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RESEARCH ARTICLE

An MRF Model-based Study on the Effect of Fishes
upon the Characteristics of Flow Field of an
Aquaculture Tank

Xian-Ying Shi a,b, Zheng-Zheng Huang a,b, Meng Li a,b, Yinxin Zhou b,c,
Xiao-Zhong Ren b,c,*, Hang-Fei Liu d,**, Shu-Peng Du b,c

a College of Ocean and Civil Engineering, Dalian Ocean University, Dalian, China
b Key Laboratory of Environment Controlled Aquaculture (Dalian Ocean University) Ministry of Education, China
c College of Marine Technology and Environment, Dalian Ocean University, Dalian, China
d College of Biosystems Engineering and Food Science, Zhejiang University, Zhejiang, China

Abstract

The study aims to investigate the effect of fish movement on the flow field in the aquaculture tank of a recirculating
water aquaculture system. Herein, based on the NaviereStokes equations and the RNG k-e turbulence model, the flow
field in the aquaculture tank with fish movement was numerically simulated using the multiple reference frame (MRF)
model and compared with the numerical simulation results of the fishless aquaculture tank. The results revealed that the
overall mean flow velocity in the tank decreased significantly when the fish swam counter-currently with a fixed tra-
jectory, and the overall mean flow velocity increased slightly when the number of fish increased. When the same number
of fish swam counter-currently with a fixed trajectory, the effect of side-by-side distribution on the overall mean flow
velocity in the tank was slightly greater than that of the back-and-forth and top-and-bottom distributions. Under the
influence of fish counter-current swimming, the flow field uniformity in the aquaculture tank was significantly reduced,
the turbulence intensity increased, the flow velocity at the tank wall increased, and the low-flow velocity area appeared
in the center of the tank. The study demonstrated the necessity of considering the impact of fish counter-current
swimming on the flow field within an aquaculture tank. This consideration is crucial when seeking to raise fish welfare,
improve production operation management and optimize the structure of the aquaculture tank.

Keywords: MRF model, Fish, Numerical simulation, Flow field

1. Introduction

T he recirculating aquaculture system (RAS) is a
new aquaculture model that saves resources

and environmental protection, is productive with
low consumption [1e4], and allows the flow field
conditions in the tank to be “customized” to the fish
needs. The RAS refers to using advanced equipment
to control the aquaculture environment and provide
an optimal living environment for the fish [5]. The
aquaculture environment is controlled by advanced

equipment to provide the best possible environ-
ment for the fish.
The characteristics of the flow field in an aqua-

culture tank affect residual bait and feces settlement
and discharge, ammonia nitrogen distribution, and
dissolved oxygen and directly affect fish survival
and their behavioral activities [6]. The right flow rate
in an aquaculture tank changes the fish growth rate
by affecting energy consumption and improving
their quality [7]. Simultaneously, increasing the flow
rate can effectively improve the scouring of fish
surface by the water, which has a beneficial effect on
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preventing fish diseases. Determining flow field
characteristics after tank stabilization is crucial for
its design and layout. A homogeneous and stable
flow field will provide a better living space for the
aquaculture organisms, improve the circulation ef-
fect of the tank, and save operating costs.
The aquaculture equipment size in a planted

aquaculture system is usually large, and the existing
studies on the hydrodynamic characteristics of
aquaculture tanks are mainly based on model tests.
Introducing computational fluid dynamic (CFD)

numerical simulation methods allows for quickly
building a farm tank model and calculating the flow
field data, substantially reducing the research period.
The numerical simulation method enables obtaining
the tank hydrodynamic characteristics at any point,
allowing the flow field to be “visualized”.
Masal�o, I [8] researched about the influence of fish

swimming on the flow pattern of circular tanks, and
discovered that fish can drag down the average flow
velocity of the aquaculture tanks. It was also
discovered that smaller fish drag more velocity
when in same culture density. Masal�o, I [9] and Plew
[10] discovered that the turbulence intensity caused
by fish swimming activities is positively correlated
with stocking density by conducting actual experi-
ments. LIU [11] conducted a study on the correlation
between fish movements and flow fields using the
computational fluid dynamics (CFD) method. The
impact of culture tanks equipped with a Cornell-
type dual-drain system on turbulence intensity and
velocity fields was investigated by Gorle [12,13] and
Zhang [14], Leila Behrooz [15] used CFD methods to
study the turbulence properties of circular aqua-
culture tanks in different diameters. ZHANG [16]
proposed a method of optimization of aquaculture
tank physical parameters based on computational
fluid mechanics (CFD) and machine learning (ML).
Boris Miguel L�opez-Rebollar [17] adopted physical
experiment and CFD simulation on researching
particle sedimentation efficiency. The numerical
simulation of unloaded aquaculture tanks using
CFD methods has been conducted in several studies
by A. Lunger, Liu Naishuo, and AN [18e20]. Sug-
gestions have been made to improve the aquacul-
ture tank shape and inlet and outlet facilities.
Most domestic studies on the hydrodynamic

characteristics of aquaculture tanks neglect the in-
fluence of aquaculture organisms on the flow field
characteristics. Plew et al. [10] studied the changes
in flow velocity and turbulence caused by different
stocking fish densities in a circular aquaculture tank
using real measurements, showing that fish swim-
ming in the aquaculture tank significantly reduced
the flow velocity. Liu, Haibo [21] established a three-

dimensional numerical calculation model of the
mutual coupling between the farmed fish model
and the farmed flow field using Sebastes schlegelii as
the research object and simulated the effect of
shedding vortex formed by the fish swinging their
tails on the flow field characteristics of farmed tank.
We introduced the multiple reference frame

(MRF) into a three-dimensional turbulence numer-
ical calculation model based on CFD technology to
combine the fish and fluid motion of an aquaculture
tank to realize fish swimming behavior simulation
on an aquaculture tank according to a fixed trajec-
tory. This paper compares the flow field character-
istics of an unloaded aquaculture tank with those of
a fish-containing tank to reveal the effect of fish
movement in an aquaculture tank on the flow field
characteristics according to a fixed trajectory.

2. Numerical modeling

2.1. Numerical model theory

Turbulence exists in the fluid movement in
aquaculture tanks and should be considered when
constructing numerical models for aquaculture
tanks. The RNG k-e model is more suitable than the
standard k-e model for simulating flow characteris-
tics in aquaculture tanks due to the better handling
of flows with high strain rates and greater flow
curvature [22].
The three-dimensional NeS equations were

solved by the finite volume method, the NG k-e
turbulence model equations were solved by the
finite difference method, the pressure implicit so-
lution was used, the SIMPLE algorithm was used for
pressureevelocity coupling, and the turbulent ki-
netic energy was in the first-order windward
discrete format. The continuity and Reynolds-aver-
aged NeS equations are expressed as follows:
Continuity equation:
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where X, Y, and Z are the unit mass force compo-
nents per unit mass of fluid; 1

r

vp
vx,

1
r

vp
vy, and

1
r

vp
vz are the

normal stress components per unit mass of fluid;
and m

r
V2ux, m

r
V2uy, and m

r
V2uz are the tangential stress

components per unit mass of fluid.
The transport equation for the RNG k-e model is

as follows:
Turbulent kinetic energy k equation:
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where r is the density of fluid; mt is the vortex cluster
viscosity coefficient; Gk is the turbulent kinetic en-
ergy due to the mean velocity gradient; and ae is the
inverse of the effective Planck number of e.
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ð7Þ
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The relevant parameters are as follows: C1e ¼
1:42, C2e ¼ 1:68, Cm ¼ 0:0845, and ak ¼ ae ¼ 1:39.

2.2. MRF model

Due to the presence of fish in the farm tank, the
mesh was encrypted to generate many meshes and
a dynamic mesh model technique was required.
Each sub-domain could be set to move indepen-
dently, stationary, rotating, or translating. The MRF
model simulated the fish movement in a tank by
setting the sub-domain where the fish were located
as a rotational region and the rest as a stationary
region. The flow field control equations were solved
in each sub-domain, and the flow field information
was exchanged at the sub-domain intersection by
converting the velocity to absolute velocity. The
MRF model also reduced the computational effort
and time required to simulate fish movement in the
tank and was particularly advantageous for simu-
lating fish movement. Therefore, the MRF model
was used in this paper to perform simulations.

2.3. Aquaculture tank model build

The diameter of the breeding tank was 1 m, the
depth of water was 20 cm, and the bottom of the

tank was horizontal. Two inlet pipes with a pipe
diameter of 2 cm were used, and each inlet pipe was
evenly opened with nine holes with a hole diameter
of 4 mm, which were laid at a distance of 2 cm from
the tank wall. The water flow rate in and out of the
two tanks was equal, set to 0.814 m3/h, the inlet
velocity Vin ¼ 1 m/s, and the outlet was set in the
center of the tank bottom, with a diameter of 0.02 m.
The sub-domain of the fish model trajectory was set
to be a rotating region in the tank model (Sub-
domain within blue framework), and the rest of the
region was set to be a static region (Fig. 1).

2.4. Meshing and irrelevance verification

This study used the dynamic mesh modeling
technique. The main body of the aquaculture tank
meshed with the hexahedral mesh delineation
technique, the surface of the fish model, and the
water inlet were meshed with tetrahedral mesh, and
mesh encryption was conducted, and Fig. 2 depicts
the mesh delineation.
Three grid levels (H/M/L) were used to calculate

the overall mean flow velocity within the aquacul-
ture tank for grid-independent verification to
reduce the calculation time cost and improve the
calculation efficiency. Table 1 presents the grid
numbers and calculation results, illustrating that the
difference between the overall mean flow velocity
within the medium- and the higher-density grid
aquaculture tanks was insignificant. In contrast, the
overall mean flow velocity within the low-density
grid aquaculture tank was significantly higher than
the calculated results of the other two grid quanti-
ties. Figure 3 illustrates a comparison of the overall
mean flow velocity in the tank for the three grid
quantities with different iteration steps, revealing a
little difference between the medium- (M) and the
high-density grids (H) in the overall mean flow ve-
locity at different iteration steps. Therefore, the

Fig. 1. The diagrammatic sketch of the tank model with the presence of
fish.
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medium-density grid was chosen for the numerical
simulation.

2.5. Initial boundary conditions

In the numerical calculation process, the internal
moving region (fwater) was set to rotate at the same
speed as the internal cylindrical region. The external
sub-domain was stationary, the external cylindrical
surface and the lower bottom surface were set to the
stationary wall boundary condition (stationary wall),
the farmed fish model was set to the moving wall
boundary condition (moving wall), the region where
the farmed fish was located. The fish were situated
in a region characterized by limited movement, as

were the surrounding areas. The interface between
the individuals and their immediate surroundings
was primarily confined to the interior surface area.
The inlet boundary was set as a velocity inlet with
an inlet velocity of 1 m/s. The flow velocity was
uniformly distributed, and the turbulence intensity
was 5.7 %. The hydraulic diameter was established
to be 0.004 m, and the pressure value was set to
standard atmospheric pressure The outlet boundary
condition was defined as free outflow, and the bot-
tom flow divergence ratio was set to 1.
The residuals were set for the model monitor, the

residuals convergence value was set to 10�4, the
values were initialized for all zones, and finally, the
number of iteration steps was set to 16000. The re-
sidual curve convergence was monitored at each
step to see if the set residuals were reached. After
the model had converged, the results were obtained,
and the calculated data were saved [23].

2.6. Fish model build

The redfin puffer was used as the simulation ob-
ject of Takifugu rubripes. Except for predation and
avoidance of danger, the redfin puffer mostly swims
with its caudal and pectoral fins not oscillating and
its body nearly gliding. Considering this swimming
characteristic, the body of the redfin puffer was
simplified into a rigid body model without fins, and
the curvature of the body was set according to the
trajectory of movement (Fig. 4). The length of the
fish model was 90 mm, and the width was 27 mm.

2.7. Model validation

We verified the accuracy of the numerical
modeling of a physical model test tank based on
Masal�o, I [8]. The tank diameter was 1.44 m, and the
water depth was 30 cm. An inlet pipe with a diam-
eter of 50 mm was used, which opened to a 20.5 mm
diameter inlet at 15 cm from the tank bottom.
Moreover, the jet direction was tangent to the tank
wall, with a jet velocity of 1.27 m/s (the flow rate of
Q ¼ 1500 L/h). The outlet was located at the bottom
of the tank center, with a 75 mm riser in the tank
center and a hole at the bottom of the riser con-
nected to the outlet at the tank bottom. A 75 mm
vertical pipe in the tank center was connected to the
outlet at the tank bottom by a hole at the bottom of
the vertical pipe. The tank was stocked with 49 fish
(individual length of 22.5 cm and weight of 153.9 g)
at a stocking density of 14.62 kg/m3. Figure 5 dis-
plays the tank model.
The same flow rate monitoring points were set in

the numerical model as in the model test. The flow

Fig. 2. The diagrammatic sketch of mesh division.

Table 1. Comparison of the calculated results for the different numbers
of grids.

Level of
mesh

Number
of grids

Number
of nodes

Average
velocity
(Vage, m/s)

H (high) 3624042 2656477 0.0897 m/s
M (medium) 3111433 544768 0.0874 m/s
L (low) 1838140 325166 0.0971 m/s

Fig. 3. Comparison of the calculated results from three different numbers
of grids.
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rate values of each monitoring point were extracted
after the numerical model was stable. The compari-
son between the numerically calculated flow rate
values of each monitoring point and Fig. 6 presents
the measured values of the model test, illustrating
that the numerically calculated values match well
with the measured model test values. Consequently,
the constructed mathematical model can be used to
study the flow field characteristics of the fish culture
tank.

3. Results and discussion

3.1. Influence of aquaculture fish on the overall
mean flow rate of aquaculture tank

We investigated the effect of the swimming
behavior of fish in a fixed trajectory (15 cm from the
bottom of the tank and 25 cm from the vertical line
in the center) against the current on the overall
mean flow velocity in the aquaculture tank under
two condition types (different numbers (Fig. 7) and
spatial distribution of the fish (Fig. 8)), which was

then compared with that of the overall mean flow
velocity in the unloaded aquaculture tank. Table 2
shows the overall mean flow velocities in the tanks
under various conditions (due to the small differ-
ences in flow velocities between conditions, the flow
velocities have been retained to four significant
digits).
Table 2 demonstrates that the tank velocities all

decreased when different numbers of fish swam
counter-currently in fixed trajectories compared
with the overall mean velocity in the fishless tank.
The magnitude of the decline had a positive corre-
lation to the number of fish but with a negligible
variation in magnitude. Specifically, the smallest
reduction was 15.4 %, while the highest was 16.9 %.
Table 2 depicts that when fish were distributed in

different spatial ways and swam counter-currently
with a fixed trajectory, the overall mean flow velocity
in the aquaculture tank decreased by 14.9 %e15.7 %

Fig. 4. The diagrammatic sketch of Takifugu rubripes.

Fig. 5. Physical examination model tank adopted by Masal�o, I.

Fig. 6. Comparison of flow velocity between physical experiment and
numerical calculation results.
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from the overall mean flow velocity in the unloaded
tank, with a slightly larger decrease in the side-by-
side mode, and not much difference in the longitu-
dinal and up-and-down distribution of the fish.
Accordingly, the flow velocity maps of a hori-

zontal cross-section of 15 cm from the tank bottom
with a fish moving in a fixed trajectory in the fish
culture tank were compared with those of the
unloaded tank (Fig. 9). Figure 9 demonstrates that
the decrease in the general average flow velocity in
the tank was insignificant. Consequently, the flow
velocity distribution in the other areas remained

insignificantly unchanged, except for the central
region of the fish culture tank, where a significantly
low flow velocity region emerged. Extracting the
flow velocity values in one diameter on a horizontal
cross-section 15 cm from the bottom of the tank for
comparison between the two conditions (Fig. 10)
showed that the flow velocities were reduced in
most corresponding points in the fish aquaculture
tanks compared with the unloaded tanks. However,
the flow velocities in the side walls of tanks were
higher than in the unloaded condition.

3.2. Influence of fish motion on flow field
uniformity in the aquaculture tank

This study quantitatively assesses the effect of fish
activity on the uniformity of the flow field in an
aquaculture tank using the parameters UC50 [24]
and DU50 [25,26]:

UC50¼ VL50

VH50
ð9Þ

where UC50 is the uniformity factor of the breeding
tank; VL50 is the average value of velocity for 50 % of
the lower velocity volume in the aquaculture tank

Fig. 7. Model illustration.

Fig. 8. Model illustration.

Table 2. The overall average speed in the aquaculture tank under
different working conditions.

Case Number
of fish

Average
velocity

Rate
of change

No Fish 0 0.1043 e
1 0.0877 15.9

Quantity
Variation

2
3
4
5
6
7

0.0879
0.0882
0.0876
0.0873
0.0871
0.0867

15.7
15.4
16.0
16.3
16.5
16.9

Spatial
Distribution

3
3
3

0.0888
0.0879
0.0887

14.9
15.7
15.0
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(m/s); VH50 is the average value of velocity for 50 %
of the higher velocity volume in the aquaculture
tank (m/s).

DU50¼V50

V1
�100 ð10Þ

where V50 is the average of 50 % of the lower ve-
locities in the aquaculture tank (m/s); V1 is the
average velocity (m/s) of the plane being monitored,
obtained by weighting the radii.

V1¼
P

ViriP
ri

ð11Þ

where Vi is the velocity (m/s) at a radial ri position
(m).
UC50 close to 1 or DU50 close to 100 means that the

closer the average low flow velocity was to the

average high flow velocity, the better the overall
flow field homogeneity in the tank.
Tables 3 and 4 display the UC50 and DU50 values

for the aquaculture tanks in two distinct operational
scenarios: fish and unloaded aquaculture tanks. The
results indicate that the presence of fish in the tanks
significantly decreased UC

50
and DU

50
values, owing

to the counter-current swimming behavior of the
fish. Furthermore, this decrease becomes slightly
more pronounced as the fish increases. Conse-
quently, the flow field uniformity in the fish aqua-
culture tanks was reduced.
To investigate the effect of the counter-current

motion of cultured fish on the flow field uniformity
of the aquaculture tank, 100 fluid mass points were
taken at the inlet of the aquaculture tank to draw the
flow line diagram (Fig. 11). Figure 11 reveals that the
flow line length in the fish culture tank was signif-
icantly shortened. The traveling distance and

Fig. 9. The contour maps of velocity distribution in tanks.

Fig. 10. Comparison of the velocity in the tank under two different
working conditions.

Table 3. Influence of fish on UC50 under different working conditions.

Number of fish UC50 Rate of change

0 (No fish) 0.551 e

1 0.452 18.0 %
2 0.447 18.9 %
3 0.445 19.2 %
4 0.444 19.4 %
5 0.442 19.8 %

Table 4. Influence of fish on DC50 under different working conditions.

Number of fish DU50 Rate of change

0 (No fish) 71.0 e

1 62.6 11.8 %
2 61.8 13.0 %
3 61.6 13.2 %
4 61.5 13.4 %
5 61.3 13.7 %
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movement speed of water mass points under this
condition become shorter than the unloaded tank,
consistent with the flow velocity in the fish culture
tank, which becomes smaller in Section 3.1.
The Q criterion [27,28] was used to depict the

distribution of vortex volume in the aquaculture
tank, where the value of Q was 0.001. Figure 12 dis-
plays the vortex volume diagram, indicating that the
volume of vortex columns was larger in the fishless
unloaded aquaculture tanks, and the vortex ring
distribution was regular. There are no stray vortex
filaments and small vortex distribution in the tanks,
and the uniformity of the water column in the tanks
was good. The vortex column in the fish aquaculture
tank was small in size, the shape of the vortex ring
was insignificant, and the distribution was irregular
in the tank wall. This was primarily attributed to the
counter-current swimming of fish, increasing the
vortex in the aquaculture tank. Consequently, the
water body experienced a loss of energy and a
decrease in homogeneity, thereby impacting the
overall quality of the aquaculture tank.

4. Conclusions

Our study constructed an aquaculture tank model
based on the MRF model, simulated the flow field of
an aquaculture tank with cultured fish swimming,
and compared it with the flow field of an aquacul-
ture tank with no fish swimming, using redfin puffer
as the simulated object of T. rubripes. The results
revealed the following.

(1) When different numbers of fish swim against the
current with fixed trajectories in the aquaculture
tank, the overall average speed of the aquacul-
ture tank significantly decreases under the in-
fluence of the counter-current movement of the
fish. Moreover, the magnitude of the decrease
slightly increased with the increase in the
number of fish. When the same number of fish
swim against the current with fixed trajectories,
the influence of side-by-side distribution on the
overall average flow rate of the aquaculture tank
was slightly increased compared with the front-
to-back and the top-to-bottom distributions.

Fig. 11. 3D streamline diagram of aquaculture tank under two working conditions.

Fig. 12. 3D vorticity diagram of the flow field in the aquaculture tank under two working conditions.
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(2) The counter-current movement of fish increased
the flow velocity at the side walls of the tank,
which was conducive to the scouring of walls by
water. Simultaneously, a low-flow zone could
appear near the tank center.

(3) Due to the counter-current swimming move-
ment of fish, the movement trajectory of water
quality points in the aquaculture tank became
shorter. Furthermore, many small eddies were
generated, reducing the flow field uniformity of
the aquaculture tank.
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