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ABSTRACT

The flow field and velocity distribution were investigated by computational fluid dynamics (CFD)
in a oxidation ditch (OD) with an semi-circular guiding wall to improve the flow mixture character
and reduce energy consumption. The time-averaged gas-liquid two phase flow equations closed
by the renormalized group (RNG) k—¢ model were solved by the semi-implicit method for pres-
sure-linked equations (SIMPLE) algorithm, and the volume of fluid (VOF) method was applied to
track the flow surface. The simulation results show that: (1) adding a semi-circular guiding wall
can obviously reduce the size of circulation zone so as to make the effective volume of the OD
become greater, and can result in the flow field distribution become more uniform so as to prevent
sludge from settling, (2) the additional semi-circular guiding wall can make the percentage, P, of the
VOF with a velocity greater than 0.3 m/s in the ditch be increased from 40.8% to 47.6% compared
to that of the non-guiding wall, which is conducive to reducing sludge deposition in the OD, and
(3) the additional semi-circular guiding wall can make the velocity value of outer high-speed flow
decrease at the exit of the bend while the velocity value of inner low-speed flow increase, which
makes the difference of velocity values between the inner and outer of the exit of the bend become
small so as to obtain more uniform flow, and can effectively prevent sludge deposition in the bend
of OD. The numerical simulation is an effective method to study the hydraulic characteristics of
ODs, and simulation results have a certain guiding significance for reducing sludge deposition and
improving the sewage treatment efficiency of ODs.
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1. Introduction

Oxidation ditch (OD) is one of the improved activated
sludge processes; it is a closed annular ditch, and is also
called an annular aeration tank. Owing to the advantages
of good effluent quality and simple system structure, OD
plays an important role in urban sewage and industrial
wastewater treatment systems [1]. The sewage treatment
plants using OD process account for about 40% of the total
number of small- and medium-sized sewage treatment
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plants in China; therefore, OD process has now become one
of the main technologies of sewage treatment. At present,
a lot of achievements have been obtained in all aspects of
ODs, which mainly focus on: process design and equipment
improvement, hydraulic characteristics test and flow sim-
ulation, bio-reaction kinetics, sludge migration, and sedi-
mentation rate, simulation of gas distribution in ditches, etc.

The characteristics of flow fields are an important basis
for the design and operation optimizations of a bioreactor
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[2]. For ODs, the shape of ditch, locations, and operation
conditions of aeration and driving-flow equipment, and the
setting guiding wall may significantly affect the hydraulic
characteristics [3,4]. In recent years, with the rapid develop-
ment of computational fluid dynamics (CFD), many scholars
have made use of CFD to study the effect of guiding wall on
the flow fields in ODs. Zhao et al. [5] numerically simulated
the flow fields behind the diversion wall in an OD, point-
ing out that the diversion wall can improve the hydraulic
conditions of the bend and the influence of the low-velocity
zone (LVZ) behind the partition wall on mass transfer. Alaya
et al. [6] simulated and measured oxygen concentrations
for a wastewater treatment plant (WWTP), and obtained a
good agreement for the oxygen concentration profiles. The
validated model was used for simulating the oxygen concen-
tration profiles in the ditch under different load conditions.
Wei and Xu [7] simulated the influence of radius size of
impellers on the cross-sectional average velocity of flow in
an OD by solving the three-dimensional (3D) time-averaged
Navier-Stokes equations with RNG k—¢ turbulence model.
According to the simulation results, the equation for the
cross-sectional average velocity of flow varying with the
radius size of impellers was obtained, which can provide an
important reference in the optimization of designing impel-
lers of the OD. Wei et al. [8] proposed a numerical simu-
lation method for the flow fields, and used it to simulate
longitudinal velocities along the representative vertical lines
under working conditions of an Orbal OD. The comparison
between the simulated longitudinal velocities and the exper-
imental ones shows a better agreement, which essentially
validates the reliability of the mathematical model for an
Orbal OD. Huang et al. [9] presented a CFD model for pre-
dicting the flow field in an OD driven by a surface aerator.
The improved momentum source term approach to simulate
the flow field of the OD driven by an inverse umbrella surface
aerator was developed and validated through experiments,
and was found to have a lower computational expense, and
to be simpler to process, and easier to use. Thakre et al. [10]
studied the aeration efficiency and oxygen transfer coeffi-
cient and the influence of aeration system on the flow field
structure of an OD driven by curved blades, by which the
optimal combination of three blade parameters of the blade
angle, immersion depth, and impeller speed, was obtained.
The operating condition of an OD has a significant impact
on energy consumption and the effluent quality of WWTPs.
Yang et al. [11] proposed a CFD model to optimize the oper-
ating condition by considering two important factors: flow
field and dissolved oxygen (DO) concentration profiles.
The model is capable of predicting flow pattern and oxygen
mass transfer characteristics in ODs equipped with surface
aerators and submerged impellers, and the surface aerators
and submerged impellers were simulated by a moving wall
model and a fan model, respectively. Xie et al. [12] applied
a two-phase (liquid-solid) CFD model to simulate the flow
field and sludge settling in a full-scale Carrousel OD, by
which an optimized operation scheme of the OD was pro-
posed. Liu et al. [13] studied the operational conditions of
simultaneous nitrification and denitrification (SND) in the
channel of OD without the need for a special anoxic tank
based on lab-scale and pilot-scale experiments using real
domestic wastewater. The influence of sludge loading and

component proportion in influent, temperature, hydraulic
retention time (HRT), DO, and operational mode on SND
was investigated.

Based on the above researches, we proposed a numer-
ical simulation method to study the flow field and veloc-
ity distribution in a ditch with a semi-circular guiding wall
when the underwater impeller and water surface aerator are
running simultaneously in an OD. The effect of the instal-
lation of a semi-circular guiding wall on the flow field in
the OD was mainly studied, which can provide a reference
for the optimization design of ODs.

2. Mathematical model
2.1. Governing equations

The unsteady compressible flows are governed by the
unsteady time-averaged mass and momentum conservation
equations, and can respectively be written as follows [14-16]:
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where p is density; t is time; x, is the space coordinate in
i direction; p is pressure; | is molecular kinematic viscosity;
W, is kinematic viscosity; g, is the gravitational accelera-
tion in i-direction; u, and u’are the time-averaged and
fluctuating velocity components in i-direction, respectively;
and the subscripts 7, j=1, 2, 3.

The Reynolds-averaged N-S equations are always closed
by the turbulence models, such as the standard k- model,
and the relatively improved models named as the RNG
k—e model and realizable k—&¢ model in CFD [17-19]. Here,
the RNG k—¢ model is used to close the Reynolds-averaged
N-S equations, because it is suitable for describing the flows
with curved streamlines in ODs.

The term, pu;u;, in Eq. (2), is defined as Reynolds stress
often modeled by the Boussinesq hypothesis relating these
stresses to the mean deformation rates and mean velocity
gradients [20], and can be written as:
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where y, is the turbulent viscosity computed as a function
of turbulent kinetic energy k and kinetic energy dissipation
rate ¢, and can be written as:

2
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with C_ being a model constant of 0.085.
In the RNG k—¢ turbulence model, the transport equa-
tions for k and ¢ are given by [14,17-19]:
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where 0, C,, and o, are empirical constants with a value of
0.7179,1.68, and 0.7179, respectively; and the other parame-
ters are:
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2.2. Volume of fluid method

The volume of fluid (VOF) method [21] is used to track
the liquid/gas interface. The volume fraction of liquid, F, in a
cell, is defined as the ratio of the volume occupied by liquid
to the total volume of the control cell. The value of F ranges
between 0 and 1. F = 1 and 0 represent a control cell com-
pletely filled with liquid and gas, respectively; and 0 < F <1
represents a control cell partly filled with liquid, which shows
the interface of liquid and gas. The value of F can be obtained
by solving a separate passive transport equation, given by:

oF  a(Fu) _
ot ox.
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The physical properties, p and p, of the mixture of gas
and water appearing in the transport Egs. (1)—(3), (5), and
(6), are determined by the presence of water and air in each
control volume, and can be computed by the following
equations [21]:

p=(1-F)p, +Fp, ®)
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where p, and p, are the density and viscosity of air, respec-
tively; p and p  are the density and viscosity of water,
respectively.

3. Numerical simulations
3.1. Computational region

The simulation model is an OD with a height of 7.5 m. Its
straight channel has a width of 9.5 m and a length of 26 m;
the right-hand side semi-circular guiding wall has a radius
of 4.75 m; and the middle baffle has a length of 26 m. The
effective water depth is 4.24 m. The underwater impeller
consists of eight blades, each of which is 1.132 m long and
0.5 m high; the distance from the center of the impeller to the
left-hand end of the central baffle is 2.6 m; and the bottom

of the impeller is 1.0 m away from the water surface in the
vertical direction. The impeller rotates counter-clockwise
at 29.01 rpm (3.03 rad/s). The water surface aerator with a
radius of 1.5 m consists of 19 discs, and the nearby discs
have an interval of 0.5 m; it is installed at middle of the
straight channel, and with a height of 4.74 m of its central
axis, and it rotates at 2.5 rad/s. The details of the model
size are shown in Fig. 1, and the computational region is
shown in Figs. 2a and b:

3.2. Grid generation

The combination of structured and unstructured grids
was used to obtain a high-quality computational grid gen-
erated by GAMBIT software. The calculation area of the OD
was simulated under two working conditions of (a) with
a semi-circular guiding wall and (b) without semi-circular
guiding wall, such as in Figs. 2a and b. Compared with the
whole calculation area, the thickness of the impeller and the
blade of aerators are very small; in order to ensure the grid
quality, the impeller and the blades of the aerator were sim-
plified to be infinitely thin. The total number of mesh ele-
ments is 268,875. The grid generation method and the grid
structure are basically the same under the two conditions.
Figs. 3a and b show the 2D plane grid and 3D grid of the OD
with a semi-circular guiding wall, respectively.

The independence of the computational grid has been
validated to meet the requirement of the simulation. Using
the same initial and boundary conditions, the flow fields
for the OD with 235,866; 268,875; and 282,375 meshes are
numerically computed, respectively, which shows that the
computational grid with 268,875 meshes is an independent
grid.

3.3. Initial and boundary conditions and solution method

The initial conditions are defined as an initial water
depth of 4.24 m and an initial velocity, 0, of fluid in the OD.
The relative motion of underwater impeller and water sur-
face aerator for the OD was simulated by a multi-reference
frame (MRF) system. The rotational speeds of aerator and
impeller are 2.5 and 3.03 rad/s, respectively. The rotational
reference system for both the impeller and aerator was
established independently within the radii of the impeller
and the aerator, and the relative velocities of the impeller
and aerator are 0; in addition, the other fluid areas were
set up as a stationary coordinate system. The semi-circular
guiding wall, baffle, dich wall, and bottom wall are taken as
solid-walls; the boundary conditions on solid wall are given

| 26m |

R=1.132m 26m 93m

=N
Surface aerator |

»R=1.5m

Submerged impeller

Fig. 1. Details of the model size.
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Fig. 2. Computational region. (a) With and (b) without semi-circular guiding wall.
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Fig. 3. Grids of the computational domain. (a) 2D plane grid and (b) 3D grid.

by a wall-function. The top surface of the computational
domain is a pressure outlet with a relative pressure of 0.
The free water surface was determined by the VOF method.

In the solution of the time-averaged N-S equations
closed with RNG k—¢ turbulence model, the convection term
was discretized by the first-order upwind method, and the
pressure and velocity were coupled by SIMPLE algorithm.
The time step is 0.005 s, and the calculation is convergent at
300 s.

4. Analyses of the results
4.1. Analysis of the streamlines of the flow field

Figs. 4a—d show the streamlines at a plane of z=3.775 and
3.27 m (away from the bottom of ditch), respectively, when
the underwater impeller and water surface aerator are run-
ning simultaneously with and without a semi-circular guid-
ing wall.

It can be seen from Figs. 4a and c that when the semi-
circular guiding wall is not added, there will form a large
circulation zone near the exit of the bend, which is easy to
cause sludge deposition in this area. The complex flow pat-
tern and the non-uniform velocity distribution in the OD
are mainly caused by the existence of bends. The concave
wall of the right-hand side bend changes the direction of
the flow, the inertia force acting on the flow impacts the
concave wall, and the concave wall exerts a reaction force
on the flow, forcing the flow to change its direction and
run along the concave wall. The change of momentum
of the flow results in the redistribution of the flow veloc-
ity at the exit of the right-hand side bend, which forms a
larger recirculation zone downstream of the right-hand
side bend.

As can be seen from Figs. 4b and d, after adding the
semi-circular guiding wall, the flow in the right-hand side
bend is divided into two parts: one is the flow between the
semi-circular guiding wall and the concave wall, which
does not produce a circulation; the other is the flow at the
left-hand side of the semi-circular guiding wall, which does
produce a circulation. The amount of circulation water is
reduced, thus, the length and width of the circulation zone
are obviously reduced compared to that of non-guiding
wall, and the flow field distribution out of the circula-
tion zone becomes more uniform. In addition, the larger
the channel radius is, the smaller is the inertial force act-
ing on a unit mass fluid, and vice versa. Adding the semi-
circular guiding wall divides the entire channel into two
narrow channels; the radius of the channel at the left-hand
side of the semi-circular guiding wall is smaller than that
between the semi-circular guiding wall and the concave
wall, thus, the inertial force acting on a unit mass fluid is
bigger at the left-hand side of the semi-circular guiding wall
than that between the semi-circular guiding wall and the
concave wall. But the semi-circular guiding wall prevent
the flows exchange movement in the two separated bend
channels, while with no guiding wall, the entire flow in the
entire channel exchange movement; therefore, the circula-
tion zone with no guiding wall is bigger than that of the
semi-circular guiding wall.

4.2. Analysis of the contour profiles of velocity and turbulent
kinetic enerqy at a plane

Figs. 5a and b show the simulated water surface positions
in the OD with and without a semi-circular guiding wall at
the right-hand side, respectively. Except for the fluctuation



W. Wei et al. / Desalination and Water Treatment 196 (2020) 93-101 97

20 -15 -10

Fig. 4. Computed streamlines at a plane of z = 3.27 and 3.775 m. (a) Without guiding wall, z = 3.27 m, (b) with a semi-circular guiding
wall, z=3.27 m, (c) without guiding wall, z = 3.775 m, and (d) with a semi-circular guiding wall, z=3.775 m.

near the surface aerator, the water surface is near a horizon-
tal plane. There is some water on the surface aerator, which
is caused by the viscosity of water and the inertia action of
the rapid running aerator. Physical variables such as veloc-
ity and turbulent kinetic energy at a horizontal plane of
z = 3.775 m (away from the bottom of ditch) are selected
below the water surface for analysis.

Figs. 6a and b show the contours of velocity with color-
ful legend at a plane of z = 3.775 m (away from the bottom
of ditch), when the underwater impeller and water surface
aerator are running simultaneously with and without a semi-
circular wall, respectively. The comparison of Figs. 6a and b
show that the velocity distribution in the OD with a wall is
obviously more uniform than that of non-wall. With a wall,
only a small area of lower velocity zone in the upper ditch
appears near the central straight plate; while without a wall,
there is a larger area of lower-velocity in the lower straight
channel and at the right-hand side of the OD. The contours
of flow velocity show that, with a wall, the maximum veloc-
ity is 0.9 m/s at the entrance of the outer bend near the wall,
and the minimum is 0.1 m/s at the upper side of the central
straight wall; while without a wall, the maximum velocity
in the ditch is 0.05m/s in the central part of the upper ditch,
and the minimum velocity is 0.009 m/s at the almost total
right-hand side of the lower ditch.

Figs. 7a and b show the contour profiles of turbulent
kinetic energy at a plane of z = 3.775 m (away from the bot-
tom of ditch), when the underwater impeller and water sur-
face aerator are running simultaneously with and without a
guiding wall, respectively. By comparison of Figs. 7a and b,
it can be found that the distribution of turbulent kinetic
energy in the OD is affected by the addition of the semi-circular

wall. The turbulent kinetic energy at the right-hand side can
reach 0.021 m?/s*> with the semi-circular wall (in Fig. 7a), while
in the same area only reaches 0.009 m?/s*> without the wall (in
Fig. 7b). The high-energy liquid flow mixes with that in the
middle and lower parts of the OD, which makes energy dis-
tribution more uniform in the OD so as to prevent sludge
deposition.

4.3. Analysis of the velocity distributions along the vertical lines

In order to more intuitively observe and analyze the
velocity distributions along the vertical lines in the OD,
the eight points of 1-5 and 2'-4', as shown in Fig. 8, were
selected as the positions of the vertical lines to extract the
simulated velocity values to verify the improvement of flow
velocity after adding a semi-circular guiding wall. Table 1
shows the coordinates of the eight points of 1-5 and 2'-4".

In this study, with the rotating speeds of the under-
water impeller and water surface aerator being constant,
the velocity distributions along the eight vertical lines
are extracted for the comparison of change of the flow
velocities between the two working conditions: (a) with a
semi-circular guiding wall and (b) without guiding wall, as
shown in Fig. 9.

Fig. 9 shows that, after adding a semi-circular guiding
wall, at the locations being nearer to the right-hand side
concave wall, the flow velocities along the four vertical lines
(at points 2-5) increases obviously, except that along the
vertical line (at point 1) decrease slightly; at the locations
away from the right-hand side concave wall, the flow veloc-
ities along the 2 vertical lines (at points 3" and 4') decrease
obviously, except that along the vertical line (at point 2')
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(a) (b)

Fig. 5. Simulated water surface positions in the OD: (a) without a semi-circular guiding wall and (b) with a semi-circular guiding
wall at the right-hand side.
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Fig. 6. Contour profiles of velocity at a plane of z = 3.775 m (away from the bottom of ditch). (a) With a semi-circular guiding wall and
(b) without guiding wall.
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Fig. 7. Contour profiles of turbulent kinetic energy at a plane of z =3.775 m (away from the bottom of ditch). (a) With a semi-circular
guiding wall and (b) without guiding wall.

changes slightly. The cause for this phenomenon is that 9

the setting of the bend semi-circular guiding wall separates 61

the entire bend channel into two narrow bend channels, and

the flow in the inner curved channel with greater inertial __ 31 /

force per unit mass cannot exchange movement with that £ (- —

in the outer curved channel of smaller inertial force per unit =, 3 =
mass by the baffling of the semi-circular guiding wall so as =

to weaken the role of the transverse circulation, and thus, -6 '\ —
the semi-circular guiding wall reduce the factors of genera- -9 . ; .
tion of circulation, and also significantly improve the overall 220 _15 _10 -5 0 5
flow velocity in the bend of the OD. x ()

Generally speaking, for a bend flow, the velocity near
the outer concave wall is larger than that at the inner place  Fig. 8. Positions of the eight vertical lines.
over the exit cross-section of the bend [22]. From Figs. 9a
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Table 1
Coordinates of the eight points of 1-5 and 24/
Points 1 2 2 3 3 4 4 5
Coordinates (x) 14.2 18.9 15.9 20.7 16.6 18.9 15.9 14.2
Coordinates (y) 7.09 4.89 1.68 0 0 —4.98 -1.68 -7.09
Coordinates (z) 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5
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Fig. 9. Velocity distributions along the eight vertical lines. (a) Location 1, (b) location 2, (c) location 2, (d) location 3', (e) location 3,

(f) location 4’, (g) location 4, and (h) location 5.
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and b, it can be seen that, when the semi-circular guiding
wall is added, the velocity value of outer high-speed flow
decreases at the exit of the bend while that of the inner low-
speed flow increases, which makes the difference of velocity
values between the inner and outer of the exit of the right-
hand side bend be small so as to obtain more uniform flow.
This flow pattern can reduce the LVZ of the inner area of
the right-hand side bend, and can effectively prevent sludge
deposition in the right-hand side bend.

4.4. Statistical analysis of the velocity values in the OD

In order to prevent sludge from deposition in ODs,
the design specifications for ODs require that the average
velocity over a cross-section of an OD should be greater
than 0.3 m/s [23]. Here, the percentage P of the VOF with
velocity greater than 0.3 m/s to the VOF in the entire fluid
region is taken as a parameter for the statistical analysis
of the two cases: (a) with a semi-circular guiding wall and
(b) without guiding wall, which are plotted in Fig. 10.

Fig. 10 shows that, under the simultaneous running
of the underwater impeller and water surface aerator, the
additional semi-circular guiding wall has a greater impact
on the velocity distribution in the OD; and makes the per-
centage P in the ditch be increased from 40.8% to 47.6%
compared to that of non-guiding wall. Therefore, the exis-
tence of a semi-circular guiding wall can not only reduce
the size of circulation zone obviously, but also significantly
improve the percentage P of the VOF with velocity greater
than 0.3 m/s to the VOF in the entire fluid region, which is
conducive to reducing sludge deposition in the OD.

5. Some discussions and further study plan

Numerical simulation and experimental methods are
dependent upon each other; experiment is the main way to
investigate a new basic phenomenon, taking a large amount
of observation data as the foundation, still, the validation for
a numerical simulation result must use the measured (in a
prototype or a model) data. Doing numerical simulation in
advance can obtain the preliminary results, which can make
the corresponding experiment plan be more purposeful,
and often reduces the number of systematical experiments;
therefore, it is much useful for the design of experimental
device [23].

Here, an experimentally validated numerical simu-
lation method has been used to study the effect of the
installed semi-circular guiding wall on the flow fields in an
OD. Next, further study will be done to validate the simu-
lation model by an experimental method. An experimental
model for the Carrousel OD will be made of organic glass,
according to the gravity similarity law (also named Froude
number similarity theory) [24]. Acoustic Doppler velocim-
etry (ADV) will be used to measure velocities of the test
model for the OD under the working condition with or
without a semi-circular guiding wall to validate the reliabil-
ity of the simulation results. Adding a guiding wall results
in the flow field distribution become more uniform so that
sludge can be prevented from settling in an OD, which will
be verified by liquid—solid two phase simulation in the OD
in the future.

403
§30;
20E

With guiding wall Without guiding wall
Fig. 10. Statistical analysis of velocity distribution.

6. Conclusions

A gas-liquid two-phase flow model was used to simulate
the flow fields in an OD for two cases with and without a
semi-circular guiding wall under the simultaneous running
of underwater impeller and water surface aerator, by which
the flow field structures and velocity distributions of differ-
ent sections were obtained and analyzed. The conclusions are
as follows:

e Adding a semi-circular guiding wall can obviously
reduce the size of the circulation zone so as to make the
effective volume of the OD become greater, and can result
in the flow field distribution become more uniform so as
to prevent sludge from settling.

® The additional curved semi-circular guiding wall can
make the percentage, P, of the VOF with velocity greater
than 0.3 m/s in the ditch be increased from 40.8% to
47.6% compared to that of no guiding-wall, which is
conducive to reducing sludge deposition in the OD.

® The additional curved semi-circular guiding wall can
make the velocity value of the outer high-speed flow
decrease at the exit of the right-hand side bend while
the velocity value of the inner low-speed flow increase,
which makes the difference of velocity values between
the inner and outer of the exit of the right-hand side bend
become small so that more uniform flow can be obtained.
This flow pattern can be useful for preventing sludge
deposition in the bend of the OD.

® The numerical simulation is an effective method to study
the hydraulic characteristics of ODs. The simulation
results have a guiding significance for the setting of a
semi-circular guiding wall to reduce sludge deposition
and improve sewage treatment efficiency of the OD.
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Symbols
C, —  Model parameter in Eq. (4) with a value of 0.085
C, —  Model parameter in Eq. (6)



S}

o MmN

_ QA< =
R =~

SRRV

=

W. Wei et al. / Desalination and Water Treatment 196 (2020) 93-101

—  Model parameter in Eq. (6) with a value of 1.68

—  Volume fraction of liquid

—  Gravitational acceleration in i-direction, i=1, 2,
3, m/s?

—  Turbulent kinetic energy, m?/s?

—  Pressure, kg/mxs?

—  Production term in Egs. (5) and (6)

—  Parameter for computing C,

—  Parameter for computing C,

— Time, s

—  Velocity component in i-direction, i=1, 2, 3, m/s

—  Fluctuating velocity component in i-direction,
i=1,2,3,m/s

—  Space coordinate in i-direction, i =1, 2, 3, m

Greek

=

»Q ‘O:C‘Cejzjzm

Q

— A constant of 0.015 for computing C,

—  Kronecker function in Eq. (3), 61.]. =1 withi=j,
and o, = 0 with 7/

—  Kinetic energy dissipation rate, m?/s’

—  Parameter for computing C,

— A constant of 4.38 for computing C,

—  Molecular kinematic viscosity, kg/ms

—  Turbulent kinematic viscosity, kg/ms

—  Density, kg/m?®

— Model parameter in Eq. (5) with a value of
0.7197

— Model parameter in Eq. (6) with a value of
0.7197

Subscripts

ij
t
a

w

— Directioni=1,2,and 3;j=1, 2, and 3
—  Turbulence

— Air

—  Water
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