
 

11 X October 2023

https://doi.org/10.22214/ijraset.2023.56011



International Journal for Research in Applied Science & Engineering Technology (IJRASET) 

                                                                                           ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 7.538 

                                                                                                                Volume 11 Issue X Oct 2023- Available at www.ijraset.com 

     

441 © IJRASET: All Rights are Reserved |  SJ Impact Factor 7.538 |  ISRA Journal Impact Factor 7.894 |  

A Critical Review of Turbulence Characteristics in 

Open Channel Flow 
 

Siprarani Pradhan
1
, Lokesh Dash

2
, Kishanjit Kumar Khatua

3 

Odisha University of Technology and Research Bhubaneswar 

 

Abstract: This study subject encompasses a comprehensive evaluation of the available literature on turbulence in open channel 

flows. Open channel flows are characterized by intricate fluid dynamics, including the production of turbulent eddies and 

vortices that can profoundly alter transport processes and mixing of diverse fluids. The paper addresses the numerous forms of 

turbulence that can occur in open channels, such as coherent structures, secondary currents, and bed-generated turbulence. We 

investigate the elements that determine the intensity and features of these turbulent flows, including channel geometry, flow 

velocity, fluid properties, and roughness of the channel substrate. The paper also assesses the current theoretical models used to 

characterise open channel turbulence and the experimental techniques used to quantify and demonstrate turbulent flows in open 

channels. By critically scrutinising the strengths and limits of the current literature, this review outlines the essential research 

gaps that need to be addressed to expand our understanding of turbulent open channel flows. This study contributes to the 

development of enhanced models and techniques for managing and modulating open channel flows in diverse applications.  
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I. INTRODUCTION 

The complicated phenomenon known as open-channel flow turbulence has been intensively explored for many years. In open 

channels like rivers, canals, and streams, the fluid interacts with the free surface and the bed to generate this form of flow. There are 

still a lot of unresolved problems and challenges that need to be addressed despite significant inquiry. The study of open-channel 

flow turbulence has entered a new phase in the twenty-first century owing to the swift improvement of computational and 

experimental approaches. The objective of this study is to explore the most recent developments in our knowledge of the science of 

open channel flow turbulence and the applications of it in Hot-wire anemometers that have been employed in airflow experiments 

since the 1950s to study turbulent boundary layers and duct flow. In 1980s the laser anemometry has substantially lowered the 

difficulties of undertaking the research in open channel turbulence, permitting in-depth analyses of unstable and channel flows as 

well as more basic two-dimensional uniform flows. It is crucial to grasp open-channel flow turbulence for managing water 

resources, controlling floods, and conserving the environment. 

 

A. Importance of Shear Stress and Eddy Vorticity 

One of basic term in the study of fluid mechanics is shear stress which is the force per unit area that the fluid exerts on the boundary 

surface. In the flow of an open channel, the fluid's momentum is transmitted to the bed and the free surface by the shear stress. The 

degree of bed erosion, sediment movement, and the formation of bedforms like ripples and dunes are all impacted by the intensity of 

the shear force. Shear stress is another key aspect in the design of hydraulic structures like weirs, spillways, and energy dissipators, 

particularly when it comes to their stability and size. Using the depth-integrated Navier-Stokes equation, they provided an analytical 

solution that took into account the effects of bed friction, lateral turbulence, and secondary currents. Tang and Knight (2008) have 

devised a technique for evaluating average depth velocity and distribution of shear stress for overbank flows in compound channels 

using depth integrated Navier Stokes equation. They propose an analytical solution that addresses the effects of bed friction, lateral 

turbulence, and secondary currents. The existence of secondary current close to the interface area has been hypothesised by Carter 

and Williams (2008). They demonstrated the presence of a persistent secondary flow at the internal corner that exacerbates bed 

stress on the floodplain. In order to anticipate the stage-discharge correlations in compound channels with greater width ratios. 

Khatua and Patra (2012a and 2012b) developed an innovative method called MDCM and reported apparent shear stress in terms of 

interaction length. Rouse, H. (1937) proposed that turbulence is a random, chaotic motion that arises in fluids when the flow is 

disrupted. He argued that turbulence is characterised by the occurrence of eddies, which are zones of spinning fluid that mix the 

fluid and carry momentum and energy throughout the flow. 
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Consider an idealized two dimensional uniform flow in an open channel of a smooth surface. The shear stress of wall τw and the 

frictional velocity (U*) are then given by 

 

τw= ߥߩ డ௨డ௬ቚ௬ୀ ଶܷߩ ∗=  ℎܵ                               (1)݃ߩ

where ρ is the density of fluid, and the ν is kinetic viscosity of the liquid. h is the flow depth and u = velocity of turbulent 

fluctuations relative to the mean. 

Fluid particles rotating around an axis is known as an eddy vortex. Eddy vortices are created in open channel flow as a effect of the 

fluid's contact with the bed or free surface. These vortices are essential for the flow's mixing and movement of mass, heat, and 

momentum. The existence of secondary current close to the interface area has been hypothesised by Carter and Williams (2008). 

They demonstrated the presence of a persistent secondary flow at the internal corner that exacerbates bed stress on the floodplain. 

Turbulence is created by eddy vortices, a complicated and unpredictable process that is challenging to model and predict 

 

B. Theory of Locally Isotropic Turbulence 

In a cascade process, large eddies are continuously converted into smaller eddies. When kinetic energy moves from large-scale 

eddies to small-scale eddies in turbulent flows, Kolmogorov coined the phrase "energy cascade." The "Kolmogorov -5/3 law" and 

the "Kolmogorov -4/5 law," which he also suggested, are sets of scaling rules for the energy spectrum and the structure functions of 

velocity fluctuations in fully developed turbulence. Kolmogoroff also put forth a locally isotropic turbulence model wherein the 

largest and smallest eddies are separated by an intermediary "inertial" subrange.  

ߝ  ≡ డ௫ണതതതതതడണതതതതതడ௨ഢങೠഢതതതതതതതതതതߥ
> 0        (2) 

 

Kolmogorov derived the -5/3 power law which describes the one-dimensional energy spectrum S(kW) in the inertial subrange. 

 ܵ(݇௪) = ଶߝܥ ଷ⁄ ݇௪ିହ ଷ⁄
  ,
ଶೣ ݇௪ ଶఎ       (3) 

            

Where Ck= Kolmogoroff constant, and ݈ݔ is an integral scale evaluating the scale of the biggest eddy; kw is the wave number of 

eddies 

Since the 1960s, researchers have discovered that Ck is a constant of value ≈0.5 Nezu (1977)  (Bradshaw 1967) flow in  geophysical 

, including oceanic, atmospheric flows, and pipelines, open channel , and laboratory boundary layers .These are the formulae that 

obtained from the combined spectral functions of inertial and viscous surcharges- 

 ఒೣ = ቀ ଵହቁଵ ଶ⁄ ܴଵ ଶൗ ≅ 0.21ܴଵ ଶൗ  and   
ఎೣ = ݇ଵ ସ⁄ ܴଷ ସൗ ≅ 0.91ܴଷ ସൗ       (4) 

    

K approximates provided by turbulence Reynolds number  

RL ≡   ݒ/ ᇱL୶ݑ

 

K=0.691+
ଷ.ଽ଼ඥோಽ , ܴ > 200     (5) 

 

(Knight and Shiono 1990; Nezu and Nakayama 1997) The mixing layer formed by the difference in velocity between the deeper 

flow in the main channel and the shallower flow in the floodplain has three-dimensional features due to the two-stage geometry and 

the vertical confinement of the flow. In summary, the understanding of shear stress and eddy vorticity in open channel is essential 

for the prediction of sediment transport, hydraulic structures design, water resources management, and environmental protection. 

The measurement and modelling of these physical quantities are challenging, and they require the integration of experimental, 

numerical, and theoretical approaches. 
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II. TURBULENCE MODELS 

Turbulence models are commonly applied in computational-fluid-dynamics (CFD) simulations to predict flow behaviour in open 

channels. Open channel flow is characterised by free surface and shear flow, and turbulence models are required to effectively 

capture the intricate flow dynamics. Chow, V. T. (1959) assesses the limitations and advantages of each model and makes ideas on 

selecting the correct model for a certain application. Yen, B. C. (1977) also investigated the theories and models used to characterise 

turbulence, including the Kolmogorov theory, which specifies the behaviour of small-scale turbulence, and the Reynolds stress 

model, which characterises the transfer of momentum in turbulent flows. 

 

A. Large Eddy Simulation (LES) method 

LES is a numerical technique that solves a filtered version of the Navier-Stokes equations. This filtered representation retains the 

large-scale patterns of the flow, while the small-scale structures are approximated using sub grid-scale models. LES is less 

computationally demanding than DNS and allows for the modelling of turbulent flow over lengthy periods of time. It also gives the 

ability to examine the impact of roughness on the turbulent flow. Yet, LES still takes large computer resources and the choice of sub 

grid-scale model could influence the conclusions. Thomas and Williams (1995) presented a large eddy simulation model for a 

constant Reynolds number of 430,000 in a typical trapezoidal shaped compound channel of trapezoidal shape with a steady, uniform 

flow. It was researched how the main canal and the flood plains interacted. Numerical modelling was utilised to determine the 

distribution of bed shear stress, velocity dispersion, and secondary current circulation over the flood plain. Experimental data were 

gathered at the Hydraulics Research Ltd. SERC Flood Channel Facility in Wallingford, UK. These experimental data were 

contrasted with the outcomes of the LES simulation. Salvetti et al. (1997) conducted LES for a uniform and steady flow in a 

compound channel of regular shape with a substantial Reynolds number and got the distribution of bed shear stress, secondary 

motion and vortices compared with the observed data. Sandeep Bomminayuni and Thorsten Stoesser (2011) describes the findings 

of an LES of turbulent flow over a channel bed intentionally roughened by hemispheres. . First and second order statistics are 

compared with matching laboratory experiments to validate the LES. 

 

B. RANS Approach 

The Reynolds averaged Navier Stokes turbulence model is a commonly used approach for simulating turbulent flow in fluid 

mechanics. In this model, the time averaged Navier Stokes equations are used for calculation of the mean flow properties, while the 

turbulence is modelled using additional equations for the turbulence quantities. RANS turbulence models are frequently categorised 

based on how many extra differential transport equations are needed to calculate the turbulence variables. 

In RANS models, the turbulent stresses are split into a mean part and a fluctuating component, and the Reynolds stresses are 

approximated using empirical relationships. The most commonly used RANS models are the standard k-ε model, the realizable k-ε 
model, and the k-ω model. In the standard k-ε model, the turbulence kinetic energy (k) and its dissipation rate (ε) are modelled using 

transport equations. The model assumes a two-equation system, where k represents the energy of the turbulent eddies and ε 
represents the rate at which the turbulent kinetic energy is dissipated into heat. The model is based on the assumption that the 

turbulence is isotropic and homogeneous. The k-ω model is another commonly used RANS model that models the turbulence using 

the turbulence kinetic energy and the specific dissipation rate of the turbulent kinetic energy. The model is based on the assumption 

that the turbulence is locally isotropic and homogeneous. Bradshaw et al. (1967) used a model to calculate the velocity profiles in 

boundary layers that only requires a differential transport equation for the turbulent kinetic energy. 

 

C. Law of the Wall 

The behaviour of turbulent flow close to a solid boundary is described by the law of the wall, a fundamental principle in fluid 

dynamics. Jiménez, J., & Moin, P. (1991) In the paper, Jiménez and Moin claim that the behaviour of turbulence near barriers may 

be characterised by a "minimum flow unit" (MFU), which is a self-similar, streamwise-aligned structure that occurs at the lowest 

scales of motion. The MFU is regarded to be responsible for the transfer of momentum and energy in the near-wall region and has a 

vital role in determining the frictional drag on surfaces. German physicist and engineer Ludwig Prandtl made the initial suggestion 

in 1925. Townsend, A. (1951) also created the idea of the "inner and outer regions" of a turbulent boundary layer. He argued that the 

flow near a solid barrier is dominated by small-scale turbulence, while the outer section of the flow is dominated by larger-scale 

turbulence. Wood and Bradshaw (1984) discovered that the side wall impacts the turbulence inside the plane mixing layer, prior and 

afterwards the mixing layer reaches the wall. According to the law of the wall, the fluid's velocity rises in turbulent flow close to a 

solid boundary in proportion to the logarithm of the distance from the boundary.  
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Prandtl's mixing-length model is still useful for researching near-wall velocity profiles theoretically. Uniform open-channel flow in 

two dimensions. The streamwise (x) direction reduction of the RANS momentum equation – 

തതതߥݑ−  + ߥ ௗௗ௬ =ܷଶ ∗ (1 − (ߦ     (6) 

where  ߦ ≡ y /h denotes the distance from the bed. The model of Prandtl's mixing length solves the closure issue, by establishing - 

തതതതݒݑ−       = ݈ெଶ ൬ௗௗ൰ଶ      (7) 

                                         

where lm is the Prandtl mixing length. By combining Eqs. (6) and (7) nondimensionally with the U* as the velocity scale with the 

so-called wall unit, v/ U* as the length scale results in 

                                 
ௗశௗ௬శ=

ଶ (ଵିక)ଵାටଵାସಾశమ(ଵିక)

    

 (8) 

where U*is equal to u/u∗, y+ equal to y /u/U∗), and ݈ெା  + =lM/(v/U∗) 

where ߦ ≪ 1, eq. 8 simplifies to 

   
ௗశௗ௬శ=

ଶଵାටଵାସಾశమ       (9) 

Only inner variables are used in Eq. (9) presuming lM is independent of h or any outer variables, and only inner variables are used to 

solve for U+ close to the wall. This is referred to as the law of the wall, as it applicable to turbulent flow near a solid boundary. 

 

III. THE BEGINNINGS OF EXPERIMENTATION IN TURBULENT OPEN-CHANNEL FLOWS 

A. Methods for Measuring Open-Channel Turbulence 

The uneven and unpredictable motion of fluid in open channels like rivers, streams, and canals is referred to as "open-channel 

turbulence." Understanding and predicting the flow of sediment and contaminants, as well as constructing and maintaining hydraulic 

structures, depend on measuring open-channel turbulence. Below are a few methods used to measure turbulence in open channels. 

(1) Hotwire Anemometry: In hotwire anemometry, the velocity of fluid particles in the channel is measured by heating a thin wire 

with an electric current. Although this method is extremely accurate and capable of producing high-frequency velocity readings, it 

can only be used for moderately slow flows. (2) Laser Doppler Velocimetry (LDV) is a non-intrusive method for determining the 

speed of fluid particles moving through a channel. This method is expensive and requires specialist equipment, but it is quite 

accurate and can produce detailed velocity profiles. (3) Particle Image Velocimetry (PIV)-PIV is a unintrusive technology that uses 

laser light to take pictures of the particles as they move through the channel after seeding the flow with microscopic particles. 

Following that, velocity vectors and turbulence statistics can be computed using these images. PIV is very precise and capable of 

providing extensive details about turbulence structures, but it is also costly and calls for specialist equipment. (4) Acoustic Doppler 

Velocimetry (ADV): ADV measures the velocity of fluid in a channel using sound waves. High-frequency velocity measurements 

can be obtained with this technique, but it is less accurate than LDV or PIV. (4) Pressure sensors can be employed to gauge pressure 

changes brought on by turbulence in a channel. Then, turbulence statistics like Reynolds stress and turbulent kinetic energy can be 

computed using these measurements. Although they are reasonably priced and can give a decent approximation of turbulence 

intensity, pressure sensors cannot give precise information about the structures of turbulence. (5) Fluctuations in Surface Elevation: 

Fluctuations in Surface Elevation can be used to calculate the channel's turbulence strength. In this method, the surface elevation is 

measured several times along the channel, and the standard deviation of these readings is computed. Although this approach is 

straightforward and reasonably priced, it does not reveal the turbulence structures or velocity profiles. 

 

B. Review of Turbulence Measurements in Water 

In a study by researchers from, Ippen and Raichlen (1957) examined the properties of wind-generated waves in a laboratory flume. 

The goal of the study was to comprehend how wind speed relates to wave parameters like wavelength and height. Researchers used 

a total-head tube along with a pressure transducer to quantify turbulence features, but a total-head tube is unable to discern between 

variations in velocity and variations in pressure Bigillon et al. (2006) found the wall similarity assumption for transitionally rough 

wall scenarios by studying the turbulence characteristics of open channel flow.  
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Nakagawa et al. (1975) developed a unique technology using a two-component hot film probe for measuring the 3D flow for 

flowing open channel through smooth and coarse beds. The findings of analogous investigations in boundary layers and pipelines 

that employed HWA were then compared. To determine the fluid's velocity, first introduced the concept of LDA in the 1960s. Y. F. 

Chang and H. J. Adrian at the University of Michigan created the first usable LDA system in the late 1960s. This method produced 

two laser beams that were concentrated into a small amount of fluid using a helium-neon laser. Photomultiplier tubes were used to 

detect a Doppler shift caused by the laser light being dispersed by fluid particles. The Doppler shift of the dispersed light can be 

used to calculate the fluid's velocity. LDA has taken HFA's place as the preferred method for researching turbulence in water flows 

since the 1990s. In their study, Mohamadian, Khojastehzadeh, and Kianpisheh (2021) offer a substantial addition to our 

understanding of turbulent flow and its interaction with structures. This insight has repercussions for the building of more exact and 

trustworthy models for use in engineering design and analysis. 

 

C. Classification of 2D and 3D Open-Channels 

Researchers started concentrating on the variations between 2D and 3D open-channel flow in the middle of the 20th century. Ackers 

and White's work, which presented a classification system based on the ratio of the flow depth to the channel width in 1973, was one 

of the early research in this field. They designated 2D channels as those with a flow depth to channel width ratio under 0.1 and 3D 

channels as those with a ratio over 0.1. Significant advancements in our understanding of 3D open-channel flow were made by Nezu 

and Rodi (1985). In their investigation, the three elements of velocity (u, v, and w) were measured in a lab flume under various flow 

scenarios. Also, they created a mathematical model to forecast Reynolds stresses in 3-D open-channel flows, a crucial quantity for 

defining turbulence. Nezu and Nakagawa (1993a) proposed the b/h ratio as a parameter for characterizing the secondary currents in 

3D flows in open channel flows. 

 

D. Exploring the Significance of Inner and Outer Layer Theory in Characterizing Turbulence Dynamics in Open Channels 

An essential idea in fluid dynamics, the inner- and outer-layer theory is particularly pertinent to the investigation of turbulent flows. 

The theory offers a framework for comprehending the composition of turbulent boundary layers, which are frequently seen in 

numerous engineering and environmental applications. The law of the wall applies only to the inner layer, and the mean velocity 

profile distant from the beds deviates from the log-law. Keulegan (1938) stated that the logarithmic law may be taken into account 

for velocity distribution throughout the entire depth of flow in open channels. ܷା =  
ଵ ln ାݕ + ܣ + (ߦ)ݓ ఔܤ ାݕ,    (10) 

Mean velocity profile's departure from log law for the outer layer can no longer be regarded as inconsequential. Coles (1956) 

offered the following change for boundary layers. 

 ܷା =  
ଵ ln ାݕ + ܣ + (ߦ)ݓ  with (ߦ)ݓ =

ଶ )ଶ݊݅ݏ   
ଶ  (11)    ( ߦ 

where and  ߎ = Coles’ wake strength parameter and ߦ is the deviation and is termed as a wake function. 

 

E. Distribution of Velocity  

Nezu and Rodi(1986) proposed a new velocity profile for open-channel flows, which is commonly known as the Modified Log-Law 

(MLL) velocity profile. The MLL velocity profile was developed based on experimental measurements of the velocity distribution 

in the outermost layer of open channel flows  

The MLL velocity profile is given by the following expression: 

 

u(z) = (u*MLL/k) * [ln(z/z0) - ψh(z/L) + β]                                                 (12) 

where u(z) = streamwise velocity at a given height above the bed, u*MLL is the MLL friction velocity, k = von Kármán constant, z = 

height above the bed, z0 = height of roughness, L is the channel width, ψh(z/L) is a function that accounts for the effects by 

secondary currents, and β is a constant. Using the inner- and outer-layer concept as a foundation, Nezu and Rodi (1986) re-examined 

the mean-velocity profiles and assessed the significance of k in flows on open-channel. According to data from various smooth-

wall-bounded shear flows evaluated by Nezu and Nakagawa (1993a), the constants in the log-law profile have the following values: 

Dean (1978) found that k is 0.41 and A is 5.17 for flows in closed-channel , Brederode and Bradshaw (1974) found that k=0.41 and 

A=5.2 for boundary layers, Coles (1968) found that k=0.41 and A=5.0 for boundary layers, and Nezu and Rodi found that k is 0.41 

and A is 5.29 for open-channel flows (1986).  
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The von Karman constant(k) 0.41 is commonly used as the value of K for the conventional logarithmic law, while zero is used as the 

value of A. The precise values of A and K in the velocity profile can change based on the channel geometry, the flow circumstances, 

and the technique used to measure or simulate the flow, it is crucial to keep in mind. As a result, it is frequently required to calculate 

these values mathematically or experimentally for particular applications. Knight and Demetriou (1983) conducted out experiments 

in compound channels to analyse the border, shear stress discharge characteristics and boundary shear force distributions in the 

section and established formulae for estimating the proportion of shear force transported by floodplain. 

 
Fig. 1. Vertical distribution of turbulence intensity u’ 

 

IV. UNIVERSAL FUNCTIONS OF TURBULENCE CHARACTERISTICS 

A. Turbulence Intensities 

Nezu (1977) presented the following universal functions for u', v', and w' based on a condensed k-ε model and self-similarity theory 

shown in Fig.1. ௨ᇲ∗ = ܦ௨ exp(−ܥ (ߦ  ,  
௨ᇲ∗ = ௩ܦ  exp(−ܥ ߦ), 

௨ᇲ∗ = ܦ௪ exp(−ܥ ߦ)  

(13) 

where Du, Dv, Dw, Ck are empirical constants. Eq. (13) is applicable in region 0.1≤ ߦ ≤0.9 where an approximate equilibrium 

turbulence is achieved when the generation of k is balanced by dissipation of k and implies - ∗మ= 
௨మതതതതା௩మതതതതା௪మതതതതଶ∗మ = 4.78 exp (−2 ߦ)      (14) 

 ௩ᇲ௨ᇲ = 0.55, 
௪ᇲ௨ᇲ = 0.71,

௨మതതതതଶ = 0.55, 
௩మതതതതଶ = 0.17,

௪మതതതതଶ=0.28   (15) 

 

When viscous effects become significant in the inner layer and bursting phenomena cause turbulence to be in a nonequilibrium state, 

equations (13) and (14) cannot be applied to this layer.  

 ௨ᇲ∗ = 2.3 exp ቀ− ௬శோ∗ቁ߁(ݕା) + −ା[1ݕ0.3 (ାݕ)߁ ]         (16) 

where R is the van Driest damping function. 

 

B. Reynolds Stress −ߥݑതതത 
For 2D flows, Eq. 6 provides the vertical Reynolds shear stress, −ࣇ࢛തതതത, with the other shear stress components vanishing similarly. If 

Eq. 15 produces the log-wake law, then ି௨௩തതതതതത∗మ ߦ - 1 = − ௧ܸ(ߦ)  , ௧ܸ(ߦ) =  
ଵோ∗ [ ଵక  +ߎߨ sin (ߦߨ)  ]  (17) 

From observations of −ࣇ࢛തതതത , U* can be directly estimated using Eq. (17). 
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C. Correlation Coefficients 

To measure the link between various flow characteristics, correlation coefficients are frequently employed. Correlation coefficients, 

for instance, can be used to gauge the relationship between the mean velocity and the depth or roughness of the channel bed in open-

channel flow. Moreover, correlation coefficients can be used to assess the precision of various flow models or measurement 

approaches.  

V. ENHANCING UNDERSTANDING OF OPEN CHANNEL TURBULENCE: THE IMPORTANCE OF 3D 

TURBULENT ANALYSIS 

Several engineering applications require analysis of three-dimensional (3D) turbulent flows because it can give a more thorough 

understanding of the behaviour of fluid systems. Understanding turbulence's intricate behaviour through 3D turbulent analysis is 

crucial for comprehending a variety of fluid flow phenomena. For instance, 3D turbulent analysis (shown in Fig.2) may be used to 

find locations with significant levels of turbulence and anticipate the development of turbulent eddies in the flow. Hinze, J. O. 

(1975) contends that turbulence is chaotic, 3D flow phenomenon that is typified by variations in velocity and pressure that occur 

over a wide range of length and time. He discusses the origins of turbulence, the mechanisms that perpetuate it, and the components 

that determine its development and severity. 

 

A. Investigating the Origin of Secondary Currents in Open Channels 

By cross-differentiating the pressure term from the RANS equations, it is possible to construct an equation for streamwise 

component of vorticity ( ߗ௫) Nezu (1994) ఆೣ௧ ≡ 
డఆೣడ௫  +U

డఆೣడ௫ + ܸ డఆೣడ௬  + ܹ డఆೣడ௭  = vߘଶߗ௫ + ( 
డడ௫ ߗ௫+

డడ௫ ௬ߗ +
డడ௬  + ( ௭ߗ

డమడ௫డ௭ ) + (ଶതതതതݓ- ଶതതതݒ)
డమడ௬మ - డమడ௭మ) (−ݓݒതതതത) +  

డడ௫ [ 
డడ௬ డడ௭ - (തതതതݓݒ−)  (18)        [ (തതതതݓݒ−)

where mean vorticity vector(O)≡ ( ௭ߗ , ௬ߗ , ௫ߗ) ߘ  × ܷ is  ߗ௫ ≡  
డௐడ௬  - 

డడ௭ , ߗ௬ ≡ 
డడ௭  - 

డௐడ௫ ௭ߗ ,  ≡ 
డడ௫- 

డడ௬     (19) 

Both laminar and turbulent flows are covered by the precise Eq. 18 formula. 

 

B. Mechanism of Secondary Currents Induced by Turbulence 

Secondary currents caused by turbulence are a complicated phenomenon that happens in fluid flows. Secondary currents, which are 

created by turbulence in the flow, are fluid motions that happen perpendicular to the main flow direction. These currents can be seen 

in a variety of fluid fluxes, such as pipes, rivers, and seas. The Reynolds stress tensor can be used to illustrate how turbulence causes 

secondary currents. The stresses that develop in a fluid flow as a result of turbulence are mathematically represented by the 

Reynolds stress tensor. It is described as the covariance of the varying flow components' velocities. Gradients of the Reynolds 

stresses were initially used by Einstein and Li (1958) to describe how secondary currents in straight open-channel flow are created. 

They also noticed that the channel's flow patterns and fluid mixing were significantly affected by the secondary currents. Nezu and 

Nakagawa (1993) conducted experimental research on the topic of mechanism of turbulence driven secondary currents and their 

relationship to open channel flow phenomena and discovered that a number of variables, including the Froude number, the channel's 

aspect ratio, and the location along the channel, affected the size and direction of the secondary currents. They also noticed that the 

channel's flow patterns and fluid mixing were significantly affected by the secondary currents. 

 
Fig.2 Mechanism of 3D turbulent structure 
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C. Turbulence in Rectangular Channels 

Hot wire anemometry, which includes detecting the temperature variations generated by the velocity fluctuations in the flow, can be 

used to quantify secondary currents in air-duct flows. Unfortunately, it is not practical to determine secondary currents in open 

channel flows using HFA for a number of reasons. First of all, open channel flows frequently lack a constant and homogenous flow 

due to the free surface and uneven bed conditions, which are prerequisites for HFA observations. This makes it challenging to 

quantify secondary currents using HFA with accuracy and consistency. Second, HFA sensors are sensitive and are quickly harmed 

by obstructions or sediment in the flow, which occurs more frequently in open channels than in closed ducts. Inaccurate 

measurements or sensor failure may occur from this. In order to detect secondary currents in open channel flows, several approaches 

like particle image velocimetry, laser Doppler velocimetry, or acoustic Doppler velocimetry are often utilised. These methods can 

provide precise and thorough measurements of the three-dimensional flow structure in open channels and are less sensitive to flow 

disruptions. In contrast to open channels, with respect to the corner bisector, secondary-flow patterns in ducts are symmetrical. 

 ݈ఌ = 1.07ℎ −  (20)     ݕ

 

D. Compound Channel’s Turbulence Structure 

The investigation of the features of turbulent flow in channels with two or more sections of various geometries is referred to as the 

research of 3D turbulence structure in compound channels. Bousmar et al. (2005) have proven by experiment that growth of the 

longitudinal mean flow in a straight compound channel is a time-consuming process, which may be associated to the development 

of the mixing layer. the work of Knight and Demetriou (1983) amended by Knight and Hamed (1984) by addressing the stony 

substrate of the floodplains. Rezaei and Knight (2009) developed the Modified Shiono Knight Method (SMK), a novel approach for 

non-prismatic compound channels, by updating the SKM (Modified SKM). Here, the channel's bed slope was swapped out for the 

energy slope in order to reflect the convergence effect. Compound channels are frequently seen in natural rivers and man-made 

channels like irrigation canals, and their 3D turbulence structure is crucial to the movement of sediment, maintenance of water 

quality, and functioning of ecological systems. Even secondary currents in compound channels may now be detected, as proved by 

Tominaga and Nezu (1991) employing fiber optic two component LDA. Naot et al. (1993) expanded the three dimensional ASM to 

model compound open-channel flows, which have varying cross-sectional geometries along the channel. They applied the model to 

a laboratory experiment of a compound channel with a main channel and a vegetated floodplain, and compared the predicted flow 

characteristics to the measured data. The study showed that the extended 3D ASM accurately predicted the flow characteristics, 

including velocity and turbulence distributions, in the compound channel shown in Fig.3. The boundary condition was used  

 డഄడ௬  =
ଵଷ ఙഄഋ  (

௩మതതതത )ଶ ≡  ௦    (21)ܥ−

where Cfs = model constant that should ideally be set to 1.44.  

 

 
 

Fig.3 Turbulence flow in compound channel 
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VI. PROSPECTS FOR ADVANCED OPEN-CHANNEL TURBULENCE RESEARCH IN 21ST CENTURY FLOW 

DYNAMICS 

1) Simulation using large-eddy theory (LES): As computer capacity has increased, LES has gained popularity as a method for 

modelling complex turbulent flows, including open-channel flows. Enhancing LES models for open-channel flows in the future 

may be the main goal in order to better depict the complex interactions between secondary currents, bed topography, and 

atmospheric boundary layer. 

2) Advanced Measurement Techniques: Researchers have been able to collect highly detailed data on intricate open-channel flows 

because to advancements in measuring techniques like PIV, planar laser-induced fluorescence (PLIF), and ADV. The goal of 

future study may be to combine these methods in order to assess the velocity, turbulence, and transport characteristics of open-

channel flows more thoroughly. 

3) Sustainable Water Resources Management: It is necessary to create sustainable management plans for rivers, estuaries, and 

coastal areas since population increase, urbanisation, and climate change are placing more strain on water resources. Future 

studies might concentrate on developing sophisticated open-channel turbulence models to improve various methods for 

managing water resources, including flow control devices, river restoration, and water quality control. 

4) Multiscale Modelling: A multiscale phenomenon, open-channel turbulence occurs over a variety of length and temporal scales. 

The development of multiscale models that can depict interactions between large-scale structures and small-scale turbulent 

eddies, as well as the impacts of turbulence on the processes of sediment transport and erosion, may be the main focus of future 

research. 

 

VII. CONCLUSION 

Open-channel flow turbulence is a complicated and dynamic phenomenon with significant practical ramifications for hydraulic 

engineering, environmental protection, and management of water resources. Throughout the past few decades, breakthroughs in 

experimental and numerical methodologies have significantly advanced our understanding of open-channel flow turbulence. The 

potential for considerable improvements in our knowledge of the dynamics of open-channel flows and their practical applications 

makes the research prospects for complicated open-channel turbulence in the twenty-first century very promising. Future studies 

might concentrate on developing more precise turbulence models, better understanding the relationships between primary and 

secondary currents, and the effects of turbulence on sediment transport and erosion processes. Moreover, open-channel flow 

turbulence research has important ramifications for managing water resources sustainably, including river restoration, flow control 

structures, and water quality. The issues brought on by population increase, urbanisation, and climate change will be addressed in 

large part by advancements in turbulence research in the twenty-first century. 
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