm and an Gθ of 50,000 repre-

sents a relative displacement due to fluid deformation of 50 meters! The reason

that such large values of fluid deformation and relative motion are required in

flocculation is because the goal is to produce a low primary particle concentra-

tion at the end of the flocculator and thus the primary particles, which continue

to grow farther apart as the majority of them are incorporated into flocs, have

to travel a long distance before they collide with another primary particle.

Although municipal scale hydraulic and mechanical flocculators are fully

turbulent (flow dominated by inertia) at the scale of the basins, the average sep-

aration distance between the primary particles is small enough such that viscos-
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ity rather than inertia dominates their relative motion [17]. The dominance of

viscosity results in a fundamental similarity between large scale turbulent floc-

culators and laboratory scale laminar flow flocculators. In both cases, the energy

that is dissipated by the flow due to wall shear or due to turbulent eddies is ulti-

mately converted to heat by viscosity as the fluid is deformed. Likewise, in both

cases, the potential energy dissipated in a hydraulic flocculator, ghL is equal to

the average energy dissipation rate, ε, multiplied by the hydraulic residence

time, θ,

εθ = ghL, (3.4)

where g is the acceleration due to gravity and hL is the head loss measured

across the flocculator. Equation 3.4 can be used to calculate the average energy

dissipation rate in a hydraulic flocculator based on its head loss.

The relationship between the energy input and the extent of fluid deforma-

tion is controlled by the spatial uniformity of the energy dissipation throughout

the flocculator. In an ideal flocculator, the energy dissipation would be com-

pletely uniform and then the equation developed by Camp and Stein [10] for

the hydraulic velocity gradient, G, could be extended to relate G to ε. This rela-

tionship is given as

G =

√
ε

ν
, (3.5)

where ε is the energy dissipation rate and ν is the kinematic viscosity. Real

flocculators, however, have nonuniform energy dissipation rates, and applying

Equation 3.5 to ε will result in an overestimate of G.
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Application of Equation 3.5 to ε is, in fact, commonplace in engineering prac-

tice, and so the nominal characteristic velocity gradients conventionally used to

design flocculators can be assumed to be overestimates of the true value of G.

In practice, this may not be disastrous, as values of velocity gradient are usually

compared between flocculators with similar geometry and comparable varia-

tion in energy dissipation rate. However, comparison of velocity gradients be-

tween flocculators with different distributions of ε cannot be expected to be ac-

curate. The dissimilarity between distributions of ε across different geometries

is a fundamental issue with imposing design requirements for mechanically-

mixed flocculators on hydraulic flocculators, as is done in the 10 States Stan-

dards.

In order to account for variation in the distribution of ε, Equation 3.5 must

be modified as

G = ΠG

√
ε

ν
, (3.6)

where ΠG is a dimensionless value from 0 to 1, a function of the uniformity of

the energy dissipation rate in the flocculator, with 1 indicating perfectly evenly

distributed energy dissipation rate.

Equation 3.6 indicates that uniformity of energy dissipation rate is an essen-

tial design requirement for efficient flocculators. For baffled hydraulic floccu-

lators, the uniformity of the energy dissipation rate improves with an increase

in the number of the flow expansions and with the size of the largest eddies

created by the flow expansion. Hydraulic flocculators designed using the algo-

rithm presented below have a large number of flow expansions and a relatively
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uniform energy dissipation rate [29]. For this reason, the assumption that ΠG = 1

in this paper is expected to result in minor error.

Minor Losses Due to Baffles

In hydraulic flocculators, potential energy is converted into kinetic energy (visi-

ble as a change in water surface elevation) as the water flows through a series of

contractions caused by a series of 180◦ bends. At the bends, the velocity profile

must contract to adapt to the obstruction or change in direction. A portion of

the kinetic energy is converted into turbulent eddies as the fluid decelerates in

a flow expansion following the point of maximum contraction (vena contracta).

The turbulent eddies transfer their kinetic energy into smaller and smaller ed-

dies, and finally the tiny eddies deform the fluid and their kinetic energy is

dissipated as heat. Although this process requires a long sequence of steps, all

of the potential energy that is converted into turbulence deforms the fluid and it

is this deformation that results in particle collisions. Thus, an important design

parameter is the total amount of mechanical energy that is lost in the flocculator,

which is related to the total fluid deformation. This mechanical energy loss is

primarily due to flow expansions (rather than wall shear), and thus it is termed

a minor loss (rather than a major loss). Minor loss is generally calculated as:

hL, Minor = K
V2

2g
(3.7)

where V is a characteristic velocity and K is the minor loss coefficient.

An estimate of the minor loss coefficient, KBaffle, is required for the flow
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around a baffle. The contraction that occurs as the water flows around a 180◦

bend at the end of a baffle can be understood as two 90◦ bends that occur in

series. Flow under a sluice gate has streamlines that change direction by 90◦.

For the values of the ratio of height of the sluice gate opening to the depth of the

flow upstream of the gate (by analogy to VBFs, the ratio of the spacing between

the baffles to the minimum depth of water, discussed in more detail below) rel-

evant to VBF design, the contraction coefficient (ratio of the height of the vena

contracta to the height of the gate opening) is generally about 0.62 [4]. Thus,

squaring this coefficient shows that for a 180◦ bend, the flow contracts to 38% of

the space between the baffles, or that the flow separation becomes about 62% of

the original width of the velocity profile.

The contraction and expansion of flow at a baffle can be treated as a sudden

expansion. Applying the laws of conservation of mass and conservation of mo-

mentum, a minor loss coefficient based on the constricted and expanded areas,

which is derived from the Borda-Carnot equation [12] can be obtained as

Ke =

(
AExpanded

AConstricted
− 1

)2

, (3.8)

where the characteristic velocity, V , is taken as the velocity after the expan-

sion. Applying Equation 3.8 with a 38% constriction gives a KBaffle value of

2.56. Haarhoff [27] noted that several researchers have determined empirical

values for KBaffle ranging from 2.5 to 4.0. Thus, the value derived from Equa-

tion 3.8 nearly matches the lower bound of empirical literature values, and all

AguaClara flocculators have been successfully designed using this value.
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Vertically-Baffled Hydraulic Flocculator Geometry

In order to facilitate more specific discussion, it will be helpful to establish termi-

nology for VBF design. Haarhoff [27] developed similar terminology for HBF

design, but the different geometry and also the differences in conceptual ap-

proach warrant the introduction of new terminology. The nomenclature is de-

picted in Figure 3.2. In comparing these dimensions and others with Haarhoff

[27], care should be exercised, as the definitions given here are not identical,

although some variables have similarities.
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Figure 3.2: Flocculator geometry nomenclature conventions. The shaded
box in the lower left represents the inlet opening through the
channel wall, allowing flow from the previous channel.

As shown in Figure 3.2, the length of the entire flocculator channel, in which

the baffles are placed, is L. The width of the channel is defined as W. The

third dimension of a vertically-baffled hydraulic flocculator channel is set by

the changing water level through the flocculator. As the water level decreases

with head loss from baffle to baffle, the final downstream water depth, H, is
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used to give a conservative estimate of the volume of water in the flocculator

for hydraulic design considerations. The height of the water at the upstream

entrance to the flocculator, H0, is equal to H plus the head loss across the floccu-

lator, hL.

The number of baffles is given as nBaffle, and the thickness of the baffles is

given as T . In defining the spacing between baffles, B is defined as the center-

to-center distance between baffles, while S is the distance between baffle faces.

If T is negligible, then B as defined here is equivalent to S . However, for thicker

baffles, such as wood or ferrocement baffles, they cannot be considered equiva-

lent, so B = S + T .

A hydraulically significant baffle dimension is the height between the end

of a baffle and either the floor or the downstream water level, H. This height

is the space that the water flows through as it goes around the end of a baffle,

and is set equal to the space between baffles, as Haarhoff and van der Walt [29]

recommended, so it is also called S .

The most important dimension for characterizing baffled hydraulic floccula-

tors is the distance between baffle turns. The curvilinear nature of the stream-

lines around subsequent baffles makes it difficult to determine the distance be-

tween expansions (vena contractae), but the average length of the streamlines

is taken to be H. However, when obstacles are added between baffle expan-

sions to increase mixing, the distance between flow expansions decreases, and

this paper will introduce the variable He, the distance between flow expansions,

defined as
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He =
H

nExpansion
=

H
1 + nObstacle

, (3.9)

where nExpansion is the number of flow expansions per baffle and nObstacle is the

number of obstacles on a single baffle, assuming the obstacles are evenly spaced.

Obstacles are designed to have the same minor loss coefficient as baffles. A

diagram of a VBF channel with obstacles and associated nomenclature is shown

in Figure 3.3.
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Figure 3.3: Additional flocculator geometry nomenclature conventions for
obstacles.

For simplicity in later calculations, the ratio He
S , which will be referred to

here as ΠHe/S , will be used to characterize the distance between flow expansions.

The normalization by S allows for comparison between flocculators of different

scales and also has physical significance, as S is the dimension that the flow

must expand to after being contracted. For design purposes, it is stipulated that

3 < ΠHe/S < 6, and a derivation of this requirement is given in the Appendix

83



labeled ”Flocculator Efficiency”

Under low-flow conditions (i.e., < 20 L/s), the constraint of ΠHe/S > 3 has

proven restrictive, since it limits baffle spacing and quantity in flocculator basins

that are necessarily small, preventing sufficiently high design values of G. It is

for this case that AguaClara has included obstacles in the design of VBF baffle

modules. These are longitudinal sections of PVC pipe included at intermedi-

ate points along baffles, as shown in Figure 3.4. The effect of the obstacles is

to reduce the height of the expansion, He (see Equation 3.9). This means that

lower values of S can be accommodated without increasing dead space, as the

condition remains 3 < ΠHe/S < 6.

Figure 3.4: A vertically-baffled hydraulic flocculator baffle module made
from PVC pipe and polycarbonate roofing sheets. Included are
obstacles (half sections of PVC pipe) to increase energy dissi-
pation rate values.
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Design Method

The following is the AguaClara Cornell design approach for vertically-baffled

hydraulic flocculators (VBFs). While theoretically based, the design ap-

proach is informed by the fabrication techniques used to build the floccula-

tors. AguaClara flocculators are built using generic materials available from na-

tional or local suppliers to reduce costs and to facilitate maintenance and repair.

Flocculators are typically constructed with reinforced masonry for the channel

walls, PVC pipes for the baffle module frames and obstacles, and corrugated

polycarbonate roofing panels for the baffles.

The inputs to the design process are the maximum flow rate (Q), the coldest

operating temperature (TMin), the amount of potential energy to use for floccula-

tion, measured as an elevation difference (hL), the target collision potential (Gθ),

the water depth at the exit of the flocculator (H) to match downstream depth

requirements, and the maximum channel length to optimize plant layout. The

design steps are as follows:

1. Calculate the required velocity gradient (G)

2. Calculate the hydraulic residence time (θ)

3. Calculate the flocculator volume (V– Floc)

4. Calculate the flocculator height (HFloc)

5. Calculate the channel length (L)

6. Calculate the total width of the flocculator channels (WFloc)

7. Calculate the number of channels and the individual channel width

(nChannel, W)
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8. Calculate the number of flow expansions required per baffle (ne)

9. Calculate the spacing between baffles (S )

10. Calculate the heights of baffle sheets (HBottom, HTop)

11. Calculate the constriction thickness required for added obstacles (TObstacle)

These steps are implemented as part of freely-available treatment plant design

tools found in the AguaClara repository on GitHub.

General Design Parameters

The VBF design process is begun by selecting key design parameters. Accord-

ing to the AguaClara Hydraulic Flocculation Model [37], the primary particle

concentration after flocculation is set by the collision potential, Gθ. Thus, the

collision potential, is one of the key design parameters. The recent AguaClara

flocculators have been designed with a value of Gθ = 37, 000 in anticipation of

additional particle capture by flocs in a floc blanket [24], followed by a lamel-

lar settling process with a capture velocity of Vc = 0.12 mm/s and stacked rapid

sand filtration [1]. It is important to note that the value of Gθ is lower than is

commonly used in mechanized flocculators for four reasons:

1. As discussed previously, direct comparison of G between hydraulic floc-

culators and mechanical flocculators is not possible unless the differ-

ence in ΠG (which is closer to 1 for baffled hydraulic flocculators with

3 < ΠHe/S < 6) is taken into account.

2. Hydraulic flocculators convert energy into fluid deformation more effi-

ciently because they deliver more uniform velocity gradients.
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3. Hydraulic flocculators have negligible short circuiting.

4. AguaClara sedimentation tanks incorporate a floc blanket to enhance the

removal of primary particles.

Since the collision potential of 37,000 can be obtained by any velocity gradi-

ent with a suitable hydraulic residence time, an additional constraint is required

to fix the design. That second constraint could be hydraulic residence time, ve-

locity gradient, head loss across the flocculator, or flow velocity. Research by

Garland et al. [25] demonstrated that flocculation followed by floc blanket sed-

imentation is successful over a wide range of velocities, velocity gradients, and

hydraulic residence times. Prior research by Tse et al. [46] had shown that lower

values of G and higher values of θ corresponded to higher performance, but the

introduction of a floc blanket in Garland et al. [25] seems to have the effect of

canceling and even reversing the expected performance drop when using higher

values of G and lower values of θ.

Given that the main parameter for flocculator design is Gθ, the process

physics do not appear to dictate an optimal velocity gradient. The same col-

lision potential can be achieved by either a high energy input in a small floc-

culator volume or a low energy input in a large reactor volume. In this case, a

reasonable constraint could be obtained from economic trade-offs between the

cost of energy and the cost of a larger facility. In gravity powered water treat-

ment plants, the potential energy required results in a larger elevation difference

between the water at the entrance and exit of the plant. AguaClara plant designs

require about 2 m of potential energy change for flow measurement, chemical

mixing, flocculation, sedimentation, filtration, and plant flow controls. In re-

cent AguaClara plants 20% of the total plant energy usage, 40 cm, is dedicated
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to flocculation.

Given these initial parameters, important design parameters for the floccu-

lator can be calculated. First, Substituting Equation 3.4 into Equation 3.6 results

in an equation for the value of G for the flocculator:

G = Π2
G

ghLFloc

ν(Gθ)
. (3.10)

When choosing the value of ν for this calculation, it is important to use the

highest expected value, corresponding to the coldest temperature anticipated

for the water in the plant, TMin. This rationale is that choosing the maximum

ν will give a conservative (low) estimate for G, since decreases in temperature

decrease the amount of fluid deformation that occurs given an input of energy.

From this point, calculating the value of θ is a matter of division:

θ =
Gθ

G
. (3.11)

It can be seen from Equations 3.10 and 3.11 that the choice of allowable head

loss is not trivial, as it balances the relative importance of velocity gradient and

hydraulic residence time in accomplishing the overall fluid deformation, Gθ.

Lastly, the effective volume of the flocculator, V– Floc, can be calculated as

V– Floc = Qθ (3.12)

where Q is the flow rate through the plant, which is set by the available supply

and the needs of the community. When making this calculation, the highest ex-
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pected value of Q should be used, as the experience of AguaClara hydraulic

plant operators in Honduras indicates that performance generally improves

with lower flow rates.

It should be noted that the effective volume of the flocculator differs from

the actual volume of the flocculator, as the actual volume must account for the

changing water elevation due to head loss, in addition to H. This is shown in

Figure 3.5.

H

h

L

L

Figure 3.5: The actual volume of a vertically-baffled hydraulic flocculator
is greater than the design volume to account for head loss. The
shaded region is represents this additional volume.

The additional volume of fluid where the height of the water is greater than H

is not expected to contribute as significantly to overall mixing for flocculation.

Therefore, calculations of Gθ are made with θ instead of θActual, which introduces

a negligible error. If the actual residence time through the flocculator is needed,

it can be calculated as
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θActual =
nChannelLW

(
H +

hLFloc
2

)
Q

. (3.13)

Flocculator Dimensions

Channel Height, HFloc

Knowing the overall volume of the flocculator, the next step is to calculate the

dimensions of the flocculator, which are set both by the design parameters cal-

culated above and practical constraints. To begin, H is the minimum height

of water at the end of the flocculator. This is set by the inlet elevation of the

downstream sedimentation process. In AguaClara treatment plants, H is ap-

proximately 2 m. The upstream water elevation, H0 is taken to be H plus the

elevation of the water that is lost by the end of the flocculator, which is the head

loss, hLFloc :

H0 = H + hLFloc . (3.14)

Only the design head loss (i.e., the minor losses generated by flow expansions)

is included in this equation because the major losses (wall friction) calculated

for the designs are generally less than 1% of the design head loss.

To calculate the design height of the flocculator channels, the freeboard

height (hFreeboard = 10 cm for AguaClara designs), which is the additional height

of the flocculator walls above the water surface, must be taken into account.

As the height of the flocculator, HFloc must account for H0 as well as the design
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freeboard, hFreeboard, the flocculator channel height can be written as:

HFloc = H0 + hFreeboard. (3.15)

Channel Length, L

The length of the flocculator channels, L, is set by comparing two upper limits

on the value of L, the smaller of which is taken to be LMax. The first upper

limit is set by space constraints within the plant. AguaClara plants are designed

such that flocculator channels and sedimentation bays are constructed next to

each other and have the same length for construction simplicity. As a result,

the maximum construction length, LMaxConstruction , for AguaClara design purposes

is that of a sedimentation bay, which is about 7 m. This constraint is a function

of the plant design and layout.

The second upper constraint is that the length of the channels be short

enough that the target volume for the flocculator, calculated in Equation 3.12, is

reached while still maintaining a minimum channel width and also a minimum

number of channels. The absolute minimum width is based on constructability,

45 cm, which is the width of a human hip so that workers can enter the channel.

Furthermore, as the flow direction changes between channels in a serpentine

fashion, the minimum number of channels for AguaClara designs is based on

a requirement to have the flow return to the same side of the flocculator as it

entered. Stated another way, this a requirement for an even number of chan-

nels, and the minimum number of channels, nChannelMin , is two. In plant layouts

where this does not matter, nChannelMin can be set to one. These requirements can
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be expressed as

LMaxFloc Volume =
V– Floc

nChannelMinWMinH
. (3.16)

Having described both constraints on flocculator channel length, the maxi-

mum length of the flocculator channels can be expressed mathematically as

LMax = min(LMaxConstruction , LMaxFloc Volume), (3.17)

and this is the value that should be chosen for L.

Channel Width, W

Channel width is set by balancing construction and hydraulic constraints. The

construction constraint is determined by the minimum dimensions required for

someone to be able to get into the channel for both construction and mainte-

nance purposes, WMinConstruction , which is generally taken as an average human hip

width of 45 cm. There are two hydraulic constraints, which are 1) being able to

meet the chosen value of GFloc and 2) ensuring that 3 < ΠHe/S < 6. These latter

two requirements can be combined into a single equation as follows.

First, Equations 3.4 and 3.6 are solved for ε and set equal to form

ν

 G
ΠG

2

=
ghL

θ
. (3.18)
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Equation 3.18 is then used to examine a single flow expansion (i.e., space be-

tween two bends/obstacles) with height He and residence time θe. First, the

head loss of a single expansion is written as hLe = Ke
V2

2g , where Ke is the minor

loss coefficient of the expansion and V is the mean velocity after the expansion.

Substituting this into Equation 3.18 results in

ν

 G
ΠG

2

= Ke
V2

2θe
. (3.19)

The residence time is then substituted out of Equation 3.19 by using the relation

θe = He
V . This leads to

ν

 G
ΠG

2

= Ke
V3

2He
. (3.20)

Finally, the mean velocity is then replaced by V =
Q

WS , resulting in

ν

 G
ΠG

2

=
Ke

2He

( Q
WS

)3

. (3.21)

Solving Equation 3.21 for W results in

W =
Q
S

 KeΠ
2
G

2HeνG
2

1/3

. (3.22)

In order to use Equation 3.22 to design the width of the flocculator channels,

it is necessary to make the substitution S = He
ΠHe/S

. To then solve Equation 3.22

for the minimum width, WMinΠHe/S
, the lowest possible value of ΠHe/S , 3, must

be considered for the highest possible value of He, which is H for the condition

where nObstacle = 0, as shown in Equation 3.9. This translates to:

93



WMinΠHe/S
=

ΠHe/S Min Q
H

(
KeΠ

2
G

2HνG
2

)1/3

. (3.23)

Since the minimum width is bound by both a construction (i.e., human) con-

straint and a combined hydraulic constraint, the final value is determined as

WMin = max
(
WMinConstruction ,WMinΠHe/S

)
. (3.24)

Before determining the width of the flocculator channels, it is necessary to

first determine the total width of the flocculator, WFloc and the number of chan-

nels, nChannel. The total width is determined by the constraint of the target volume

of the flocculator previously determined, V– Floc, as

WFloc =
V– Floc

HL
. (3.25)

It should be noted that WFloc does not account for the width of the walls between

flocculator channels.

The number of channels is then set by

nChannel = nChannelMin

⌊
WFloc

nChannelMinWMin

⌋
, (3.26)

which is to say that the quotient must be rounded down to the nearest even

number if nChannelMin = 2 or simply rounded down to the nearest integer if

nChannelMin = 1. The final value of W can now be found using:
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W =
WFloc

nChannel
. (3.27)

Baffle Module Dimensions

Having designed the flocculator channel dimensions, the last step in the design

process is to select the dimensions of the baffles. An important consideration is

whether or not there will be obstacles included between baffles. As mentioned

previously, this is sometimes necessary, especially for lower flow rates, as the

allowable values of ΠHe/S do not create adequate head loss, resulting in low

mixing intensity. For simplicity of construction, however, it is desirable to have

as few obstacles as necessary, and so it is better to design for higher values of

ΠHe/S .

Height Between Expansions, He

Since the value of S is constrained by the design head loss in the flocculator, at-

taining the maximum value of ΠHe/S requires designing for HeMax , which is con-

strained by Equation 3.22. Solving Equation 3.22 for HeMax and substituting in

ΠHe/S Max and the already-determined value of W, results in

HeMax =

KeΠ
2
G

2νG
2

(
QΠHe/S Max

W

)31/4

. (3.28)

The value resulting from Equation 3.28 may not be practical, however, as

there must only be an integer number of obstacles per baffle space. To apply

this constraint, the ceiling function (de) is applied as:
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ne =

⌈
H

HeMax

⌉
, (3.29)

where ne is the number of expansions per baffle space. The resultant value for

ne can be used to determine the value of He as

He =
H
ne
. (3.30)

The resulting distance between flow expansions is as large as possible to sim-

plify construction while still meeting the constraint that ΠHe/S < 6 to ensure

relatively uniform velocity gradients.

Number of Obstacles per Baffle, nObstacle

The number of obstacles can now be computed, given the knowledge of He as

nObstacle = ne − 1, (3.31)

where the subtraction of 1 accounts for the existence of a single expansion in the

baffle space prior to the addition of any obstacles.

Baffle Spacing, S

As mentioned previously, the value of S , along with nObstacle and the number of

baffles, sets the head loss across the flocculator. This head loss is a design input
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that in turn sets the value of G. Thus, a rearrangement of Equation 3.22 can be

used with previously calculated values to find S as

S =

 KeΠ
2
G

2HeG
2
ν

1/3
Q
W
. (3.32)

The selection of S affects not only the design of the baffle modules, but also

of the channels. At the end of each channel, a rectangular opening is included

at the bottom of the wall adjoining the next channel. The height of this opening

is set to be W and the width of the opening is set to be S so that the minor

loss through the opening is similar to the head loss from a baffle. The result is

that the first baffle space in the next channel will have similar G to other baffle

spaces, maintaining a uniform velocity gradient.

Obstacle Thickness

The obstacles are designed to have a similar flow expansion and hence the same

minor loss coefficient as the flow around the end of a baffle. The minor loss

coefficient is kept the same by referencing Equation 3.8 and getting the ratio of

expanded to contracted areas to be the same. Given that the obstacles are semi-

circular and have a large diameter with respect to the opening they create, it is

assumed that the obstacles do not create a flow separation that would further

decrease the flow area. This assumption is made by analogy to orifice inlets, for

which rounded external orifice inlets have a K value of zero, since the smooth

contraction of the flow does not result in a vena contracta typical of other inlet

orifices [23]. Thus, considering that previously a 180◦ bend was said to contract

the flow to 38% of its original profile width, the obstacles should obstruct the
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flow by 62%, or should have a thickness close to

TObstacle = 0.62S . (3.33)

Baffle Height

A consequence of the fact that the water elevation changes along the flocculator

is that the top (under) baffles must be taller than the bottom (over) baffles to

account for head loss. That is, the bottom baffles have a height of

HBottom = H − S , (3.34)

while the top baffles have a height of

HTop = H − S + hL + 0.5hFreeboard. (3.35)

The top baffles are designed to come above the water surface and below the

flocculator walls. The bottoms of the bottom baffles are placed at the bottom

of the flocculator channel (elevation equals zero), while the bottoms of the top

baffles are a distance S above the bottom of the flocculator channel.

Design Examples

To demonstrate the design algorithm detailed above, two examples will be

given for illustrative design cases at two different flow rates. These cases as-
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sume that a drinking water treatment plant is to be built in the northeastern

United States, where water temperatures can fall to 0◦C. Thus, the kinematic

viscosity can reach 1.75 mm2/s. In both cases, a collision potential, Gθ, of 37,000

will be used along with downstream water depth, H, of 2 m and a target poten-

tial energy usage, of 40 cm.

Based on the above parameters, the value of G for the flocculators can be

calculated from Equation 3.10 as

G = (1)2 (9.8 m/s2)(0.4 m)
(1.75 × 10−6 m2/s)(37, 000)

= 60.5 s−1.

This value of G can then be used to find the required residence time from the

specified Gθ using Equation 3.11:

θ =
37, 000
60.5 s−1 = 612 s.

Low Flow Rate Flocculator

The first design example will use a relatively low flow rate for a vertically-

baffled hydraulic flocculator, 5 L/s. The nominal fluid volume for the floccu-

lator can be calculated using Equation 3.12:

V– Floc = (0.005 m3/s)(612 s) = 3.06 m3

The next step is to more precisely specify the flocculator dimensions.
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Flocculator Dimensions

Channel Height The first step in calculating the flocculator dimensions is to

calculate the upstream water elevation. This calculation is done using Equation

3.14:

H0 = 2 m + 0.4 cm = 2.4 m.

The value of H0 becomes an input for Equation 3.15:

HFloc = 2.4 m + 0.1 m = 2.5 m,

and thus the flocculator walls should have a height of 2.5 m.

Channel Length The channel length is set using Equation 3.17. Taking

LMaxConstruction to be 7 m, it remains to calculate the maximum length of the channels

dictated by flocculator volume using Equation 3.16 with nChannelMin = 2:

LMaxFloc Volume =
3.06 m3

2(0.45 m)(2 m)
= 1.7 m.

Then, L can be calculated from Equation 3.17 to be 1.7 m.

Channel Width The minimum width of the flocculator channels is calculated

with Equation 3.24, and this requires calculating the minimum width set by

hydraulic constraints using Equation 3.23, assuming that ΠHe/S ,Min = 3 and that

HeMax = H = 2 m:
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WMinHe/S
=

3(0.005 m3/s)
2 m

(
2.56(1.0)2

2(2 m)(1.75 × 10−6 m2/s)(60.5 s−1)2

)1/3

= 0.03 m.

Applying Equation 3.24, WMin = 0.45 m. This value of WMin must now be recon-

ciled with the overall width of the flocculator using Equation 3.25:

WFloc =
3.06 m3

(2 m)(1.7 m)
= 0.9 m.

The number of channels is then calculated from Equation 3.26,

nChannel = 2
⌊

0.9 m
2(0.45 m)

⌋
= 2,

resulting in the minimum value of 2 channels. From this result, the actual width

of the channels can be calculated using 3.27:

W =
0.9 m

2
= 0.45 m.

Baffle Dimensions

Now that the flocculator channel dimensions have been selected, the baffle mod-

ules can be designed.

Height Between Expansions Keeping the number of obstacles low by maxi-

mizing the value of ΠHe/S , the first step is to calculate HeMax from Equation 3.28:

HeMax =

 2.56(1.0)2

2(1.75 × 10−6 m2/s)(60.5 s−1)2

(
6(0.005 m3/s)

0.45 m

)31/4

= 0.49 m.
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To apply the constraint that only an integer number of obstacles be added

and to find the number of expansions, Equation 3.29 is applied to the previous

result,

ne =

⌈
2 m

0.49 m

⌉
= 5,

which can then be used to calculate the value of He from Equation 3.30:

He =
2 m

5
= 0.4 m.

Number of Obstacles The value of ne previously found can also be used to

calculate the number of obstacles from Equation 3.31:

nObstacle = 5 − 1 = 4.

Baffle Spacing With all other design parameters computed, the spacing be-

tween baffles, S , remains to be calculated according to Equation 3.32 as

S =

(
2.56(1.0)2

2(0.4 m)(60.5 s−1)2(1.75 × 10−6 m2/s)

)1/3 0.005 m3/s
0.45 m

= 0.09 m,

which results in ΠHe/S = 4.5. This value of S will also be used as the height of the

opening between channels. At the given values of W and S , the flow through

the baffles will have a mean velocity of 0.13 m/s.
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Obstacle Thickness Since this design calls for obstacles to be placed on the

baffles, it is necessary to calculate the obstacle thickness using Equation 3.33:

TObstacle = 0.62(0.09 m) = 0.05 m.

If the baffle modules are being constructed with Schedule 40 PVC, for exam-

ple, then 6” pipe, could be cut lengthwise to create a section with the required

thickness.

Baffle Heights As a last step, the heights of the baffles can be calculated. Bot-

tom baffles can be calculated with Equation 3.34,

HBottom = 2 m − 0.09 m = 1.91 m,

and the height of top baffles can be calculated with Equation 3.35:

HTop = 2 m − 0.09 m + 0.4 m + 0.5(0.1 m) = 2.36 m.

This completes the design of the low flow rate VBF.

High Flow Rate Flocculator

The second design example will be for a similar scenario, but for a higher flow

rate of 100 L/s. Once more, the nominal fluid volume for the flocculator can be

calculated using Equation 3.12:
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V– Floc = (0.1 m3/s)(612 s) = 61.2 m3,

and the dimensions of the channels are computed as follows.

Flocculator Dimensions

Channel Height The first step in calculating the flocculator dimensions is to

calculate the upstream water height. This is done using Equation 3.14:

H0 = 2 m + 0.4 cm = 2.4 m.

The upstream water elevation is needed to calculate the channel height with

Equation 3.15:

HFloc = 2.4 m + 0.1 m = 2.5 m.

Therefore, the flocculator channels should have an elevation of 2.5 m.

Channel Length Using Equation 3.17, and again setting LMaxConstruction as 7 m, it

is necessary to calculate the maximum length of the channels dictated by floc-

culator volume using Equation 3.16:

LMaxFloc Volume =
61.2 m3

2(0.45 m)(2 m)
= 34.0 m.

Then, L can be calculated from Equation 3.17 to be 7 m.
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Channel Width The minimum width of the flocculator channels is calculated

with Equation 3.24. This requires calculating the minimum width set by hy-

draulic constraints using Equation 3.23, assuming that ΠHe/S Min = 3 and that

HeMax = H = 2 m:

WMin,ΠHe/S
=

3(0.1 m3/s)
2 m

(
2.56(1.0)2

2(2 m)(1.75 × 10−6 m2/s)(60.5 s−1)2

)1/3

= 0.7 m.

Applying Equation 3.24, WChannelMin = 0.7 m.

The value of WChannelMin calculated above must now be reconciled with the

overall width of the flocculator using Equation 3.25:

WFloc =
61.2 m3

(2 m)(7 m)
= 4.37 m.

The number of channels is then calculated from Equation 3.26,

nChannel = 2
⌊

4.37 m
2(0.7 m)

⌋
= 6,

resulting in 6 channels. From this, the actual width of the channels can be cal-

culated using 3.27:

WChannel =
4.37 m

6
= 0.73 m,

giving a final value of W of 0.73 m.

105



Baffle Dimensions

Now that the flocculator channel dimensions have been selected, the baffle mod-

ule design can proceed.

Height Between Expansions Keeping the number of obstacles low by maxi-

mizing the value of ΠHe/S , the first step is to calculate HeMax from Equation 3.28:

HeMax =

 2.56(1.0)2

2(1.75 × 10−6 m2/s)(60.5 s−1)2

(
6(0.1 m3/s)

0.73 m

)31/4

= 3.25 m.

To apply the constraint that only an integer number of obstacles be added

and to find the number of expansions, Equation 3.29 is applied to the previous

result,

ne =

⌈
2 m

3.25 m

⌉
= 1.

The calculated value of ne can then be used to calculate the value of He from

Equation 3.30:

He =
2 m

1
= 2 m.

Number of Obstacles The value of ne previously found can also be used to

calculate the number of obstacles from Equation 3.31:

nObstacle = 1 − 1 = 0.
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This result demonstrates that obstacles only become necessary for relatively low

flow rates when the spacing between baffles is small.

Baffle Spacing With all other design parameters computed, the spacing be-

tween baffles, S , remains to be calculated according to Equation 3.32 as

S =

(
2.56(1.0)2

2(2 m)(60.5 s−1)2(1.75 × 10−6 m2/s)

)1/3 0.1 m3/s
0.73 m

= 0.64 m,

which results in ΠHe/S = 3.14. This value of S will also be used as the height

of openings between channels to provide sufficient G in the first baffle space of

each channel. For the design values of W and S , the mean velocity of the flow

between baffles is calculated to be 0.22 m/s.

Baffle Heights As a last step, the heights of the baffles can be calculated. Bot-

tom baffle heights can be calculated with Equation 3.34,

HBottom = 2 m − 0.64 m = 1.36 m,

and the height of top baffles can be calculated with Equation 3.35:

HTop = 2 m − 0.64 m + 0.4 m + 0.5(0.1 m) = 1.81 m.

This concludes the design of the high flow rate VBF.
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Discussion

When selecting a hydraulic flocculator geometry to use, one consideration is

the range of flow rates over which a design will be practical. For lower flow

rates, VBFs are more practical than HBFs, because they are deeper, resulting

in a smaller plan view area. This greater depth is because H in a VBF can be

set by the sedimentation tank depth and it is W that varies with design flow

rate. For HBFs, it is the depth of water that changes with design flow rate,

resulting in shallow flocculators with large plan view area that must have their

downstream elevation match the water surface of the sedimentation tank. This

often requires either extra excavation or construction of an elevated tank, both

of which increase construction costs.

If there is an upper limit on the value of W for a VBF, then there is a maximum

flow rate for which VBF design is practical. For the polycarbonate baffles used

by AguaClara, the maximum width of the material is 1.08 m, so this constitutes

such a limit. The maximum flow rate can be calculated by substituting Equation

3.10 into Equation 3.22 and solving for Q as:

QMaxVBF =
WMaxHe

ΠHe/S Min

 2Heg2h2
L

KeΠ
2
G(Gθ)2ν


1
3

=
(1.08 m)(2 m)

3

(
2(2 m)(9.8 m/s2)2(0.4 m)2

2.56(1.0)2(37, 000)2(1.75 × 10−6 m2/s)

) 1
3

= 0.155 m3/s,

where the input parameters used followed the defaults given in the Design Ex-

amples. For flow rates greater than QMaxVBF , the downstream depth of a VBF,

H, could be increased with due consideration for matching the water surface

elevation with the sedimentation tank.
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If the resulting changes to H prove impractical for the design of the rest of

the plant, it may make sense to change the flocculator geometry to an HBF. If

making this change, similar constraints on the HBF geometry must also be con-

sidered. This can be done with the same rearrangement of Equations 3.22 and

3.10 used for the VBF geometry, but with a new understanding of the physical

significance of the variables. Considering that an HBF channel is geometrically

equivalent to a VBF channel laid on its side, the variable representing the depth

of water changes from H to W, and the variable representing the width of the

channel changes from W to H.

The constraints on the HBF geometry include that a depth of water less than

2 m (or whatever was chosen as H for the VBF geometry) does not make sense,

as it will result in more plan view area used. Another constraint is that the

baffles of HBFs tend to be made of masonry. As was discussed for the width

of the HBF, the minimum spacing of the baffles should be 0.45 m to allow for

masons to complete the construction. These two constraints on the HBF, with

reference to the transformation of Equation 3.22, translate to WMin = 2 m and

S Min = 0.45 m. Solving for Q again results in

QMinHBF = WMinS Min

2S MinΠHe/S Ming
2h2

L

KeΠ
2
G(Gθ)2ν


1
3

= (2 m)(0.45 m)
(

2(0.45 m)3(9.8 m/s2)2(0.4 m)2

2.56(1.0)2(37, 000)2(1.75 × 10−6 m2/s)

) 1
3

= 0.170 m3/s

The values of QMaxVBF and QMinHBF overlap for higher allowable values of water

depth, but for H = 2 m and the other given constraints, there is a gap between

them. This can be remedied either by allowing the depth of water to be greater

for the VBF (higher H) or allowing a lower depth of water for the HBF (lower
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W).

Conclusion

In this paper, the authors have put forward an algorithm for the design of

vertically-baffled hydraulic flocculators. This is meant to facilitate the adop-

tion of vertically-baffled hydraulic flocculators in the design and construction of

more drinking water treatment plants. This design approach has been proven to

work in more than seventeen plants in Central America, and these plants have

been characterized by high performance, low maintenance, and considerable

operational flexibility. Hydraulic flocculators represent a sustainable alternative

to mechanically-mixed flocculators, with vertically-baffled flocculators proving

more economical for lower flow rates and horizontally-baffled flocculators more

economical for higher flow rates.
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Appendix A

Flocculator Efficiency

In order for the flocculation process to be efficient, that is, accomplishing particle

aggregation within the minimum necessary volume, there are a number of de-

sign failures that must be avoided. One is short-circuiting, where particles take

a shortcut through the flocculator and exit before the design retention time. An-

other is dead space: fractions of the flocculator volume that have reduced fluid

mixing and thus make negligible contributions to the overall mixing capability

of the flocculator. Finally, excessive floc breakup, the reverse process of aggrega-

tion, can lead to a reduction in efficiency, but this is already mitigated by using a

baffled hydraulic flocculator, which has very uniform velocity gradients. To the

authors’ knowledge, break up is primarily a concern for mechanically-mixed

flocculators.

Short-Circuiting

Inherent in the design of baffled flocculators is the prevention of short-

circuiting, as baffles make it difficult for the flow to reach the end of the floc-

culator without traversing the volume of the flocculator. Nevertheless, it is im-

portant to avoid this failure when designing baffles and when installing them.

Haarhoff and van der Walt [29] note that the degree of short-circuiting can be

measured by the Morrill Index, which is a ratio of the time it takes for 90% of a

conservative tracer to leave the flocculator to the time it takes 10% of the tracer

to leave. They found that the Morrill Index was brought below 1.4 for values of

ΠHe/S equal to about 6 and approached a value of 1.2 for values of ΠHe/S greater
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than 11.

Dead Space

The failure of dead space can be analyzed by looking at the ratio of the maxi-

mum velocity gradient to the average velocity gradient,

ĜMax =
GMax

G
, (A.1)

where GMax is the maximum velocity gradient in the flocculator and G is the

mean velocity gradient in the flocculator. To minimize dead space, the value of

ĜMax must be kept low.

Haarhoff and van der Walt [29] showed with CFD simulations that to min-

imize the value of ĜMax, the ratio they called the slot width ratio should be set

equal to 1.0. It is for this reason that the corresponding distance for VBFs (the

height between the end of a baffle and either the floor of the flocculator or the fi-

nal water level, H) is always equal to S for this design algorithm (i.e., slot height

ratio equal to 1.0).

In their article, Haarhoff and van der Walt [29] also examined the role of

ΠHe/S on ĜMax. In their CFD simulations, Haarhoff and van der Walt [29] found

that the lowest value of ĜMax ≈ 1.4 was obtained for values of He
S around 4.0.

The required value of He
S to eliminate dead space can also be understood

through the underlying fluid mechanics. After traveling around a bend, the

flow forms a vena contracta, with the highest velocity near the far wall. This
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contracted velocity profile approximates a plane turbulent wall jet. Eriksson

et al. [20] analyzed a plane turbulent wall jet with a Reynolds number at the

inlet of 9,600. They found that the half-width of the jet (where the velocity is

half the maximum) spreads with distance from the outlet according to:

y1/2 = 0.0782x + 0.332b, (A.2)

where y1/2 is the half-width of the plane turbulent wall jet, x is the distance from

the outlet, and b is the width of the outlet [20]. Eriksson et al. [20] is only an

approximation for flocculators, as the flow geometry is not identical to a VBF,

turbulent plane wall jet flow is not fully developed until x
b > 40, and the VBF

generally has an inlet Reynolds number about an order of magnitude larger

[20]. Setting y1/2 = S and b = 0.37S , it is determined that the flow expands from

fully contracted to approximately its original velocity profile in 11S . This is an

approximate maximum value of He, as beyond 11S , the velocity profile would

not be expected to change appreciably and the energy dissipation rate would

begin returning to its minimum value.

The previously calculated value of HMax = 11S is similar to the maximum

value of ΠHe/S recommended by Haarhoff and van der Walt [29] of 12. However,

Haarhoff and van der Walt [29] noted that although increasing the ΠHe/S to 12

did continue to decrease the degree of short-circuiting, it also reduced the mean

hydraulic gradient, G, thus increasing ĜMax. Haarhoff and van der Walt [29]

recommended ΠHe/S of 6-7, so for this design algorithm, a maximum value of 6

will be recommended for ΠHe/S .

The minimum value of ΠHe/S is determined by the appearance of dead space
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at the lowest values of He
S . Maintaining the requirement that the slot height (the

space between the end of a baffle and the opposing wall) be equal to S , as H
S goes

toward zero, the geometry approaches a channel with no baffles, as the baffles

cease to overlap in order to maintain the appropriate slot height. This limit can

be seen in Figure A.1. Thus, in order for the flocculator to have sufficient height

for both the baffle and the slot, it must satisfy the requirement H > 2S .

H

S

=2

H

S

<2

Dead Space

Figure A.1: The minimum H
S ratio is set by the need to prevent dead space

and short circuiting through the flocculator.

The resulting requirement is 3 < He
S < 6, since the AguaClara Program has
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typically used H
S = 3 as a minimum to prevent both short-circuiting and high

ĜMax. The factor of two difference between the minimum and maximum val-

ues of ΠHe/S is necessary for design purposes, so that when choosing between

nObstacle = 0 (He = H) and nObstacle = 1 (He = H
2 ), there is a design that satisfies all of

the design requirements and also maintains 3 < He
S < 6.
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