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A B S T R A C T

The aquaculture industry is increasingly interested in using larger rearing tanks of near 1000m3 to achieve
production and economic benefits. Higher Reynolds number due to that order of tank size makes the flow fully
turbulent. This paper presents a full-scale computational fluid dynamics (CFD) model of an existing culture tank
of 788m3 size was developed, based on time-dependent incompressible unsteady Reynolds averaged Navier-
Stokes (URANS) formulation with the realizable k-ε viscous model. The tank has two inlet pipes, placed closed to
side walls of the tank. Each pipe has 11 inlet nozzles, which introduce the flow into the tank parallel to the walls.
This base case was validated against the experimental velocity measurements using Acoustic Doppler
Velocimetry (ADV) at predefined locations across the central vertical plane of the tank.

Turbulence characteristics and hence the hydrodynamic performance of the tank are influenced by inflow
characteristics. To conclude this, two redesigns were developed and contrasted with the base design for various
flow parameters from the viewpoint of the tank's performance. Redesign 1 has the nozzles turned towards the
centre by 42°, while Redesign 2 has bottom 5 nozzles directing the flow towards the centre with the rest injecting
the flow parallel to the wall. Distribution of turbulence parameters and vortices reveal that the inflow with a
radial component improves the mixing and flow uniformity characteristics of the tank. The present study has
shown that relatively minor construction changes aided by CFD can result in major changes in the hydrodynamic
properties of large culture tanks for Atlantic salmon.

1. Introduction

Recirculating Aquaculture System (RAS), unlike conventional
single-pass culture systems, provides a controlled environment that
uniquely favours fish welfare and operational performance (Dalsgaard
et al., 2013; Summerfelt et al., 2016). There is currently considerable
interest in land-based and sea-based closed-containment systems for
salmon post-smolts (Terjesen et al., 2013), with tank volumes up to
several thousand cubic meters. Rather than conducting theoretical and
experimental investigations on such large fluidic systems, it is more
efficient to use appropriate computational models for assessing the flow
and structural properties. Computational studies with transient turbu-
lence solvers, thanks to high-end computing capabilities, can enhance
the scope of process design and performance optimization. This can
save enormous labour and time. However, given the relatively limited
scope of the literature available on the computational models of culture

tank hydrodynamics for performance metrics, the present-day aqua-
culture industry is largely relying on laws of similarity and past ex-
perience. Although it is reliable, dimensioning the large RAS tanks for
nominal design configurations and operating conditions for the given
phase of the fish life cycle cannot provide accurate information about
flow pattern. Such methodology simply misses the opportunity to op-
timize the tank’s performance and quality aspects of the working fluid.

In the context of the application of larger culture tanks for reduced
costs, optimum tank design is of paramount interest to achieve desired
flow conditions in the tank (Farghally et al., 2014; Elalouf et al., 2018).
However, the hydrodynamic performance of tanks, both circular and
octagonal, is vulnerable to the inherent turbulence and velocity profiles
created by different geometries, internal structures for flow injection
and removal, and fish biomass. For Atlantic salmon parr, smolt, and
post-smolt, research suggests that the ideal swimming speed is ap-
proximately 1–1.5 body lengths per second to improve growth rate,
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disease resistance, and general robustness (Davison, 1997; Castro et al.,
2011). Also, consider that the primary rotating flow creates the sec-
ondary radial flow, and these velocity components combine to create a
self-cleaning tank without dead-zones, i.e. regions where typical hy-
draulics are suppressed, were settleable solids can accumulate. A water
velocity of 15–30 cm/s across the floor of the tank is suggested to
prevent biosolids and most feed from accumulating (Timmons et al.,
1998). In addition to particle settling, hydrodynamics in circular and
octagonal tans should promote uniform mixing to create near homo-
geneous concentrations of dissolved metabolites (e.g., O2, CO2, TAN).
For example, concentration gradients in dissolved oxygen within in-
tensive circular culture tanks can be typically maintained at less than
approximately± 1mg/L about the mean (typically 90–100% satura-
tion) tank concentration (Davidson and Summerfelt, 2004; Gorle et al.,
2018b). In addition, diverse design parameters such as tank size and
shape, location and dimensions of inlets and outlets etc. (Summerfelt
et al., 2016), and operating conditions including flow velocity at inlet
and exit, water head, and functional parameters including impulse
force, tangential and radial velocity components, Reynolds number etc.
(Davidson and Summerfelt, 2004; Oca and Masalo, 2013; Venegas
et al., 2014; Prabhu et al., 2017; Gorle et al., 2018b) characterize the
hydrodynamic behaviour of the tanks. Appropriate design of larger
culture tanks should appraise 3D flow effects, velocity and pressure
gradients and vortex dynamics (Lee, 2015; Shi et al., 2017), which add
additional complexity to the system. Developing the computational
models of such large culture tanks is not straightforward due to the
presence of multiple solid boundaries and prevailing flow non-
linearities. Therefore, an acceptable solution with defendable assump-
tions is usually sought.

Uniform flow distribution for effective feed distribution and suffi-
cient mixing for desirable water quality are major concerns in the de-
sign and operation of a culture tank. Higher flow rates are used to
ensure uniform water quality, which requires the optimal design of the
inlet and outlet structures for effective water exchange, feeding rate,
waste production and energy consumption (Prehn et al., 2012; Carvalho
et al., 2013; Shete et al., 2016). Effect of inflow configuration on the
overall flow performance in closed domains has been widely studied in
other types of applications. For instance, Ostermeier et al. (2017) stu-
died the effect of nozzle geometry on flow distribution in the applica-
tion of solid-gas fluidized beds, and Tang et al. (2017) examined the
inlet design on the properties of a hydrocyclone. Although a pure tan-
gential inflow is considered as the easiest and most economical

technique of producing a rotating flow in a culture tank (Timmons
et al., 1998), other inlet conditions have been tested on occasions. For
example, adjustable inlet nozzles were employed by Davidson and
Summerfelt (2004) for assessing the performance of Cornell-type dual-
drains in a circular tank. A similar technique was used by Summerfelt
et al. (2004) in studies on a partial reuse system for cold water aqua-
culture. The experiments on raceway hydrodynamics by Labatut et al.
(2007) revealed that the characteristics of inlet along with outlet in-
fluence the flow velocity and uniformity. Such studies on inlet char-
acteristics miss the basal technical causatory explanations, and hence
an extensive investigation is necessary. However, this needs to take into
account that the flow injection mechanism should be able to solve or
minimize the existing hydraulic problems, for a given set of design and
operating conditions.

In regard to the flow dynamics and mixing action occurring in the
culture tanks, where the flow pattern is circular and the outlet is located
at the centre, the concepts of ‘teacup hydrodynamics’ and ‘columnar
vortex’ are invaluable. While the former was adequately discussed by
the scholars in the context of culture tank hydrodynamics (Timmons
et al., 1998; Davidson and Summerfelt, 2005; Plew et al., 2015), the
vorticity distribution across the tank has been ignored. Summerfelt
et al. (2016) reported that the mean hydraulic retention time in com-
mercial culture tanks vary between 35 and 53min, which gives an
optimal rotational flow. While it was demonstrated that good water
mixing could be achieved within this practical range of hydraulic re-
tention times (HRT), no study has been performed to account for the
variations of field variables at different flowrates.

Simulation-based design improvement and optimization is a new
frontier in the field of aquaculture due to the possibility to embed the
modifications into 3D geometries. There has been an increasing interest
in developing new designs of rearing facilities due to the currently
major innovations in production methods used in salmon aquaculture,
motivated by challenges with sea-based traditional methods. Cage
systems were computationally modelled by Kim et al. (2015) to study
the effect on the growth rate of marine animals. Cornejo et al. (2014)
developed a large eddy simulation (LES) model of a similar domain to
examine the wake properties. A handful of computational studies were
performed on raceways to investigate discharge methods (Labatut et al.,
2015), and sediment transport (Huggins et al., 2004, 2005; Stockton
et al., 2016). Very few studies, however, have been conducted on the
flow dynamics of a RAS environment. For instance, a general hydro-
dynamic analysis of an octagonal RAS tank, using the realizable k-ε

Nomenclature

A area (m2)
C1, C2, C3, Cμ model constants of the realizable k – ε model
h water column height in the tank (m)
k turbulent kinetic energy (m2/s2)
p pressure (pa)
Pkand Ym production and dissipation terms of turbulence
R radial distance from tank’s centre (m)
Re Reynolds number
Sij strain rate tensor
u local velocity (m/s)
U inlet velocity (m/s)
y+ non-dimensional wall distance

Greek symbols

∝ flow angle (rad)
β Eddy viscosity ratio
γ flow uniformity index
δ Kronecker Delta

ε dissipation rate of turbulent kinetic energy (m2/s3)
θ dihedral angle of the cells (°)
μ water viscosity (Pa.s)
μt turbulent viscosity (Pa.s)
ν kinematic viscosity of water (m2/s)
ρ water density (kg/m3)
Φ arbitrary flow variable
Φ̄and Φ' mean and fluctuating components of the variable ‘Φ’

Abbreviations

ADV Acoustic Doppler Velocimetry
CAD Computer aided design
CFD Computational fluid dynamics
HRT Hydraulic retention time
LES Large eddy simulation
RAS Recirculating aquaculture system
STEP/STPStandard for the exchange of product data
TKE Turbulent kinetic energy
URF Under-relaxation factor
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viscous solver was performed by Liu et al. (2017a), and the effect of
flow split between outlets of a culture tank with Cornell-dual drain
system on the turbulence field was computationally studied by Gorle
et al. (2018c). Therefore, a knowledge gap exists in the improvement or
optimization of the design of RAS tanks. In the present study, hydro-
dynamics of a commercial RAS tank in operation was investigated at
full-scale using turbulence modelling. Although the practical experi-
ence at farms highlights several issues related to tank hydrodynamics
such as vortices, flow uniformity, energy losses, and turbulence, these
aspects lacked a high-fidelity analysis in the existing literature. The
novelty of the present study lies in the computation of Q-criterion for
coherent vortical structures at practical operating conditions, γ-index
for flow uniformity, walls shear stresses for energy loss, and non-di-
mensional turbulent kinetic energy and its dissipation rate for hydro-
dynamic turbulence in the tank. Flow evaluation of this base design of
the tank is then followed by the redesign of nozzle configuration to
quantify the effect of inflow direction on the global hydrodynamic
pattern.

2. Recirculation aquaculture system (RAS) tank under study

The design and flow conditions were investigated in a 788m3 size
octagonal RAS tank at Marine Harvest ASA, Steinsvik in Norway, where
Atlantic salmon smolts were reared. The site has two RAS systems, each
having six tanks, which are identical in design but different in operating
conditions. Fig. 1(a-c) show the design and basic dimensions of the tank
and outlet system. The tank is equipped with two identical inlet pipes of
45 cm diameter, placed at a distance of 40 cm from the nearest side
wall. Each inlet pipe has 11 nozzles of size 9 cm each. The direction of
the inflow is parallel to the walls so that the flow pattern is clockwise
when viewed from the top. Although the wall height of the tank is
4.2 m, the water level is maintained at 3.9m height. Conical tank de-
sign promotes better mixing of solid particles with the flow and thereby
self-cleaning ability (Carvalho et al., 2013). The 10° inclined conical
base, which draws the solid particles to the centre, promotes the for-
mation of secondary vortices. The solid particles in the flow are
therefore mixed and entrained in this location. This becomes more in-
tensive with higher vortex strength, which primarily depends on op-
erating conditions.

The manual operation of valves on the inlet pipelines used at this
RAS facility makes it nearly impossible to maintain the definite and
equal inflow rates from the two inlet pipes. While it is usual to have
10–15% difference between the flowrates through the two pipes, this

difference could be as high as 30–40%. Unequal flow rates through the
inlet pipes in a confined flow domain would cause a highly non-uniform
flow pattern. For instance, Fig. 2(a) shows the CFD-assisted streamline
pattern in the tank when Inlet 1 supplies 25% more flow than the Inlet 2
with a mean hydraulic retention time of 45min. In order to avoid the
skewed flow pattern in the tank as well as prevent the formation of dead
zones near the centre, the outlet casing was modified with two open-
ings, as shown in Fig. 1(c), which allow the tank flow to disregard the
vertical pipes but pass into the central outlet casing and get out of the
tank. The resulting circular flow pattern is shown in Fig. 2(b). In the
modified outlet, the casing influences the distribution of secondary
vortices, which occur in the vertical planes. As shown in Fig. 2(c) and
(d), the absence of flow through the casing preserved the coherence of
the secondary vortex, which was broken in the other case. The strength
of secondary vortices is one of the important factors that create the
mixing action in the flow whereby the solid particles are likely carried
away by the stream without sedimenting, and thus ensure homo-
geneous water quality in the tank (Gorle et al., 2018b). One of the
objectives is therefore to obtain the advantages of both cases; a globally
uniform flow with strong coherent secondary vortices.

3. Methodology

3.1. Experimental setup

A Nortek high-resolution acoustic Doppler profiler, Vector, for ve-
locity measurements in the tank. The working principle of the device is
based on the Doppler shift, which accounts for the effect of a moving
fluid element on the frequency of the acoustic waves that the device
emits, whereby the wavelength is shortened as the distance between the
source moves towards the target element and lengthened as it moves
away (Neipp et al., 2003). Acoustic Doppler Velocimetry (ADV) system
consists of a processing module that houses the control and signal
conditioning electronics, and a shaft that contains the signal transmitter
and receiver. Calculation of velocity components takes into account the
difference between the transmitter frequency and receiver frequency.
The three-legged instrument emits the beams with a separation angle
between each other of 120° on the horizontal plane and each beam
makes a vertical angle of 25°. The target volume is a cylindrical water
element, which was at 10 cm from the transmitter. The schematic dia-
gram of the ADV unit is shown in Fig. 3(a).

A rectilinear coordinate system was created for velocity measure-
ments in the tank, as depicted in Fig. 3(b). The origin was located at (0,

Fig. 1. Geometry of the RAS tank under study. (a) Tank is supplied with recirculated water through two inlet pipes, which create a clockwise flow pattern when
viewed from the top. Walkway allows for velocity measurements to generate the velocity profile across the central vertical plane. (b) Water is collected to the outlet
through four vertical pipes at the tank’s centre, and (c) The modified outlet design has two openings on the casing, which get approximately 40% of water directly to
the outlet boundary from the tank. Also, angled bottom creates more suction area for the water, which limits the rupturing of solid particles.
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0,−1.5) in the laboratory frame. Fifteen measurement points at each of
three depths constitute the complete measurement plane. The ADV
technique requires the transmitter head to be placed in the water. Be-
cause the velocity measurements close to bottom are likely influenced
by the solid surface (Guerra and Thomson, 2017), the lowest depth for
measurements was kept at 17% of wall height. Also, the velocities close
to the free-surface cannot be accurately measured by ADV, which
limited placement of the upper measurement line at 68% of wall height.
The resulting 15× 3 measurements were used to validate the compu-
tational results.

3.2. Computational framework

CFD application, in spite of being an exhaustive field, of

interdisciplinary nature of modelling and improving aquaculture sys-
tems invokes the need for an integrated computational framework. This
consists of diverse tools and techniques for evaluation of the flowfield
and quantity based investigation. The present study established a five-
step framework as illustrated below.

1. Development of CAD model. CATIA V5 (Dassault Systems, France)
was used to create the geometries in STEP/STP format.

2. CAD translation. The required format for the computer simulations
was Parasolid. Therefore, an external CAD transformation tool,
called 3D-Tool (3D-Tool GmbH & Co. KG, Germany) was used to
convert the STEP/STP file into a .X_T file.

3. Meshing. An automated meshing process was performed using the
tool, Castnet (DHCAE Tools GmbH, Germany) to create hybrid grids

Fig. 2. Streamline pattern in the tank with 25% more inflow from Inlet 1 than Inlet 2. The total flow rate is 292 L/s. (a) and (b) show 3D streamlines without and with
flow through the outlet casing, and (c) and (d) sectional streamline distribution across the central vertical plane without and with flow through the outlet casing,
respectively.

Fig. 3. Acoustic Doppler Velocimetry (ADV) setup for the velocity measurement in the tank including data flow from the measurement tier to post-processing unit.
The signal from the transmitter to the receiver is shown in the inset. (b) Velocity measurement points at three depths in the tank. Arrows from the inlet pipes shows
the direction of inflow, which is parallel to the nearest wall. The water level was maintained at h=3.9m.
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to solve the conservation equations.
4. Solution process. BlueCFD (blueCAPE, Portugal) which is a finite

volume software, based on OpenFOAM technology, was im-
plemented to solve the conservation equations.

5. Post-processing. Paraview (Kitware, USA) and Matlab (Mathworks,
USA) were used to plot and visualize the results.

Referring to Fig. 1(a), the geometry of the water body with a column
height of 3.9 m, was sufficient to investigate the hydrodynamics in the
tank. Therefore, unnecessary structures such as walkway, piping and
supporting elements outside of the water column were eliminated from
the CAD environment. Although care was taken, inevitable un-
certainties in replicating the exact geometry of 788m3 volume were
expected to cause a minor deviation of computational results from the
experimental findings.

3.2.1. Domain discretization
The numerical analysis of the RAS tank in the present case involves

the decomposition of the entire flow domain into a number of control
volumes or cells. The complex sub-geometries in the model require a
flexible cell distribution for better solution accuracy. However, an un-
structured cell distribution requires more computational time and sto-
rage space (Ito, 2013). The present 3D study, therefore, used a hybrid
formulation; unstructured triangular meshing on the solid surfaces and
structured hexahedral cells in the core. Tetrahedral cells are used to
connect these two zones. Fig. 4(a) shows the unstructured surface mesh
across the geometry. Fig. 4(b) shows the mesh visualization on the
vertical cut section through tank’s centre. While effectively negotiating
the complex and small geometrical features, such semi-structured mesh
retains robust tracking of spatial and temporal flow characteristics as
well as enables the interpolation of field variables for better analysis
(Sarrate et al., 2014; Liu et al., 2017b). The flowfield is more complex
within approximately 1.5m radius from the tank’s centre due to the
presence of the central outlet system. In addition to the directional
change of the flow, this region experiences more dynamic behaviour,
such as an accelerated flow at the bottom of vertical pipes, recirculation
in the pipes, strong vortex distribution in the casing, flow exit through
the outlet, etc. A local refinement in this region is necessary to capture
the flow variations more accurately. A cylindrical mesh control was
therefore used to refine this region, where the mesh density was in-
creased by 50% through the insertion of hexahedral cells, and grid
connectivity was maintained through tetrahedral cells.

Unstructured grids however require an extra attention towards the
mesh quality for better computational accuracy, as demonstrated by
Katz and Sankaran (2011). Because the numerical error generated by
the cell angles is in proportional to 1/sin θ, the dihedral angle of the

cells, θ, should not be close to either 0° or 180°. The present mesh has
95% of the elements with dihedral angle in the range of [70°, 120°].
Another important criterion that affects the solution convergence is the
mesh smoothness. The quality of computational grid in CFD studies is
often measured from the skewness and aspect ratio of the cells, which
must be kept as low as possible. The grid used in this study had 95% of
the elements with skewness below 0.5 and 98% with aspect ratio less
than 5. In order to capture the boundary layer region, an appropriate
near-wall treatment has to be performed for a chosen turbulence model.
Because the Reynolds number (Re) of the tank flow is of the order of
4E6, a high-Re formulation was used to treat the near wall region with
non-dimensional wall distance y+>30. Therefore, wall functions were
used to model the flow closest to the solid surface (Pope, 2000)

Keeping the same mesh topology, six computational grids were
tested to identify the solution dependency on mesh size. Because the
flow is confined within the large solid body, it is reasonable to select a
global flow variables to examine the mesh dependency. Fig. 5 shows
convergence of normalized velocity (u/U), and uniformity index (γ)
over the mesh size. For a given flow section A, γ is defined as

∫= −
−

γ
u u

Au
dA1

( ¯ )
2 ¯

A

2

where u is the local velocity in the cell and ū is the average velocity.
These parameters were computed across three horizontal planes along
the selected measurement lines, shown in Fig. 3(b). The parameters
were converged at the size of ‘selected mesh’ in Fig. 5, which implied
that the effect of grid spacing on the solution was eliminated in the
calculation domain with 797,819 cells.

Fig. 4. Computational grid. (a) Unstructured tetrahedral cells on the surface, and (b) structured quadrilateral cells in the core.

Fig. 5. Mesh sensitivity analysis.
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3.2.2. Turbulence modelling
The momentum balance through Navier-Stokes equation considers

Reynolds averaging i.e., = +Φ Φ̄ Φi i i
' , where Φ̄i and Φi

' are the mean
and fluctuating components of a flow variable, respectively. Therefore,
the instantaneous conservation equations with time-averaging become
the ensemble-averaged equations. Using Cartesian tensor notation, the
mass and momentum equations can be written as

∂
∂

=
x

ρu( ) 0
i
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⎜ ⎟
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Thus, Reynolds-averaged Navier-Stokes (RANS) equations introduce
additional terms ρu ūi j

' ' called Reynolds stresses. In order to close the
momentum conservation equation, these turbulence effects must be
modelled. In Boussinesq approach, the Reynolds stresses are expressed
in terms of mean velocity gradients as

⎜ ⎟= ⎡
⎣
⎢

∂
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+
∂
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⎤
⎦
⎥ − ⎛

⎝
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Because the Reynolds stress terms can be modelled through the
computation of turbulent viscosity, this hypothesis results in lesser CPU
effort when compared to the complete modelling of Reynolds stresses.
Out of numerous turbulence models available to calculate eddy visc-
osity by solving different transport equations, the present study used
the realizable k-ε model because it was proven to produce more accu-
rate results with a well resolved near-wall region for complex flows
(Diaz and Hinz, 2015). Here, the Boussinesq hypothesis is respected by
using eddy viscosity μt, and mean strain tensor to compute the Reynolds
stresses as shown below.

⏟
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Strain tensor S( )ij

where k is the turbulent kinetic energy. The conservation equations for
k and its dissipation rate ε are:
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ε .

In these transport equations, Pk and Ym represent the production and

dissipation terms of turbulence, and Sk and Sε are the user-defined
source terms of k and ε, respectively. Thus, the realizability in this two-
equation model is enforced by the formulation of μt, which confers that
Cμ is not a constant but related to the strain tensor. The realizable k-ε
model is also considered superior to the standard k-ε as the former
accounts for strong streamline characteristics associated with the flow
rotations and vortices, which are natural phenomena in the large flow
domains like culture tanks.

One of the limitations of this study is the exclusion of biomass in the
tank. Literature shows that the stocking density of the order of 60 kg/
m3 would reduce the water velocity by 25% (Gorle et al., 2018b). While
the flow fluctuations due to the solid structures in the tank could repel
the fish (Liao, 2007), school of fish exhibits both slalom motion through
coherent Lagrangian vortices and interception with them leads to low-
and high-drag propulsive modes (Huhn et al., 2015; Uddin et al., 2015).
The dynamics associated with the fish locomotion is a separate topic
itself and deserves extensive research to develop the turbulence model.
Therefore, the present study did not consider the biomass in the tank.

3.2.3. Solution procedure
The nozzles on inlet pipes, 1 and 2, were defined as velocity inlets

with mass flow specification. The outlet boundary was given the out-
flow condition. The tank walls are specified with the no-slip condition
to capture the boundary layer. Free-surface deformation is negligible
due to continuous replenishment of water into the tank (Meshkov and
Sirotkin, 2013). Considering the CPU effort in modelling the free-sur-
face in large flow domains, we approximated the free-surface as a
stress-free wall.

The unsteady incompressible solver with secondary upwind dis-
cretization in space and time was used in computations. The con-
vergence criteria were defined to have 1E-5 as minimum per iteration,
while 5E-4 was the maximum observed residual value. Because the
anisotropic turbulence model of large turbulent domains with 2nd ac-
curacy is prone to diverge (Wright and Easom, 2003; Aubin et al.,
2004), the effect of previous iteration on the present was controlled by
adjusting the under-relaxation factors (URFs). The solution was started
with low URFs for turbulence parameters and increased sufficiently
when a stabilized solution was achieved. The computations were per-
formed with a time step of 0.01 s with 30 sub-iterations. A larger time
step was likely to diverge the solution with given set of other para-
meters. Computations were carried out on a 28 core Intel Xeon E5‐2683
v3 2.00 GHz workstation.

4. Results

4.1. Model validation

Although numerical simulations of general flow physics in full-scale

Fig. 6. Comparison between experimental and computational findings of velocity measurements at three depths across the plane, z=−1.5 m.
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industrial applications is vital to address the design issues and further
developments, the accuracy of computational results is subject to nu-
merous factors such as the order of discretization, truncation error,
uncertainty in the boundary conditions, etc. Because the velocity dis-
tribution across the tank is a critical parameter that impacts many
factors, from flow uniformity to fish welfare, the developed CFD model
was validated against the experimental measurements of velocity
magnitude in the tank. In addition to the physical errors in the exact
tank dimensioning for modelling purpose, the uncertainties associated
with the boundary conditions, fluid properties, and measurement
equipment and procedures, significantly affect the model output. As a
result, a meaningful validation of the CFD model requires a quantitative
valuation of measurement uncertainties to estimate the level of con-
fidence. Fig. 6 shows the comparison between CFD (mean) and ADV
(mean ± standard deviation) for velocity datasets at three depths as
illustrated in Fig. 3(b). Note that the discrete locations of experimental
measurements at different y-locations did not cover the position of inlet
jets. The peaks of velocity profiles using CFD at x/R=0.89 are there-
fore missing the validation. Although the overall velocity profiles of
CFD and ADV follow identical trends, two modes of discrepancy were
observed. First, the crests of CFD profiles were at around |x/R|= 0.5,
whereas that of ADV were at |x/R| = 0.25. With the prevalence of
trough at the tank’s centre in both approaches, the CFD-based velocity
profiles thus seem elongated. Second, the computational predictions
deviate more at greater depths. This complements the fact that the
continuous refilling of the tank controls the deformation of water sur-
face (Gorle et al., 2018c), which makes the free-surface relatively lesser
influential on the overall hydrodynamic pattern than the deforming
free-surface (Yang and Zhou, 2015). Because the CFD predictions are
not far from the standard deviation bars of ADV measurements, present
computational model supplied a quality solution to analyse the flow
and make decisions to improve the system.

4.2. Flowfield analysis

For a computational-based design of a fluidic system, an accurate
calculation of convective flow properties plays a vital role in evaluating
the flow pattern. Therefore, a descriptive analysis was necessary for the
qualitative and quantitative flow parameters, before improving the
design. A wide range of turbulence scales generally appears in large
flow domains like the present case, with the occurrence of several
nonlinear phenomena, like wake formation and vortex motion. In order
to assess these 3D flow aspects, gradient-based visualization techniques
are used in this study. Using the velocity gradient tensor, a variety of
methods were proposed by scholars to locate the vorticity in a flowfield.
Using the strain tensor approach, the Q-criterion was evaluated in this
study to locate the spatial distribution of vorticity (Haller, 2005).
Mathematically, the Q-criterion is defined as the positive second in-
variant of the velocity curl (∇×u) across the flow field (Gorle et al.,
2016). When applied to 3D flowfield, Q-representation differentiates

the swirling component from pure shear to highlight the coherent
vortical structures.

The turbulence associated with the flow through the inlet and across
the tank is visualized in Fig. 7 using an iso Q value of 0.005. As the flow
is introduced from the nozzles into the tank, it is obvious to have higher
velocities near the inlet pipes. In addition, there is a velocity difference
between the nozzle stream and the rotating flow in the tank, which
creates local shear zones. As a consequence, inlet nozzles become the
inherent turbulence generators, as shown in Fig. 7(a). Looking at global
flowfield, as described in Fig. 7(b), assisted by Fig. 2(b), it is a flow
system that is characterized by nearly concentric streamlines in a cir-
cular fluid motion, which is due to tangential inflow in a closed octa-
gonal/circular domain. The resulting vortex column around the central
outlet structure is wrapped by the external turbulent filaments, leading
to intensive momentum transport. Thus, the vortex column through the
interactions with surrounding turbulence reflects on a wide spectrum of
turbulent structures prevailing in the domain and affects the dispersion
and flushing rates of solid particles (Pumir et al., 2016; Wang and
Ohmura, 2017). However, vortex strength beyond a critical value can
increase the stress levels of the fish.

In addition, the height of the water column is expected to influence
the vortex characteristics in the tank. At higher flow rates and different
inflow conditions, there are several possible dynamic actions of vortex
column, such as stretching, stripping, buckling, etc. (Candon and
Marshall, 2012; Schrottle et al., 2015), which express the complexity
associated with the flow. The physics of columnar vortex is however out
of the scope of current research.

Fig. 8 shows the instantaneous velocity contours at different sec-
tions of vertical pipes in the outlet system of the tank. A recirculation
zone at the lower part of the pipes is evident, which is due to the change
in the flow direction from the tank into the pipes. The flow appears to
reattach at about half of the pipe length. From operation’s viewpoint,
this needs to be sufficiently high i.e. at least 60 cm/s to transport bio-
solids through the pipes (Terjesen et al., 2013) and overcoming the
settling velocity of fish feed. In the existing design, flow through the
vertical pipes moves with an average velocity of 63 cm/s. An important
functional criterion of the hydrodynamic design is that the pipes carry
equal amounts of the flow to the outlet chamber for uniform flow
conditions in the chamber and further downstream.

4.3. Effect of inlet nozzle angle

Two different inlet configurations are evaluated to understand the
effect of radial inflow on the large culture tank’s hydrodynamic beha-
viour. Fig. 9(a) and (b) show the inlet configurations of the redesigns.
Redesign 1 has the inlet nozzles turned into the tank such that the jets
were directed to the centre of approaching wall. In Redesign 2, bottom
five nozzles are directed to the centre while the top six nozzles retained
the same positioning. Thus, the pure tangential inflow in base design,
which is the primary contributor to the rotational flow pattern, is partly

Fig. 7. Coherent vortical structures using Q-criterion (Q=0.005).
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replaced by a radial component in the redesigns. Table 1 shows the
corresponding inflow components in the three tank designs.

Changing the flow direction in the large water tanks influences both
the velocity and vorticity distributions. Effect of the inflow variations in
terms of secondary vortex pattern is explained by 2D streamlines across
the central vertical plane in Fig. 9(c) and (d) for Redesign 1 and Re-
design 2, respectively. It is evidenced that the Redesign 2 produced a
continuous and stronger secondary vortex. This is a better condition for
improved mixing action, compared to multiple smaller vortices of lower
strength, which is the case of Redesign 1. Looking at the fluid motion,

there is a huge difference between the redesigns in terms of vorticity
distribution. As shown in Fig. 9(e), diagonal inflow in Redesign 1 has
not significantly altered the appearance of the columnar vortex with a
little reduction in the intensity, compared to the base design in
Fig. 7(b). On the other hand, the formation of intensive swirls is ap-
preciably controlled by the introduction of a radial component to the
inflow, as shown in Fig. 9(f). With widely spread vertical structures of
low intensity, Redesign 2 ensures more even distribution of turbulence,
particularly near the tank walls. Any dead zones, which often occur,
near the tank walls and corners are thus controlled in Redesign 2.

The flow structure in the redesigns is first contrasted with the base
design for flow angle ∝= − u u( tan ( / ))z x

1 , which is plotted in Fig. 10.
Considering the experimental validation of CFD results, there is a good
agreement in terms of absolute flow angle in the case of base design
except a reasonable discrepancy near the solid boundaries. This is
possibly due to the complexity in capturing the flow physics more ac-
curately around the inlet pipes, close to the tank’s floor, where stronger
flow gradients and vortex dynamics exist. Turning angle in Redesign 1
is identical to that in base design, which reveals that the flow rotation in
the tank is strong enough to overcome the radial flow component, in-
troduced by means of diagonal nozzles. Redesign 2, on the other hand,
experienced a drastic variation in the flow angle from the base design.

Fig. 8. Velocity contours at different sections of vertical pipes. y/d is the non-
dimensional height of each section with respect to the tank’s bottom, where d is
the pipe diameter (=30 cm). Inlet pipes are on the X-Axis.

Fig. 9. Two inlet configurations considered for
improved flow distribution for a given flow rate. (a)
Redesign 1 has the nozzles directing the flow to the
centre of approaching face, and (b) Redesign 2 has
the upper six nozzles unaltered, but bottom five
nozzles directing the flow towards tank’s centre. (c)
and (d) represent the distribution of corresponding
secondary vortices across the central vertical plane
of the tank. (e) Redesign 1 exhibits a stronger
vortex column around the outlet system, and (f) a
broken distribution of columnar vortex occurs in
Redesign 2. Coherent vortices in (e) and (f) are
presented using Q-criterion using the iso-value of
0.05.

Table 1
Overview of flow components in the three designs.

Tangential Diagonal Radial

Base design 100% –
Redesign 1 – 100% –
Redesign 2 54.5% – 45.5%
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There was an abrupt drop in the profile of flow angle through the
bottom half of the tank along the measurement lines due to the pure
radial flow injected from the bottom five nozzles. The influence of this
radial inflow from bottom nozzles left the attempt of recovering the
shape of flow angle incomplete, which results in a deviating trend,
through the upper half of the tank. The effect of these flow structures in
redesigns on different parameters is explained henceforth.

Referring to Fig. 11, it is obvious that the higher shear stresses ap-
pear on the walls near the jet fronts as in the case of base design and
Redesign 1. In contrast, the negotiated flow pattern between the tan-
gential flow from the upper nozzles and radial flow from bottom noz-
zles of Redesign 2 drastically reduced the average wall stress distribu-
tion approximately to one-third. The contours of wall shear stress of the
three designs, therefore, suggest that the energy loss in the form of
dissipation to the tank walls is less in Redesign 2, compared to the
other, which contributes to the flow momentum. The existing design
loses the highest amount of flow energy to the walls due to pure tan-
gential inflow.

Fig. 12 presents the flow distribution across the planes y=0.43 h
and y=0.68 h in the negative z-direction (see Fig. 3b for reference
axes), which identifies the spatial variation in the velocity and turbu-
lence parameters. One common feature between the base design and
Redesign 1 is that the flow from nozzles is unidirectional. In a confined
flow domain with same inlet and outlet conditions, this trait possibly
produces identical velocity profiles. On the other hand, 90° angular
shift of bottom 5 nozzles in Redesign 2 drastically altered the velocity
distribution from the other designs. Also, the near convex trend of
normalized velocity in case of Redesign 2 is retained until the flow
reaches the wall, whereas it gradually becomes concave in the other
two designs.

A common practice in developing the computational models of full-
scale industrial systems is to assume isotropic turbulence in the flow

domain (Xu et al., 2015; Daddi-Moussa-Ide and Ghaemi, 2015). Since
the isotropic homogeneous turbulence decays with time, the transient
behaviour of large culture tank hydrodynamics cannot be featured by a
simple scalar like eddy viscosity. Eddy viscosity ratio ( =β ν ν/t ) is rather
regarded as a suitable variable to characterize the eddy transport of
momentum in the field. Peak values of β near the inlet nozzles and
further downstream represent the higher end of the turbulence spec-
trum, while the lower values are due to the laminar nature of the flow.
It is interesting to notice that the height-wise variation of β near the
inlet with Redesign 2 decreases in the downstream. Unlike this, the
other two designs exhibit identical β profiles at z=−1, which separate
in the downstream direction. Dimensionless turbulent kinetic energy
(TKE) plots in the third row, as the first evidence, complement the
Fig. 7(a) by showing the sharp peaks near the inlet irrespective to the
design. While the TKE profiles of the three designs are more or less
identical at z=−1, all of them displayed appreciably different dis-
tributions from each other further downstream. An interesting ob-
servation is that the Redesign 1, due to unidirectional flow, has lower
strain rates than the Redesign 2, which causes the lesser intensity of
TKE. This advantage is limited in the case of base design due to higher
wall interactions than in Redesign 1. Looking at the non-dimensional
dissipation rate of TKE, increased local strain rate in Redesign 2 due to
bidirectional flow from the inlet pipe causes higher dissipation than the
remaining designs. As the turbulence is concerned, there are mean-
ingful peaks in the profiles near the walls due to higher viscous effects.

Finally, it is important to maintain a balanced amount of flow
through the vertical pipes. As understood from Section 4.2 and Fig. 8,
outlet casing of base design accounted for approximately 40% of total
flow exiting the tank. Ideally, the four vertical pipes would share the
remaining flow equally. This is the condition required to prevent the
formation of nonuniform flow structures as the flow exits the tank.
Table 2 compares the designs for the amounts of flow through the

Fig. 10. Absolute flow angle ‘α’ along the three measurement lines in the base design and redesigns across z=−1.5.

Fig. 11. Comparison of base design with redesigns for wall shear stress distribution.
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vertical pipes and casing to reach the tank’s outlet. With a constant flow
supplied in a confined domain, pipes P1 and P3 carry more flow than the
pipes P2 and P4, because former are reached by the inflow faster than
the latter. This is more effective when the bottom nozzles inject the flow
directly to the centre of the tank, as in the case of Redesign 2. Despite
this, the standard deviation in the flow rates through the four vertical
pipes is 0.63, 0.60 and 0.54 in base design, and Redesigns 1 and 2,
respectively, which admit a more uniform outflow pattern with

Redesign 2.
From the mechanics’ perspective, the relationship between the inlet

flow rate and the uniformity index is subject to the type of application
(for example, Guhan et al., 2016; Zi et al., 2016) depending on the
structural design. Although the rotational behaviour of the flow in a
RAS tank is analogous to that in mixing tanks, the trend of flow uni-
formity cannot be compared between them due to the presence of an
agitator in the latter (de Lamotte et al., 2017). Higher operating con-
ditions, by means of increasing the flowrate into the tank, enhance the
turbulence in the flow domain. Because the vortex dynamics is a major
concern in the turbulent energy cascade and vice versa, a parametric
study was conducted to understand the effect of flowrate (or mean
hydraulic retention time, HRT) on the tank hydrodynamics. Fig. 13
compares the three designs for the vorticity field at different HRTs.
While the designed operating condition for 1 kg post-smolt in the se-
lected RAS tank corresponds to an HRT of 45–50min, two other cases
of± 5min HRT were considered and the respective distributions of
coherent vortices with Q=0.01 were computed. Irrespective of flow-
rate, there were two major vorticity features occurring in the flowfield.
Firstly, a vertical vortex column around the outlet system, which was

Fig. 12. Comparison of base design and redesigns using the profiles of normalized velocity (1st row), relative eddy viscosity (2nd row), non-dimensional turbulent
kinetic energy (3rd row) and its dissipation rate (4th row) at different z-locations.

Table 2
Percent of flow through different exit channels in the three designs. Redesigns
are in comparison with the base design without large deviation in the flow exit
quantities.

Base design Redesign 1 Redesign 2

P1 15.65 14.92 15.51
P2 14.70 14.32 14.55
P3 15.90 15.06 15.55
P4 14.69 14.34 14.63
Casing 39.06 41.35 39.76
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not allowed to decay irrespective of its interaction with the surrounding
turbulence due to the flow confinement. The contour of the columnar
vortex was enlarged and registered an increasing intensity of turbulence
as flowrate increased. Also, the vortex ring outside of the column near
the water surface is stretched by the local strained flow at higher
flowrates. This feature was, however, suppressed by the radial inflow in
Redesign 2, which implies reduced flow restriction and hence lower
stress levels to which the fish could be exposed. Secondly, the external
vortical streaks were likely stretched and intensified at higher flow-
rates. These filaments, which tend to catch up the vortex ring and
vortex column, would result in multiscale turbulence interactions.
There is an appreciable reduction in the vorticity magnitude as well as
turbulence intensity from the existing design to Redesign 1, to Redesign
2, which is certainly due to the induction of radial component in the
inflow. As depicted in the case of Redesign 2, the vorticity was more
concentrated around the solid surfaces and the turbulence was more
quickly dissipated than the other designs. This inference compliments
Fig. 12 (row 4), which were the non-dimensional turbulence dissipation
profiles along the measurement lines, close to the inlet pipes (at
z=−1.5).

5. Conclusions

Flow characterization using turbulence models and CFD-based de-
sign improvement is useful and yet unexplored techniques in the field of
recirculation aquaculture systems (RAS). The maturing technology of
RAS, as described by Dalsgaard et al. (2015), still has an ample scope to
improve the existing designs using computational methods. This paper
presented one such attempt to characterize the hydrodynamics in a
large octagonal RAS tank at full scale. With the support of validation
experiments using ADV, the merit of 3D CFD model was conveyed
through the reproduction of vortical structures and turbulence

measurements. The main objective of this study was to improve the
existing design for mixing and flow uniformity, which are vital aspects
for maintaining homogeneous water quality and preventing biosolids
from sedimentation. This was accomplished by testing different inlet
nozzle arrangements. We concluded that the inclusion of a radial or-
ientation in the lower flow inlet nozzles would improve the overall
hydrodynamic performance of the tank.

Fish faecal matter and denser uneaten feed pellets constitute solids
of different material properties and hence different motion profiles in
the flow domain. Turbulence external to the columnar vortex has a
significant effect on the particle dispersion (Marshall, 2005; Gorle et al.,
2018a). Modelling the particle trajectory under the influence of larger
eddies such as vortex column should, therefore, resolve the smaller-
scale turbulent structures. Flow physics behind such complex phe-
nomena are highly influenced by the hydraulic boundary conditions.
Commercial facilities use the standard practice of inlet and outlet lo-
cations in the circular tanks. Flow pattern can be changed in a positive
way for better mixing and improved uniformity if the flow boundaries
are rightly modified.
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