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ABSTRACT

Chlorine-based processes are still widely used for water disinfection. The disinfection pro-
cess for municipal water consumption is usually carried out in large tanks, specifically
designed to verify several hydraulic and disinfection criteria. The hydrodynamic behavior
of contact tanks of different shapes, each with an approximate total volume of 50,000 m3,
was analyzed by solving turbulent momentum transport equations with a computational
fluid dynamics code, namely ANSYS fluent. Numerical experiments of a tracer pulse were
performed for each design to generate flow through curves and investigate species resi-
dence time distribution for different inlet flow rates, ranging from 3 to 12 m3 s−1. A new
nature-inspired Conch tank design whose shape follows an Archimedean spiral was then
developed. The spiral design is shown to strongly outperform the other tanks’ designs for
all the selected plug flow criteria with an enhancement in efficiency, less short circuiting,
and an order of magnitude improvement in mixing and dispersion. Moreover, following
the intensification philosophy, after 50% reduction in its size, the new design retains its
properties and still gives far better results than the classical shapes.
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1. Introduction

Water related to human activity has to be of
proper quality to avoid waterborne diseases. Aquatic
environment may undergo microbial contamination
thus compromising secure water usage. For public
health, it is necessary to reduce water microbial con-
tamination. Water disinfection for public consumption

has been used with great efficiency to destroy or inac-
tivate pathogenic micro-organisms. Since the discovery
of chlorine and its usage as a disinfectant [1,2], the
number of diseases related to water consumption has
decreased considerably due to the destruction of
micro-organisms harmful to health [3]. Although other
alternatives emerged such as ozonation and UV disin-
fection, chlorine remains widely used, as the process
has proved its efficiency at low price and simple
technology. It ensures a high demand for human
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consumption while complying with microbiological
criteria and sustains the necessary residual chlorine to
maintain water quality during distribution. However,
chlorine also reacts with natural organic compounds,
such as humic matter to produce carcinogenic species
[4,5] which unfortunately cannot be totally removed
prior to disinfection even with the latest technologies.
These chemical reactions produce more than 250 dif-
ferent disinfection by-products (DBP) [6], while other
studies report more than 600 species in drinking water
[7], among which are the trihalomethanes (THMs)
such as chloroform, haloacetic acids (HAAs) such as
chloroacetic acid or haloactonitrile such as cyanogen
chloride. THMs and HAAs received much attention
due to their relatively high concentration [8], although
compounds with smaller concentrations might present
a higher risk to human health [7]. DBPs concentration
in drinkable water may depend on several factors,
including the type of organic compounds, free chlo-
rine concentration, pH value, temperature, and contact
time and one has to act upon the enumerated factors
to minimize their production. Therefore, tank design
faces a multi-objective target since it has to remove
micro-organisms while avoiding excessive production
of DBP.

Disinfection phenomena have often been consid-
ered as chemical reactions [9–12]. Consequently, spe-
cies transport and subsequent residence time in a
disinfection tank is of critical importance. A proper
disinfection tank design has to ensure a suitable con-
tact time in order to inactivate most of the micro-or-
ganisms without the formation of by-products. Several
investigations have been carried out to evaluate con-
tact tank design and efficiency [13–18]. It has been
shown that throughput of contact tanks can be
improved by simple geometrical modifications, such
as the insertion of baffles or guiding walls [19–21].
Unfortunately, such changes do not always bring the
tank behavior close enough to plug flow. In-depth
understanding of the flow is necessary, which requires
advanced numerical tools and techniques. Indeed,
hydrodynamic analysis (velocity distribution, location
of recirculation loops) of large contact tanks aimed for
drinkable water distribution cannot be obtained ana-
lytically. Moreover, on-site parameters are dynamic
and one cannot afford lengthy experimental investiga-
tions. Hence, any modification brought to increase
hydraulic efficiency can be undertaken with the help
of computational fluid dynamics (CFD) tools
[14,20,22–25]. A thorough analysis aims to enable a
uniform distribution of chlorine in the tank and the
elimination of dead zones.

Firstly, three different tank geometries are com-
pared [26]. Hydrodynamic behavior is investigated

using a CFD tool and numerical experiments of a tra-
cer pulse at the tank inlets are carried out. Outlet tra-
cer responses are compared for each case to assess the
ability of each design to respond to basic disinfection
criteria. Secondly, a novel design was proposed of
which performances are compared to the classical
geometries.

2. Contact tank design

It is important to emphasize that contact tanks are
not mixing chambers and chlorine has to be thor-
oughly mixed with water prior to entering the contact
tank [27]. Depending on the diameter size of the pipes
before the contact tank inlet, mixing can be carried out
either by mechanical mixers or directly injected at the
center of the flow. Once mixed, plug flow with high
turbulence is desired [27]. The tank is therefore devel-
oped in such a way that the fluid moves in parallel
streamlines with a uniform velocity [28]. Indeed, con-
tact tanks are designed to behave as closely as possi-
ble to ideal reactors for the species residence time to
be equivalent to the hydraulic contact time. In order
to satisfy a desired disinfection degree, the latter has
to comply with a preset product of the residual con-
centration of free chlorine C by the contact time T
defined as the time at which 10% of the disinfectant is
collected at the tank outlet [27]. This product is com-
monly called CT and is often used by practitioners. Its
optimization is imperative since the contact between
an oxidant and the water to treat leads to undesirable
by-products of which concentration increases with CT.
The latter can be adjusted using CFD analysis by
attempting flow modifications based on tracer’s
numerical pulses at the tank entrance, to even out the
real contact time instead of acting upon the active
chlorine demand treatment rate C.

Several factors can be used to assess tank effi-
ciency. Practically, it is of interest to investigate the
time needed for the first 10% of the tracer’s total mass
to leave the tank. The observed time, denoted t10,
divided by the hydraulic residence time (flow at the
inlet/total volume) gives an insight into the gap
between the actual residence time and the one corre-
sponding to an ideal tank. The value of t10 generally
varies between 0.1 and 0.2 for most basic tank geome-
tries, but can be enhanced to 0.5–0.7 by adding baffles
[29]. The effect of baffles on contact tank efficiency is
still the subject of recent analyses [18,30].

The starting design is based on the disinfection
tank of Boudouaou’s treatment plant located 30 km
east of Algiers, Algeria. The plant has been built in
1987 to treat water from Béni Amrane (36˚40´12.97´´N–
3˚36´27.67´´E) and Keddara (36˚39´9.19´´N–3˚25´22.38´´
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E) dams. It uses gaseous chlorine as disinfectant. The
tank has a rectangular shape with a length of 128 m
long, a width of 88 m and a height of 6 m, as shown
in Fig. 1.

The utile volume is 50,000 m3, which corresponds
to a water height of approximately 5 m. The tank has
6 baffles constituting 7 guided channels, which results
in over 600 m of total flow length. Pretreated water
enters the mixing chamber through a slit at the bottom
(see Fig. 1), then flows over the guided channels from
two sides. Water finally exits through a relatively
small opening at the opposite corner of the tank.

In order to eliminate any tank design artifact and
analyze only channel shape effect, the contact chamber
is blended with the tank channels resulting in a total
tank volume of 56,320 m3. As depicted in Fig. 2, inlet
and outlet are simplified for the fluid to enter and
leave the tank through the entire channel section.

The second design departs from the first one by
smoothing out the right angles wherever the fluid
reverses flow direction (Fig. 3). It has to be noted that
there is no attempt to keep exactly the same total vol-
ume as long as the same order of magnitude is main-
tained. A design similar to the one presented by
Fidaros et al. is reached [26] with a total volume of
47,000 m3 (Fig. 4).

The third design, also presented by Fidaros et al.
[26], as depicted in Fig. 5 has a circular shape with a
radius of 56 m. The contact tank has two adjacent
openings and circular inner walls in such a way that
the inner channel width is kept constant, except at the
center. The resulting total water volume that corre-
sponds to a 5 m height is 49,260 m3.

3. CFD modelling

Numerical modeling offers several advantages
such as the investigation of a wide range of operating
conditions, thus avoiding expensive experimental

tests. Numerical models mainly focus on tracer trans-
port in order to assess chlorine behavior in tanks.
However, tracer behavior depends mainly on momen-
tum, raising the need to couple transport equations.
Early efforts provided two-dimensional analysis of
momentum and tracer transport using finite differ-
ences method with appropriate discretization stencils
[16,31,32]. With the use of commercial CFD tools and
powerful mesh generation software, the analysis of
contact tanks entered a new era with unlimited possi-
bilities of tank design. Stamou [19,22] used CFX [33]
to analyze the effect of guiding walls on tank effi-
ciency using calculated flow through curves (FTC)
information. Starting from new or existing tank config-
urations, CFD simulations are carried out with geo-
metrical improvements such as feature addition, until
a satisfactory design is reached. In the present work,
ANSYS Fluent 13 [34] is used for all numerical simula-
tions. The flow is assumed fully turbulent for the
whole range of flow rates considered. Although mod-
elling residence time distribution (RTD) of effluents in
disinfection contactors was shown to be very sensitive
to the turbulence model [35], the default standard k–ε
turbulence model, extensively used in chlorine contact
tanks modeling [36], is adopted.

3.1. Mesh generation

Mesh generation for each tank design starts with a
paving of the bottom surface followed by an extrusion
to achieve the desired tank height. The concept is
illustrated in Fig. 6 for the circular design (please note
that actual meshes are much finer and the one in
Fig. 6 is only given for visualization purposes).

A series of calculations were carried out with
increasing mesh sizes. For all tank designs, increasing
the mesh from 140,000 elements to over 500,000
resulted in less than 15% change in the RTD of a
numerical tracer. In order to minimize the CPU time
of transient tracer transport calculations, the mesh is
kept to a minimum. Most importantly, particular care
is taken to build meshes with similar density for all
tanks under investigation in order to conduct a proper
tank performance comparison. The total number of
hexahedral elements used is approximately 142,000 for
the circular design, 149,000 for the rectangular design,
and 146,000 for the semicircular design.

3.2. Governing equations and boundary conditions

The Reynolds averaged equations with the
standard k–ε turbulent model as implemented in
ANSYS-fluent are considered [37]:

Inlet

Mixing chamber

Outlet

128 m
88 m

6 m

Baffles

Fig. 1. Disinfection tank of Boudouaou plant (East Algiers,
Algeria).

S. Soukane et al. / Desalination and Water Treatment 57 (2016) 23443–23458 23445



88 m

128 m

Out

In

(a) (b)

Fig. 2. Rectangular design: (a) top view and (b) three-dimensional view.

(a) (b) 

Fig. 3. Corners smoothing of the rectangular design: (a) zoom over the tank corner and (b) top view.

94 m

128 m

In

Out

(a) (b)

Fig. 4. Semicircular design: (a) top view and (b) three-dimensional view.
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Using the Boussinesq approximation, the Reynolds
stress for isotropic turbulence is given by [22]:
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and the eddy viscosity by:
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where cμ is a constant. The average turbulent kinetic
energy k and the turbulent kinetic energy dissipation
rate ε are given, respectively, by [22,37]:
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The transport equations for the turbulent kinetic
energy and the dissipation rate are given by:
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where Gk represents the generation of turbulent kinetic
energy due to mean velocity gradients, viz.:

Gk ¼ ltS
2 (9)

(a) (a)

D: 112m

Out
In

Fig. 5. Circular design: (a) top view and (b) three-dimensional view.

Extrusion direction

Fig. 6. Example of bottom surface paving and extrusion
direction for the circular design.
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and S represents the magnitude of the mean rate of
strain tensor expressed as:

S ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2SijSij

q
(10)

with
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Appropriate conditions are imposed at the domain
boundaries. At the inlet, knowing the flow rate Q and
the inlet cross section Ain, a normal velocity un is
imposed via:

un ¼ Q

Ain
(12)

The turbulent energy and the dissipation rate are
assumed uniform with values leading to an eddy vis-
cosity equal to 90 times the viscosity of water [19].
The condition at the free surface is represented by a
zero shear stress, assuming that the fluid surface is
stable during the disinfection process [36,38], viz.:

ss ¼ 0 (13)

where τs is the shear stress at the fluid free surface.
At solid boundaries (tank bottom surface, side

walls, and baffles), a no-slip boundary condition is
assumed:

uw ¼ 0 (14)

where uw denotes the fluid velocity at the walls.

4. Numerical experiments

Disinfection tanks are considered as large chemical
reactors and will be analyzed as such [19,20,22,39].
Therefore, they are often designed to behave as closely
as possible to ideal reactors. Unfortunately, real tanks
deviate from the ideal case and an evaluation of the
deviation extent is desirable. This is classically han-
dled in reactor design by analyzing three different
interrelated factors, namely, the RTD or exit age distri-
bution E, the state of aggregation, and the earliness or
lateness of mixing [40]. Focus is set on the exit age
distribution E (time−1) which is often represented by a
normalized distribution [40], viz.:

Z 1

0

E dt ¼ 1 (15)

The E curve is also called normalized average FTC
and is therefore plotted to analyze the reactor
behavior.

There are two different experimental procedures
to find the E curve, namely; the pulse experiment
and the step experiment [40]. Both methods can be
used equivalently to obtain the RTD. Experimentally,
the pulse experiment is known as the slug dose
method where a large amount of tracer is instanta-
neously added to the incoming water [41]. A
graphical method is generally used by plotting
dimensionless tracer concentration (with respect to
inlet value) at the tank exit as a function of time and
directly read the concentration that corresponds to
t10. The pulse experiment is considered in the sequel
for further analysis of the flow of the disinfection
tank. It consists of a step injection of a given amount
of tracer at the inlet and the generation of the corre-
sponding response curve at the outlet. The tracer
concentration is therefore recorded at the reactor out-
let as a function of time t. The E curve is simply
obtained after normalization with respect to the total
amount of tracer injected [40]. The numerical equiva-
lent of the pulse experiment is considered in the
sequel. The methodology is devised into the follow-
ing steps:

(1) For a given flow rate, perform a steady state
calculation with only water at the inlet (water
mass fraction = 1, tracer mass fraction = 0).

(2) Once a steady state solution is reached, a
transient calculation of tracer transport is initi-
ated. The tracer mass fraction is set to 1 and
water mass fraction to 0 for the very first time
step.

(3) After the first time step, mass fraction of water
is set back to one, the tracer mass fraction to 0
and the transient simulation is continued. An
average value of the mass fraction over all sur-
face elements representing the reactor outlet is
calculated at each time step.

Values recorded at the outlet are plotted against
flow time, which gives the E curve.

Several calculated parameters are used to assess
tank behavior. Firstly, for a given flow rate Q, the
theoretical flow time th is calculated using:

th ¼ V

Q
(16)

where V represents the tank volume.
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Secondly, all times t recorded during numerical
experiments are transformed into a dimensionless
form, viz.:

h ¼ t

th
(17)

where θ represents the dimensionless time. In the
sequel, θi will denote the dimensionless time needed
for i% of the tracer to exit the disinfection tank.

The E curve is then used to deduce several mathe-
matical parameters that reflect, short circuiting, mix-
ing, dispersion, and efficiency [19,39] (Table 1). Short
circuiting is inversely proportional to the dimension-
less values θ0 and θ10. Mixing and dispersion are
directly associated to the width of the E curve and
thus the differences θ75 – θ25, θ90 – θ10 as well as the
ratio θ90/θ10, often called Morril (Mo) index are very
sensitive to short circuiting [14,39]. It is clear that for
an ideal plug flow, Morril index is equal to one [28],
while both differences of dimensionless times are
equal to zero. Note that the variance is also used to
assess mixing (reflects the extent of the spread of
the E curve) and θ50 often used as an efficiency
indicator.

The discrete form of the variance for a given
numerical pulse experiment is expressed as:

Var ¼
Pn

i¼1 ti ��tð Þ2wiDtiPn
i¼1 wiDti

(18)

where wi represents the average tracer mass fraction
at the tank outlet at time step i, Δti the time step, n is
the total number of time steps after which no more
tracer is recorded at the tank outlet and �t the average
time is given by:

�t ¼
Pn

i¼1 tiwiDtiPn
i¼1 wiDti

(19)

Assuming a constant time step throughout numerical
pulse experiments and using

Pn
i¼1 wi ¼ 1 gives:

Var ¼ Dt
Xn
i¼1

ti ��tð Þ2wi (20)

and the average time �t:

�t ¼ Dt
Xn
i¼1

tiwi (21)

After injecting Eq. (21) into Eq. (20), the variance is
expressed as:

Var ¼ Dt
Xn
i¼1

ti � Dt
Xn
i¼1

tiwi

 !2

wi (22)

5. Simulation results and discussion

Numerical simulations are carried out for each
tank using various water inlet flow rates. Four flow
rates of 1.5, 3.0, 6.0, and 12.0 m3 s−1 are simulated,
respectively. These values are chosen based on the
actual functioning of East Algiers disinfection tank,
knowing that the latter has been designed to operate
flow rates ranging between 3.0 and 6.0 m3 s−1. The
numerical experiment, as already described, consists
of reaching first a steady state for a given flow rate.
Then, a transient simulation is performed to reproduce
the pulse experiment. The time step for all experi-
ments is set to 5 s.

5.1. Rectangular Tank

The rectangular tank steady state results for
3 m3 s−1, are shown in Fig. 7. Streamlines are colored
by velocity module.

The fluid progresses smoothly through the first
channel then accelerates as soon as it flows around the
first baffle across a narrow gap with the creation of a
large recirculation loop (zone A). Similar dead zones
are created at the entrance of each channel defined by
two successive baffles (zones B to G). Water flows fas-
ter near the baffles sidewalls with velocity exceeding
0.1 m s−1.

Tracer responses for the numerical pulse experi-
ments related to the four values of water flow rate are
reported in Fig. 8. The E curve exhibits two different
peaks. The first sharp peak, very pronounced for the
highest flow rates is possibly due to short circuiting
(water flow fast along the red streamlines). The peak
is immediately followed by a second peak related to
the distribution of the remainder of the tracer. As the

Table 1
Mathematical parameters used to assess tank behavior

Short circuiting θ0 – θ10
Mixing, dispersion θ75 – θ25

θ90 – θ10
θ90/θ10
Variance (Var)

Efficiency θ50
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flow rate is decreased, the tail of the distribution
spreads in time with small tracer mass fraction
recorded after 60,000 s for a flow rate of 1.5 m3 s−1.
Both peaks seem to even out with decreasing flow
rates and tend to merge since short circuiting becomes
less important.

Dimensionless flow times are grouped in Table 2
for all numerical experiments. No practical change is
observed for θ10 and θ25, while a 10–21% increase
is observed for θ75 and θ90, respectively, when flow is
increased from 1.5 to 12 m3 s−1, due to the shorter tails
observed for faster flows.

5.2. Semicircular tank

The semicircular tank has been designed to lessen
the size of the external recirculation loops whenever
water flows around the baffles. Fig. 9 shows streamli-
nes for a flow rate of 3 m3 s−1. Even though the size of
the dead zones has been reduced, they still prevail in
each channel (zones A to G), creating fluid accelera-
tion along the baffles sidewalls and possibly short
circuiting.

Tracer response as a function of flow rate is repre-
sented in Fig. 10. The curves show that short circuiting
has been in fact reduced after the geometry has been
smoothened out, since the two peaks observed in the
rectangular geometry merged almost completely.

Similar to the rectangular designs, dimensionless
times θ10 and θ25 remain unchanged, while θ75 and θ90
decrease by 19–39%, respectively, when the flow rate
increases from 1.5 to 12 m3 s−1 due to less dispersion
and a contraction of the E curve (see values in Table 3).

5.3. Circular tank

Streamlines colored following the velocity magni-
tude are depicted in Fig. 11 for a flow rate of 3 m3 s−1.
Although the inlet surface is large, a recirculation loop
is formed right at the tank entrance (zone A). Every
time the fluid changes flow direction, relatively small
dead zones are created (zones B, C, D, E, and F).
Moreover, at the reactor center, two large recirculation
loops dominate the flow. At the vicinity of recircula-
tion loops, flow is faster (yellow to red streamlines),
which could favor short circuiting since water has a
shorter residence time along the corresponding
streamlines. Obviously, dead zones cause important
deviations from plug flow.

Tracer response is recorded at the tank outlet for
flow rates of 1.5, 3.0, 6.0, and 12.0 m3 s−1, respectively

Fig. 7. Rectangular design: streamlines for a flow rate of
3 m3 s−1 (color by velocity module in m s−1).

Fig. 8. Rectangular design: tracer response for different
flow rates.

Table 2
Rectangular tank performance for different flow rates

Flow rate (m3 s−1) 1.5 3.0 6.0 12.0

θ10 0.542 0.540 0.536 0.534
θ25 0.684 0.682 0.671 0.666
θ75 1.267 1.243 1.182 1.144
θ90 1.642 1.579 1.441 1.354

A B

C D

E
F

G

Fig. 9. Semicircular design: streamlines for a flow rate of
3 m3 s−1 (color by velocity module in m s−1).
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(Fig. 12). The shape of the curve suggests a combina-
tion of plug flow and mixed flow [40] especially for
the highest flow rates. As the latter decreases, more
dispersion is observed with the spreading of the E
curve.

Mathematical parameters deduced from the
response curve of the circular design are summarized
in Table 4. The first three parameters θ10, θ25, and θ75
vary slightly compared to the 23% increase in θ90
when the flow rate decreases from 12 to 1.5 m3 s−1

due to the stretching of the curve tail.

6. Archimedean spiral tank design

The evolution from the rectangular design to the
semicircular then to the circular design showed that
the smoothing of corners does bring improvement to
the overall behavior of the tank. More specifically, it
allowed the reduction of the recirculation loops and
therefore brought the tank closer to plug flow. Ideally,
a design would present no corners and no baffles.
This is possible if the tank geometry follows the shape
of an Archimedean spiral [42]. The main idea of this
novel design is the total elimination of any sudden
change in flow direction that may result in the
development of flow dead zone.

The Archimedean spiral equation in polar
coordinates is given by:

r ¼ a a (23)

where r is the radius, α the angle, and a is a constant
defining the distance between the spiral arms. The arc
length S, function of the angle α, is expressed as [43]:

SðaÞ ¼ 1

2
a a

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a2

p
þ ln aþ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a2

p� 	n o
(24)

Fig. 10. Semicircular design: tracer response for different
flow rates.

Table 3
Semicircular tank performance for different flow rates

Flow rate (m3 s−1) 1.5 3.0 6.0 12.0

θ10 0.529 0.528 0.527 0.524
θ25 0.632 0.628 0.622 0.613
θ75 1.243 1.199 1.124 1.044
θ90 1.725 1.589 1.403 1.240

Fig. 11. Circular design: streamlines for a flow rate of
3 m3 s−1 (color by velocity module in m s−1).

Fig. 12. Circular design: tracer response for different flow
rates.

Table 4
Circular tank performance for different flow rates

Flow rate (m3 s−1) 1.5 3.0 6.0 12.0

θ10 0.578 0.583 0.578 0.568
θ25 0.661 0.661 0.655 0.646
θ75 1.112 1.079 1.025 0.958
θ90 1.500 1.412 1.285 1.149
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In order to set the size of the spiral, the gap a and the
angle α are needed. The distance between the spiral
arms is set to 16 m, which is the channel width used
for the three tanks defined in Figs. 2, 4, and 5. Fig. 13
shows the Archimedean spiral. After every 2π rotation,
the spiral radius has to increase by 16 m. The constant
a can therefore be set to 16/2π ≈ 2.5. In order to deter-
mine an appropriate spiral angle, the total spiral arc
length is chosen equal to the total flow length of the
rectangular design. The latter consists of eight adjacent
channels of 88 m long, resulting in a total length of
704 m (Fig. 2(a)).

Solving the non-linear Eq. (24) with SðaÞ ¼ 704
gives an angle α = 23.6 radian, which is over two revo-
lutions and a half. The center of the spiral is removed
as shown in Fig. 14(a) and (b) in order to avoid the
large curvature at the spiral departure. Using a 5 m
height of water, the resulting volume is 49,800 m3. The
geometrical model is meshed analogously to the classi-
cal designs with a vertical extrusion of the base pave-
ment. The total number of hexahedral elements
reached is 145,000.

Steady state simulations for the spiral design are
performed for the four chosen values of water inlet
flow rates. Fig. 15 depicts streamlines for a flow rate
of 3.0 m3 s−1. Unlike the circular, rectangular, and
semicircular designs, total non-existence of recircula-
tion loop is observed. Water smoothly follows the
shape of the Archimedean spiral and keeps an
average velocity value of ≈0.5 m s−1 along the tank
channel.

E curves for all numerical pulse experiments are
presented in Fig. 16. For all flow rates, the tracer
response is a symmetrical distribution with a single
peak, suggesting no strong short circuiting. The distri-
bution grows narrower with the flow rate to become
much like a plug flow E curve. However, at larger
flow rates, a very small peak is observed well before
the main distribution, most probably due to a negligi-
ble short circuiting caused by the slightly faster fluid
evolving near the spiral outer sidewalls. More impor-
tantly, dimensionless times remain independent of the
flow rate, and unexpectedly for the highest value of
12 m3 s−1 (see Table 5).

Fig. 13. Archimedean spiral parameters determination.

In

Out

(a) (b)

Fig. 14. Archimedean spiral design: (a) top view and (b) three-dimensional view.
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7. Tanks comparison

In order to better assess the exceptional perfor-
mance of the spiral design, E curves are represented
on the same chart for a flow rate of 3 m3 s−1 (see
Fig. 17). The three first designs respond similarly as
early tracer mass fractions are recorder at similar
times. It is clear that the spiral design behaves differ-
ently and species distribution appears much later with
a symmetrical sharp peak while the distribution tail
spreads in time for the other tanks. The CT concept is
therefore more easily applied and is more reliable for
the new design. Indeed, it is recalled that CT is the

product of the residual chlorine C by the contact time
t10. The time t10 depends strongly on the hydraulics of
the tank and the recorded value will not reflect the
behavior of the entire species population if it is not a
plug flow, since species residence time could spread
over a large period, thus experiencing higher chlorine
reactivity. However, in the spiral design, the tracer
remains grouped and resides evenly in the spiral
design thus requiring less disinfectant.

A more precise comparison of tank performance
with respect to plug flow shows outstanding results.
Fig. 18 shows dimensionless time θ50 at which half of
the total tracer mass exited the tank. The correspond-
ing plug flow value is one. At the lowest simulated
flow rate, spiral tank efficiency is similar to the rectan-
gular one while the circular and the semicircular tanks
exhibit a much lower efficiency. However, as the flow
rate increases, all tanks efficiency drastically drops
except for the spiral design. The latter keeps a value
of θ50 above 0.9 even for the highest flow rate of
12 m3 s−1.

A measure of mixing and dispersion is the differ-
ence θ75 – θ25, which is zero for the plug flow. Fig. 19
shows that the spiral design is very close to plug
(θ75 – θ25 < 0.1) flow while all other tanks have values
all above 0.3.

Interestingly, while all tanks show decreasing
dimensionless time differences with increasing flow
rate, the spiral tank exhibits a constant behavior
almost independent of the flow rate. Analogously,
θ90 – θ10 for the spiral design is close to 0.1 throughout
the whole range of investigated flow rates while the
other designs show much higher values that tend to
decrease with increasing flow rate (see Fig. 20).

Another measure of efficiency is Morril index
θ90/θ10 equal to one for a plug flow. Fig. 21 shows the

Fig. 15. Spiral design: streamlines for a flow rate of
3 m3 s−1 (color by velocity module in m s−1).

Fig. 16. Spiral design: tracer response for different flow
rates.

Table 5
Spiral tank performance for different flow rates

Flow rate (m3 s−1) 1.5 3.0 6.0 12.0

θ10 0.875 0.869 0.859 0.849
θ25 0.900 0.896 0.890 0.882
θ75 0.960 0.961 0.959 0.904
θ90 0.986 0.986 0.983 0.953
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Fig. 17. Tanks comparison: tracer response for a flow rate
of 3 m3 s−1.
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ratio values for each type of tank as a function of the
inlet flow rate. Again, the spiral design shows a nearly
constant value, independent from the flow rate and
close to plug flow. The other designs exhibit much
higher ratios as seen in Fig. 21.

The variance, a measure of the spread of the E
curve, is directly linked to dispersion. The variance is
equal to zero for plug flow since the latter has a
response curve with no spreading. Fig. 22 shows the
variance for all tank designs. The spiral design gives
results very close to plug flow and with nearly zero
variance for slow flows, thus outperforming all other
designs. Indeed all other tanks have variances one
order of magnitude higher. However, all variances
increase with flow rate, but remain small for the spiral
tank with values well below 0.1.

8. Spiral tank size reduction

Following the process intensification concept, size
reduction of the tanks is desirable especially in areas
where land is expensive. Tracer pulse analysis for all

tanks at different flow rates showed that the spiral
tank behavior is much closer to plug flow. Moreover,
the tracer peak is shifted forward in time for this new
design allowing tracer species to stay grouped longer
in the tank. Fig. 16 showed that even for the highest

Fig. 18. θ50 as a function of flow rate for different tank
designs.

Fig. 19. θ75 – θ25 as a function of flow rate for different
tank designs.

Fig. 20. θ90 – θ10 as a function of flow rate for different
tank designs.

Fig. 21. θ90/θ10 as a function of flow rate for different tank
designs.

Fig. 22. Variance σ as a function of flow rate for different
tank designs.
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flow rate used (12 m3 s−1), the tracer peak appeared at
around 60 min, which is well above 15 min minimum
usually required for a proper disinfection [28]. The
design seems to be well suited for size reduction. In
order to assess the possibility to intensify the process,
a drastic 50% reduction of the tank size of both the
rectangular and the spiral designs is carried out. Tra-
cer pulse results are reported on Fig. 23 for a flow rate
of 3 m3 s−1. The E curve shows a peak centered at

around 30 min for the spiral design, still complying to
disinfection residence time constraint, while the flow
through curve of the reduced rectangular tank appears
too early (at around 13 min) for a proper disinfection.

The same appraisal criteria are calculated for the
reduced size, namely θ75 – θ25, θ90 – θ10, θ90/θ10, θ50,
and the variance. All values for the reduced size are
listed in Table 6, together with values (between paren-
thesis) corresponding to the actual size.

It is clear that the new spiral design still outper-
forms the rectangular one; although a slight improve-
ment is observed for the rectangular tank operation
after size reduction, except that the tracer leaves the
tank too early for proper disinfection (Fig. 23). Design
criteria for the values in Table 6 show that the behav-
ior of the Archimedean spiral tank remains close to
plug flow values therefore retaining the desired prop-
erties. Fig. 24 compares the reduced spiral tank to the
actual rectangular tank. Total tank surface is reduced
by a factor of 4.7 after a 50% size reduction. Note also
that the tank height is also reduced to 2.5 m.

Regarding its practical implementation, Fig. 25
shows a possible use of the spiral design. A pipe
brings water to the center of the spiral. The pipe can
have supports on top of the spiral walls. The empty
space around the center can be used as a quick mixing
chamber then water flows over to discharge into the
channel as depicted in Fig. 25.

Other feeding configurations are possible. Water can
be fed from the bottom with a pipe placed under the
tank. Similarly, Fig. 26 shows how the direction of
water flow could be changed, i.e. water in from the end
of the spiral and water out from the center of the spiral.

Tracer response for both direct and reversed flow
is shown in Fig. 27. Although spiral reversed flow
seems to perform less better, the pulse keeps the same
timing and both configurations strongly outperform
the rectangular design.

Fig. 23. Tracer response after 50% size reduction in the
spiral design for a flow rate of 3 m3 s−1.

Table 6
Design criteria for spiral and rectangular tanks after 50%
size reduction (value between parenthesis represents
criterion prior to size reduction)

Criterion Spiral design Rectangular design Plug flow

θ75 – θ25 0.086 (0.065) 0.461 (0.561) 0.
θ90 – θ10 0.161 (0.117) 0.816 (1.039) 0.
θ90/θ10 1.19 (1.135) 2.42 (2.924) 1.
θ50 0.921 (0.929) 0.921 (0.923) 1.
Variance 0.047 (0.01) 0.155 (0.203) 0.

Fig. 24. Size comparison: Archimedean spiral tank (reduced size) vs. rectangular design (actual size).
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9. Conclusions

A new spiral-shaped reactor for water disinfection
was presented. The design was compared to different
tanks of similar volumes (≈50,000 m3) using a CFD
tool namely ANSYS fluent [34]. Flow analysis showed
that the unique shape enables the elimination of recir-

culation loops and dead zones enabling the fluid to
evolve in parallel streamlines and relatively uniform
velocity. It exhibits unprecedented performance
assessed through a detailed RTD analysis. Numerical
experiments of tracer pulses mimicking the experi-
mental slug dose method allowed the generation of
FTC and the calculation of several reactor design crite-
ria that reflected the closeness of the Archimedean spi-
ral to plug flow reactor. The new reactor offers a
higher efficiency as it exhibits a relatively constant
Morril index of 1.1 for all flow rates (one for plug
flow) while the index ranges between 2 and 3.3 for the
other tanks. Less dispersion is also reported as
θ75 – θ25 is practically constant over the investigated
range of flow rates and exhibits a value of 0.05 (0 for
plug flow) while values between 0.3 and 0.6 are
observed for the other designs. Similarly, the θ90 – θ10
index has also been reduced from values as high as
1.2 for the semicircular design to 0.1 (0 for plug flow)
for the spiral design. The results demonstrate that per-
formance is not altered over the range of simulated
flow rates, namely between 3 and 12 m3 s−1. Further-
more, 50% size reduction showed that the disinfection
process could be strongly intensified with this new
design while sustaining the same performance criteria.
Finally, the tank implementation shows in principle
no particular hurdle concerning its operation and
maintenance.
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Nomenclature

a — spiral constant
k — average turbulent kinetic energy (m2 s−2)
r — spiral radius (m)
t10 — time needed for the 10% of tracer total mass to

leave the tank (s)
th — theoretical flow time (s)
�t — average time (s)
u — fluid velocity (m s)
wi — average tracer mass fraction at the tank outlet at

time step i.
C — disinfectant concentration (mg L−1)
C1ε — k–ε model constant
C2ε — k–ε model constant
CT — product of disinfection concentration by contact

time
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