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In order to overcome the environmental consequences of traditional net pens in producing

Atlantic salmon, closed containment aquaculture systems are being developed, where the

culture volume is separated from the ambient environment by an impermeable wall.

However, several challenges in terms of construction and hydrodynamic properties must

be solved before such systems can be used on a large scale. A study was thus performed on

the design of a floating closed-containment fish farm in sea. This paper presents the design

and flow analysis of two versions of the globe; first is the pilot design of a 74 m3 globe, and

the second is the design of a 3500 m3 globe for post-smolts of Atlantic salmon. The results

of turbulence model of the pilot globe were validated against the velocity measurements

using acoustic Doppler velocimetry. Computational assessment of various flow charac-

teristics includes the velocity and vorticity fields. The streamline pattern confirmed the

secondary vortices, creating the tea-cup hydrodynamics. Coherent vortices, identified by

means of Q-criterion, show the presence of vortex column in the globe. Two inlet config-

urations were tested on the post-smolt globe for improved performance. Design 1 has the

standard one-column nozzle configuration, and the Design 2 has two-column nozzles to

create a V-shaped inflow. The mixing action of the two designs was examined using

Lagrangian particle tracking. Considerable influence of inlet configuration on the particle

motion was observed. It was found that V-nozzles (two columns of inlet nozzles) are more

effective than standard nozzles in flushing the solid particles.

© 2018 The Conservation Fund Freshwater Institute. Published by Elsevier Ltd on behalf of

IAgrE. This is an open access article under the CC BY license (http://creativecommons.org/
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Nomenclature

A Area

C1, C2, Cm, C1ε Model constants of Realisable k e ε model

CD Particle drag coefficient

Cp Model constant of eddy interaction model

d Particle diameter

f Force

g Gravitational constant

k Turbulent kinetic energy

[ Turbulence length scale

m Particle mass

p Pressure

Pk Production term of turbulent kinetic energy

R Reynolds stress tensor

Re Reynolds number

Sij Strain rate tensor

Stk Stokes number

TL Integral time scale of turbulence

TP Particle time to traverse the eddy

v Velocity

v' Fluctuating component of velocity

v Average velocity

v Velocity vector

vp Particle velocity

yþ Non-dimensional wall distance

Greek symbols

g Flow uniformity index

d Kronecker Delta

ε Dissipation rate of turbulent kinetic energy

i Turbulence intensity

m Statistical mean

md Dynamic viscosity

mt Turbulent viscosity

n Kinematic viscosity

r Water density

rp Particle density

s Standard deviation

t Stress tensor

tw Wall shear stress

w Particle volume

U Rotation tensor

Abbreviations

ADV Acoustic Doppler Velocimetry

CAD Computer Aided Design

CCS Closed containment system

CFD Computational Fluid Dynamics

CV Coefficient of variation

DNS Direct numerical simulation

EIM Eddy interaction model

IGES/IGS Initial Graphics Exchange Specification

MPI Message passing interface

SIMPLE Semi-implicit method for pressure linked

equations

SNR Signal-to-noise ratio

STEP/STP Standard for the Exchange of Product data

STL Stereo-Lithography

URANS Unsteady Reynolds Averaged Navier-Stokes

WSS Wall shear stress
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1. Introduction

The production of Atlantic salmon is the paramount activity

in Norwegian aquaculture, accounting for more than 80% of

the total aquaculture production in the country. With a

thousand-fold growth over last four decades, Norway is

currently contributing more than one third of the global

salmon production. Aspiring to increase the salmon produc-

tion by five times by 2050, Norwegian aquaculture has been

evolving with new businesses and innovative technologies

with a focus on the environmental performance of fish farms

(Hagspiel, Hannevik, Lavrutich, Naustdal, & Struksnæs, 2018;

Olafsen, Winther, Olsen, & Skjermo, 2012). However, there

are many challenges facing this proposed five-fold expansion

in production, which include sea lice, diseases, production

losses etc. This necessitates innovative production systems

such as closed-containment systems (CCS), where the fish are

separated from the outside environment. With a better con-

trol on production, environmental impact and disease trans-

mission makes CCS a promising alternative to open-cage

production systems.

There has been a growing interest in the Norwegian

aquaculture industry in CCS solutions for post-smolts
(Hagspiel et al., 2018; Summerfelt, Mathisen, Holan, &

Terjesen, 2016). Post-smolts are salmon being adapted to sea

water life, and up to about 1 kg. Although the harvest size is

about 5 kg, the post-smolt stage still amounts to approxi-

mately half the production time cycle in the sea due to the

growth characteristics of salmon. By keeping the post-smolts

in closed systems, this considerably reduces their exposure to

sea lice, and also these systems are a more stable environ-

ment for fish production. At 4% annual growth, production in

Norway should increase to 3,000,000 t by 2030. Thus, CCS

plants by 2030 can be expected to account for a production of

500,000 t. The industry is therefore interested in innovative

solutions to achieve this.

Little research has been done to investigate flow hydro-

dynamics in CCS using computational methods. However, the

subject of rotational flows in confined domains has been

investigated for some time, but in different applications. For

instance, the early experimental studies of Willingham,

Sedlak, Rossini, and Westhaver (1947), and Macleod and

Matterson (1959) considered the flow behaviour in the rotary

fractionation columns. Kloosterziel and van Heijst (1991)

performed experiments to analyse the vortices in a rotating

fluid. The study noted several observations on vortex stability,

which imply that the characteristics of rotating fluid largely

https://doi.org/10.1016/j.biosystemseng.2018.08.012
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depend on the type of eddies that prevail. Eddies are influ-

enced by the type of inflow and outflow settings employed in

the system. The empirical study by Dyakova and Polezhaev

(2016) on the steady flow in a rotating cylinder explains the

complexity associated with these flows. Furthermore, a

considerable effect of the geometry of container on the flow

characteristics was experimentally studied by Pieralisi,

Montante, and Paglianti (2016). Although the observations

made in the above literature are relevant to the present study,

the experimental methods used in these investigations were

enormously complex and time consuming to carry out at full-

scale. On the other hand, the theoretical approach to under-

stand the rotating flow patterns depend on far-reaching as-

sumptions (Davoust, Achard, & Drazek, 2015; Tophoj, Mougel,

Bohr, & Fabre, 2013).

Computational Fluid Dynamics (CFD) has become a

promising tool to create a platform for simulation-driven

product development, without the need to produce working

prototypes for testing. By solving the conservation equations

for mass and momentum using CFD tools, comprehensive

information on various flow features can be obtained and

used to improve the flow conditions.

The flow injected tangentially through a series of jets into a

circular tank is inherently turbulent and several dynamic as-

pects associated with turbulence are experienced. Under

steady inflow conditions, the rotational fluid in a closed

domain experiences columnar vortical structures that align

with the axis of rotational motion. Associated eddies with

steep energy spectra play a major role in mixing and mo-

mentum transfer by reducing the turbulence dissipation rate

that would otherwise occur (Bourouiba, Straub, &Waite, 2012;

Takahashi, Ishii, & Miyazaki, 2005). The coherent vortical

structures in such complex flows can be detected using

various criteria. Levine, Rappel, and Cohen (2000) gives an

intuitive definition of a vortex structure by presenting it as the

rotational motion of several particles around a common

centre. This definition can be improved by also considering

the vortex convection. Vortex formation and convection is

primarily accompanied by fluid shearing and thus turbulent

zones (Elsas & Moriconi, 2017; Gorle, Terjesen, & Summerfelt,

2018b). Although there are several theoretical and experi-

mental methods to determine the vortex characteristics in

closed flow domains, one of the objectives of this study is to

observe and compare the mixing characteristics in different

geometrical designs of the closed-containment aquaculture

system FishGLOBE (www.fishglobe.no).

With an increasing concern about the environmental

impact of aquaculture, technologies are being developed to

manage the organic waste, including the deposition of waste

material as well as control of water quality due to their pres-

ence. While the near-field deposition of wastes including

solids removal and stabilisation has its own challenges

(Summerfelt, Adler, Glenn, & Kretschmann, 1999; Turcios &

Papenbrock, 2014), the motion of solid particles in the work-

ing fluid is one of the critical aspects of operation due to its

two-way interaction with the hydraulic environment; the

physical and motion properties of the solids are determined

by the flow field, and particle dissolution influences the water

quality. In fish culture environments, solids in the water col-

umn mainly consist of faecal material and uneaten feed
pellets. Ideally, these particles should be flushed out much

faster than the mean hydraulic retention time of the tank,

otherwise they can adversely affect the water quality and the

health and welfare of the fish. The internal fish tank geometry

will also influence the flow pattern and thus the particles

motion, in the context of confined flow domain. Through

computational modelling, Shahrokhi, Rostami, Said, Yazdi,

and Syafalni (2012) and Guo et al. (2017) identified that the

efficiency of a settling tank increaseswith the flowuniformity.

A uniform velocity field was found to increase the rate of

suspended particle deposition. Active circulation zones create

non-uniform conditions in the flow, which adversely affect

the particle removal (Komrakova, Liu, Machado, & Kresta,

2017). Furthermore, it has been shown that Atlantic salmon

growth, health and welfare is improved by increased water

velocity which provides exercise training for the fish, usually

in the range 1e1.5 body lengths per second (Castro et al., 2011;

Gorle, Terjesen, Mota, & Summerfelt, 2018a). Therefore, any

development of closed-containment systems must take this

velocity requirement into account.

While reviewing the circular tank technology for aquacul-

ture, Timmons, Summerfelt, and Vinci (1998) specified that

the overall flow pattern is largely dependent on the inflow

characteristics, which was experimentally proved by Muller,

Cesare, and Schleiss (2017). However, quantifying studies on

this topic in CCS are missing in the existing literature. This

paper aims to investigate the existing design of floating,

closed-containment aquaculture system-FishGLOBE, and

improve the design by testing two different inlet configura-

tions. Section 2 describes the rationale for the project, and

how the design of FishGLOBE is superior to the land based

farming systems. In this study, twomodels were investigated;

a pilot globe (74 m3 in size) and a post-smolt globe (3500 m3 in

size). While the flow field was investigated in both designs

using turbulence modelling, the validation experiments were

possible only for pilot globe, using Acoustic Doppler Veloc-

imetry (ADV). In addition, the motion of biosolids in the post-

smolt globe was studied using Lagrangian formulation. These

investigationmethods are illustrated in section 3. In section 4,

a detailed information on the flow field that evolved in the

pilot globe, including the effect of flow rate, is described. Based

on analysis of pilot globe, which has the tangential inflow, a

full-scale computational model of pilot globe was developed

with two inlet configurations. Contrasting studies between

both designs for flow physics and particle flushing in the post-

smolt globe is presented in section 5, and conclusionsmade in

section 6.
2. Project FishGLOBE

FishGLOBE aims to develop a closed fish-farming facility for

better fish growth and reduced production problems. The

project is expected to provide a more protected environment

for farming the salmon post-smolts. Combining the tech-

nology of FishGLOBE and regular open cages, it is expected to

help solve some of the bigger environmental challenges, such

as sea lice. The globe is equipped with diffusors, situated

inside the water inlet pipes, for delivering oxygen. Further-

more, a system for CO2 removal from reused water, based on

http://www.fishglobe.no
https://doi.org/10.1016/j.biosystemseng.2018.08.012
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the use of ejectors, could be turned on if the facility experi-

ences the difficulties with getting fresh water; thereby

contributing to water quality and fish welfare during such

emergencies. To achieve positive buoyancy, buoyancy tanks

are located inside the upper portion of the globe, which also

makes the construction stronger and resistant to the forces

caused by waves. The buoyancy tanks can also be used as

technical rooms, with an emergency power supply and a

reserve oxygen tank. These chambers also have the equip-

ment for filtration and handling of waste material and dead

fish, as well as feed stores. The design also offers a unique

solution to transport fish at high rates (>200 t h�1) by creating

a positive atmospheric pressure inside the structure. In

addition, FishGLOBE offers most of the solutions that well

boats can offer to treat the freshwater for parasites and sea

lice at almost the same processing capacity. This drastically

reduces the operating costs. All these operating systems are

located above the rearing volume as shown in Fig. 1, where

the design of the pilot globe is illustrated.

The use of closed-containment systems in aquaculture is

dependent on their safe, controllable and optimal operation

and systems must be tested to verify designs and confirm the

desired flow pattern. Proper dimensioning and management

of the hydrodynamics in the facility is imperative for water

quality, fish development, health and welfare, and operating
Fig. 1 e Basic design specifications of the pilot globe. Grey colo

treatment units. Two openings for velocity measurements are s

have 65 nozzles on each in two columns such that the inflow je

through 98 nozzles on each side of central pipe (view C). All no

interpretation of the references to color/colour in this figure lege
costs. Good water quality depends on an optimal flow pattern

to ensure not only better distribution of oxygen but also the

efficient removal of waste products (Davidson & Summerfelt,

2004; Terjesen et al., 2013).
3. Materials and methods

3.1. Velocity measurements

A Nortek 10 MHz acoustic Doppler velocimetry (ADV) probe

(Nortek AS, Vangkroken, Norway) was used in this study to

measure the 3D velocity components at predefined locations

within the globe. The instrument, as shown in Fig. 2, operates

on the Doppler shift principle and is suitable for determining

point specific velocity fluctuations but not for identifying

coherent flow structures, such as the resolution of turbulent

structures within a domain. ADV measurements can only be

carried out within particle-laden flows (Gorle et al., 2018a). At

the start of measurement, a short acoustic signal of known

frequency is emitted from the transmitter. This signal is re-

flected in the water by the smallest particles moving with the

speed of the water. The echo of the signals reflected from the

measuring volume reaches the three receivers with a time

shift Dt, is amplified in the signal conditioning module and
ur shows the space inside the globe for operating and

hown as hashed circles in the plan view. Three inlet pipes

ts subtend an angle of 25� (view BeB). Water exits the globe

zzles on inlet and outlet pipes are 20 mm diameter. (For

nd, the reader is referred to the Web version of this article.)

https://doi.org/10.1016/j.biosystemseng.2018.08.012
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Fig. 2 e Nortek ADV probe with three receivers (left), and

the process of 3D velocity measurement (right).

Fig. 3 e Correlation and SNR scores of a typical

measurement. The data recording corresponds to an

arbitrary location in the pilot globe with at the pump speed

of 1039 rpm.
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digitized and analysed in the processor. The frequency change

in the acoustic signal at the time of impact on and reflection

from themeasuring volume caused by a relativemovement of

the water flowing in all three directions is proportional to the

flow velocity. A stable recording for 35 kB data for each mea-

surement, consisting of individual velocity components was

collected. The momentary velocity (v), measured over a

period, is temporally averaged from a turbulent fluctuating

variable v'.

As noted by Strom and Papanicolaou (2007), the signal

filtering process involves the removal of low quality data

within the time series through signal correlation and signal-

to-noise ratio (SNR); the former is a statistical measure of

how closely the reflected pulses are related, and the latter

gives the ratio between the transmitted and received signal

strength. A correlation coefficient of more than 90% indicates

a reliable measurement. SNR should always have values of

more than 15 dB, when the data is recorded with a sampling

frequency of 25 Hz. If only the mean value of the measured

values is considered in the data evaluation, a SNR of 5 dB is

sufficient. A typical measurement is shown in Fig. 3. However,

there is a variety of parameters that lead to uncertainty in

ADV measurements, particularly in turbulent flows. These

include random spikes in the data, Doppler noise, too close

presence of fish, and unresolved turbulent scales. Due to the

lack of exclusive measurement settings for each sampling

point to validate the computational predictions, a reasonable

requirement is to quantify the uncertainty in velocity

magnitude. This uncertainty can be reduced to some extent by

fine tuning and calibration of the measurement apparatus.

However, the temporal fluctuations in the flow variables

necessarily produce considerable deviation from the mean

values.

Referring to Fig. 4, there are two openings, each of 800 mm,

on opposite sides of the globe at approximately 1.7m from the

centre, which were the only possible practical locations to

measure the velocity in the globe. This limited the number of
velocity measurements to 11 along three vertical lines at each

operating condition.

When making field measurements, it is important to

obtain reliable reference data. Due to a number of errors and

uncertainties in the real-time measurements, appropriate

data filtration techniques are necessary to remove wrong data

sets. In the present study, a sufficiently large amount of data

was collected, which reduced the degree of variation in the

measurements. Figure 5 shows that the coefficient of variation

(CV) at the chosen locations - lines a, b and c, is less than 1% at

different pump speeds. A likely decreasing trend of CV with

pump speed is observed. This means that the uncertainty

associated with the equipment and measurement processes

contribute more to the variations in the measurement than

the uncertainty in managing an accurate flowrate into the

globe.

3.2. Computational methodology

3.2.1. Workflow
In the context of complex geometries used here, a reliable

multi-physics analysis and a cost-effective workflow were

required. Figure 6 shows the schematic workflow, used in this

work.

The transfer of CAD data from one computational engine

to the other is a challenging task, particularly in the case of

complex geometries. Older data formats such as STL and IGES/

IGS offer a surface representation based CAD data transfer,

which is not suitable for exchanging the product data struc-

tures and solid model definitions. On the other hand, the

formats STEP/STP can efficiently transfer such metadata and

provides a standard interoperability of data exchange be-

tween different computer programs. The software package

CATIA V5 R21 (Dassault Syst�emes, V�elizy-Villacoublay,

France) was used to develop the geometrymodels in STEP/STP

format. To create a control volume domain, an automated

meshing process using Castnet (DHCAE Tools GmbH, Ger-

many) was implemented. However, the meshing interface

was limited only to the imports of Parasolid or STL models.

Therefore, an efficient CAD translation from STP to X_T was

https://doi.org/10.1016/j.biosystemseng.2018.08.012
https://doi.org/10.1016/j.biosystemseng.2018.08.012


Fig. 4 e Process of velocity measurements. (a) Distribution of measurement points along three vertical lines - a, b and c. Flow

from the inlet first reaches the measurement line ‘c’. (b) Vector measuring instrument, deployed at the site.

Fig. 5 e Coefficient of variation (CV) along the measurement lines a, b and c, to assess the data reliability. Less than 1% of CV

at all operating conditions imply sufficiently large amount of data and efficient removal of spikes.
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performed using the conversion software, 3D-Tool V12 (3D-

Tool GmbH & Co. KG, Weinheim, Germany).

A finite volume based CFD tool that works with OpenFOAM

technology, called BlueCFD (BlueCAPE, Casais da Serra,

Portugal), was used for simulations. While offering a wide

range of viscous and multiphysics solvers, BlueCFD-Core 2.3,
Fig. 6 e Workflow design, from geomet
in association with a graphical interface, called RunGui,

constituted the simulation environment for the present study.

The results comprised both field representations and quanti-

fied parameters, which were post-processed using Paraview 5

(Kitware, NewYork, USA) andMatlab R17 (MathWorks, Natick,

Massachusetts, USA).
ry development to post-processing.

https://doi.org/10.1016/j.biosystemseng.2018.08.012
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3.2.2. Turbulence modelling
The dimensions and geometry of the globe ensure the flow

domain is inherently turbulent, which requires turbulence

modelling. To describe the fluid dynamics in the globe, the

mass and momentum conservation equations were selected

in transient conditions, which are:

V$ðvÞ ¼ 0

v

vt
ðvÞ þ V$ðv5vÞ ¼ �1

r
ðV p� V$ðtþ RÞÞ

where t is the stress-tensor, expressed in mean velocity, and

R ¼ � v'5 v' is called the Reynolds stress tensor, which rep-

resents the turbulence. Boussinesq approach is used to model

the turbulence, where Reynolds stress tensor is expressed in

terms of turbulent viscosity mt as:

R ¼ mt

r
ðV vþ ðtÞV vÞ � 2

3
kd

Turbulent kinetic energy is defined by k ¼ 0:5 v'2, which is

related to the velocity fluctuations. The role of the turbulence

modelling is to model the eddy viscosity mt. The Spalart-

Allmaras model is not sufficient to do this due to its

inability to compute the flow shear and anisotropic turbu-

lence. Out of the widely used two-equation models, the

Realisable k� ε model exhibits superior performance in

capturing the streamline curvature, rotation, recirculation

and round jets, which makes it suitable for the present study

(Adam�cı́k, Sv�er�ak, & Peciarc, 2017; Gorle et al., 2018b). The

model is so formulated that the normal Reynolds stresses are

positive and shear Reynolds stresses satisfy Schwarz

inequality (Shih, Liou, Shabbir, Yang, & Zhu, 1995). Also, it

has the improved capability of resolving the boundary layers

under adverse pressure gradients and flow separation

through two-layer approach. To determine the turbulent

viscosity, Realisable k� ε turbulence model solves the trans-

port equations for turbulent kinetic energy k and its dissi-

pation rate ε, which are

v

vt
ðkÞ þ v

vxj

�
kvj

� ¼ 1
r

v

vxj

��
mþ mt

sk

�
vk
vxj

�
þ Pk � ε

v

vt
ðεÞ þ v

vxj

�
εvj

� ¼ 1
r

v

vxj

��
mþ mt

s
ε

�
vε

vxj

�
þ C1ε

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2SijSij

q
� C2ε

2

kþ ffiffiffiffiffi
nε

p

þ C1ε
ε

k
Pk

where Pk is the generation of turbulent kinetic energy k. C1 is

computed from max

"
0:43;

k
ffiffiffiffiffiffiffiffiffi
2SijSij

p
k
ffiffiffiffiffiffiffiffiffi
2SijSij

p
þ5ε

#
. C2 ¼ 1:9 and C1ε ¼ 1:44

are the model constants. Turbulent viscosity is calculated

from

mt ¼ rCm

k2

ε

where

Cm ¼ ε

4:04εþ ASk

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6
	
S2 þ U2

r 

cos 4
and

4 ¼ 1
3
cos�1

 ffiffiffi
6

p SijSjiSkiffiffiffiffiffiffiffiffiffiffi
SijSji

p
!

The inclusion of tensor S2 þU2 in computing Cm plays an

important role in predicting the rotational and deformation

components of the flow field, which is an advantage over

other two-equation models.

3.2.3. Lagrangian particle tracking
In addition to hydrodynamic characteristics of the rearing

facility, it is important to ensure if the design promotes self-

cleaning of feed and faecal particles released by the fish in

the globe. In this study, the passive transport of solid particles

in the globe was investigated using a Lagrangian approach.

Under given operating conditions, samples of particles are

injected in a predefined fashion, which follow the motion

equations

dx
dt

¼ vp

m
dvp

dt
¼ f

where vp is the velocity of the particle of mass m, which ex-

periences a force of f. Themomentum equation of the particle

as noted by Elghobashi (1994) is

f ¼ �pd2

8
rCD

��vp � v
���vp � v

�
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Drag

þ mg|{z}
Gravity

� rgw|ffl{zffl}
Buoyancy

where d is the particle diameter, CD is the particle's drag co-

efficient, w is the particle volume and v is the instantaneous

flow velocity, modelled using Reynolds decomposition. A

random-walk algorithm was used to couple the deterministic

variables with the stochastic ones (Bechtold, Vanderborght,

Ippisch, & Vereecken, 2011), where the particle trajectory is

formulated within the uncorrelated eddies. The interaction

time of the particles was determined from the minimum of

integral time scale of turbulence in the Lagrangian frame (TL),

and the time the particles spent in traversing the eddy (Tp).

The following equations were used to determine these

characteristics.

TL ¼ k
ε

Tp ¼ Cp
k3=2

ε

��vp � v� v'
��

where Cp is the model constant (¼0.164). The trajectory of the

particle was calculated by updating turbulence parameters

and thus the characteristic times at every time step. This

eddy interaction model (EIM) assumes isotropic turbulence

(v'2
1 ¼ v'2

2 ¼ v'2
3 ), which leads to over-predictions of wall-

normal velocity components in the boundary layer. There-

fore, a DNS-based correction factor was introduced in the

stochastic model in the vicinity of the solid walls (yþ < 80) in

order to account for the anisotropy in the turbulence. The

https://doi.org/10.1016/j.biosystemseng.2018.08.012
https://doi.org/10.1016/j.biosystemseng.2018.08.012


b i o s y s t em s e n g i n e e r i n g 1 7 5 ( 2 0 1 8 ) 6 3e8 170
local fluctuating velocity components were therefore

computed from

v0
i ¼ giNi

ffiffiffiffiffiffi
2k
3

r

where Ni is a random number generated from Gaussian

probability distribution and the function gi in the Cartesian

coordinates is computed from

g1 ¼ 1þ 0:285
�
yþ þ 6

�
exp

h
� 0:455

�
yþ þ 6

�0:53i
;

g2 ¼ 1� exp
�0:02yþ�

g3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3� g2

1 � g2
2

q
The non-dimensional wall-distance is defined by yþ ¼

v* y=n, where y is the cell normal distance from the wall, n is

the kinematic viscosity of the fluid. The frictional velocity v* is

the function of wall shear stress.

3.2.4. Parallel computation
In the context of increasing demands for high fidelity

computational studies in designing and analysing flow sys-

tems, powerful computing machines, with a rapid techno-

logical evolution in their architecture, have been in use for

about 30 years. Multicore processors with highly capable

shared memory nodes have become the fulcrum of advanced

computations. The development of an efficient computational

model is not a straightforward process and it requires many

different skills. The physics of the flow were first modelled

using a robust numerical framework, followed by the imple-

mentation of solution process on parallel computingmachine.

Parallel processing involves the domain decomposition,

where the computational grid and its associated fields are

partitioned to be handled by separate processors. OpenFOAM

employs process-level parallelism between the processors

using the standard, message passing interface (MPI), which

levers the communication between different tasks through

data exchange (Fig. 7).

The parallel processing ofMPI protocol in the present study

used the Scotch heterogeneous decomposition, which re-

quires no geometric information and thus reduces the num-

ber of patches between the processors (Chevalier & Pellegrini,
Fig. 7 e Process of par
2008). Because the amount of data communication is reduced,

the performance could be increased. Figure 8 shows the

resulting 26 subdomains after decomposing the computa-

tional grid.
4. Pilot globe (volume of 74 m3)

4.1. Pre-processing

For the computational modelling of the hydrodynamics in the

pilot globe of 74 m3 volume, a simple CAD model was devel-

oped by eliminating all internal supporting structures and

operating systems inside the globe. The resulting geometry

was discretised into finite volumes to solve the conservation

equations. The fundamental aspects that distinguish

computational grids are cell shape and size, which determine

the solution accuracy. A widely-accepted fact is that the

hexahedral cells yield better accuracy than the tetrahedral

cells (Benzley, Perry, Merkley, Clark, & Sjaardema, 1995;

Shepherd & Johnson, 2008). However, a critical review of

computational meshes is particularly important for industrial

applications where the geometries are often complex, and a

trade-off between the ease of mesh generation and solution

accuracy is necessary. The computational study of Hosseini,

Patel, Ein-Mozaffari, and Mehrvar (2010) on the multiphase

modelling of an agitated tank used tetrahedral cells to create

the unstructured mesh over complex surfaces. However,

being the lowest order polyhedral construction, the tetrahe-

dral cells occupy the space less efficiently for a given resolu-

tion, and thus demand more memory and high CPU time.

Concerning the boundary layers, where the viscous effects

lead the momentum transport, Ito and Nakahashi (2004)

acknowledged that the hexahedral meshes are more effec-

tive in predicting the flow gradients than the tetra meshes.

Kowalski, Ledoux, and Frey (2012) noted that the complicated

domains could be covered by a full hexahedral mesh by

ensuring the good quality in terms of cell dihedral angle and

Jacobian measure. In order to benefit from the full hexahedral

cells, the meshing process was considered to generate a

dominantly structured hexahedral mesh.

Although the transient turbulent simulations require suf-

ficiently fine resolution in the node spacing, minimising the
allel computation.

https://doi.org/10.1016/j.biosystemseng.2018.08.012
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Fig. 8 e Domain decomposition into 26 partitions of the FishGLOBE, presented in a 3rd angle view.
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number of cells has a huge payback in terms of computational

cost. Several mesh dependence studies were conducted by

changing the base cell size until the velocity magnitude in the

regions of high gradients (near inlet and outlet) did not change
Fig. 9 e (a) Mesh visualization on external surface, and (b) inter

structured with hexahedral cells.
by more than 2%. As a result, a hexa mesh with 484,112 cells

was developed (Fig. 9). Because the mesh quality significantly

affects the solution accuracy by influencing the discretisation

error (Diskin & Thomas, 2012), different mesh quality
nal surface of the FishGLOBE. The mesh is predominantly

https://doi.org/10.1016/j.biosystemseng.2018.08.012
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Fig. 10 e Velocity profiles along the measurement lines a, b

and c at different pumping conditions. Higher velocities are

registered along the line ‘c’ as it is close to inlet pipe. Line

‘a’ is on the same radial position as line ‘c’, which has

recorded slightly lower velocities than line ‘a’ due to

momentum diffusivity. EXP indicate data points of actual

velocity measurements, mean ± standard deviation.
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parameters were examined. 98% of mesh cells had the aspect

ratio less than 10, and 99% had the dihedral angle between 70�

and 130�. 92% of cells had the skewness less than 0.8 with 55%

less than 0.5. This confirmed good quality of discretized

domain.

4.2. Problem setup

The working fluid was water. The computations were per-

formed by defining the inlet nozzles with a volume flow rate

specification. In case of the pilot globe, the four pump speeds

e 342 rpm, 590 rpm, 1039 rpm and 1350 rpm correspond to the

mass flow rates of 300 l min�1, 736 l min�1, 1344 l min�1 and

1672 l min�1, respectively. In addition, the turbulence in-

tensity
�
i ¼ v'

v

�
and turbulence length scale

	
[ ¼ Cm

k3=2

ε



were

required to define the inlet boundary conditions. Because the

flow was discharged through the inlet pipe of 0.315 m diam-

eter to the inlet consisting of 65 nozzles of 20 mm size each,

the turbulence intensity and length scale at the inlet were

considered to be in the order of 1%. However, different inlet

turbulence conditions were tested (up to 6%) and no signifi-

cant changes in the solutionwere observed. These parameters

are, however, not available in the standard output of the k� ε

model because the fluctuating velocity component cannot be

computed by themodel. Instead, turbulent kinetic energy was

considered for the flow evaluation. The exit nozzles on the

central pipe were given pressure outlet condition. Thewalls of

the globe were assigned no-slip boundary conditions with

zero roughness. The free surface in the case of confined flow

domains is often modelled using Volume of Fluid technique

(Yang & Zhou, 2015; Peric & Abdel-Maksoud, 2016). Such so-

phisticated multiphase models often suffer from solver

instability and high computational cost. The dynamics of free

surface is not covered in the scope of the current study.

Rather, we applied a shear free surface boundary condition

(Luan, Zhang, Wei, & Duan, 2017; Peaudecerfa et al., 2017)

ignoring the shape of and perturbations on free surface.

The simulations were initiated with a first-order upwind

discretisation in space and time until the solution was

converged, and then switched to second-order accuracy. The

pressure and velocity fields were coupled using the SIMPLE

(semi-implicit method for pressure linked equations) algo-

rithm with second order interpolation. The transient formu-

lation contains the time step 0.005 s with 30 sub-iterations.

The residuals of computed flow variables were set to the

order of 10�3 as convergence criteria, and no further change in

the solution was observed with further reduction in the target

residual value. The computations were started at low under-

relaxation factors, which were raised to default values after

a stable solution was witnessed. A 14-core Intel Xeon E5-2683

v3 2.00 GHz workstation with 28 processors was employed for

the computations.

4.3. Model validation

Before analysing the flow field in the globe, the developed

computational model was validated against the velocity

measurements at predefined locations under different oper-

ating conditions. Figure 10 compares the CFD predictions of
velocitymagnitude along the lines (a), (b) and (c) from the ADV

measurements. The standard deviation bars that accompany

the experimental results, quantify the uncertainty in the

measurements. This variation in the velocity does not

necessarily represent the uncertainty in the measurement

utilities alone, but it includes the flow rate through inlet pipes

as well. Because the error in the flow rate into the globe is

https://doi.org/10.1016/j.biosystemseng.2018.08.012
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unknown, the analysis is therefore limited only to the

magnitude of deviation but not its source.

Although a close match between the experimental and

computational results is evident, a little under-prediction

along the line ‘b’ and over-prediction along the line ‘c’ by

CFD are observed. Particularly at higher flow rates, the

computational results deviate from the measurements along

the line ‘b’. Although the Realisable k� ε model is known to

perform better than the other two-equation models in

capturing the swirling and rotating flow motion, the model's
efficiency in accurately predicting the small-scale flow pat-

terns in a closed flow domain is still debatable (Diaz & Hinz,

2015).

The spatial variation of velocity along the line ‘c’ is due to

the jets from each flow inlet nozzle. In addition, the in-

teractions between the local flow and near boundaries such as

free surface, conical wall surface and bottom of the globe are

not homogeneous. Irregularity in the velocity profile is pre-

served along the flow path as seen along the line ‘a’. On the

other hand, the velocity magnitude and its scale of variation

are comparatively lesser along the line ‘b’. This shows that

strong velocity gradients exist in the radial direction. Also, a

reduction in the velocity magnitude is observed as the flow

travels from the location ‘c’ to ‘a’, which explains the mo-

mentum diffusivity in space. The flow velocity on free surface

displays a different behaviour along the radius. The free sur-

face velocity is higher than at depth along the line ‘b’, which is

possibly due to flow suction by the outlet on the central ver-

tical pipe. But, at extremely high flow rates, the stress-free

wall surface boundary condition caused underestimated ve-

locity predictions by CFD. Fluctuations in divergence of the

free surface velocity field is associated with a range of turbu-

lence scales. Better accuracy could be ensured using a two-

phase flow model at the free surface but this would produce

a small gain in accuracy and cost more in terms of CPU time.

4.4. Flow field analysis

The conical bottom for fish tanks plays an important role in

self-cleaning of the tank. FishGLOBE adopted this concept to
Fig. 11 e Flow visualisation in the pilot globe at different inlet p

pattern across the central vertical plane. (e) and (f) show vorticity
create the secondary vortices in the flow by keeping the pri-

mary rotational flow free from perturbations and non-

uniform flow structures. It is therefore interesting to investi-

gate the effect of Reynolds number (Re) on the characteristics

of secondary vortices in a confined flow domain. Figure 11 (a)

e (d) show the streamline distribution across the central

vertical plane at different operating conditions. For compari-

son purposes, the contour plot is coloured on the scale of a

normalised velocity. Referring to Fig. 11 (a), region 1 is char-

acterised by high velocity and hence strong shear stresses,

which is likely to be narrowed down at higher pumping con-

ditions. This is due to the increasing normalised velocity in

the vicinity of region 1, implying more uniform flow in the

tank. There is an increased vortex formation in the region 2

with pump speed, but this is at the expense of losing vortices

in region 3. In addition, there is a new vortex growing in region

4 at high flow rates. Increasing flow velocity deforms the

vortex combo at the location 5, which tends to move to the

bottom of the tank. The vortex position and strength in region

6 is also influenced by the pump speed, but limited by the

confined flow domain. It is observed that the flow structure

along the vertical line through region 7 is little impacted by the

increased flowrate due to equally dominant rotational flow

near the tank's periphery and radial flow from the core to the

centre of the globe. However, investigating the relationship

between these two flow components is out of the scope of

present study. By and large, the obtuse-angled corners of the

globe control the velocity field for any flowrate. It is thus

concluded that the design of pilot globe maintains effective

‘tea-cup hydrodynamics’ to promotemixing and self-cleaning

of the tank (Gorle et al., 2018b).

The vortices are characterised by the peaks of low pres-

sure. However, Jeong and Hussain (1995) noted that the min-

imum local pressure is not a sufficient condition, though

necessary, to identify the vortices. This led to the definition of

the tensor S2þU,2 where Sij¼ 0.5 (vi,jþ vj,i) andUij¼ 0.5 (vi,j�vj,i)

are the symmetric and antisymmetric components of velocity

gradient. The Q criterion, as computed by Gorle, Chatellier,

Pons, and Ba (2016) identified the vortices as the regions,

where the flow is dominated by the rotation tensor.
ump operating parameters (a)e(d) show the streamline

distribution using Q¼ 0.005, and (g) and (h) using Q¼ 0.02.

https://doi.org/10.1016/j.biosystemseng.2018.08.012
https://doi.org/10.1016/j.biosystemseng.2018.08.012


Fig. 12 e Basic dimensions of post-smolt globe (volume of

3500 m3). Blue colour represents the space for operating

equipment. All dimensions are in mm. (For interpretation

of the references to color/colour in this figure legend, the

reader is referred to the Web version of this article.)

Fig. 13 e Design of standard and V-nozzles. (a) 40 standard noz

globe tangential to the wall. (b) 160 nozzles with 6.3 cm diamet

column of the nozzles deliver the water at 20� angle towards the

10� away from the centre. Resulting streamline pattern on XY p

distribution on ZY plane are shown in (e) for standard nozzles,
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Mathematically, it is defined as Q ¼ 0.5 (UijUij�SijSij). Conse-

quently, the vortex structures are identified by a representa-

tion of the positive Q iso-values, while their centres are

identified by the maximum values of Q. The evolution of

vortices at different pump speeds are visualised in

Fig. 11(e)e(h) using iso Q-value. The intensity of circulation

increases with flow rates. Two major regions of vortices are

observed in all cases. One is the vortex ring around the central

outlet pipe, and the other is envelope of vorticity that covers

the inlet pipes. On a general note, these two regions comprise

turbulent energy cascade processes. The individual vortical

structures advected away from the inlet pipes in Fig. 11(f) and

(g) along the outer envelope havemerged to forma continuous

columnar vortex in the globe at higher flow rates as shown in

Fig. 11(h). The wake zones behind the inlet pipes can be

stretched by the vortex core followed by a gradual entrain-

ment into the envelope. Enriched flow dynamics in this region

are often difficult to accurately model. Stripping, stretching

and wrapping of vortices generate a wide range of turbulence

scales (Kawahara, Kida, Tanaka, & Yanase, 1997), which

challenge the ability of available turbulencemodels to capture

the pertinent physics.
zles, each of 125 mm diameter deliver the water into the

er each, placed in two columns with 80 in each. The inner

centre of the globe, and the outer nozzle supplies water at

lane for (c) standard, and (d) V-nozzles. The same

and in (f) for V-nozzles.

https://doi.org/10.1016/j.biosystemseng.2018.08.012
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5. Post-smolt globe (volume of 3500 m3)

5.1. Geometry

In order to exploit the advantages of CCS as seen in the case of

pilot globe, a post-smolt facility with an expected production

of 250 t of salmon in a rearing volume of 3500 m3 is in the

development phase. The design of the post-smolt globe was

computationally tested to determine if the design produces

the optimal flow conditions andmixing in the globe. Figure 12

shows the geometry and basic dimensions of the post-smolt

globe. In addition to increasing the water volume by ~50

times from the size of the pilot globe, there are two major

changes in the geometries of the two designs. Firstly, the

conical part wall of the pilot globe that has the largest radius

was replaced by the straight vertical wall. This would expect

to result in a change in the development of vortices in the

region 2 as in Fig. 11(a). Secondly, the number of inlet pipes

was increased from 3 to 6. However, the computational model

was developed with only two inlet pipes operating to supply a

total flow of 1.98 m3 s�1.

From several possible configurations for the nozzles on the

inlet pipes in terms of their size, shape and orientation, two

nozzle designs were considered and compared for their per-

formance. The first design has a standard series of 40 nozzles,
Fig. 14 e Planar distribution of velocity magnitude at different he

nozzles. Higher velocities are recorded near the periphery with

nozzles (bottom).
each having the diameter of 125 mm, placed along the height

of each inlet pipe. The nozzles are tangential to the wall of the

globe and so is the inflow direction. In the second design, the

flow is discharged through 160 nozzles, divided into two col-

umns such that a V-type inflow feature is created. The inner

column directs the flow at an angle of 20� towards the centre

of the globe, while the outer column of nozzles discharges the

flow at 10� away from the tangent. The nozzle size in this case

is 63 mm. Figure 13(a) and (b) show the respective nozzle de-

signs that confirm an equal inlet velocity of 2 m s�1, when

0.99 m3 s�1 flow is discharged through each inlet pipe into the

globe.

5.2. Flow field analysis

The streamline patterns across the two vertical planes, XY

and ZY in the globe with the proposed nozzles are illustrated

in Figs. 13(c)e(f). The flow is accelerated around solid ob-

structions such as inlet pipes. Flow from the standard nozzles,

which is purely tangential to the walls, follows a pure circular

path in the globe. This feature displays a higher velocity

around the obstruction, than that in case of V-nozzles. In

addition, standard nozzle design creates a concentrated ve-

locity distribution along the radial position of inlet pipes,

which is more distributed across the plane in case of V-nozzle

design. Both designs display the presence of secondary
ights in the post-smolt globe with standard nozzles and V-

the standard nozzles (top), and in the core with the V-

https://doi.org/10.1016/j.biosystemseng.2018.08.012
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Table 1 e Uniformity index g at different planar locations
in the post-smolt globe with standard and V-nozzle inlet
designs.

Location Standard nozzles V-nozzles

h ¼ 6 m 0.938 0.937

h ¼ 9 m 0.930 0.904

h ¼ 11 m 0.930 0.929
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vortices along the vertical planes, which retain the ‘tea-cup’

effect and promote mixing activity.

The rotational velocity across the globewas analysed using

the velocity distribution across the horizontal plane. Figure 14

distinguishes both nozzles for planar velocity distributions at

different heights from the base of the globe. All planar visuals

display a common trait; a maximum velocity from the two

inlet pipes and the major flow gradients along the ring of inlet

pipes. This qualitative locus separates the velocity field;

standard nozzles create higher velocities outside this ring and

a lower velocity inside. V-nozzles on the other hand create

higher velocities inside the ring than the outside. Comparing

the wake region downstream of the inlet pipes, the inner se-

ries of nozzles deliver the flow with a radial component, and

therefore a lesser tendency to interact with the pipe on

downstream. This leads to a reduced wake area behind the

pipes, which implies a reduced form drag. The wake area in

case of standard nozzles is comparatively larger, and
Fig. 15 e Distribution of wall shear stress in the post-smolt globe

turbulent kinetic energy, coloured on velocity scale for (c) stand
relatively more energy should be spent overcoming the drag

force induced by low-pressure wake.

One of the major concerns in aquaculture hydrodynamics

is the flow uniformity, which is a critical parameter for a

uniform distribution of dissolved oxygen across the domain.

Otherwise, dead zones can develop, with sub-optimal water

quality and the potential for reduced self-cleaning of feed and

faecal matter. Flow analysis on the horizontal planes in Fig. 14

was therefore extended to compute the flow uniformity index

g. Since the flowuniformity is a function of Re, which in turn is

a function of turbulence intensity, it is interesting to distin-

guish the designs in terms of g, which is defined as

g ¼ 1�
Z
A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðv� vÞ2

q
2Av

dA

Table 1 shows the g indices across the horizontal planes at

different heights for the two designs. Both designs have

appreciable difference in the velocity distribution. With the

standard nozzles, the peak velocities are gradually reduced

from the periphery to the centre. In contrast, V-nozzles

caused the velocity to jump suddenly from the lower values in

the periphery to higher values in the core. This resulted in

somewhat lower uniformity indices for the globe with V-

nozzles, compared to standard nozzles. However, as observed

by Gorle et al. (2018b), this difference is of no practical effect

because the overall uniformity was never below 90% in both

cases.
with (a) standard nozzles, and (b) V-nozzles iso-contours of

ard nozzle design, and (d) V-nozzle design.
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Fig. 16 e Faecal particle dispersion in post-smolt globe

with standard and V-nozzle designs at different times after

particle injection at free surface. Particle size is up-scaled

by £750 for visualisation purposes.
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The velocity fields in Fig. 14 raises a concern about the

energy loss from the flow to the solid surfaces. Wall shear

stress (WSS) was used to quantify the energy loss in both the

designs, which is defined as

tw ¼ ðmd þ mtÞ
dv
dy

where md and mt are the molecular and turbulent viscosities,

respectively. Thus, WSS estimates the turbulent friction on

the walls. In an incompressible flow field, the flow friction on

the walls is purely dependent on the wall roughness and

viscous effects of the flow. Figure 15 (a) and (b) demonstrate a

clear contrast between the two designs in terms of the WSS

distribution. Pure tangential flow leads to more intensive

collision on the walls of the globe, and hence more energy is

deposited in the wall and not in the flow of water. Inclusion of

a radial component in flow through V-nozzles decreased the

WSS, and hence the energy loss by approximately 40%.

Another advantage of V-nozzles is that the jets emanating

from 2 columns of nozzles into the upstream flow tend to

organize themselves with the mean flow quickly. This con-

trols the wake size behind the inlet pipes, which is not the

case with standard nozzles. Wake consists of shear zones and

characterized by severe turbulence. The knowledge of the fine

structures of turbulence in the flow domain can help identify

the critical regions, where flow field fluctuations are

maximum. This is important because turbulence intervenes

in the phenomena of flow uniformity, mixing and particle

settling. Turbulent structures apparently appear downstream

of each inlet pipe with the peaks near the inlet nozzles. The

transport mechanisms increase in these regions due to the

prevailing transient characteristics of eddies, which extract

the kinetic energy from the mean flow. Figure 15 (c) and (d)

depict the 3D contours of turbulent kinetic energy k in the

globe of selected inflow designs with an iso-value of 0.007. It is

clear that the standard nozzles create stronger velocity gra-

dients than V-nozzles, which result in increased production of

turbulent kinetic energy. The turbulent kinetic energy dissi-

pates more quickly in the case V-nozzles. Negligible turbulent

kinetic energy distribution was observed in both cases near

the tank walls compared to the peaks of distribution.

5.3. Particle motion

Although the volume fraction of solids in the globe is very

small compared to the size of the globe, the particles adversely

impact the water quality and hence the welfare and perfor-

mance of the fish (Cripps & Bergheim, 2000; Thorarensen &

Farrell, 2011). Uneaten feed pellets and fish faeces, if left in

the culture tank, are hydrolysed or decomposed by micro-

organisms which reduces the dissolved oxygen in the water

and increases CO2, NH3 and othermineral nutrients. Thus, the

uneaten feed particles should be removed from the tank to

prevent these wastes from further degrading into fine partic-

ulates and dissolved organic matter that exerts an oxygen

demand, ammonia, and dissolved phosphorous, as well as to

control the eutrophication and potentially hypoxic conditions

in the receivingwater. The solids in the flowdomain should be

treated tomeet the quality standards. To facilitate an effective

self-cleaning action, optimised flow conditions and structural
design is necessary. A separate particle trapping system exists

in the post-smolt globe, which along with the particles dis-

charges 1% of the flow. A further investigation was carried out

to measure the effectiveness of solids flushing in both the

standard and V-nozzle designs. In the first step, the working

fluid was characterized as the water-solids mixture. The

liquid phase is defined by its density, viscosity, average ve-

locity, while the solid phase is characterized by particle size,

shape, density and particle cohesion, which determine the

rate of sedimentation in the globe. When the particle size is

relatively small with respect to the flow dimension, turbu-

lence plays a major role in the flow of the water/solids

mixture.
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In order to evaluate the particle motion in the selected

designs, two types of particles, fish faeces and feed pellets,

were used to investigate the motion of the solids in the globe.

The density of fish faecal matter is likely to vary depending

upon operating conditions. Suspended solid specific gravity

values of 1.13e1.20 and 1.005 were reported by Timmons and

Young (1991), and Robertson (1992), respectively. The study of

Unger and Brinker (2013) on a variety of fish diets indicated a

mean specific gravity of 1.036 ± 0.0018 of faecal matter from

0.3 to 0.4 kg sized rainbow trout. Also, the settling velocity of

the particles varies with the size of the particles. These au-

thors found that the settling velocity increases with particle

size from 1 mm s�1 for 200 mm faecal particles to 6e9 mm s�1

for 600 mm size. These wide variations likely reveal the di-

versity of such complex hydrodynamic systems. In the pre-

sent study, fish faecal particles with a mass-averaged

diameter of 200 mm and a specific gravity of 1.036 were

modelled as they were injected through the water surface at

an initial settling velocity of 4 mm s�1.

Galileo number (Ga) determines the influence of flow on

the particle settling, which is the ratio of buoyancy to viscous

force. The physical properties of the feed pellets vary with fish

species and size in aquaculture, and were determined from a

theoretical consideration. The diameter of the feed pellets

may vary between 1 and 10 mm with the highest density of

1150 kg m�3, which corresponds to a maximum Galileo

number of 1000. Themean residence time of the particles was

determined by the non-dimensional parameter called the

Stokes number, which is defined by

Stk ¼ rpd
2v

18mdL

where rp and d are the density and size of the particle, v is flow

velocity, L is the characteristic length, which is the maximum

diameter of the globe in the present case. When Stk<<1, the
particle follows the flow, whereas Stk>>1 represents a weak

influence of the flow on the particle's motion. At a flow rate of

0.99 m3 s�1 from each of two operating inlet pipes, the Stokes

numbers of the faeces and feed pellets are negligibly small a

two-way coupling between the motions of flow and particles
Fig. 17 e Comparison between the two nozzle designs for residen

(right) in the post-smolt globe.
is not necessary. The solids in this study were thus assumed

to have the suspended motion. In such intrinsic suspension

transport, the particles will seldom be in contact with the

bottom of the globe, but always carried away by the flow.

In order to track the particles through the longest travelling

distance, the particles were injected at the water surface. For

the sake of simple analysis, the number of particles injected

was limited to 500 in a fully developed Eulerian flow field. It

was also assumed that there were no collisions among the

particles. A standard wall interaction with a coefficient of 0.5

for the particles was used in the solution process. Figure 16

shows the resulting distribution of particles in the globe for

the selected inlet configurations at different times after the

particle have been injected. As soon as the particles enter the

flow domain, the particles attained the characteristics of the

flow, as explained in Fig. 14. Higher peripheral velocity with

the standard nozzles moves the particles in this region with

higher momentum, which happens near the centre with V-

nozzles. Particle settling occurs along the flow length under

the influence of kinetic energy of the flow, gravity force and

evacuation through the outlet holes. The snapshots at

t ¼ 11.6 min show that the particles in V-nozzle design move

swiftly towards the outlet and get discharged out of the tank,

resulting in a fewer particles left. The stronger central vortex

forming in the standard nozzle design is likely to prevent the

particles to go close to the outlet. At t ¼ 23.2 min, higher

particle momentum continues near the periphery of the tank

in the case of standard nozzles. This reveals that the loss of

uniformity with V-nozzles as explained in section 5.2 has

become an advantage because fewer particles are near the

periphery of the tank, since they are difficult to move towards

the central outlet. Furthermore, the solids removal efficiency

of both inlet configurations was compared for particle resi-

dence time. Figure 17 shows the percentage of particles

removed as the particles were injected at time t ¼ 0. Standard

nozzle design takes approximately 45 min to steadily flush

40% of particles. V-nozzle design moves more than half of the

particles in less than 17min, which results in a steeper profile.

This corresponds to the self-cleaning effectiveness of V-noz-

zles is approximately two times higher than that standard
ce time distribution of faecal particles (left) and feed pellets

https://doi.org/10.1016/j.biosystemseng.2018.08.012
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nozzle design. In case of feed pellets, both nozzle designs

displayed identical trends, although V-nozzles took 65% less

time than the standard nozzles to flush 40% of particles.
6. Conclusions

This paper presents the development of CFD models of a

closed-containment aquaculture system. Such aquaculture

systems are increasingly being focused on as a technology

that can lead to further growth of the salmon farming industry

(e.g. Calabrese et al., 2017; Summerfelt et al., 2016). There is a

lack of scientific information for the development of innova-

tive solutions in the field of hydrodynamics in aquaculture

systems. Using CFD, this study has developed new inlet de-

signs to improve the flow patterns. The following three as-

pects are worth noting.

Measurements and modelling: ADV was used for velocity

measurements in the pilot globe at 11 predefined locations.

Although the amount of information obtained from the ex-

periments was enough to validate the computational model,

the measurements are not sufficient to fully understand the

turbulence features in the globe. However, it is possible to

estimate the variance and covariance of velocity components

using ADV, which can improve the quality of flow character-

isation. Despite the assumptions made in relation to the in-

strument geometry, acoustic device efficiency and the target

element positioning, Voulgaris and Trowbridge (1998) recor-

ded a deviation of only 1% in the mean velocity and Reynolds

stresses using ADV from true values. The deviation was 5%,

when the turbulent boundary layer flows over a smooth bed

was studied by Dombroski and Crimaldi (2007). Future studies

should empirically study the levels of turbulence in the globe.

Flow characterisation: This study demonstrated the effect of

inflow rate on the flow domain of a closed-containment

aquaculture system. It was found that this flow field is char-

acterized by enriched vortex dynamics, associated with the

vortex column and rings. The conical corners of the pilot globe

largely control the presence of secondary vortices. With the

information obtained from the CFD studies of the pilot globe, a

much larger post-smolt globe was simulated with two

different inlet configurations under the hypothesis that inlet

configuration has a major impact on the flow domain. It was

discovered that V-nozzle configuration for the inlet pipes

displayed a superior performance to the standard nozzles in

terms of vorticity distribution and energy preservation, and

was only penalised by a 2% reduction in mean uniformity of

the flow. Other nozzle configurations that can improve the

flow pattern are possible and this requires further study. In

addition, the positioning of inlet and outlet pipes could be a

fruitful area for future research.

Particles in the flow: The motion dynamics of faeces and

uneaten feedpelletswerewell-captured in this study.The inlet

configuration was found to have substantial influence on the

particle distribution in the globe and their settling features. V-

nozzles displayed approximately three times better perfor-

mance in flushing the solids than the standard nozzles. The

simple particle-tracking model used in the present study did

not consider the collisions. This could be addressed in the

future using a stochastic collision formulation (Pischke, Kneer,
& Schmidt, 2015) which requires appropriate information on

the mechanical properties of the solids concerned. This is

more challenging and yet untouched research topic in the field

of aquaculture and it requires multi-particle dynamics

modelling of combinations of feed and faeces at high Re.

The next step in the project FishGLOBE is to develop a

grow-out globe to farm bigger fish, sized 100 ge3 kg. The ex-

pected rearing volume would be 29,000 m3, capable of holding

2300 t of fish. Such large constructions, with enormous

amounts of flow transferring to and from the globe, would

necessarily create high Reynolds effects with complex flow

dynamics. Future computational studies on this grow-out

globe will consider the outcomes of the present study to

create favourable flows and operating conditions.
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