
RESEARCH Open Access

Experimental and numerical investigations
of primary flow patterns and mixing in
laboratory meandering channel
Sung Won Park and Jungkyu Ahn*

* Correspondence: ahnjk@inu.ac.kr
Department of Civil and
Environmental Engineering, Incheon
National University, Incheon, South
Korea

Abstract

Considering fundamental hydraulics, fluid dynamics, and experimental analysis
should be analyzed simultaneously with mathematical methods due to the
effects of hydraulic properties such as meandering form, sediment, and so on. In
this research, to reveal the effects of hydraulic characteristics and longitudinal
and transverse coefficients based on the two-dimensional advection-dispersion
equation, a laboratory experimental channel has been conducted and analyzed.
Additionally, results of experiments have been compared with horizontal two
dimensional distributions of flow velocity and concentration fields with respect
to the water depth and inlet discharge using two-dimensional depth-averaged
numerical models based on FEM (Finite Element Method). SMS and RAMS have
been applied with the same experimental conditions and compared. From the
analysis of velocity profiles, primary and secondary flows have been visualized.
Also the result of pollutant clouds illustrated from the results of tracer tests with
an instantaneous and centered injection of solute transport, separation,
superposition and stagnation could be deduced outwards of two meandering
sections. And same types of characteristics of velocity and pollutant transport
could be defined with two-dimensional numerical models.

Keywords: Meandering, Two-dimensional advection-dispersion equation,
Longitudinal and transverse coefficients, Two-dimensional depth averaged
numerical models, Velocity profiles, Pollutant transport

Introduction
Three major types of fluvial geomorphological characteristics were classified with

straight, meandering and braided. Meandering pattern has various characteristics

of flow and geomorphology in the natural rivers and streams. Whole inflows and

spreading out of various toxic pollutants in inland and coastal waters such as

rivers, streams, and estuaries have been happened in accordance with continuous

population growth and drastic industrial development. They have also threatened

the environmental balance of human life. It is therefore a sustainable manage-

ment of flow patterns and spatial water quality should be continued with a con-

sideration of topographical characteristics. Natural streams and rivers generally

have bends, sandbars, side pockets, pools, riffles, bridge piers, man-made revet-

ments, and especially meandering form. Essentially meander is a type of bed
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forms which transport and hydraulics within a channel cooperate to generate and

this form is related to a geometry which is generated and maintained by a ‘spiral’

motion of the river through the bends (Fig. 1).

It is necessary to maintain and control water pollution problems with accurate

researches and continuous efforts to predict losses and damages from them using

numerical analysis verified with experimental researches or field tests. To simulate

complex flow and pollutant transport in meandering channel, a three-dimensional

hydrodynamic model is required. However, for a computational and laboratory

limit, a two-dimensional model can be used over three-dimensional model, greatly

reducing efforts and expenses. An appropriate choice of dimensional methods

needs to be classified with considering regional conditions of pollutant mixing

(Fig. 2). Additionally to reveal hydrodynamic characteristics in intermediate field,

experimental analysis should be considered with two-dimensional method.

In this research, flow and pollutant mixing have been analyzed based on experi-

mental data with set of longitudinal and transverse dispersion coefficients evaluated

with using various theoretical and empirical methods. A theoretical approach which

in another methodology for evaluating the transverse dispersion coefficient in cases

of having no concentration data was proposed, for the first time, by using the

transverse velocity equation of Rozovskii (1961) and also suggested flow features to

the transverse dispersion coefficient considered bend effects. Chang (1971) con-

ducted laboratory experiments with the S-curved channel to obtain the transverse

dispersion coefficient considering the secondary flow effects. Recently, Boxall and

Guymer (2003) suggested new theoretical equation. Summary of assumptions and

results of previous studies which have been involved with this study have been rep-

resented in Table 1.

Numerical approaches have been developed for describing circulation phenom-

ena and the solute transport in the meandering open channel flows. McGuirk

Fig. 1 Physical processes in typical meandering channel
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and Rodi (1978) developed a depth-averaged model for the near field calculations

of the flow and concentration distribution by side discharges of the pollutant into

open-channel flow. Duan (2004) has derived the dispersion term for the

depth-averaged 2D model in Cartesian coordinates and used the Schmidt number

as a calibration parameter to simulate mass dispersion in meandering channels.

The model by Duan (2004) was applied to the experiments of Chang (1971) to

test the capability of the model to simulate mass transport in meandering

channels.

Experimental analysis
Governing equation

The three-dimensional Fickian diffusion equation under a non-buoyant tracer being

transported in an unsaturated incompressible laminar flow in the Cartesian

Fig. 2 Classifications of Dimensional Analysis about Pollutant Concentration (Kim 2006)

Table 1 Experimental Researches about Mixing in Channels

Researcher Channel Results

Elder (1959) Straight ey/HU∗ = 0.23

Fischer (1969) Meander Theoretical form Derived

Chang (1971) Meander Developed

Miller & Richardson (1974) Straight DL/ey > 100

Krishnappan & Lau (1977) Meander 0.222 < DT/WU∗, 0.416 < DT/WU∗

Lau & Krishnappan (1977) Straight Instead of DT/HU∗, using DT/WU∗

Webel & Schatzmann (1984) Straight Criticized results of Lau & Krishnappan (1977)

Almquist & Holley (1985) Meander Transverse dispersion coefficient increasing in natural cross section

Nokes & Wood (1988) Straight Transverse dispersion coefficient dependent of a friction factor

Boxall & Guymer (2003) Meander Conducted with setups natural cross-section

Boxall et al. (2003) Meander Transverse dispersion coefficient varied in direction of channel
curvature

DL and DT longitudinal & transverse dispersion coefficients, H water depth, U* shear velocity, ey transverse turbulent
diffusivity
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coordinates can be time-averaged and rewritten as three-dimensional

advection-diffusion equation.

∂s
∂t

þ vx
∂s
∂x

þ vy
∂s
∂y

þ vz
∂s
∂z

¼ em
∂2s
∂x2

þ ∂2s
∂y2

þ ∂2s
∂z2

� �
ð1Þ

where s is concentration; t is time; x, y, and z is the longitudinal, transverse, and

vertical distances measured from the injection point respectively. vx, vy, and vz are

directional velocities, and em is the molecular diffusion coefficient. Time averaging

three-dimensional advection-diffusion equation can be derived by the Reynolds

averaging. And in a mathematical model, the dispersion term is occurred as trans-

forming the three-dimensional advection-diffusion equation into two-dimensional

advection-dispersion equation by integration with respect to depth. In rivers, diffu-

sion coefficients are negligible compared to dispersion coefficients with using the

continuity equation (Baek 2004).

∂C
∂t

þ u
∂C
∂x

þ v
∂C
∂y

¼ 1
h
∂
∂x

hDL
∂C
∂x

� �
þ 1
h
∂
∂y

hDT
∂C
∂y

� �
ð2Þ

where DL and DT is the longitudinal and transverse dispersion coefficient which

accounts for the effects on the depth-averaged tracer concentration of depth varia-

tions in the longitudinal and transverse velocity.

Instantaneous injection condition of tracer can be presented with a procedure by

Beltaos (1975). Following this suggestion, integrating Eq. 2 with respect to time

from t = 0 to t =∞, gives

Cj∞−Cj0 þ
Z ∞

0
u
∂C
∂x

dt þ
Z ∞

0
v
∂C
∂y

dt ¼
Z ∞

0

∂
∂x

DL
∂C
∂x

� �
dt þ

Z ∞

0

∂
∂y

DT
∂C
∂y

� �
dt

ð3Þ

Observing C|∞ =C|0 = 0 for instantaneous injection and introducing the concept of a

dosage,

θ ¼
Z ∞

0
Cdt ð4Þ

Eq. 3 becomes

u
∂θ
∂x

þ v
∂θ
∂y

¼ ∂
∂x

DL
∂θ
∂x

� �
þ ∂
∂y

DT
∂θ
∂y

� �
ð5Þ

The integral equations of conservation of tracer mass are as follows.Z
t

∬
A
uCdAdt ¼ M Instantaneous injectionð Þ ð6Þ

where A is a cross-sectional area and Eq. 6 can be also re-written as follows with con-

stant injection, Ws
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∬
A
uθdA ¼ WS ð7Þ

With these procedures, the amount of tracer needed to perform an instantaneous test is

much less than what is required for a continuous test. And injection of a slug is rather

simple whereas constant injection requires special equipment and it may be difficult in

rivers with poor accessibility. Additionally an instantaneous test provides information on

not only the transverse mixing but also the longitudinal and temporal characteristics. This

kind of information is not able to be obtained from a continuous injection condition due

to decrease of time variation.

Experimental setup

Many kinds of researches about mixing in meandering channels have been performed with

various channel types and hydraulic conditions changing water supply and water level of

downstream. The properties of meander patterns in previous studies are shown in Table 2.

In this study, flow and tracer experiments were conducted in the S-curved meander-

ing laboratory channel with a rectangular cross-section which is 16.5 m long, 1 m wide,

and 0.6 m deep. It consists of circular arcs connected by straight sections, as shown in

Fig. 3. The radius of curvature of the arc region is 2.0 m, the wavelength is 7.5 m, and

the arc angle is 150° (Park 2008).

Velocity data and solute concentration was measured by micro-ADV (Acoustic

Doppler Velocimetry) and the electrode conductivity meter (KENEK: Model

NST-30) respectively. The density of the salt solution was adjusted to that of the

flume water by adding methanol. The tracer material can be instantaneously

injected into water flow as a full-depth vertical line source by using the injecting

acrylic cylinder. The initial concentration of the tracer was 100,000 mg/ℓ. The

interval of concentration measuring points at each section was about 7 cm in the

transverse direction. Four cases of tracer tests have been proposed and performed

in this test. The tracer was instantaneously injected into the flow as a full-depth

vertical line source either at the centerline of the channel. Vertically, at a point lo-

cated 60% of the water depth above the bottom, concentration was measured

under the shallow water cases (H = 15, 20 cm). And at two points located 20, 80%

of the water depth above the channel bottom, concentration was measured under

the deep water cases (H = 30, 40 cm).

Table 2 Properties of Meander Pattern of Previous Studies and This Research

Researcher RC/W ϕ(°) λ/ W λ/ RC Sinuosity

Leopold and Wolman (1960) 2.3 – 10.9 4.7 –

Chang (1971) 3.6 90 – – 1.11

Krishnappan and Lau (1977) 0.6 ~ 2.2 – 6.3 3 ~ 10.8 –

Almquist and lHolley (1985) 3 125 12 4 1.30

Guymer (1998) 3.5 120 13.7 3.9 1.21

Jeong (2004) 2.4 120 9.7 4 1.32

This study 2.0 150 7.5 3.8 1.52

RC/W radius of curvature, λ wavelength, ϕ: degree of channel meander
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Numerical analysis
Flow models

RMA-2 is the two-dimensional depth-averaged finite element hydrodynamic model of

commercial software SMS (Surface-water modeling system. It computes a finite elem-

ent solution of the Reynolds form of the Navier-Stokes equations for turbulent flow.

Friction is calculated with the Manning’s or Chezy equation, and eddy viscosity coeffi-

cients are used to define turbulent characteristics. In this model, both steady and un-

steady state problems can be simulated. The generalized computer program RMA-2

solves the depth-integrated equations of fluid mass and momentum conservation in

two horizontal directions. The forms of governing equations are like follows

h
∂u
∂ t

þ hu
∂u
∂x

þ hv
∂u
∂y

−
h
ρ

Exx
∂2 u
∂x2

þ Exy
∂2 u
∂y2

� �
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∂b
∂x

þ ∂h
∂x

� �
þ gun2

h1=3
U−ζV 2

a cosψ−2hωv sinφl ¼ 0

ð8Þ

h
∂v
∂ t
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∂v
∂y

−
h
ρ
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∂2 v
∂x2

þ Eyy
∂2 v
∂y2

� �
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þ ∂h
∂y

� �
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ð9Þ

∂h
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þ h
∂u
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þ ∂v
∂y

� �
þ u

∂h
∂x

þ v
∂h
∂y

¼ 0 ð10Þ

where ρ is density of fluid, Exx is eddy viscosity coefficient for normal direction

on x axis surface, Eyy is for normal direction on y axis surface, Exy and Eyx is for

a)

b)

Fig. 3 Sketches of S-curved Laboratory Channel (Park 2008)
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shear direction on each surface, g is acceleration due to gravity, b is elevation of

bottom, n is roughness coefficient in Manning’s formula, ζ is empirical wind shear

coefficient, Va is wind speed, ω is rate of earth’s angular rotation, and φl is local

latitude.

RAMS (River Analysis and Modeling System) is consist of river flow analysis

model (RAM2), pollutant transport model (RAM4), bed elevation change model

(RAM6), and graphic user interface (RAMS-GUI) is combined with above numer-

ical programs to develop commercial package. This software can simulate physical

phenomena in natural rivers with complex topography by 2D finite element numer-

ical calculations with underlying consistency and generality, which would provide

accurate and stable solutions to open channel flow equation, and mass transport

equation for various types of problems.

Flow model, RAM2 is a finite element model based on Streamline Upwind /

Petrov-Galerkin (SU/PG) scheme for analyzing and simulating two-dimensional

flow characteristics of irregular natural rivers with complex geometries. The type

of elements in a mesh can be a triangular, quadrilateral or mixed one. A triangular

element could have either 3-nodes or 6-nodes and a quadrilateral element either

4–nodes or 8-nodes. This mesh can constructed from DEM and TIN format in the

tools of GIS.

∂h
∂t

þ ∂ uhð Þ
∂x

þ ∂ vhð Þ
∂y

þ i ¼ 0 ð11Þ

∂ uhð Þ
∂t

þ ∂ u2hð Þ
∂x

þ ∂ uvhð Þ
∂y

þ g
∂ h2=2a
� �
∂x

¼ gh Sax−Sfx
� � ð12Þ

∂ vhð Þ
∂t

þ ∂ v2hð Þ
∂y

þ ∂ uvhð Þ
∂x

þ g
∂ h2=2a
� �
∂y

¼ gh Say−Sfy
� � ð13Þ

Pollutant transport models

RAM4 is a FEM model for pollutant transport analysis in two-dimensional flow

fields and it is developed based on the depth-averaged mass transport equation. It

can calculate the advection and dispersion of injected substances in a

two-dimensional flow field. This engine can treat the conservative or

non-conservative substances as pollutant tracers. The advection-diffusion equation

is a very common mathematical model that is generally used to simulate mass

transport in the flow of some fluids. Its general expression can be written as:

∂c
∂t

þ ∇ � qcð Þ−∇ � D � ∇cð Þ ¼ 0 ; x∈Ω; t∈ 0;T½ � ð14Þ

where x and t are space and time variable respectively, c is unknown variable

which denotes solute concentration in this model, q the fluid velocity vector, and

D the diffusion/dispersion tensor, Ω a bounded problem domain in 2D or 3D

space, and T is objective time defined in the problem. Three types of boundary

conditions can be defined for the problem domains. The first type can be defined

on a boundary segment.

Park and Ahn Smart Water             (2019) 4:4 Page 7 of 15



The governing equation modeled in RAM4 is a 2D advection-dispersion equation

which is given as

∂ hCð Þ
∂t

þ ∂ uhCð Þ
∂x

þ ∂ vCð Þ
∂y

−
∂
∂x

h Dxx
∂C
∂x

þ Dxy
∂C
∂y

� �� �
−
∂
∂y

h Dyx
∂C
∂x

þ Dyy
∂C
∂y

� �� �

þkhC ¼ Q

ð15Þ

where is the first order decay coefficient and is some sink or source function.

From researches about equations of tensor-forming dispersion coefficients (Fischer

1979; Alavian 1986) by applying Taylor’s method to a 2D advection-dispersion

model, the following dispersion coefficient tensor forms can represent the longitu-

dinal and transverse dispersion coefficients of the curved channel in fixed Cartesian

coordinate system.

Dxx ¼ DL
u2

U2 þ DT
v2

U2 ð16� aÞ

Dxy ¼ Dyx ¼ DL−DTð Þ uv
U2 ð16� bÞ

Dyy ¼ DT
u2

U2 þ DL
v2

U2 ð16� cÞ

The SUPG (Streamline-Upwind/ Petrov - Galerkin) method with finite difference

time discretization was used for the finite element formulation of RAM4. When the ad-

vective transport is dominant compared with dispersive transport, numerical solutions

by conventional numerical methods exhibit excessive nonphysical oscillation or artifi-

cial smearing. SUPG method can overcome the generally well-known numerical errors

in the modeling of advection dominated conditions.

Results and analysis
Primary flow

Observed data

Velocity data detected in this S-curved channel are expressed with two-dimensional vector

profiles and contour maps at the test sections (S1~S12). Transverse distribution of the pri-

mary velocity skews toward the inner bank at the bends and at the crossovers, almost sym-

metric. Additionally, maximum velocities in each transverse sections, has been detected

taking the shortest course. The reason of this discrepancy in the flow pattern is that experi-

ments were conducted on the rectangular cross-section channel, whereas, the cross-sectional

shape of the natural stream is usually triangular, and skewed to the outer bank with fixed or

mobile beds. This means that the main flow moves along the shortest path of the meandering

channel. This phenomenon is contrary to the fact that the main stream biases to the outer

side of the curve at the curve of the natural rivers or streams. It is analyzed that the cross sec-

tion of the meandering channel used in this experiment is rectangular and the roughness

(painted steel) of the channel is different from the natural river Fig. 4.
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Simulated data

Contour distribution of two-dimensional primary velocities is a little different from ob-

served data. But its ranges from maximum to minimum values of primary velocities are

almost same as experimental data (Fig. 5, Table 3).

As following figures, both of models have a good fitting on the experimental data in the

apex of two meanders. However, RMA-2 model overestimates the experimental result

while RAM2 model underestimates it (Fig. 6). In Fig. 7, experimental data and results of

two models were plotted and compared. Differences near the inlet and outlet were smaller

than those near the main channel. Entirely, simulated data with RAM2 is closer to the

experimental data than simulated data with RMA-2 which is overestimated (Fig. 8).

Tracer transport

Observed data

Tracer tests in this S-curved channel, the concentration (H = 30 cm, Q = 30 ℓ/sec).

All concentration data were filtered by the moving average to reduce the

a)

b)

Fig. 4 Vector maps of primary velocity profiles (left: Case B202; right: Case B302)
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mechanical noise. Passing the crossover, high concentration is detected near the right

bank. The duration of the tracer detection is longer than others, and multiple peaks are

frequently observed. In order to visualize the behavior of the tracer clouds, the spatial

contours, which are made by the interpolation technique through the

concentration-time data, are plotted in Fig. 9. From the observed data, specific behaviors

can be founded; the first bend region with relatively little secondary current effect and

the second bend region which was divided again into entrance, apex, and exit. Asym-

metry velocity profiles can make spatial re-arrangements of pollutant clouds with re-

gional stabilities (Seo and Park 2009). Through the first meandering apex, the pollutant

cloud is separated in the channel width direction under the influence of the horizontal

two-dimensional flow velocity distribution. This is because relatively slow flow velocity

occurs at the right bank of the first curve and relatively fast flow occurs at the left bank.

This phenomenon appears to be somewhat reduced while encountering the

straight-connection part, but it reappears as it enters the second curve. In addition, the

pollutant cloud itself is formed longer. That is, the tail part of the pollutant cloud

a)

b)

Fig. 5 Simulated vector maps of velocity profiles

Table 3 Properties of geometries for simulation (SMS and RAMS)

RMA-2 RAM2

Number of nodes 7729 2625

Number of element 2480 2480

Element type Rectangular (quadratic basis element) Rectangular (linear basis element)
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develops longer as the flow velocity deviation between the left and right banks of the

channel is decreased at the straight connection part. This occurs when the pollutant

cloud enters the apex of the second meandering part and exits the canal with the

opposite of the first meandering apex. Thus, it was revealed that the various patterns of

pollutant transport are dominantly influenced on the flow velocity distribution along

meandering channel.

Simulated data

With pollutant transport models, four pollutant distributions for each model were plot-

ted in Figs. 10 and 11. Two set of them have same patterns of experimental data about

pollutant transport. However, simulated results of RMA-4 from 25 s to 35 s were a little

different from experimental data. Especially transverse mixing with RMA-4 is smaller

a)

b)
Fig. 6 Comparison of flow velocity at the apex
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than experimental data. While simulated results with using RAM4 have same pattern

of experimental data and longitudinal and transverse mixing were same qualitatively.

Conclusions
In this research, velocity profiles of experiment method and numerical simulation

have been com-pared and analyzed with same hydraulic conditions. The

depth-averaged primary velocity vector field of the representative case was plotted

in Fig. 10. As shown in this figure, the velocity distribution of the primary flow for

all cases skewed toward the inner bank at the first bend, and was almost symmet-

ric at the crossovers, and then shifted toward the inner bank again at the next

alternating bend. Thus, one can clearly notice that the maximum velocity occurs

taking the shortest course along the channel, irrespective of the flow conditions.

This behavior of the primary flow in meandering channels with a rectangular

cross-section was reported by several researchers (Chang 1971; Almquist and

Fig. 7 Comparison primary flow along the longitudinal section

Fig. 8 Comparison of flow results
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a) b)

c) d)

e) f)

Fig. 9 Contours maps of observed solute transport

a) b)

c) d)

Fig. 10 Simulated results of pollutant transport with RMA-4
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Holley 1985; Shiono and Muto 1998). The result of the tracer tests shows that

pollutant clouds are spreading following the maximum velocity lines in each case.

Secondly, several various characteristics were expressed by velocity structures such as

the secondary flow, shear flow, and path of primary flow. Separation and stagnation

have been occurred from asymmetric velocity fields. As velocity increases, super-

position and secondary separation of concentration cloud repeatedly occur with

progressive movements.

Furthermore numerical simulation data can make expectation of the similar

developments such as separation, stagnation, and superposition of pollutant clouds.

In the future, characteristics of solute transport in the channel can be compared

with 2-D numerical analysis using quantitative analysis methods of plotting. For

the longitudinal progress, transverse spatial distribution, and dimensional hydraulic

index can be estimated with the further researches.
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