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Abstract: Water circulation in storage tanks significantly impacts water quality in distribution
networks since old water tends to have low residual chlorine concentrations that are insufficient to
neutralize microbial regeneration. Their large capacity and long residence times result in uneven
mixing, which can accelerate the disinfectant decay and the formation of potentially carcinogenic
disinfection by-products. The phenomenon is strongly related to the tank inflow conditions, since
there are no active mixing devices. This paper presents a comprehensive analysis of the flow dynamics
in circular storage tanks using a three-dimensional computational fluid dynamics model. The main
motivation is that the inflow—which mixing processes rely on—strongly influences the circulations.
The numerical analysis provided includes a thorough investigation of interest in understanding
flow dynamics for two inflow configurations: (i) the plunging jet modelling and comparison with
published experimental data and (ii) the submerged jet as an improvement measurement for these
storage tanks.

Keywords: computational fluid dynamics; water storage tank; plunging jet; submerged jet; mixing
conditions

1. Introduction

Water distribution networks are composed of assets that allow the water intake, treat-
ment, transport, storage and delivery to consumers in quantity and with adequate pressure
to satisfy demand. However, once the water leaves the treatment plant and enters the
supply infrastructure, maintaining its quality is challenging for utility managers [1]. While
the disinfectant decay in the water transport and distribution network is reasonably well
known [2,3], the effect of storage on treated water quality is not fully understood [4,5]. It is
believed that better water mixing in storage tanks guarantees better water quality and safer
drinking water [6], although little is known about mixing regimes in general [7,8]. Water
storage tanks aim to supply consumers in normal operating conditions regulating flow
rate differences in transmission pipes and distribution networks, levelling off pressures
to meet daily consumer demands, and providing emergency storage for firefighting and
pumping disruptions [9]. These storage facilities are operated by controlling the water
level [10]; however, their large capacities and long residence times, usually associated with
uneven mixing, can significantly deteriorate the water quality supplied to the downstream
network [11]. One of the most negative impacts is the loss of residual disinfectant (dis-
infectant decay), promoting microorganisms regrowth and increasing human pathogens’
survival [9]. These circumstances result in the need for re-chlorination [12], resulting in
the subsequent formation of potentially carcinogenic toxic by-products [13,14]. Improving
mixing processes in existing storage tanks may be attained by installing an active mixing
device such as an impeller or a turbine [15]. However, when these devices do not exist,
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the mixing process in the storage tank strongly relies on jet mixers [16]. The jet momentum,
M, is given by:

_ VinD§, .

- NN M
where Vi = mean velocity in the nozzle and Dy = inlet nozzle diameter. Whenever a
water flow through a nozzle (jet) encounters a large mass of undisturbed liquid, the jet
forces the stored water into the storage tank, leaving a track of moving particles called the
‘entrainment path’. The jet direction should ensure a long and unobstructed ‘entrainment
path’ to improve the mixture [15]. However, the ‘entrainment path’ in a given storage
tank geometry gives rise to a complex three-dimensional (3D) flow pattern, which is often
difficult to characterise. This subject presents a significant concern to utilities as storage
tanks have different sizes, geometries (circular, rectangular), installed features (with or
without baffles; inlet-outlet configurations and sizes) and several size-to-ratio dimensions
(water level/length A = H/D7. Each combination results in a different flow pattern, which
is a decisive factor in the water mixing in tanks [17]. Even experimental and field studies
cannot fully describe and characterise the flow pattern since sampling techniques can only
assess the water at specific locations and not in the entire tank volume since tracer tests are
carried out at these points, which are insufficient to interpret the 3D flow pattern. Several
authors have captured the complex flow pattern using several measurement techniques in
small-scale models using Acoustic Doppler Velocimetry for volume sampling [18] and the
3D laser-induced fluorescence for plane sampling [19,20].

For this reason, several researchers focused on assessing and analysing the mixture
quality by means of numerical models, such as computational fluid dynamics (CFD),
which is largely used to simulate fluid flows [21-24]. Okita and Oyama [25] tested an
extensive range of orifices for two small-scale circular tanks. These researchers concluded
that the ratio between the tank diameter, D, and the nozzle diameter, Dy, is related
to the mixing time as a function of the inflow (nozzle) characterised by the Reynolds
number, Re = pVyDy/p < 4 x 10%, in which y = dynamic viscosity. Grayman et al. [15],
using a small-scale model, proposed methods to support the design and operation of
water storage tanks to reduce the risk of water quality degradation from poor mixing.
Khan et al. [26] showed results of a 3D CFD model and concluded that the numerical
model could accurately reproduce the flow patterns. Likewise, Marek et al. [27] compared
the numerical concentration profiles with the experimental ones and concluded that 3D
CFD model is able to simulate the complex effects of the flow. In addition, Zhang et al. [28]
evaluated several locations of submerged nozzles with a numerical model to determine the
ozone concentration and disinfectant contact time values, concluding that the modelling
results agreed well with the full-scale experimental data.

In general, researchers observed that the flow pattern in storage tanks is highly de-
pendent on the momentum of the inflow nozzle and the respective inflow orientation [29],
the number of jets (single and multiple) [30] and the position of the jet with respect to the
water level in the tank [31]. So far, a significant number of conditions have been studied for
the nozzle positioned below the water level (submerged jet) in several directions and loca-
tions [9,20], while according to the authors” knowledge, no studies have been conducted in
storage tanks with a plunging jet.

For these reasons, the current research aims to better understand the flow hydrody-
namics (flow pattern) in circular storage tanks for two inflow configurations—above and
below the water level—through a 3D CFD model. The nozzle above the water level is
referred to as a plunging jet, while the nozzle below the water level is a submerged jet.
The detailed information about flow patterns represents a valuable tool to establish the de-
sign and guidelines for operation and rehabilitation in order to improve the water mixture
in storage tanks and, thus, assuring the safety of drinking water distribution networks.

The main innovative key features of this paper are: (i) the analysis of the flow pattern
of a plugging jet in a circular storage tank validated by available laboratory data; (ii) the
flow pattern analysis of a submerged jet for the same geometry as an improvement mea-
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surement of water mixture; and (iii) velocity fields comparison of both inflows: plunging
and submerged jet.

2. Background Jet Theory
2.1. Plunging Jet

A circular nozzle positioned above the water level generates an axisymmetric jet
with a velocity, Vy;, a diameter, D};, and an angle with the horizontal plane, 6%; (Figure 1).
As the stream leaves the nozzle, a smooth and cylindrical shape jet is established. The jet
is immediately subjected to gravity forces and surface tension: gravity adds a vertical
velocity component, which causes the water jet to fall, while the surface tension maintains
the jet shape by the molecular attraction forces of the water (cohesion). While the jet falls,
the gravity force increases its velocity, causing the jet diameter to decrease (maintaining the
same flow rate). Due to the surface tension, the cylindrical jet shape surface behaves as an
elastic membrane, stretching and subjecting the region with more curvature. These effects
increase as the jet develops and become more prominent. Due to the turbulent velocity
component, the well-defined jet may break into multiple droplets [32] until it reaches the
water level, depending on the flow rate and the vertical distance between the nozzle and
the water surface.

As the jet attains the water level, the phenomenon is mainly influenced by the gravity
force, being characterised by the impact angle, 6p, the diameter, Dp, and the mean velocity,
Vp (Figure 1). The plunging jet momentum results in the penetration of the stream into the
pool of water (Figure 1a) or droplets being formed (Figure 1b), creating a meniscus void,
with a cylindrical shape, in the pool surface. The air entrainment results from the volatility
of the air-water interfaces, which is also known as Helmholtz—Taylor hydrodynamics
instability [33]. The air entrainment by a plunging jet is frequently encountered in practice,
namely, in cases of fluid aeration [33-35].

Nozzle Nozzle

Pool of water Pool of water

(@)

(b)
Figure 1. The plunging liquid jet when it: (a) maintains the cylindrical shape; (b) breaks into droplets.

In addition, the falling jet causes a deviation from the state of equilibrium in the tank
(in the gravitational field), which generates an oscillatory motion due to the gravity and
surface tension (capillary forces). This motion propagates along the water surface in waves
known as gravity—capillary waves, which are common in nature and often referred to as
ripples [36,37].



Water 2022, 14, 1277

40f 15

2.2. Submerged Jet

A submerged circular nozzle generates an axisimmetric jet with a mean velocity Vy
and a diameter Dy which, independently of the initial flow regime, being laminar or
turbulent, becomes turbulent at a certain distance from the nozzle [38]. The discontinuity
between the jet mean velocity and the water in the tank at rest is highly unstable, and due to
viscosity, the neighbouring fluid layers are increasingly drawn into the motion, embodying
part of the fluid at rest and sweeping it along, giving rise to a mixing layer downstream of
the nozzle (Figure 2). The thickness of the mixing layer, also called the shear layer, increases
with the distance from the nozzle [39]. In the mixing layer, coherent structures (vortices)
are formed, and their sizes are of the order of magnitude of the layer thickness—the fluid
particles from the tank carried by the jet increase the mass flow. Consequently, the jet width
spreads out, Ds > Dy, taking the shape of a bell, and the mean velocity of the flow, Vs,
decreases with the increasing distance from the nozzle [25].

Jet envelope
Nozzle e -%;7\

B

D, |— Dy

: =AW

Figure 2. Jet surface roughness—schematics.

3. Models Description

Portugal’s most common drinking water storage tanks are placed in-ground, have a
circular cross-section without internal baffles, and a ratio between tank diameter and water
height, 0.04 < H/Dt < 1.85 [40]. The nozzle is typically located above the water level
(as a plunging jet) to separate the storage tank from the upstream transmission pipeline,
avoiding emptying the tank if a sudden accident occurs and is not timely detected.

To investigate the water mixing and renewal in storage tanks, an experimental facility
designed for tracer tests in the small-scale storage tanks have been assembled in the
Hydraulics Laboratory of Instituto Superior Técnico, Universidade de Lisboa, as part of
the IMiST research project (FCT PTDC/ECI-EGC/32102/2017). Qualitative evaluation of
preferred flow paths is presented in Figure 3a, where the inflow and outflow are located on
opposite sides (configuration A in Pinheiro et al. [41]) is used to validate CFD results for
the plunging jet configuration (Figure 3b). The inflow below the water level (Figure 3c) is
numerically analysed and presented herein as an improvement measurement not tested
in the experimental facility, although CFD model configurations, qualitatively evaluated
with laboratory data, are used in both inflow positions: above the water level (plunging jet,
the one tested in the experimental facility) and below the water level (submerged jet).

This numerical study aims at assessing the main effects of the inflow position in the
flow pattern and the water mixing and renewal. Analyses are carried out for a constant
water level, for which the inlet flow rate equals the outlet flow rate.

The tank diameter D = 392 mm and the water level H = 60 mm. The inlet nozzle has
a diameter Dy = 4 mm and a pipe wall thickness ¢ = 1 mm; the shape of the jet is defined
by the circular cross-section (pipe). The jet is horizontally oriented, protrudes 4 mm from
the tank wall, and the respective axis is positioned 17 mm above the water level-plunging
jet (P), zp = 77 mm. The submerged jet (S) is positioned 30 mm below the water level,
zg = 30 mm. The inlet flow rate equals the outlet flow rate, which corresponds to 9.4 1/h,
with a Viy = 0.208 m/s, Re = 827 (<2000, laminar flow in the nozzle). The tank dimensions
were determined by downscaling sizes and shapes of drinking water storage tanks most
common in Portugal, based on Froude’s law for 1:100 geometric scale [41].
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Figure 3. Inlet—outlet configuration—-schematics: (a) top view; (b) plunging jet (P); and (c) submerged
jet (S).

4. Computational Fluid Dynamics Model
4.1. Introduction

The OpenFOAM is a free, high-level language CFD library. The applications created by
libraries are divided into solvers and utilities. The former performs the actual calculations
that closely parallel the description of continuum mechanical problems, and the latter
provides a range of functionalities for pre- and post-processing utilities [42].

4.2. Mesh

The snappyHexMesh is a pre-processing tool that considers a background mesh (pure
hex mesh), generated by the blockMesh utility, and it chisels and refines it into the fluid
domain defined by computer-aided software. It follows three meshing steps: (i) the cells of
the background mesh are deleted beyond the fluid domain boundaries (castellation); (ii) the
cells are reconstructed to approximate edges to the fluid domain boundaries (snapping);
and (iii) the additional layers are generated in the boundary region (layering).

The final mesh is hex-dominant, refined in the tank’s walls, inlet and outlet regions,
in the air-water interface and where high-velocity gradients are expected (Figure 4)—
resulting in a mesh that is characterised by 1.4 million mainly hexahedral cells with
1.5 million points of calculus, and by the minimum and maximum volumes of cells of
9.4 x 107! and 2.3 x 1077, respectively.
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(a) (b) (c) (d)
Figure 4. Mesh refinements: (a) top view; (b) nozzle above the water level; (c) nozzle below the water
level; and (d) outlet region.
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Even if the inflow is laminar, the behaviour of particles is complex, with jets (plunging
and submerged) leading the flow. However, the circulating flow, mainly near the walls, is
predominant and defines the flow pattern.

Less refined meshes settings were analysed and tested (higher minimum and max-
imum volume of cells); however, the flow pattern obtained by the CFD data did not
follow the observed by recorder images of the movement of the dye tracer solution in
the laboratory [41]. For the sake of brevity, the analyses of less refined meshes are not
presented herein.

4.3. Multiphase Flow

For the flow pattern analysis, a multiphase solver has been used. For each phase,
the solver multiphase InterFoam captures the interfaces between two (water and air) and
includes surface tension and contact angle effects. It uses the finite volume along with
the volume of fluid method. The starting point is the equations of mass conservation
(continuity),

VeV =0 2)

and momentum,
doV
B+ Ve(pVRV)=Ver—Vp+pfy 3)

where V = velocity vector shared by the two phases throughout the flow domain, y = phase
fraction, T = viscous stress tensor given by 2uS — %‘u(v e V)I, with the mean rate of the

strain tensor S = 0.5 [VV + (VV)T} ,and I = §;;, p =pressure, f, are body forces per unit

mass, which includes gravity, g, and surface tension effects at the interface [43]. The volume
fraction transport equation is given by:

%+V°(7V)+V°[v(1—7)Vr]=0 )
where phase 7 can take values within the range 0 < v < 1 and V; = relative velocity of
the phases; the solution of v is achieved through a multidimensional universal limiter
for explicit solution, which is an explicit solver based on the Flux-Corrected Transport
technique [44].

The physical properties are calculated as weighted averages based on the distribution
of the water volume fraction, thus being equal to the properties of each fluid in their
corresponding occupied regions and varying only across the interface:

0 = pwy +pa(1—7) ®)
B=poy + pa(l =) (6)

where the subscripts w and a refers to water and air, respectively. To close the problem, it is
necessary to specify the initial and boundary conditions in space in time [45].

For the simulation, an unsteady Reynolds-Averaged Navier-Stokes for turbulence is
adopted. The gradient and divergence schemes used were the Gaussian integration with
linear interpolation. The SST k-w model is selected by its main feature: it is a two-equation
eddy viscosity hybrid model that combines the use of Wilcox k-w and the k-¢ models.
The SST k-w model activates the k-« model near the wall and the k-e model away from it;
this zonal formulation is based on blending functions [46]. The SST k-w model is used when
the flow is affected by a solid or a surface (e.g., aerodynamics applications and ‘Coanda
effect’)—justifying the need for a refined mesh near the wall.

Convergence can be assessed by progressively tracking the imbalances (residuals)
accentuated by each iteration. A convergence solution is achieved when the residuals fall
below the convergence criterion of 10~7.
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5. Results and Discussion
5.1. Plunging Jet

In a plunging jet, the water enters the tank by the horizontally oriented nozzle.
The flow inside the nozzle is laminar (Rey = 827) and as the cylindrical jet exits the
nozzle, it is immediately subjected to gravity and surface tension forces. The gravity is
responsible for the fall of the jet (i.e., vertical velocity component), while the surface tension
maintains the initial shape of the jet (Figure 5).

The jet is immediately pushed downwards and, due to the adhesion of the water
molecules to other substances or materials, the jet attaches to the inferior wall of the
nozzle tip (Figure 5), adding a horizontal velocity component in the wall direction. This
phenomenon is known as the ‘Coanda effect’, which is the tendency of a stream to stay
attached to a convex surface. This attachment pulls in the flow, adding a horizontal velocity
component in the wall direction [47,48].

As the jet continues, the water molecules attracted to the nozzle tip are also attracted
to each other, resulting in a distortion of the jet shape (Figure 5). The ‘Coanda effect’ can be
noticed by the water molecules’ attractiveness to the nozzle’s tip, altering the cylindrical
shape to a flattened and angled jet. This effect is responsible for an early break of the jet
into droplets of smaller total area surface [49].

Figure 5. Plunging jet.

As a droplet penetrates the pool of water, it leaves a void on the surface of the pool
(Figure 3b). The thin layer of air along the droplet surface is transported below the water
level, forming small air bubbles [50]. These air bubbles are dragged downwards and are
slowed down by buoyancy forces that push them upwards. This instability is responsible
for most of the air entrainment. As a result, some air bubbles emerge at the water surface,
where they rapidly coalesce, while some are dragged by the flow [51]. This agitation causes
the jet to penetrate the surface of the pool of water and become more turbulent; however, it
will not reach very deep and represents a considerable loss in the dynamic pressure [52].

The droplets’ impact generates an oscillatory motion in the surface of the pool in the
form of gravity-capillary waves (ripples) [53] that travel radially from the tank walls towards
the centre of the circular storage tank (Figure 6).

The flow pattern starts to be established. Due to the ‘Coanda effect’ in the tank wall,
the water from the jet progresses clung to the tank walls, symmetrically, in the left and right
directions (Figure 6a—c). Pinheiro et al. [41], using a visual tracer (rhodamine solution),
observed this flow pattern.
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(a) (b) (©)
Figure 6. Wave propagation at different time steps from the beginning of the flow: (a) t; =0.50 s;
(b) t, =0.60's; and (c) t3 =0.70 s.

The flow pattern results from a combination of the inlet and the outlet position and
the tank configuration (circular cross-section and no baffle structures). The evolution in
the initial time steps is always close to the wall due to the “Coanda effect’. The ‘Coanda
effect’” occurs when fluid is closely projected to a surface (wall, ceiling, pipe). When this
happens, the fluid tends to cling to the surface as it moves due to the local pressure drop
caused by the acceleration of the flow around a solid surface, allowing the fluid to remain
clung. However, the flow gains a downward component, developing the flow pattern
presented in Figure 6. Due to the inlet position above the water level, the jet falls near the
wall and adheres while continuing to progress. After a short period, the flow starts to feel
the reverse flow and the initial phase of the flow pattern; this effect can be observed in
detail in Figure 7.

After 50 s of simulation, the flow pattern is beginning to be established. It is possible
to observe that due to the dynamic pressure of the inflow, the undisturbed particles in the
tank are pushed against the tank walls. This results in a reverse flow (from the outlet to the
inlet), colliding with the inflow. As the reverse flow progresses, it pushes the inflow.

() (b) ()

(d)
Figure 7. Water progression in the pool from the jet at (a) 9's; (b) 12's; (¢) 15 s; (d) 50 s.

At 200 s, the 3D steady pattern is established in the tank, challenging to characterise;
the inflow continues to cling to the wall, and it is disturbed and pushed down by the
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reverse flow. Figure 8 presents velocity vectors at three tank heights, z = %, % and %H of
the water level, corresponding to z = 0.015, 0.030 and 0.045 m, respectively (Figure 8a—c).
The flow pattern near the bottom is different from the one near the surface (Figure 8d).
After 200 s, the flow pattern shows slight changes due to flow turbulence.

e
¢ ./’;.
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(a) (b)
. oemm

0.0e+00 0.005 0.01 0.015 0.02 0.025 2.8e-02
Velocity (m/s)

(d)
Figure 8. Plunging jet: velocity vectors and contours at 200 s in the horizontal plane at (a) z = 0.25H;
(b) z = 0.5H; (c) z = 0.75H; and in the vertical plane at (d) y = 0.5Dr.

5.2. Submerged Jet

The nozzle is positioned below the water level, horizontally oriented at half of the
total water height H, protruding 4 mm from the tank wall. In this configuration, the flow
rate and the jet momentum are the same as in the plunging jet (Rey = 827), which results
in a cylindrical jet.

As the water jet leaves the nozzle (at time t = 0 s), the inflow has an immediate
response by the surrounding particles. The entrainment path left by the jet is compensated
by a reverse flow (Figure 9). In the surroundings of the entrainment path, fluid layers are
continuously being added, reducing the jet mean velocity, which becomes more spread
out. This is observed in Figure 9, as a 4 mm nozzle diameter results in a 20 times larger jet
diameter at the centre of the tank (at y = %)

A “zero velocity’ region is observed between the ‘entrainment path” and the reverse
flow, and fluid layers are increasingly drawn into the motion, enlarging the entrainment
path. When the inflow attains the tank wall (y = Dr), the flow pattern has been established.
The high velocities are positioned in the centre (entrainment path) and are surrounded by
a ‘zero’ velocity region, followed by a reverse flow. Note that there is no zero-velocities
region, this region is concentrated between two streams with different directions that are
highly unstable due to turbulence.



Water 2022, 14,1277 10 of 15

0.0e+00 0.005 0.01 0.015 0.02 0.025 2.8e-02
Velocity (m/s)

(a) (b)
Figure 9. Plunging jet: velocity vectors and contours at z = 0.5H at (a) 50 s; and (b) 150 s.

Two streams are observed (Figure 9): the one generated by the jet (entrainment path)
and the other by the reverse flow that compensates. The flow pattern is established as the
jet reaches the wall, which is symmetrical in the y-direction and divided into two parts.
Due to the curved tank walls, the fluid clings to the surface as it moves (‘Coanda effect’),
generating a pressure drop at the surface, which allows the liquid to remain clung.

The main features of the flow pattern can be observed in Figure 10, in which velocities
vectors are plotted at three heights, z = ¥4, Y2 and ¥%H: for z = Y4H, the flow occurs clung
to the wall, in the downward direction (Figure 10a); for z = %:H, the flow pattern seems to
be more defined, with a lower downward flow rate than closer to the bottom (Figure 10b);
finally, at z = %H, the flow pattern is mainly directed to the tank walls (Figure 10c).
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(d)
Figure 10. Plunging jet: velocity vectors and contours at 200 s in the horizontal plane at (a) z = 0.25H;
(b) z = 0.5H; (c) z = 0.75H; and in the vertical plane at (d) y = 0.5Dr.
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5.3. Velocity Fields Comparison

The 3D velocity fields in both jets can only be assessed by means of advanced numerical
models or experimental tests using complex measuring instrumentation, such as 3D laser-
induced fluorescence. This section presents the main features of the flow patterns obtained
by means of CFD simulations for the plunging and submerged jet. Both jets present a
characteristic flow pattern for the same inflow momentum. The velocity vectors at z = %2H
of both jets can be observed in Figure 11, allowing a better understanding of the effect of
the nozzle positions. Both positions generate a symmetric flow pattern in the y-axis.

The plunging jet breaks into droplets and falls, generating a void close to the wall,
resulting in the jet separation, symmetrically, to the left and right. The divided jet contin-
uously progresses, following the tank walls (‘Coanda effect’) until reuniting. After this,
the jet proceeds as a reverse flow (in the outlet-inlet direction), crossing the centre of the
tank until it reaches the inlet jet region (Figure 11a).

The main features of the submerged jet can be observed in Figure 11b. The submerged
jet generates a long entrainment path, and as it reaches the wall, the jet is split symmetrically,
in both directions (on the left and right sides), being clung to the tank walls. While it
progresses, it reaches the inflow region and follows the same pattern.

(@) (b)

0.0e+00 0.005 0.01 0.015 0.02 0.025 2.8e-02
Velocity (m/s)

Figure 11. Flow pattern establishment and velocity fields at z = 0.5H of the (a) plunging jet and
(b) of the submerged jet.

The velocity magnitude at three distances from the inlet nozzle: y = %Dr; %2Dr
and %Dr, at three heights: z = ¥4; % and %H are plotted in Figure 12. Velocities in the
submerged jet reach higher values than in the plunging jet. In addition, the entrainment
path (jet spreading) can be identified by the considerable velocity magnitude spike at the
V.H,y = YDr.

In the tank walls, the flow has a downward direction (Figure 10). In fact, this represents
the primary air intake of the flow. For each disturbance in the tank, the water surface
responds with a small pressure peak, causing waves in the surface that travels in the radial
direction, going back and forward (walls—centre-walls). During these waves’ impact on
the tank walls, air bubbles are imprisoned and dragged by the downward flow into the
storage water and observed into the outlet flow. In the pipe network, the air, in the form of
bubbles, accumulates in high points as air pockets. This can be observed in both jets and is
mainly responsible for the air pockets in the pipe network.
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Figure 12. Velocity Profiles from: plunging jet—grey line; submerged jet—black line.

6. Conclusions

This research demonstrates that numerical models can capture the 3D behaviour of flow
dynamics in water storage tanks. Two inlet jets” positions are analysed in a circular tank—the
plunging jet (used to validate the CFD results qualitatively and configurations) and the
submerged jet (a measure to improve water mixing)—for similar flow rate conditions.

CFD results allow assessing the influence of the nozzle position on the hydrodynamics
conditions inside the tank. Each jet generates a preferential flow path or distinct flow
pattern and velocity field in the water storage tank. The plunging jet breaks into droplets
that fall into the water surface generating a void responsible for the progression of the
jet clung to the tank wall and then produces a symmetrical flow clung to the walls and a
flow in the centre of the tank. The submerged jet generates a long entrainment path with
high velocities through the centre of the tank, promoting an enhanced water mixture by
the turbulence created and a flow towards the inlet along the walls. In addition, pressure
differences generate a small pressure peak in the water surface, creating an oscillatory
motion (waves) that travels back and forward in the radial direction.

The molecular attraction forces of water molecules to each other (cohesion) and
solids (adhesion) play an important role in the flow dynamics inside the storage tank.
The plunging jet is highly influenced by the ‘Coanda effect’, being responsible for the early
break of the jet into droplets and by its progression clung to the walls, as observed in the
experimental tests carried out. The submerged jet tends to generate an entrainment path
without the influence of the walls, spreading out as the nozzle distance increases.
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