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Introduction: Regarded as the world's largest smart-aquaculture vessel so far,
Guoxin No. 1, has achieved remarkable success in aim to develop large-scale
cruising aquaculture platforms. Guoxin No. 1 is 816 feet long with 15 fish farming
tanks, which has a tank capacity of up to 900,000 square feet. It is of great
practical interest to study the pipe flow rate distribution involving oxygen and
novel flow control schemes for internal flows of aquacultural facilities connecting
fish farming tanks.

Methods: In this paper, three-dimensional numerical investigations on internal
flow in a T-type pipeline and its flow control are carried out. A single pump is
designed to convert water to two separate farming tanks through a pipeline system,
which is composed of one main inlet pipe and two outlet pipes with the same
diameter as that of the inlet pipe. A horizontal arrangement of the pipes, in which
the flow rate of an outlet pipe must be half of the inflow rate, is firstly studied for
validation. To guarantee a balanced oxygen supply, equilibrium outflow rates can
be achieved as a consequence of using a branch with a smaller diameter installed
on the main inlet pipe. 3-D unsteady RANS solvers were employed to simulate the
incompressible viscous flow and the pipe walls were assumed as rigid bodies.

Results: A couple of flow rates and three pipe angles were then investigated to
assess the change of the outflow rates. Based on the simulations, a flow control
scheme was proposed including to optimize the central included angle between the
main inlet pipe and the small branch pipe, and the inflow rate of the branch pipe in
order to balance the outflow rates. The results show that the central included angle
has a significant influence on the flow field and flow rate of the two outlet pipes.

Discussion: If the angle was fixed, it can be indicated that adjusting the flow rate
of the branch inlet can be an efficient method to unify the flow rate of the outlet
pipes and improve the water exchange among fish farming tanks.

KEYWORDS

offshore fish farming, aquaculture vessel, flow in pipes, flow control, computational
fluid dynamics, internal flow
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1 Introduction

During the operation of aquaculture vessels (Aryawan and
Putranto, 2018), water with oxygen and nourishment must be
carefully supplied by using a large number of pipes and pumps.
For example, fresh seawater with saturated oxygen content is
continuously needed to satisfy the oxygen requirement from the
fish living in farming tanks. A single pump is designed to convert
water with oxygen to two tanks via intricate pipelines for higher
operating efficiency. It is therefore important to study the dynamic
balance of oxygen in the aquaculture tanks for aquaculture vessels.

Compared with the traditional aquaculture systems with net
cages, cruising aquaculture vessels have the advantage of mobility,
preventing it from coming into contact with rough seas (Hvas et al.,
2021). Good growth and survival rates of cultured fish, e.g.,
Pseudosciaena crocea, can be obtained according to Li et al.
(2022). For cruising aquaculture vessels, a higher fish rearing
density in tanks than farming in traditional aquaculture cages can
be considered and a shortened rearing cycle can be obtained. In
addition, a structural form of the vessel shape can decrease the sea
loads on aquaculture vessels (Ma et al, 2022). However, the
improvement of farming environment is challenged by large-
amplitude ship motions in waves (Tello et al, 2011), the
phenomenon of violent sloshing (Faltinsen, 2017), and the
control of onboard sound levels and vibrations (Mansi et al.,
2019). Different from the land-based fish farming systems (Zhang
et al, 2011), the large length-width ratio of a ship leads to
challenges in arrangement of farming tanks, pipes, and pumps.
Therefore, the flow rates from pumps to farming tanks should be
designed controllably and efficiently while the development of
aquaculture vessels tends to be larger and smarter. Water flow
rates (Oca and Masalo, 2013) are being considered as one of the
primary factors for the safety of aquatic animals and the
sustainability of aquaculture platforms equipped with fish culture
tanks and support systems. Pump-driven water flows with different
flow rates have an impact on the structural strength of pipeline
systems (Costa et al., 2006) and the oxygen-rich environment of
farming tanks in aquaculture engineering (Lekang, 2020).

As an example of cruising aquaculture vessels, Guoxin No.1 (or
Guoxin 1), the first tanker-sized aquaculture vessel in the world that
weighted 100,000 dwt, has been delivered by China (Editorial Staff,
2022). Aimed at producing high-quality farmed fish on a large scale
(more than 3,700 tons annually), Guoxin 1 was jointly developed and
built in 2020 by Qingdao Conson Development Group, China State
Shipbuilding Corporation Limited (CSSC), the National Pilot
Laboratory of Marine Science and Technology (Qingdao), and the
Chinese Academy of Fisheries Science. A total of 15 aquaculture
tanks and numerous pipes were equipped on this 250 by 45 m vessel.
According to The Fish Site (2020), Guoxin 1 can sail with a
maximum speed of 10 knots to avoid substantial hazards, e.g.,
typhoons, red tides, and pollution. After beginning operations in
the Yellow Sea, Guoxin 1 delivered its first batch of 65 tons of large
yellow croaker (Chen et al., 2020), which lives in aquaculture tanks in
the deep sea with 100 nautical miles offshore. In the future, the
Conson Group desired to build 50 of these mobile aquaculture
vessels, each of which is anticipated to generate 200,000 tons of fish
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annually and have an economic value of more than $1.68 billion. To
guarantee the fish output, a steady and healthy living environment in
all aquaculture tanks must be created by circulating the seawater to
keep an enclosed and controllable aquatic environment. Studies on
flow pattern in aquaculture tanks (Duarte et al., 2011) have been
extensively carried out, including experimental studies and numerical
simulations. For example, particle tracking velocimetry (PTV)
techniques were used to evaluate the flow pattern for the design of
aquaculture tanks to obtain better culture conditions and improve
water use efficiency (Oca et al., 2004; Oca and Masalo, 2007). Oca and
Masalo (2013) and Masalo and Oca (2014) studied the influence of
flow rate, water depth, and water inlet and outlet on flow field in
aquaculture circular tanks. For the recirculating aquaculture system
and biofloc technology system, the influences of macro-infrastructure
on the microenvironment in 68 aquaculture tanks, e.g., the
hydrodynamic characteristics, were reviewed by Zhao et al. (2022).
Computational fluid dynamics (CFD) has been employed to study
the flow field and pollutant particle distribution in aquaculture fish
tanks (Xue et al., 2022). The discrete phase model (DPM) was used to
study particle motion within fluid flows. Guo et al. (2020) applied the
CFD method to investigate the flow characteristics including
residence time and velocity uniformity in a force-rolling
aquaculture tank by using the solver FLOW3D.

Complicated flows inside tee pipes have become a hot topic in the
oftshore and oil industry. For example, Han et al. (2020) studied the
laminar flow pattern in blind tee pipes considering the influences of
different pipe length and end-structure shapes by using the CFD
software ANSYS CFX. The Large eddy simulation (LES) method was
adopted by Zhou et al. (2019) to simulate the varied flow rate of the
branch pipeline in a T-junction for thermal-mixing pipe flows. For
farming systems, a flow driven by pumps in the main pipe with fresh
seawater with saturated oxygen can be divided into several flows
using tee pipes and flows can also join together in pipes with
branches. It is assumed that two identical farming tanks demand
the same water flow rate for oxygen balance. Different flow rates will
be obtained due to the altitude difference of pipes and tanks. To
overcome this problem, the unbalanced flow rates should be
eliminated by using flow rate control schemes to improve the
efficiency of water supply. Extensive study has been done on flow
control in a variety of fields including aquaculture (Edwards and
Finn, 2015). In the work of Padala and Zilber (1991), expert systems
in aquaculture were reviewed including monitoring and control of
feeding, temperature, water quality, flow, oxygen, and water level to
optimize production efficiency in tilapia culture. For water level
control, Ullah and Kim (2018) applied Kalman filters in a proposed
optimization scheme for maintaining target water level fish farm tank
to obtain a minimum energy consumption by adjusting pumping
flow rate and target filling levels. Li et al. (2019) proposed a hybrid
data-driven and model-assisted control strategy for water pump
control, namely, modified active disturbance rejection control
(MADRC). For the combination between aquatic live and crops,
which is called aquaponics, water flow rate control based on pump
specification and height was studied to avoid siphon malfunctionality
(Romli et al., 2018). Water level management can be carried out to
reduce the cost of using pumps with variable speed. Control strategies
are of primary importance in conducting flow rate control. Urrea and
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Paez (2021) investigated four control strategies including classical
Proportional-Integral-Derivative (PID), Gain Scheduling (GS),
Internal Model Control (IMC), and Fuzzy Logic (FL) for the water
level control of an inverted conical tank system. As part of smart and
sustainable aquaculture farms, pumps and valves can be used to
achieve the optimal flow, and the water and aeration pipe networks
were introduced by Kassem et al. (2021).

However, little effort has been made to study the flow control in
pipes for cruising aquaculture vessels. In this work, the internal flow
field inside a tee pipe and a scheme of using a branch to control flow
rates were numerically studied by the solver STAR-CCM+. A special
branch with high-speed water was manually installed on the wall of
the main inflow segment to change the flow rate on the outlet. The
varied flow rates of the two outlet pipes were then evaluated. The
influence of the central included angle between the main input pipe
and the small branch pipe and that of the branch pipe’s inflow rate
were addressed based on three-dimensional simulations. For the
development of pipe systems, the distribution of inflow rates in
pipes was recognized as a key point to control the outflow rates for
pumping seawater to different aquaculture tanks. Other sections of
this paper is organized as follows. In Section 2, numerical methods and
mathematical models were introduced first. Then, the computational
setup including the geometry, computational domain as well as
coordinate systems, and boundary conditions are presented in
Section 3, which is followed by numerical results and discussions on
the flow rate distribution and flow pattern inside the pipe system.
Finally, preliminary conclusions of this work are given accordingly.

2 Numerical methods
2.1 Governing equations

The governing equations for the incompressible viscous flow are
Reynolds-averaged Navier-Stokes (RANS) equations, i.e., the
continuity equation and momentum equation, which can be
written as follows:

au,»
=0 1
3%, 6]
du; du; _ _ 9p B} du; | oY
Pt PGy =~ tax MG + 35 @

) i
+a7,-( - puju;)

where u; (i = 1, 2, and 3) denotes the velocity components along the
x-, y-, and z-axis, respectively. p is the pressure, p is the density of

fluid, p is the dynamic viscosity of fluid, and — puu; are the terms
of Reynolds stresses (Lai et al., 1991).

2.2 Turbulence modeling

The Reynolds stresses can be solved based on the Boussinesq
hypothesis using the eddy viscosity turbulence models. Based on the
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assumptions of eddy viscosity models, the Reynolds stresses are
computed by:

ou: 2
b -5 pks; 3)

- Pt = (2
H dx;  0x;

where 1, represents the eddy viscosity, 5,-]- is the Kronecker delta,
k= %Tuj’ is the turbulent kinetic energy that can be solved from the
transport equations. As an example of the one-equation eddy
viscosity model, the Spalart-Allmaras (SA) model (Spalart and
Allmaras, 1992) solves a transport equation for the modified
diffusivity, v, to determine the turbulence eddy viscosity, y,. For
particular flows, the SA model has good convergence and
robustness. However, the turbulence length and time scales are
not as clearly defined. In this paper, two-equation eddy viscosity
models were employed to solve the Reynolds stresses in RANS
equations, in which both the velocity and length scale are solved
using separate transport equations. The turbulence length scale is
estimated from the kinetic energy and its dissipation rate. The most
popular turbulence models include the standard k - & model
(Launder and Spalding, 1983), the standard k - @ model (Wilcox,
2008), and the shear stress transport (SST) k - ® model
(Menter, 1994).

In the standard k - € model (Launder and Spalding, 1983), the
turbulent eddy viscosity is calculated as:

He = pCufukT (4)

where C,, is a model coefficient, f,, is a damping function, and T is
the turbulent time scale calculated by:

T = max (T,, ct\/g) (5)

where T, = % is the large-eddy time scale, C, is a model coefficient,
and v is the kinematic viscosity. The transport equations for the
turbulent kinetic energy, k, and the turbulence dissipation rate, &,
are written as:

2 (pk) + V - (pkv) = V-[(,u+ﬁ—;)Vk]+Pk+Sk
-p(€ - &)

(&) + V- (pev) = V - [(u+5) V €] + 4 Cer Py

(7)
_C€2f2p(]% - %) + 8¢

where 0y, 0, C,; and C,, are the model coefficients, P, and P, are
the production terms, f, is a damping function, and Sx S, are the
source terms.

Different from the standard k - £ model, C,, is a variable rather
than a constant in solving the turbulent eddy viscosity for the
realizable k - & model (Shih et al,, 1994). The transportation of
dissipation rate was rewritten. The realizable k - € model performs
better for capturing the mean flow of complex structures and for
flows involving rotation. For the present simulations, the realizable
k - e two-layer model (Shih et al., 1994) with an all y* wall treatment
(Mockett et al., 2012) was applied.
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2.3 Spatial and temporal discretization

2.3.1 Finite volume discretization

In this work, the finite volume method (Moukalled et al., 2016)
was employed for the spatial discretization of governing equations.
The discretized convective term at a face can be written as:

(ppv - a)r = (m@)s = iz gy (®)

where ¢ is an arbitrary fluid property at the face of a grid cell. rir;
denotes the mass flow rate at the face of a grid cell. A second-order
upwind (SOU) scheme was employed, in which the convective flux
is calculated as follows.

Po + (xf -x) - (V@) for iy 20

. )]
¢+ (x—x) - (V 9),, for iy <0

(rg); = {
The minimum and maximum bounds of the neighboring cell values
can be obtained and employed to limit the reconstruction gradients. For
example, the Venkatakrishnan limiter (Venkatakrishnan, 1995) was
used to improve the numerical stability in the present simulations.
The discretized diffusive flux through internal cell faces of a grid
cell is written as follows.

where I stands for the face diffusivity.

2.3.2 Implicit time integration

In the paper, the Euler implicit scheme (He, 2008) was
employed for implicit time integration. The transient term can be
discretized by:

T-type pipe

FIGURE 1

10.3389/fmars.2023.1140285

_ (pgm)i™! — (pgv)s

" (11)

d
a (pov)o

where 7 is the nth time step and At is the time step size. Note that
the Euler implicit scheme is only a first-order temporal scheme.

3 Computational setups
3.1 Geometries

In Guoxin 1, the number of water pumps was less than that of
aquaculture tanks. With the purpose of saving energy, it was
assumed that a single water pump was able to supply water to
two aquaculture tanks by a flow diverter, which is composed of one
main inlet pipe and two outlet pipes. Note that the three pipes are
jointed together in a T-type with the same diameters, as shown in
Figure 1A. The length and the diameter of the inlet/outlet pipe are
L=3mand ¢, = ¢, = ¢35 = 0.7 m, respectively. The T-type pipe with
a special branch pipe for water flow control is shown in Figure 1B.
The inlet branch is equipped on the wall of the main inlet pipe, with
an angle of inclination a. The length and the diameter of the inlet
branch are set as / = 1.5 m and ¢ = 0.15 m, respectively.

Water flows from the water pump to the main inlet pipe with a
given flow rate and is then diverted into the two outlet pipes to two
farming tanks with oxygen. Water also flows from the inlet branch
and joins in the main inlet pipe to control the flow rate of the two
outlet pipes. To simplify the simulations, the thickness and
roughness of the pipe walls are neglected. It is also assumed that
the oxygen level of seawater can be proportional to the amplitude of
flow rate.

T-type pipe with an inlet branch

T-type pipes without and with a branch pipe for flow control. (A) T-type pipe. (B) T-type pipe with an inlet branch.
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3.2 Computational domain and boundary
conditions

The computational domain of T-type pipes without and with a
branch inlet for flow control is shown in Figure 2. A coordinate
system was established in which the origin was located at the center
of the lower outlet. Q;, Q,, Q3, and Q represent the flow rate at the
main inlet, the upper outlet, the lower outlet, and the branch inlet,
respectively. For the boundary conditions, the no-slip wall
boundary condition was imposed on the pipe wall. Mass flow
inlet and pressure outlet boundary conditions were employed for
the inlet and outlet boundaries, respectively. A reference pressure
equivalent to one standard atmospheric pressure was exerted on the
upper outlet.

3.3 Grid generation

In this paper, a polyhedral meshing model, which utilizes an
arbitrary polyhedral cell shape to generate the core mesh with
complicated geometries, was taken advantage of in the STAR-
CCM+ solver. As an example, the details of grid generation for
the T-type pipe with a branch inlet are shown in Figure 3. Five
layers of boundary layer mesh were built to deal with the large
amplitude of velocity gradient within boundary layers near the wall.
The grid growth ratio was 1.5 and the non-dimensional size of the
first grid height near the wall, y*, can be unified for the
internal flows.

As shown in Figure 3A, the red part represents the polyhedral
grids on the inlet and outlet surfaces while the blue part stands for
the polyhedral grids on the wall surfaces of the T-type pipe. The
grids near the connection between the main inlet pipe and the
branch inlet pipe are also smoothed to improve the grid quality and
numerical stability. Figure 3B presents the sliced section at the

A
02, Q2
b1, EE’: g

z
T T0
¢3,Q3

T-type pipe without a branch

FIGURE 2

10.3389/fmars.2023.1140285

center of Y = 0 and its inner grids of the pipes. The boundary layer
mesh can be observed and the inner grids are smoothed adjacent to
the wall. Since the diameter of the branch inlet was relatively small,
a fine base size was required to solve the flow fields accurately.
Finally, the total number of grids in this paper ranges from 278,094
to 4,555,934.

3.4 Case matrix

A case matrix with various geometries, physical models, and
detailed operating conditions is summarized below and presented
in Table 1. Note that “TBD” is short for “to be determined”, which
can be determined by the present simulations.

In the following studies, simulations on flow rate distributions
for the T-type pipe without a branch were firstly carried out. Since
the diameters of the main inlet and two outlets are the same, the
ideal outflow rate for the outlet can be determined as Q, = Q3 = Q;,2
based on the conservation of mass. Firstly, the gravitational
acceleration was not considered. The numerical methods were
verified based on convergence studies. In this case, the result of
Q, = Q5 should be satisfied for the numerical simulations. The effect
of the gravitational acceleration was then studied by comparing the
results of the first two cases listed in Table 1. In this case, Q, # Qs
would be obtained for the numerical results, while the condition
Q1 = Q, + Q; should always be satisfied.

Thereafter, simulations on flow rate distributions for the T-type
pipe with a branch were comprehensively investigated. A given
inflow rate for the branch inlet with Q = 650 (m®/h) was imposed
for the branch with various included angles from 30°C to 60°C. The
effect of the branch inlet was addressed. Afterwards, a couple of
inflow rates for the branch inlet was tested numerically to
understand how the outflow rates in two outlets can be balanced.
Note that the ideal outflow rate should be Q, = Q; = (Q + Q,)/2,

$2, Q2

xr O
¢3,Q3

T-type pipe with a branch

Computational domain of T-type pipes for flow control (A) T-type pipe without a branch (B) T-type pipe with a branch pipe.

Frontiers in Marine Science

frontiersin.org


https://doi.org/10.3389/fmars.2023.1140285
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Huang and Zha

10.3389/fmars.2023.1140285

B Inner grids withasliceatY =0

FIGURE 3
Grid generation for the T-type pipe with a branch (A) Polyhedral grids on body surfaces (B) Inner grids with a slice at Y = 0.

TABLE 1 Case matrix for 3-D simulations of water flows inside T-type pipes.

Geometry Included Angle Physical Model Inflow Rate Inflow Rate Ideal Outflow Rate
Gravity Q; (m?/h) Q (m3/h) Q, = Q3 (m*/h)
Without a branch - False 5,000 0 2,500
Without a branch - True 5,000 0 -
With a branch 45 True 5,000 650 2,825
With a branch 60 True 5,000 650 2,825
With a branch 30 True 5,000 650 2,825
With a branch 45 True 5,000 TBD TBD
With a branch 60 True 5,000 TBD TBD
With a branch 30 True 5,000 TBD TBD
Frontiers in Marine Science 06 frontiersin.org
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which is dependent on the adjustable inflow rate for the
branch inlet.

It should be noted that the Reynolds number, Re, ranged from
1.5 x 10° (branch inlet) to 2.5 x 10° (main inlet).

4 Numerical results and discussions
4.1 Verification for a T-type pipe

Convergence studies with various grid sizes and time steps are
provided in Table 2. A total of seven cases were carried out,
including five grid sizes and three time steps. The physical model,
gravity, was not activated for these simulations.

For spatial convergence, five cases with different grid sizes in
terms of Al = 5.00 x 10 to 2.00 x 10 m were firstly investigated.
Note that for these cases, the time step was kept the same. The
convergence of the outflow rates at the upper outlet and lower outlet
to Alis shown in Figures 4A, B. It can be seen that the time histories
of Q, and Q; converged to a constant value with the simulation time
increased for all the cases. The final result was obtained by using the
average of the results in the range of the last 500 steps. Finally, the
converged results of spatial convergence are shown in Figure 5A. It
can be seen that numerical results converged with the increase of
the total number of grids. To save the computational resources, in
the following studies, Al = 7.07 x 10~ m was applied instead of the
setting with the finest grids. In comparison to the analytical value of
the ideal outflow rate, the discrepancies between the present
numerical results and the analytical value were smaller than 1%.

Furthermore, a temporal convergence study was carried out
using three time steps. The convergence of the outflow rates at the
upper outlet and lower outlet to At is presented in Figures 4C, D.
Oscillations of the outflow rate were observed if the time step was
large. It was found that the time histories converged with the
increase of the simulation time. The converged results of
temporal convergence are shown in Figure 5B, which are
insensitive to the change in time step for implicit simulations. In
the following studies, At = 5 X 107 s was adopted.

Therefore, a good accuracy was obtained and the numerical
simulations were verified based on the convergence studies. The
best-practice settings were obtained with a target grid size Al =

10.3389/fmars.2023.1140285

7.07 x 10 m and a time step At = 5 x 10 s. The total number of
grids was then 2,476,472 for the case of the T-type pipe without a
branch inlet. The same settings can be applied for simulations of the
T-type pipe with a branch inlet.

4.2 Effect of gravity

In this section, the influence of gravitational acceleration on the
flow rate distribution of the two outflows in the T-type pipe without
a branch is presented. Qualitatively, the flow rate at the upper outlet
would be reduced and that at the lower outlet would be increased
due to the effect of gravity. Despite the physical model, the
geometry, grids, and operating conditions were kept the same for
the cases without and with gravity.

Time histories of the outflow rates Q, and Q3 are compared in
Figure 6A and the final converged results are presented in
Figure 6B. It can be seen that the convergence speed was higher
and the fluctuation of the flow rates was smaller for the case with
gravity. Finally, the flow rates Q, = 2,340.59m*h and Qs
2,659.40m°/h were obtained for the case with gravity. The result
for Q;= Q, + Q; was also obtained with a high accuracy. Therefore,
the effect of gravity led to a certain flow rate deduction for the upper
outlet and a flow rate increment for the lower outlet. The difference
in flow rate between the upper outlet and the lower outlet could be
up to 320 m*/h, equivalent to 12.8% of the ideal outflow rate.

The flow patterns for the T-type pipe without and with gravity
were obtained by the present simulations. Figure 7 presents the
contours of velocity field for the central section of the T-type. In
addition, the velocity distributions on the upper and lower outlet
surfaces are also compared. For the physical model without
gravitational accelerations, the flow pattern indicates a good
symmetrical feature for the upper segment and the lower segment
of the pipe. The contours of velocity for the upper outlet and the
lower outlet are basically the same. It can be seen that the flow
velocity in the lower segment is higher than that in the upper
segment because of the effect of gravity. Moreover, the velocity
contour shows non-symmetry for the result on the upper outlet and
that on the lower outlet.

The pressure contours for the central section of the T-type
without and with gravity are shown in Figure 8. Two zones of low

TABLE 2 Convergence studies of flow rates using T-type pipe without a branch.

Geometry Inflow Rate Target Grid Size Target Total Number Time Step
Q; (m3/h) Al (m) of Grids At (s)
1 Without a branch 5,000 5.00x 107 150 4,555,934 5.00 x 107
2 Without a branch 5,000 7.07 x 107 150 2,476,472 5.00 x 107
3 Without a branch 5,000 1.00 x 102 150 1,127,837 5.00 x 107
4 Without a branch 5,000 1.41 x 102 150 622,945 5.00x 107
5 Without a branch 5,000 2.00 x 107 150 278,094 5.00 x 107
6 Without a branch 5,000 7.07 x 107 150 2,476,472 1.00 x 1072
7 Without a branch 5,000 7.07 x 107 150 2,476,472 2.50 x 10
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pressure can be observed near the perpendicular corners. A range of
high pressure represented by red color was found due to the flow
affecting the pipe wall. The influence of gravitational acceleration on
pressure contours for the central section of the T-type was
concluded as trivial.

To clearly show the detailed flow pattern inside the T-type pipe,
a Line Integral Convolution (LIC) technology (Cabral and Leedom,
1993) was adopted. Based on the surface LIC algorithm, vectors
defined on an arbitrary surface can be projected onto the surface
and then from physical space into screen space where an image of
LIC is computed. The LIC texture using velocity vectors with
vorticity contours for the central section of the T-type is shown
in Figure 9. Higher vorticity can be found near the corner at the
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FIGURE 5

connection of the inlet pipe and the outlet pipes. The influence of
gravity on the flow field reduced the magnitude of vorticity near the
upper corner.

In addition, the three-dimensional streamlines are extracted
and presented in Figure 10. The flow fields are contoured by
pressures. The streamlines started from the inlet, and laminar
flow was found in the inlet segment of the T-type pipe. After the
flow affecting the vertical wall surface, the streamlines began to
rotate and twist and vortices were generated. With the limitation of
the pipe wall, the water flow rotated along the Zz-axis and flushed
out at the upper and lower outlet. It can also be observed that the
streamlines differed a little for the two cases without and
with gravity.
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4.3 T-type pipe with a branch

The branch inlet was designed to control the flow rate inside the
T-type pipe. Employing the best-practice settings, more studies
were carried out to study the flow rates in the T-type pipe with a
branch inlet. Two parameters were investigated for flow control,
including the flow rate at the branch inlet and the included angle
between the branch inlet pipe and the main inlet pipe.

The outflow rates Q, and Q; for the case without and with a
branch inlet were compared. In this case, the included angle was
fixed as o= 45°. The flow rate at the main inlet pipe, Q;, was fixed as
5,000 m*h. It was assumed that Q= 500m>/h for flow rate at the
branch inlet as an example, and time histories of flow rates at the
upper and lower outlets and the final converged values are
presented in Figures 11A, B, respectively. It can be concluded that
the joint of the branch inlet flow leads to an increase in flow rates at
both the upper and lower outlets. A new condition, i.e., Q}1 =
Q+ Q; = Q, + Qs, has been satisfied. However, it is not enough
to address the right flow rate at the branch inlet to balance the result

U (m/s)
4.00
3.00
2.00
1.00
0.00

Without gravity

bpperm@ L Luweruu' L

FIGURE 7
Contours of velocity field for flows without and with gravity.
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of Q, and Q;. Therefore, an interpolation process was carried out to
determine the TBD value of Q. Six more cases were studied and the
flow rate at the branch inlet Q ranged from 635 to 650 m*/h. As
shown in Figure 12, with the increase in flow rate at the branch inlet,
the flow rate at the upper outlet tends to increase and that at the
lower outlet tends to decrease. The intersection point crossing the
curve of the ideal flow rate at each outlet should be the balance
point. By using linear interpolation, the intersection point can be
found as Q = 641.42m’/h. Therefore, the flow rate Q, = 2,820.42m’/
hand Q; - 2,821.00m>/h were obtained, which can be regarded as
Q, = Q5 within the error margin, and the ideal outflow rate was Q, =
2820.71 m’/h.

In the following studies, a change of the included angle of the
branch inlet pipe, o, was applied to propose a flow control scheme
to balance the outflow rates at the upper and lower outlet.
Preliminary studies have been carried out for three included
angles, i.e., o = 30° 45° and 60°. The same branch inlet flow rate
Q= 650m*/h was firstly applied to these cases to address the effect of
the included angle of the branch inlet pipe. As shown in Figure 13A,

o

With gravity

L Loweroutlel L.
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Flow rate at outlet with various flow rates at inlet of the branch
(o0 = 45°).

time histories of the outflow rates at the upper and lower outlet
converged along with the increase of simulation time. The final
converged results as shown in Figure 13B were different for Q, and
Q5. Q,< Q3 was observed for the results of o = 30°. With the
increase of the included angle, the flow rate Q, increased but the
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FIGURE 13

flow rate Q; decreased, while the flow rate of the branch inlet was
fixed. For the included angle o = 45°, Q, > Q;. If the angle reached
60°C, the difference between Q, and Qs was quite large.

Similarly, interpolations were carried out to find out the balance
point for the flow rate at the branch inlet with various included
angles. The results for the case with o = 30° and o = 60° are shown
in Figures 14, 15, respectively. For example, the error between Q, =
2835.06 m>/h and Q; = 2835.16 m*/h was less than 0.1\% (the ideal
flow rate is 2835.11 m’/h at the outlet as shown in Figure 14. It can
be regarded as a balance flow rate at upper and lower outlets was
obtained when the flow rate at the branch inlet was Q = 670.21m>/h.
Finally, the intersection points can be found as Q = 670.21m>/h and
Q = 505.98m”/h for the case with o = 30° and & = 60°, respectively.

Detailed flow fields for the T-type pipe with three included
angles of the branch inlet pipe were analyzed by the present
simulations. Note that the inflow rate at the balance point was
presented. The contours of velocity field for the central section of
the T-type and for the upper and lower outlet surfaces are shown
and compared in Figure 16. For all the three cases, a high-speed
inflow from the branch was obtained since the diameter of the
branch inlet was much smaller than the diameter of the main inlet
pipe. The high-speed inflow entering the main stream was then
decelerated and the water flows in the outlet segment pipe became
more turbulent. The velocity contours for the upper outlet and the
lower outlet were changed due to the introduction of the branch
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Flow rate at outlet with various flow rates at inlet of the branch (o = 30°).

inflow. In terms of the geometry of the branch, it can be seen that
the flow velocity was quite asymmetrical for contours on the upper
outlet and the lower outlet, especially for the case with an included
angle o = 60°.

The pressure contours for the central section of the T-type with
various included angles are shown in Figure 17. Two zones of low
pressure can be observed near the perpendicular corners. The
smaller the included angle was, the fewer changes in pressure
distribution can be observed. For a large included angle, e.g., o =
60, the zone of low pressure was expanded and the original shape of
high pressure was affected.

The LIC texture using velocity vectors with vorticity contours
for the T-type with various included angles is shown in Figure 18.
Vortices can be found near the corner at the connection of the inlet
pipe and the outlet pipes, and the corner near the branch inlet pipe.
The three-dimensional streamlines are extracted and presented in
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FIGURE 16
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FIGURE 15
Flow rate at outlet with various flow rates at inlet of the branch (o = 60°).

Figure 19, as well as the pressure contours. The streamlines rotated
much more violently for the case with a large included angle like oz =
60°. Compared with that of the flow in the upper segment pipe, the
vorticity of the flow in the lower segment pipe was higher due to the
effect of the branch inlet pipe.

5 Conclusions

In this paper, we studied the flow rates in a flow diverter, i.e., a T-
type pipe, and its flow control using a special branch for water pumping
systems in the cruising aquaculture vessel, Guoxin 1. To obtain a
balanced oxygen supply for two farming tanks, a balanced water flow
rate should be guaranteed if one pump is available. The flow rate at the
outlet can be influenced by several factors, e.g, the gravitational
acceleration, the flow rate at the branch inlet, and the included angle

| Upperoutlg

Contours of velocity field for flows with various angles (A) & = 30° (B) a = 45° (C) o = 60°.
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FIGURE 17
Contours of pressure field for flows with various angles (A) o = 30° (B) o = 45° (C) o = 60°.
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FIGURE 18
Contours of vorticity field with LIC for flows with various angles (A) o = 30° (B) o = 45° (C) o = 60°.
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FIGURE 19
3-D streamlines for flows with various angles (A) o = 30° (B) a = 45° (C) « = 60°.
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between the branch inlet pipe and the main inlet pipe. Equilibrium
outflow rates were desired to efficiently supply the oxygen to different
aquaculture tanks. The following conclusions can be drawn based on
the numerical results in this work. The research of this paper can
provide a reference for the oxygen supply between aquaculture tanks to
maintain a healthy culturing environment.

1. Gravity would affect the unbalanced flow rate due to the
altitude difference in multiple farm tanks, especially in
cruising aquaculture vessels. According to the present
three-dimensional simulations, the difference in flow rate
at the upper and lower outlet could be as large as 12.8%.

. Tt is reasonable for the flow control in the tee pipe to adopt
a branch inlet with a small diameter and a high-speed water
inflow. A balance point can be interpolated by adjusting the
flow rate at the branch inlet to obtain equilibrium outflow
rates in two outlets.

. The branch inlet for flow control should be equipped with a
reasonable included angle with the main inlet pipe. A high
inflow rate at the branch inlet is required if the included angle
was small. However, the advantage of a small included angle is
the low impact of the additional flow on the flow patterns. It
can be concluded that a low-speed inflow rate at the branch
inlet for the branch with a large included angle is necessary
while the flow field is significantly affected by the additional
inlet flow.
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