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A B S T R A C T

Computational fluid dynamics (CFD) analysis was performed on a new type of mixed cell raceway (MCR) that
incorporates longitudinal plug flow using inlet and outlet weirs for the primary fraction of the total flow. As
opposed to conventional MCR’s wherein vortices are entirely characterized by the boundary conditions at inlet
nozzles and outlet center drains in the center of each cell, the new MCR design can develop a wider variety of
fluid behaviors due to the additional boundary conditions at the inlet and outlet walls where the weirs are
placed. In this study, we investigated how the primary longitudinal flow would affect vortex formations in the
cells by designing three different MCR models and simulating three major cases for each model. Through this
process, performances of two numerical CFD models (transition k-kl-ω vs. k-ε) were compared, along with two
vortex quantification methods (Q-criterion vs. a proposed method). We found that the k-kl-ω CFD model more
accurately predicted vortex formation than the k-εmodel. The three MCR models differed only by weir geometry
or drain size, in order to see their individual influence on cell vortex formation. Each case had its own unique
weir flow rate and center drain loading rate values that combined to a total flow rate resulting in 15-min
hydraulic retention time (HRT) for the MCR. The ratio of (expressed as percentage) of center drain loading rate
to total flow rate (R= 7.5%, 12.5%, and 20.1%.) was defined to establish a relationship between R and vortex
strength or size. Simulations demonstrated that inlet weir aspect ratio impacted cell vortex formation and
strength. Unlike weir geometry effects, the drain size had non-significant impacts on fluid behavior other than
the velocity very near the drains. While R did have positive correlations with vortex strength, vortex size, and
self-cleaning performance, an R of 20.1% was sufficient to create uninterrupted vortex formations. Too low of a
center drain rate or R value can result in lack of any meaningful cell vortex formation which then obviates any
self-cleaning action in an MCR. Our key finding through extensive computational analysis was that an R value of
20% was required in order to maintain effective vortex formation. Expressed more explicitly, this can be de-
scribed as maintaining a center drain loading rate of 0.010094m3/s per cell (160 gpm), which correspond to unit
loading rates of 16.3 lpm/m2 per cell (0.40 gpm/ft2 per cell).

1. Introduction

Achieving a high benefit-cost ratio for a fish production system re-
quires that the system be able to quickly produce a large biomass of
healthy fish while minimizing operational costs. These goals can be
supported by careful management of the fluid dynamics within the
culture tank with a primary focus on water velocities and circulation
patterns to ensure that settleable solids are quickly removed from the
culture environment and that fish are exercised by the imposed water
currents. Losordo and Westers (1994) recommended water velocities of
1.5–2 fish body lengths per second to promote optimal muscle tone and
a high water quality environment. Concurrently, velocities greater than

15–30 cm/s are required to promote self-cleaning of settleable solids
(Burrows and Chenoweth, 1970; Mäkinen et al., 1988). In addition to
these requirements, there should be an absence of any dead zone areas
where solids would settle.

Circular tanks with proper diameter-to-depth ratios are generally
accepted as the preferred design for recirculating aquaculture systems
(RAS) primarily for their self-cleaning attributes and ability to create
uniform water quality conditions throughout the tank (Timmons and
Ebeling, 2013). Circular tanks are often equipped with an elevated side
drain (i.e., Cornell dual-drain tank design) to relieve a strong vortex
near the center drain that reduces self-cleaning by driving solids up-
wards (Davidson and Summerfelt, 2004). For instance, Cornell-dual
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drain tank designs limit the water flowing out through the center drain
to 10–20% of the total flow (Timmons and Ebeling, 2013). Circular
tanks are inefficient at utilizing the floor space compared to linear ra-
ceways. Economic advantages are gained as scale is increased to en-
hance production capacity, but round tanks can require excessive
depths to obtain large commercial-scale tank volumes, e.g., 350m3 and
larger. Large circular tanks can be difficult to manage and increasingly
difficult or costly as depths increase above 2m. Unlike circular tanks,
linear raceways can fully utilize a given footprint, since they are often
setup adjacent to each other by sharing walls, which reduces con-
struction costs as well. Raceways can obtain large volumes by in-
creasing raceway length while maintaining user-friendly manageable
widths and depths, e.g., 7 m by 2m, respectively. Raceways are con-
sidered easier to manage for fish sorting and harvesting operations.
Unfortunately, traditional raceway designs are plagued with slow ve-
locities resulting in poor solids cleaning and water quality gradients
from inlet to outlet.

The mixed cell raceway (MCR) was introduced several years ago to
incorporate the advantageous characteristics of both circular tanks and
linear raceways (Watten et al., 2000), and is starting to gain favor in
some recent RAS facility projects. Current MCR designs employ circular
tank design guidelines for diameter-to-depth and center drain hydraulic
loading as applied to individual cells that comprise an MCR. By forming
a series of counter rotating vortices or cells within a linear raceway, a
mixed-cell raceway can maintain self-cleaning characteristics, yet re-
tain the operational advantages of a traditional linear raceway. The
effectiveness of the mixed-cell raceway with a Cornell-type dual-drain
system has also been studied and verified extensively with experiments
and computational analysis (Ebeling et al., 2005; Labatut et al., 2015a;
Stockton et al., 2016). Most studies have been performed with large-
scale physical models of the MCR, using velocity probes or particle
beads (Labatut et al., 2007, Stockton et al., 2016). There has also been
use of small-scale models of MCR for quick and inexpensive experi-
mental procedures to investigate behavior of MCR’s (Oca et al., 2004).
Results from small-scale models should be carefully interpreted for
application to larger models due to the greater effects of viscous forces
at smaller scales (Oca et al., 2004). Labatut et al. (2015a) used a three-
dimensional computational fluid dynamics (CFD) analysis for a Cornell-
dual drain MCR after initially testing on a two-dimensional model
(Labatut et al., 2015b) that was unable to simulate the crucial vertical
fluid movement around cell center drains.

Previous MCR designs had side drain outlets along the length of the
raceway and inlet flow was introduced as jet flow from pipe plenums
placed at strategic points to create the counter-current flowing vortexes
in each of the cells of the MCR. A potential improvement to the MCR
design is to replace elevated side drains along the length of the raceway
with an inlet weir at the head of the raceway and an outlet weir or
endwall outlet at the downstream end. Such a design would simplify the
construction and might allow increased flow and RAS carrying capacity
through the primary longitudinal plug flow. Also, providing the ma-
jority of the flow to the raceway via an inlet weir will result in lower
head requirements compared to the flow being returned under higher
pressures through the downlegs used to create the vortexes in each cell.
However, the inlet flow introduced at the head of the raceway may also
interfere with the generation of vortices in the mixed cells, which would
then compromise the self-cleaning attributes of the cell. This would
revert the MCR to being a non-self-cleaning unit. Therefore, the ob-
jective of this paper was to quantitatively analyze the inlet weir effects
on vortex formation in cells of a commercial-scale MCR.

2. Methods

We simulated six different cases of inlet flow rate and cell center
bottom drain loading rate. Inlet flow rate and cell center drain loading
rate are considered independent variables. The formation of a distinct
vortex, which is a dependent variable, was quantified by measuring the

magnitude of the rotational velocity and the vortex area, which is de-
scribed in more detail in Section 2.6. The analysis was performed using
CFD simulation software, ANSYS Fluent. CFD simulation software ob-
tains results by solving a set of mathematical formulas representing the
Navier-Stokes equations that are based on physical principles. Using
boundary conditions and initial values, the formulas are solved at dis-
crete control volumes that comprise a computational mesh of the fluid
domain. We did not consider any effects fish would have on the fluid
flow patterns and associated removal of solids. Generally, it is well
known that the presence of fish in a tank or raceway will improve solids
removal due to additional mixing and resuspension of settled particles
as created by fish swimming activity allowing the solids to be captured
by center drains or outlets. We would therefore expect that our findings
from our CFD analysis would be conservative in terms of recommending
required flow rates for the center drain percentage of total flow (R) to a
MCR to maximize solids removal rates.

2.1. Governing equations

ANSYS Fluent, referred to as Fluent, is based upon a numerical si-
mulation of the Navier-Stokes equation for turbulent flow. Such simu-
lations are sensitive to initial conditions and length and time scales.
Fluent reduces the complexity of the mathematics by using Reynolds
Average Navier-Stocks equations (RANS), which is a statistical average
form of the Navier-Stokes equations. In order to derive RANS, flow
variables, i.e. velocities (u) and pressure (p), were decomposed in the
following form by the Reynolds decomposition (Eq. (1)).

= +f f f ' (1)

where f denotes a flow variable, f a time average, and f′ a fluctu-
ating component.

Once the flow variables of the Navier-Stokes equations of motion
are substituted by their decomposed forms, the RANS equations (Eqs.
(2) and (3)) can be obtained assuming an incompressible fluid:

∇ =ρu·( ) 0 (2)

∂

∂
+ ∇ + = −∇ + ∇ +

t
ρu ρu u ρu u p ρg( ) ·( ) ·τi i j i j

' '
(3)

where ρ denotes a fluid density, τ a shear stress, and g a gravita-
tional acceleration.

The term ρu ui j
' ' , known as the Reynolds stress, creates additional

unknowns resulting in a closure problem. The Reynolds stress term
needs to be modeled in terms of only mean flow variables. In our study,
we used the transition k-kl-ω model available in Fluent to address the
closure problem. This form of the RANS model is limited to in-
compressible single-phase flow with no body forces and uses a linear
eddy-viscosity model for Reynolds stress, based on the Boussinesq hy-
pothesis which relates the mean velocity gradients to the Reynolds
stresses. This model is highly reliable for modeling laminar-to-turbulent
transition due its inclusion of an equation for non-turbulent velocity
fluctuation, in addition to the commonly used equation for the turbu-
lent kinetic energy. The model equation in its original form can be
found in Walters and Cokljat (2008) and its recent corrections can be
found in Lopez and Walters (2017).

Fluent solves the complete governing equations using a finite vo-
lume method (FVM). In the first step of the FVM, the fluid domain is
divided into mesh elements to which the conservation laws are directly
applied using the integral form of the governing equations. The product
is a system of non-linear algebraic equations for velocity and pressure at
the element centers. The non-linear algebraic equations are linearized
about initial values using a Taylor series expansion and then solved
iteratively. After each iteration, scaled residuals of the conserved
variables are calculated.

C. Chun et al. Aquacultural Engineering 81 (2018) 19–32

20



2.2. Mixed cell raceway (MCR) designs

Three different configurations (Model A, Model B, and Model C) of
the MCR were tested by varying weir aspect ratio (width to height ratio
of a rectangle) and drain sizes. All models had the same size dimensions
(W×L×D) of 6.1 m×18.3m×1.2m (20 ft× 60 ft× 4 ft) with
three separate and equal regions defined as cells, of which the dimen-
sions were (L×W×D) 6.1 m×6.1m×1.2m each (Fig. 1A; the
single jets pointed perpendicular to the long wall defines boundaries of
the cells). All models had a circular bottom drain located in the center
of its respective cell. Models A and B were tested using a drain diameter
of 20.3 cm (8 in.) and Model C had a drain diameter of 5 cm (2 in.). In
order to generate the plug flow, our MCR model included an inlet weir
and outlet weir at the head and end of the raceway (the shorter sides of
the raceway). The weir geometries are described later.

Six vertical jet manifolds with nozzles on a single side (i.e., single-
sided downlegs) and two vertical jet manifolds with nozzles on opposite
sides (i.e., double-sided downlegs) were used to generate counter-ro-
tating vortices in each MCR cell. Single-sided downlegs had eight
nozzles that were located 15 cm (6 in.) apart with the bottom nozzle
located 7.5 cm (3 in.) above the tank floor. The double-sided downlegs
had eight nozzles on each side with the same geometrical details of the
single-sided downlegs.

The model had three cells which were separated by two of the

single-sided downlegs that pointed the nozzles perpendicular to the
long side of the raceway. The two double-sided downlegs pointed the
nozzles perpendicular to the long side of the raceway in opposite di-
rections. In order to maintain an equal amount of influent from the
nozzles to each cell, two different sizes of nozzles were used. If a flow
rate from a set of 8 nozzles is 1Q, each single-sided downleg would
provide an inflow rate of 1Q and each double-sided downleg would
provide an influent rate of 2Q. However, if we assume single-sided
downlegs (pointed outward from the wall) positioned between two
adjoining cells provide equal amount of the flow rate (0.5Q) to both
cells, the center cell would receive 3Q while the other two end cells
would each receive 3.5Q. Because we wanted the flow rates to be equal
(3Q) for all cells, we decided to halve the influent from the two single-
sided downlegs (Fig. 1A: the downlegs at the bottom-left and top-right
corners) at both ends of the raceway. This was done by reducing the
area of the nozzles by half at those two downlegs and keeping the jet
velocity the same. The larger nozzles had a hole diameter of 9.5 mm (3/
8 in.), and therefore smaller nozzles were calculated to have a hole
diameter of 6.7mm (0.265 in.). With jet velocity set identical at all
nozzles, this setup allowed all three cells to receive the same amount of
flow per unit time.

Model A had a wide and shallow (high aspect ratio) inlet weir
(L×D) 7.2 m×0.127m (282 in.× 5in.), which was wide enough to
cross almost the entire length of the head wall (Fig. 1B). Model B and

Fig. 1. (A) The diagram illustrates the top view of the mixed-cell raceway model. The size of the drains and downlegs are not to scale. The sets of three wide arrows at the left and right of
the MCR are the influx at the inlet weir and efflux at the outlet weir respectively. The narrow arrows are the effluxes from the downlegs. (B) The side view of the shorter wall shows two
different inlet weirs that were tested. The weir shown on the top was used for Model A, while the bottom was used for Model B. The weirs in the plot are drawn exactly to scale. (C) The
photo is a 4-cell MCR of similar dimensions recently constructed by AgriAsia and being operated near Beijing China. [photo courtesy of JLH Consulting, Courtenay, British Columbia,
Canada].
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Model C were created to test the effect of weir shape and center drain
size on hydrodynamics. Model B and Model C differ from Model A in
terms of weir aspect ratio and center drain diameter (Table 1). Model B
has a narrow and deep (low aspect ratio) weir with dimensions (L×D)
1.80m×0.51m (70.5 in.× 20 in.) that is less wide but approximately
half of the MCR’s depth. The commercial MCR shown in Fig. 1C has a
similar geometry to Model B. Both weirs have the same area of 0.92m2

(1410 in2) so that flux at the inlet weirs is the same when using the
same flow rate. Model C has center drains whose diameter was a
quarter of that of Model A (5 cm vs. 20 cm) and identical in all other
respects.

2.3. Simulation cases

Three different cell center bottom drain loading rates were tested
with and without inlet weir flow. Center drain loading rate is the rate at
which water flows from the down leg nozzles to the bottom center
drains in each cell. Center drain loading rates in circular tanks are
known to be a critical factor for self-cleaning hydraulics. To set the
drain loading bounds for CFD testing, we used the recommendations
given by Davidson and Summerfelt (2004) for center drain loading rates
that produced self-cleaning hydraulics. As shown in Table 2, each pair
of cases, e.g., Case 1 and Case 2, had identical center drain loading
rates, but only Case 2 had a longitudinal plug flow so that the overall
hydraulic retention time (HRT) would be decreased to 15min versus
199min in Case 1. An HRT of 15min was chosen to observe the effect of
inlet weir flow on vortex formation when weir flow was at a high rate,
permitting interpolation on the effects for slower weir flows. All weir
flow cases, i.e., Case 2, Case 4, and Case 6, were tested with all three
MCR models, i.e., Model A, Model B, and Model C, resulting in a total of
nine simulation tests. Each test was denoted with the corresponding
case number and model name. For instance, Case 6 tested on Model B
was denoted Case 6B. Note that the three center drain loading rates per
cell of 0.003785, 0.006309, and 0.010094m3/s per cell (60, 100, and
160 gpm per cell) correspond to unit loading rates of 6.1, 10.2, and
16.3 lpm/m2 per cell (0.15, 0.25, and 0.40 gpm/ft2 per cell).

Center drain loading rate to total flow rate ratio (R) was calculated
as follows (Eq. (4)).

= ×R
number of cells center loading rate

total flow rate
*

100%
(4)

where total flow rate was calculated from the volume of the tank
and the selected HRT.

2.4. CFD implementation

2.4.1. Boundary conditions
Boundary conditions were established at the down leg orifices (i.e.,

inlet jets), two end walls of the raceway, and bottom, sides, and top
surfaces of the raceway. Each condition is described below.

For Fluent implementation, both inlet weir and down leg nozzles
were defined as “velocity-inlet” with corresponding velocity values that
satisfied flow rates for each case (Table 3). Since flow rates are the
product of area and velocity, the velocity values were adjusted slightly
upward to account for the nozzle area represented by mesh elements
being a slight under representation of actual circular area. At each of
the cell center drains, a “pressure-outlet” boundary condition was im-
posed with a target mass flow rate that matches the bottom loading
rate. When the target mass flow rate is defined, FLUENT adjusts pres-
sure at the “pressure-outlet” area at every iteration, in order to maintain
the designated flow rate (Fluent Inc., 2007). At the outlet weir, a
“pressure-outlet” condition was also imposed, but with 0-gauge pres-
sure. This means the weir is open to atmospheric pressure. For the top
water surface, a perfect slip wall boundary condition was imposed,
instead of pressure-outlet, in order to prevent any unwanted overflow
or drag being imposed due to the water-air interface. Because the total
energy loss from a wall friction would result in reduction in pressure
instead of reduction in the surface height, the top water surface was
assumed to be at a fixed height throughout the MCR.

Because cases without plug flow, i.e., Case 1, Case 3, and Case 5,
would have boundary conditions that are symmetric in each cell, the
entire tank can be simplified to modeling only one cell with symmetry
boundary conditions at two opposite sides, i.e., inlet and outlet walls of
the center cell. Due to its computational efficiency and readily available
experimental data with which to compare, the model for no-weir flow
(one-cell model) was used for testing multiple choices for FLUENT
settings, such as mathematical models used and various boundary
condition choices, in order to develop an effective Fluent solution
model.

2.4.2. Mesh selection
The MCR models were simplified for mesh generation to increase

computational efficiency. The vertical down leg pipes were assumed to
have no volume so that only the vertical array of nozzles represented
the entire down leg. A finer mesh modeling of the downlegs would
require significant computational effort by calculating complex turbu-
lence around the downlegs, which was assumed as negligible on the
larger flow patterns of interest. Further, MCR’s could be constructed so
that the nozzle and inlet piping were part of a vertical wall.

The mesh of the computational volume is composed of tetrahedral
elements that were automatically generated under user-specified set-
tings with ANSYS Meshing, a mesh designing software (Fluent Inc.,

Table 1
Weir dimensions and drain diameters for each of the Models tested.

Model A Model B Model C

Weir dimension (L×W) 7.2m×0.127m 1.80m×0.51m 7.2m×0.127m
Drain diameter 20.3 cm 20.3 cm 5 cm

Table 2
Summary characteristics of experimental cases tested.

Weir flow rate Center loading rate HRT Ra

m3/s gpm/cell m3/s per cell min %

Case 1 0 60 0.003785 199 100
Case 2 0.1397 60 0.003785 15 7.5
Case 3 0 100 0.006309 120 100
Case 4 0.1321 100 0.006309 15 12.5
Case 5 0 160 0.010094 74.8 100
Case 6 0.1207 160 0.010094 15 20.1

a See Eq. (4) for definition.

Table 3
Summary of the theoretical boundary conditions with only the specified terms for Cases 2,
4, and 6. Top surface had perfect slip condition and all tank walls and bottom had no-slip
conditions. Outlet weir outlet had a fixed gauge pressure condition of 0. The velocity
values at the nozzles were adjusted for area changes resulting from meshes approximating
true circles.

Nozzlesa(Velocity inlet) Weir (Velocity
Inlet)

Target Mass Flow at Center
drain 1, 2, and 3b(Pressure
outlet)

Case 2 Velocity= 2.214m/s 0.1866m/s 3.779 kg/s
Case 4 Velocity= 3.689m/s 0.1765m/s 6.298 kg/s
Case 6 Velocity= 5.903m/s 0.1613m/s 10.07 kg/s

a Hydraulic diameter at the nozzles was set as 0.008966mm, which is a weighted
average of the nozzle diameters. Turbulence intensity for each case was calculated using
I=0.16 · Re−1/8, where Re is the Reynolds number based on the hydraulic diameter
(Fluent Inc., 2007).

b The same boundary conditions are applied to all three center drains.
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2007). Using tetrahedral elements required that nozzles, the smallest
geometrical features of the tank, be represented by a group of mesh
elements with high fidelity. The mesh elements needed to be fine en-
ough to accurately depict the circular nozzle hole, while being as coarse
as possible without losing computational accuracy in order to reduce
computational requirements. As shown in Fig. 2 (light green circle), a
group of tetrahedral elements could only underrepresent the circular
nozzle area, so the overall jet influent flow rate would be less than
intended unless the jet velocity was slightly increased, which we did to
account for this effect.

The mesh is refined near the walls to capture the effects of the no-
slip condition using five inflation layers with a growth rate of 1.2 and
smooth transition setting. All other settings used for all mesh genera-
tions are shown in Table 4. The number of elements for Model A–C were
approximately 950,000, 850,000, and 980,000, respectively. The one-
cell model had 350,000mesh elements.

It was crucial to check the spatial discretization error of the simu-
lations via mesh convergence analysis, because the mesh used for this
study was not sufficiently fine near the wall to capture a velocity gra-
dient under a viscous sublayer. This quality is evaluated by a y+ value
as defined below (Eq. (5)).

=+
yu
V

y τ
(5)

where y denotes distance from a wall, μτ, the friction velocity, and
V, the kinematic viscosity.

In context of CFD, y+ is a dimensionless distance from the wall to
the first mesh grid point. y+ must be smaller than 1 in order to obtain
an acceptable solution from the transition k-kl-ω method. We tested
four different meshes, including the one selected for the final simula-
tions, by using conditions defined for Case2A, and then compared their
results to see if the results were independent of mesh size. Obviously,
one would want to use as fine of mesh as reasonable, as subject to the
computational times being required by the mesh choice.

2.4.3. Solution method
All Reynolds Average Navier-Stocks equations (RANS) models, in-

cluding k-ε and transition k-kl-ω, can be solved using either steady state
solver or transient solver. In transient solver, the iterative calculations
are performed for each discrete time step, whereas in steady state
solver, a time step is not specified, but instead a single string of itera-
tions is continued until the solution has converged based upon some
threshold criterion. Since steady state solver does not need to solve for
an intermediate state at each time step, it can reach the final state faster
than transient solver. We set the residual threshold to

− dimensionless10 ( )3 to establish convergence of a solution. Remember
that our objective is to obtain a steady state solution to the different
flow conditions and geometries of a MCR.

We started all simulations with steady state solver, since it was
faster and deemed adequate for our purpose. For the cases whose re-
siduals did not converge to 10−3, we interrupted the simulation and
switched the solution method to transient solver with a time step of 1 s,

Fig. 2. (A) The size of the mesh element was not uniform. Instead, the number of elements was inflated around the nozzles. The mesh at the nozzles were constructed with the minimum
size limit of a mesh element. Therefore, the larger nozzles (B) could maintain better curvature than the smaller nozzles (C). The areas of the nozzles represented by the mesh were always
smaller than the actual nozzle area shown as green circles in the images above. Adjustments were made in inlet velocity to account for the reduced nozzle size as a result of mesh
implementation while maintaining the design conditions for mass flow as given in Table 4. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Table 4
The mesh setting used for all models and cases.

Element type Tetrahedron

Size function Curvature
Min size 0.0028m
Max size 0.2m
Growth rate 1.2
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using the non-converged steady state solution as initial conditions. The
transient solver was terminated when the residuals were converged at
each time step and periodic oscillations of velocities at sample points
were observed. The amplitudes of the oscillations were negligibly small,
so the solution could essentially be treated as being at a steady state
condition for our purposes. Therefore, the analyses were conducted for
results taken at an arbitrary time within the oscillation period.
Transition to transient solver from steady state solver was necessary in
order to insure the convergence of residuals. All simulations were
performed with double-precision and a second-order discretization
scheme. Twelve Intel Xeon CPU E5-4650 2.7 GHz processors were used
for parallel processing of the simulations. One simulation was con-
ducted at a time.

2.5. Particle tracking

We used particle tracking based upon assigning a particle density of
1050 kg/m3 and diameter of 1mm to mimic fish feces (Timmons and
Ebeling, 2013). Particles were released at random locations within the
orifices of all 80 nozzles and were tracked for maximum 50,000 steps
with a step length factor of 5. A step length factor defines how many
time steps are required to traverse one mesh element.

2.6. Vortex quantification

The presence of a large rotating vortex in each of the mixed cells is
the key characteristic that one hopes to create in operating an MCR to
create the self-cleaning behavior. Strength and size of a vortex are two
parameters that could be used to evaluate the performance of an MCR.
However, defining a vortex is ambiguous, because it is difficult to ob-
jectively define the boundaries of a vortex or to quantify its rotational
strength. One of the simplest methods to quantify vortex strength is to
calculate its vorticity, which is the mathematical curl of velocity field.
Yet, vorticity can yield confusing information because a parallel shear
flow, which would have minimal rotational flow towards a center drain,
can have high vorticity values. To overcome such limitations, a Q-cri-
terion method and other methods have been developed and adopted in
wide range of studies to analyze vortex behavior (Sahner et al., 2005).

We have proposed an alternative method rather than the Q-criterion
method that would also return a clear and accurate identification of the
vortex boundaries. The method is premised on the fact that the area
defined by the following criterion (Eq. (6)) should be exactly half of the
cell area, i.e., an ideal vortex would cover an entire cell with its center
perfectly aligned with the cell center and center drain.

° ≤ ≤ °
v
v

0 arctan 45x

y (6)

where vx and vy denotes velocity in x and y direction (same plane
orientation as the raceway bottom), respectively.

An angle or direction of a velocity vector that satisfies the above
criterion, with respect to positive x-axis, lies between 45° and 135°, or
225° and 315°. Half of a vortex would be covered by an area that re-
sembles a bowtie as shown in Fig. 3 (red area). Therefore, we defined
that vortex areas in this paper to be two times (double) the bowtie area
as calculated using Eq. (6). An area average of velocities in the bowtie
area would be a reasonably accurate measurement of an average ro-
tational velocity. Since velocity contour lines usually loop around the
center of the vortex, the velocity distribution within the bowtie should
be similar to that within the entire vortex. We evaluated use of both
methods for an MCR type raceway flow.

3. Results and discussion

Our simulations using the CFD model required 10 s per iteration on
average for Model A, B, and C cases. The convergence of residuals to

10−3 required 1000 iterations (∼ 3 h) for Case 2A, 2000 for Case 4A,
and 5000 for Case 6A. It required similar number of iterations for the
cases with Model B and C as well. On the other hand, it took 1 s per
iteration on average for the one-cell model. Until convergence, it re-
quired 1000 iterations for Case 1, 2000 for Case 3, and 600 for Case 5.

3.1. Numerical model selection using one-cell model (accuracy check)

Several different Reynolds Average Navier-Stocks equations (RANS)
numerical models were used to simulate the one-cell models (no-weir
cases: Case 1, 3, and 5). Only the transition k-kl-ω model simulated the
existence of rotating vortices as shown in Fig. 4. Observations of
commercial mixed cell raceways (Fig. 1C) that are being operated in the
same manner and at the same scale as the simulation showed the ex-
istence of rotating vortexes in a 3 cell raceway. Based upon the findings
of the one-cell model simulation, we used the k-kl-ω model to test the
weir flow cases. It is important to note that the no-plug flow cases were
simulated using a one-cell model that had symmetry boundary condi-
tions imposed at the upstream and downstream boundaries of the
center cell. Therefore, that simulation assumed that the cells were
aligned in an infinite series, ignoring the effects of a cell at the begin-
ning or end of the raceway. Our simulations of the weir MCR design did
show that the middle cell of the three-cell model was affected by the
presence of the upstream and downstream cells. Ideally, both the no-
plug flow cases and plug flow cases would have been simulated using
three-cell model at the cost of longer computation time.

When the k-ε model was used for simulation, the one-cell model
failed to create rotational flow. Instead, as shown in Fig. 4A, an upward
flow was observed above the center drain. It is suspected that the up-
ward fluid motion was formed because the center drain alone had to
discharge all the flow, yet shed back into the flow any excess entrained
flow obtained between the orifice entry points of the downlegs and the
center drain discharge point. This is a well-known phenomenon that is
seen in circular tanks with an R=100% and one that influences tank
center drain design. In this type of circular tank flow, an ‘irrotational
zone’ is formed in the torus-shaped region near the cell center, while
the vortex with rotational axis perpendicular to the floor still dominates
the overall tank flow (Timmons et al., 1998). The ‘irrotational zone’ is
characterized by low water velocities and poor mixing, which results in
an ineffective rearing condition (Timmons et al., 1998). This is more
likely to happen when the HRT is less than 1 h (Timmons et al., 1998).
Although the cases used for the one-cell model had an R value of 100%,
their HRTs were longer than an hour, so the irrotational zone should be
barely present. However, with k-εmodel, all simulations only generated
irrotational zones and none with a perpendicular vortex to the floor,
which was the opposite of what we expected. Therefore, the k-ε was
deemed inappropriate for this project, as were other RANS models we
tested, e.g., k-ω, transition SST, and Reynolds stress, all with similar
results deemed unreasonable. Alternately, the transition k-kl-ω model
successfully generated the perpendicular vortex without any irrota-
tional zone (Fig. 4B). Thus, transition k-kl-ω was chosen to be used for
all cases, including the ones with the plug flows.

3.2. Vortex quantification method comparison

Despite popularity of the Q-criterion method, we found its use in-
appropriate for measuring vortex strength in an MCR. In an MCR
configuration the vortices were interrupted by the introduction of plug
flows coming from the inlet weir flow, which pushed the vortices away
from the MCR cell centers and generated multiple small eddies
throughout the length of the MCR. However, we were specifically in-
terested in the large cell vortices being created that primarily determine
fish swimming behavior and solids movement to a cell center drain. The
effects of small eddies or vortices had minimal impact on these two
attributes and therefore should not be analyzed except as reflected in
the overall mass and energy balances of the flow. The Q-criterion
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Fig. 3. A sample result from the one-cell model CFD simulation illustrating the bow-tie area (red region) defined by the proposed method. A velocity vector plot is also shown in order to
qualitatively examine a presence of the vortex. The plot is a top-down view of the MCR model. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 4. Streamlines using the single-cell model were plotted back-
wards in time starting from the center drain. Right side of the
streamlines are cartoon representations of the vortices near the center
drains. (A) Streamline plot from the k-εmodel simulation. Gray planes
were placed between the center drain and cell boundary to provide a
better visual of the flow behavior around the drains. Upward flow
above the center drain can be observed. The red region represents the
torus-shaped ‘irrotational zone’. (B) Streamline plot from the transi-
tion k-kl-ω model. A single vortex with rotational axis perpendicular
to the ground was formed as has been observed in commercial MCR’s.
(For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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method captured many small eddies as shown in Fig. 5 that were not
included in our proposed method. The unwanted identification of small
eddies made it technically difficult to distinguish the large cell vortex
away from them, which in turn, made it difficult to calculate an average
value of velocities that contribute to the primary vortex. Also, more
importantly, the boundaries of the large vortices identified from Q-
criterion did not fully extend over the entire area occupied by vortices
(Fig. 5). The red shaded area for the Q-criterion method was defined by
a range of normalized Q values between −0.3 and 1, which best
identified the vortices.

As shown in Fig. 5, the bowtie areas provide a clearer and more
comprehensive estimations of vortex boundaries. As a reminder, dou-
bling the area for each vortex would equal the vortex size. The area plot
made less false identification of vortex area than the Q-criterion con-
tour plot did. The first cell had a shaded area that was not a part of the
cell vortex, but it could be easily cropped out for analysis purpose.

3.3. Vortex analysis in plug flow cases

The results from the inlet weir flow cases, Case 2, 4, and 6, were
compared to evaluate the relationship between R and vortex formation.
For this analysis, Model A and Model B were both used to see the effect
of the weir shape as well. The vector plots at four different cross-sec-
tions were inspected. Three of the cross-sections were the horizontal
planes at the bottom, middle, and surface of the tank, and the fourth
was a vertical plane that crossed all three center drains. The bottom
plane is located 10 cm above the floor. Fig. 6, shows the vector plots at
the three horizontal cross-sections.

As shown in Fig. 6 for Model A, the influx from the wide inlet weir is
only observable in the top plane, whereas for model B, the influx is also
observable in at the middle plane. For Case 2A at all planes, the long-
itudinal vectors caused by the inlet weir flow dominated the entire flow
domain, hindering the formation of center vortices at all cells. Case 4A
showed the similar fluid behavior but with less hindrance. For Case 6A,
the effect of the inlet weir flow on vortex formation was negligible aside
from the minimally off-centered vortex cores. Rather, its fluid behavior
was closer to that of the no-inlet-weir flow case, including certain
features such as the diagonal regions of low velocities at the bottom and
surface of each cell. For all cases of Model A, Cell 1 generated the
smallest vortex among three cells, due to the direct influx of the flow
from the inlet weir. The vortex at cell 3 also seemed to be disrupted by
the direct efflux leaving the outlet weir. Cell 2 had the largest, and most
circular vortex. In contrast, the geometry of the narrower weir for
Model B affected the fluid behavior differently.

The weir influx and efflux contributed differently to the generation
of vortex formations dependent upon the aspect ratio of the inlet weir,
i.e., Model A being a shallow inlet weir and Model B being deep weir
both with same area. For Case 2B, the weir influx helped in forming a

vortex larger than that of Case 2A. The effect is extended to the second
cell, and similarly, the third cell benefited from the effect of the weir
efflux. The vortices at Case 4B were also more defined, larger, and
stronger than that of its corresponding case for model A. In Case 6A, the
vortex in Cell 1 was larger than that of Case 6B, because the plug from
the wider weir was not directly defining the size of the vortex. The
visualization of plug flow formation from inlet weir (Fig. 7 where the
plane is vertical to the floor and crosses the center drains) illustrates the
effect of the weir on fluid behavior at Cell 1 and Cell 3.

The vector plot for Case 2A in Fig. 7 shows that the influx from the
inlet weir had the highest velocity in the vertical cross-section domain.
As noted above, the cross-section crosses all three center drains. Since
the weir is located adjacent to the surface, the strong influx generated a
flow rotating about the axis perpendicular to the cross-section plane.
Similar behavior was observed for Case 4A, but the repeating velocity
gradient throughout the length of the raceway indicates the vortices
were formed closer to the cell centers than those of Case 2. The re-
peating pattern is more obvious in Case 6A, because the vortex cores are
located near the center. From the plot for Case 6A (Fig. 7), it could be
deduced that the jets from the nozzles that point perpendicular to the
longer sidewalls descended and spread below to the middle depth. This
behavior is opposite that reported by Labatut et al. (2015a) and is at-
tributed to Labatut et al. using the FLUENT k-ε model versus the
transition k-kl-ω model that we found more predictive of field ob-
servations. This was responsible for the diagonal low-velocity regions
observed at the bottom plane of Cell 1 and Cell 3 for Case 6A as shown
in Fig. 6. On the other hand, the diagonal low-velocity region at the top
plane (Case 6A, Fig. 6) indicates that the jets parallel to the wall as-
cended and spread to the surface.

Vortex regions were quantified by using the proposed method at the
middle plane (see Eq. (6)). The percentage of vortex area of an entire
cell obtained from the method, with respect to the cell area, was plotted
against the simulation case R value in order to visualize the general
relationship between two parameters. As shown in Fig. 8A, Model A
(high aspect ratio weir) allowed a steady increase of total vortex regions
as reflected by the top line in the graph until the entire raceway is fully
occupied (300% of the cell area at an R of 20%). The vortex region in
each individual cell also increased without exception, but there was a
difference in their trends. A sudden increase in the vortex region hap-
pened at lower R for Cell 3 than for Cell 1. This again shows that the
weir efflux in Cell 3 was less disruptive than the weir influx in Cell 1, as
seen in Fig. 6 and 7. On the other hand, Cell 2 had a steady growth of its
vortex region. The vortex at Cell 2 could grow larger than the cell, since
the other two vortices were weaker due to the energy lost to the shear
stress on the walls at the ends of the raceway. For Model B (low aspect
ratio weir), the overall increase in the total vortex size changed very
little with increased R compared to Model A which did (Fig. 8B). As
discussed, in the qualitative analysis for Fig. 6, the weir of Model B

Fig. 5. Q-criterion method and the proposed method were tested on the result for Case 4A (high aspect ratio inlet weir and a center drain flow rate ratio R=12.5%), at the middle plane.
The plots shown here are top-down views of the raceway. The vortex areas (red shades) identified by each method is overlapped on top of the velocity vector plot which qualitatively
shows the vortices. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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forced relatively fixed size of the vortices in Cell 1 and Cell 3. At high R
in Model B, the total vortex region did not change and stayed at 202%,
which was two-thirds of the entire MCR. This shows that Model B
performs better than Model A at low R, but the opposite at high R.

The rotational velocity of the vortex was calculated by taking the
average velocity in the bowtie area on middle plane. The three models,
i.e., one-cell model, Model A, and Model B, for each center drain rate
were compared to see the effect of plug flow on rotational velocity
(Fig. 9A). This shows that the addition of plug flow could either in-
crease or decrease rotational velocities depending upon the model. For
both inlet weir flow models (Model A and B), Cell 2 always had in-
creased rotational velocity, which is often the highest among the three
cells, but the other two cells tended to have decreased velocity, espe-
cially at the higher center loading rate. The presence of an inlet wall in
Cell 1 and an outlet wall in Cell 3 imposed additional shear stress on
larger vortices at higher center loading rates, and therefore decreased
the rotational velocity. The average velocity was high in Cell 1 of Case
2A because the vortex was so small adjacent to the nozzles that velocity
(2.2 m/s) near the nozzles accounted for a large portion of the average.

Adding the inlet weir flow to the down leg inlet jets did not sig-
nificantly increase or decrease the total average vortex velocity
(Fig. 9A), even though it shortened HRTs multiple fold. This demon-
strated that the inlet weir flow mostly affected the size of the vortices,
but not the average rotational velocity within a cell. As shown in
Fig. 9B, it was R that had a significant positive correlation with the
rotational velocities. It was also found that only the rotation velocity of
Cell 2 of Model A (high aspect ratio weir) and Cell 3 of Model B (low

aspect ratio weir) had linear relationship with R. The turbulence gen-
erated from the weirs may have contributed to the non-linearity in Cell
1 and Cell 3.

3.4. Effect of drain size

Model A (high aspect ratio weir) with a 20.3 cm (8 in.) diameter
drain and Model C (high aspect ratio weir) with a 5.1 cm (2 in.) dia-
meter drain were compared. Velocity values were obtained along a
straight line 10 cm above floor level for the Cell 2 center drain of Case
6A and Case 6C (Fig. 10). Cell 2 of Case 6A and Case 6C was chosen,
since this cell vortex center was aligned the closest to the center drain,
and therefore the effect of the drain size was most easily observable. As
shown in Fig. 10B, the velocity in Z direction was significantly greater
above the smaller center drain of Model C than the larger drain of
Model A. On the other hand, the velocity in XY-plane showed only
slight difference above the center drain (Fig. 10A). However, the overall
velocity profile matched between two models for both velocity com-
ponents (Fig. 10A and 9B). This demonstrated that drain size did not
significantly affect the vortex rotation, although the suction is stronger
near the smaller drain.

3.5. Particle track analysis

The particle history for all models are shown in Fig. 11.
Fifty thousand (50,000) time steps of particle tracking was

equivalent to four HRTs. Fig. 11 shows that in all cases, the outlet weir

Fig. 6. Normalized three dimensional vector plots using Model A (high aspect ratio inlet weir) at the bottom, middle, and surface planes for MCR flow cases 2A, 4A, and 6A (A is for high
aspect ratio inlet weir and cases 2, 4, and 6 are for R values of 7.5, 12.5, and 20.2%) and for Model B (low aspect ratio inlet weir) MCR flow cases 2B, 4B, and 6B.
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removed a large portion of the particles. Also, the number of particles
that escaped through the outlet weir increased as the center drain
loading rate increased, although the difference between case 4 and 6
was not large. This demonstrates that even when inlet weir flow rate is
decreased, a large vortex facilitates particle removal through the weir,
as well as the center drains. Model A (high aspect ratio weir with 20 cm
center drains) and Model C (high aspect ratio weir with 5 cm center
drains) showed similar performances in removing the particles through
the center drains, although Model C outperformed Model A in Case 6 by

a small margin. Case 6A removed more particles than Case 6B, pre-
sumably due to its significantly larger vortex region (Fig. 8). For the
other cases Model A performed worse, since its vortices were smaller
(Fig. 8) and the average rotational velocities were slower (red bar in
Fig. 9A). The center drain of Cell 2 generally had the highest removal of
particles among the three center drains. Inlet and outlet weirs clearly
have an impact on particle removal, which suggests that to maximize
particle removal from center drains, the number of cells should be in-
creased above three. This is generally important because the flow from

Fig. 7. Vector plots on the vertical cross-section for the plug flow cases with the plan centered along the center drains using either Model A (high aspect ratio inlet weir) or Model B (Low
aspect ratio inlet weir).
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the center drain is the flow that will be directed to a screen filter for
solids removal, whereas outlet weir flows, or side wall drains in round
dual drain tanks, might not be typically treated for solids removal.

The visual plot of the particle tracking of the best performing model,
Model C (high aspect ratio weir with 5 cm center drains), is shown in
Fig. 12. The plot showed that Cell 2, regardless of case, had drained the
most particles.

This demonstrated that even under same HRT of 15min for each of
these cases, particle removal can differ significantly depending on the
presence of rotational flow. This demonstrates the long-standing con-
sensus that raceways are poor self-cleaning vessels and the need for
vortex flow around a center drain to promote a self-cleaning action.

There are obvious increases to operate a MCR in overall energy use
as the percentage of flow (R) increases that is supplied by the downlegs
with orifice jets. Employing an R value of 20% (our maximum value)
will require more pumping energy than using an R value of 7.5% our
lowest value. Remember though that round tanks use an R value of
100% and conventional MCR’s employ much higher values of R than
the weir inlet flow arrangement analyzed in this study. For reference, in
our study, the head required to create the three different R values were
0.3 m (1 ft), 0.8 m (2.6 ft), and 2m (6.7 ft) which can be obtained from
the well-known equation: = hV C g2o d . We used a value of Cd=0.93.
One of the most important findings in the current study was to establish
what minimum R value was needed and still be able to create an ef-
fective vortex in each of the cells.

4. Summary and conclusions

Recently, a novel design modification to conventional MCR’s in-
troduces the majority of the flow at the head of the MCR through a weir
with the majority of the outflow through the end wall of the MCR. The
concern with this new design is the effect of the inlet weir flow on
vortex formation in each of the MCR cells and the disruption or lack of
any distinct vortex being formed in the individual cells moving from the
inlet wall end to the outlet wall end. The lack of distinct vortices in the
MCR would likely result in poor solids removal and poor mixing re-
sulting in the MCR behaving more like a conventional raceway. Thus,
we employed CFD to analyze a wide range of probable design and
operating scenarios to identify key operational parameters to ensure
cell vortex formation and associated solids removal and mixing. In this
study, we characterized inlet weir flow to total flow by a parameter
called ‘R’, which is the ratio of center drain flow to total raceway flow
rate (down leg inlet jet flows plus inlet weir flow). We made a series of
conclusions from our study.

1. Our key finding through extensive computational analysis was that
an R value of 20% was required to maintain effective vortex for-
mation. Expressed more explicitly, this can be described as main-
taining a center drain loading rate of 0.010094m3/s per cell
(160 gpm), which correspond to unit loading rates of 16.3 lpm/m2

per cell (0.40 gpm/ft2 per cell).
2. The transition k-kl-ω CFD model more accurately predicted vortex

formation and in particular the perpendicular vortices near cell

Fig. 9. (A) The average rotational velocity of the three models for cases for each center loading rate were compared among each other. Here, CLR denotes center loading rates (226, 376,
602 lpm (60, 100, and 160 gpm) per cell), and the red bar is the average value of the rotational velocity at all three cells. Note that the zero inlet weir flow cases, i.e. Case 1, 3, and 5, are
simulated in the one-cell model. (B) The rotational velocity trends were plotted against R for Model A (high aspect ratio inlet weir) and Model B (low aspect ratio inlet weir) respectively.
(R= 7.6, 12.5, and 20.1% for Cases 2, 4, and 6 respectively). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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center drains, which is the key characteristic of a MCR, than did the
other RANS models tested, including k-ε, transition SST, and
Reynolds stress.

3. Regardless of weir aspect ratio, the vortex in cell 2 was largest in
size and rotational velocity compared to cells 1 and 3.

4. The R value (ratio of jet inlet flow to total flow) did not affect the
average MCR velocity of the raceway, even though the inlet weir
flow accounted for the majority of the total flow (at least 80%).

5. The R value (ratio of jet inlet flow to total flow) had an impact on

the formation and size of vortices created.
6. Drain size did not have any effect on overall fluid behavior, but the

smaller drain diameter allowed stronger suction near the drain,
promoting more effective self-cleaning performance. However, the
5 cm (2 in.) drain may be too small for practical use in a commercial
RAS.

7. A majority of the particles removed from the center drains occurred
from cell 2, which was least affected by the inlet and outlet weirs.

8. At our highest R value simulated (20%), the high aspect ratio weir
(wide and shallow) produced larger and stronger vortices and re-
moved more particles through the center drains than the low aspect
ratio weir, but at low R value, the opposite was true.

9. MCRs with additional cells beyond three would be more effective in
center drain solids removal than shorter three-cell MCRs.
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