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Abstract 

Flow dynamics modulation by suspended sediment is present in nearly all geophysical flows. 

Many studies have sought to define the interactions among time-mean flows, turbulence, and 

suspended sediment. Yet the mechanisms by which suspended sediment modulates the flow 

dynamics are still poorly understood. The overall objectives of this study are to experimentally 

examine the effects of suspended sediments on the carrier fluid phase in systematic controlled 

lab-scale conditions and to quantify the physical processes responsible for sediment suspension 

in turbulent flows. Experiments were carried out in a mixing box to evaluate the effects of 

suspended sand on the turbulent flow generated by an oscillating grid near the bottom of the 

box. Two-phase particle image velocimetry (PIV) was used to obtain velocity characteristics of 

both the sediment and fluid phases separately. Experiments were performed for clear water flow 

as a reference base and sediment-laden flows with different sediment volumetric concentration 

(v) of 0.3%, 0.45%, 0.6%, 0.9%, 1.2%, and 1.4%. To obtain instantaneous velocities for both fluid 

carrier and sediment phases, an image-analysis method was developed to discriminate fluid 

tracer particles from sediment particles. The image-based method was applicable for dilute 

suspension regimes; fluorescent tracer particles along with optical filters were used for phase 

discrimination in dense suspension regimes. Results show that (1) the turbulent characteristics 

of clear water condition were consistent with previous studies, but non-negligible secondary 

circulations were observed, (2) in the presence of suspended sediment, fluid-phase total mean 

and turbulent kinetic energy and fluid eddy viscosity all decreased, while the turbulent integral 

length scales became larger and more anisotropic, resulting in flat-shaped energetic eddies, (3) 

three important length scales were recognized in sediment-laden flows, the depth of secondary 
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circulation dampening (Ds), the depth of turbulent mixing confinement (D), and the depth of a 

uniform high-concentrated suspension layer (Dc), and (4) three non-dimensional numbers 

controlling flow were identified as the Reynolds number (Re), Rouse number (Ro) and Richardson 

number (Ri). As sediment loading increased, Re decreased, Ro increased and, Ri decreased. In all 

sediment-laden experiments, Ri value was larger than Ro value. This result implies that suspended 

sediment buoyancy flux was stronger than suspended sediment settling flux. Hence, sediment 

remained in suspension and formed a uniform high-concentrated suspension layer with depth Dc 

producing flow stratification within the box. As sediment loading increased, the effect of this 

stratified layer on flow dynamics modulation intensified. The results presented here demonstrate 

remarkable flow dynamics modulation by suspended sediment, and are expected to be 

applicable to a wide range of sediment-laden geophysical flows. 
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Introduction 

Most of the natural flows on the earth surface are turbulent sediment-laden flows; they entrain 

sediment in a turbulent regime. The presence of sediments in a turbulent flow, as bed-load, 

suspended load or wash load, alters flow dynamics. Flow dynamics modulation by suspended 

sediment is one of the most challenging topic to study because of complicated interactions 

between flow and sediment in suspension. Suspended sediment affects physical earth surface 

processes, influences erosion and deposition patterns in rivers and streams, transports nutrients 

and contamination, and affects water quality. The effects of suspended sediment on flow 

dynamics have been mostly studied in open-channel flows [1], two-phase flow in engineering 

systems [2], and dense suspension layers in rivers, estuaries and marine environments [3,4]. 

In open channel flow, Best et al. [1] showed that the addition of suspended sand over a plane 

bed increased turbulent intensities near the bed and decreased turbulence intensities in 

locations far from the bed. Nezu and Azuma [5] indicated negligible turbulent intensity 

modulation in locations far from the wall, while turbulent intensities increased in regions near 

the wall. Muste et al. [6] showed that turbulent intensities increased near the bed in comparison 

to clear water conditions, but turbulent intensities were only slightly reduced away from the bed. 

Noguchi and Nezu [7] documented experimentally that particle size was a good criterion for 

turbulence modulation, and fluid-particle interaction was governed by the ratio of particle 

diameter to the Kolmogorov length scale. Revil-Baudard et al. [8] suggested that turbulent kinetic 

energy of the fluid increased in sediment-laden flows because of an increase in sweep and 

ejection events at the bed due to the moving sediment. 
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Within the context of two-phase flow in engineering systems, fluid-phase turbulent modulation 

has been related to specific particle-fluid interaction phenomena. Turbulence reduction in dilute 

suspensions has been attributed to three mechanisms: (1) enhanced inertia of particle-laden 

flows, (2) increased dissipation due to particle drag, and (3) enhanced viscosity [9]. Conversely, 

turbulent enhancement has been linked to two mechanisms: (1) enhanced velocity fluctuations 

due to wake dynamics and vortex shedding behind particles, and (2) buoyancy-induced motions 

due to density variations [9]. Three criteria have been proposed to define fluid-phase turbulent 

enhancement or reduction by suspended particles, (1) Gore and Crowe [10] proposed that when 

the ratio of the particle diameter size to the fluid turbulence length scale is smaller than 0.1, fluid 

turbulence is suppressed, whereas when this ratio is greater than 0.1, fluid turbulence is 

enhanced, (2) Hestroni [11] proposed that the slip velocity between the particle and carrier fluid 

phase can be used to explain turbulent modulation, and (3) Elghobashi [12] asserted that the 

ratio of the particle response time to the fluid response time may be a good index for turbulent 

modulation. 

Dense suspension layers in rivers, estuaries and marine environments have been reported as a 

cause of flow dynamics modulation [13–16]. Noh and Fernando [17] reported that a stratified 

flow comprising a denser, sediment suspension layer overlain by a lighter, relatively sediment-

free layer can form when the Richardson number (Ri) is greater than a specific magnitude of the 

Rouse number (Ro). Ozdemir et al. [18] studied numerically the role of turbulence on fine particle 

transport in an oscillatory flow. They showed that as Ri increased, the turbulence decreased due 

to the emergence and growth of a particle-induced stratified flow. Cantero et al. [19] (see also 

Kneller et al. [20]) suggested that total turbulence suppression in dilute, non-cohesive turbidity 
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currents (<1%) might be due to stratification. They showed that the product of Ri and Ro can be 

interpreted as the required energy to maintain sediments in suspension by turbulent flow and 

used as an indicator of the turbulence modulation by suspended sand. Hooshmand et al. [21] 

conducted experiments to study turbulence structure in wave-supported mud layers. They noted 

that when the flow velocity was relatively high, a dense suspended-sediment stratified layer 

formed, which reduced turbulence. 

On the basis of these studies, there does not appear to be an agreement regarding the effects of 

suspended sediment on turbulent flow. The goal of the present research program is to examine 

experimentally the effects of suspended sediment on the carrier fluid. To do this effectively, two 

important experimental conditions must be achieved. First, the experimental conditions must be 

reproducible, thus avoiding ambiguities related to varying boundary conditions. Second, the fluid 

phases and their time-mean and turbulent characteristics must be clearly discriminated from 

those of the sediment phase. To accomplish these goals, the study employed (1) a mixing box 

with an oscillating grid to generate reproducible turbulence and mixing, and (2) two-phase 

particle image velocimetry (PIV) at relatively high temporal and spatial resolutions. 

A convenient means of studying turbulence in a laboratory setting is with a mixing box, a 

rectangular or cylindrical container with an oscillating grid that produces the mixing motions. The 

mixing box apparatus has been used in a variety of fields of study for many years. Initial 

applications used it to study mixing across a density interface [22–26]. For example, De Silva and 

Fernando [27] used a mixing box to simulate oceanic turbulent patches and associated mixing in 

a linearly stratified fluid. The mixing box also has been used to study the physics of turbulence 
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and its comparison to theory [28–34]. Huppert et al. [35] used a mixing box to study sediment 

entrainment and suspension in a dense suspension layer stirred by an oscillating grid located near 

the bottom of the box. The present study uses the mixing box to look at sediment-turbulence 

interactions, which requires the grid to be located near the bottom to be able to suspended 

sediment, similar to Huppert et al. [35] and Bennett et al. [36]. This is in contrast to other studies 

in which the grid is located near the surface or middle of the water column. In a mixing box with 

the grid located near the surface or middle of the water column, turbulence is isotropic and 

homogenous in planes parallel to the grid, it decays in planes normal to the grid, it is statistically 

stationary, and a mean shear flow is weak or absent [28]. The second chapter of this dissertation 

studies the physics of turbulent flow inside the mixing box with the grid located near the bottom. 

The main objective of that chapter is understanding the flow behavior in clear water condition as 

a reference base. 

PIV has been extensively used to measure instantaneous velocities of fluid and solid phases 

simultaneously [37–43]. Literature studies on discrimination between fluid and solid phases by 

PIV indicate that two techniques have been used to discriminate the two phases, (1) employing 

optical filters with fluorescent particles and, (2) image processing techniques that identify solid 

and fluid phases by the relative particle image size or intensity of reflected light [39-41]. Using 

fluorescent particles as fluid tracers along with optical filters is the clearest technique to 

discriminate between the two phases, although it is an expensive technique [39,40]. The third 

chapter of this study investigates developing an alternative phase-discrimination technique using 

image analysis. The main objective of this chapter is establishing a phase-separation technique 
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using PIV to be applicable for studying turbulent-sediment interactions in a turbulent sediment-

laden flow. 

Obviously, sediment volume fraction is one of the most important factors that affects flow 

dynamic modulation by suspended sediment. Elgobashi [12] qualitatively mapped the interaction 

between particles and fluid-phase turbulence as a function of particle volume fraction (see 

Figure1). He stated that for very low values of particle volume fraction (∅𝑝) (< 10-6), the particle 

effects on fluid phase turbulence is negligible and the particle-turbulence interaction is called 

one-way coupling. For a medium value of ∅𝑝 (10-6< ∅𝑝< 10-3), the fluid-phase turbulence 

structure is altered due to the momentum transfer from particles; and this interaction is named 

two-way coupling. In the third suspension regime (∅𝑝> 10-3), particle volume fraction is large 

enough to be referred to as a turbulent flow with dense suspension regime. In this flow, there 

are two interactions, particle-turbulence and particle-particle interactions; and four-way 

coupling terms are used to describe the flow. When ∅𝑝 reaches 1, a granular flow is taking place 

and most probably the rheology of flow is changed. The fourth chapter of this study quantitatively 

documents the time-mean and turbulent flow modulation by suspended sediment as a function 

of sediment loadings. The main objective of that chapter is understanding the physical 

mechanisms responsible for fluid-phase dynamics characteristic changes in the presence of 

suspended sediment. 

The last chapter (the fifth chapter) of this dissertation summarizes the most important findings 

of this study and indicates the broader impacts of this work. The main results of this study suggest 

that (1) the mixing box with the grid located near the bottom boundary of the box can be used 
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to investigate time-mean and turbulent flow modulation by suspended sediments, (2) two-phase 

PIV can be applied for measuring fluid carrier phase dynamics signatures for different sediment 

loadings, and (3) flow stratification effects because of suspended sediments dampen time-mean 

flow, trap turbulent kinetic energy and, flatten turbulent energetic eddies. The results presented 

here are expected to have broader implications for studying in a wide range of turbulent 

sediment-laden flows on the earth’s surface.  

Figure 1. Map of suspension regimes and interaction between particle and turbulence, where ∅𝑝 

is particle volume fraction, 𝜏𝑝 is particle response time, 𝜏𝐾 is Kolmogorov time scale and, 𝜏𝑒 is 

turnover time of large eddy [12]. 
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Abstract 

An experimental study is described that examines the formation of secondary circulation in grid-

mixing boxes and the effect of secondary flow on the distribution of turbulence in the box. These 

apparatuses have been used in studies of turbulence and mixing in a variety of geophysical 

contexts. Common assumptions include nearly isotropic and horizontally homogenous 

turbulence, and zero-mean shear flow. Exceptions to these assumptions have, however, been 

reported in several previous studies that have demonstrated the formation of a secondary flow 

pattern consisting of two roughly symmetric large-scale circulations with upward flow in the 

center of the box and downward return flow along the sides. These secondary flows appear to 

be associated with different grid oscillation conditions (i.e., the grid oscillation stroke and 

frequency) as well as box and grid geometry, and various criteria have been proposed to describe 

conditions when secondary flow may be expected. Tests were conducted for three different 
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combinations of the grid oscillation stroke and frequency to examine the effect of the grid 

movement on the formation and strength of the secondary flow and its effect on the distribution 

of turbulence in the box. Velocity characteristics were obtained by particle image velocimetry 

(PIV). Results show that (1) secondary circulations were formed for all three combinations of the 

grid oscillation conditions; (2) two symmetric circulation patterns formed and were similar for 

the three grid movement combinations, but the intensity of these patterns was different – with 

greater stroke length, the mean velocities of secondary circulation motions became higher and 

the contribution of these large circulation motions to total kinetic energy became larger, even 

when the oscillation frequency was decreased; and (3) the presence of secondary circulation 

results in greater overall mixing and a slower apparent decay rate for turbulence with distance 

from the grid than is found in most other oscillating grid studies. These insights are expected to 

be relevant to a wide range of mixing box applications. 

Keywords: mixing box, oscillating grid turbulence, secondary circulation patterns, spatial decay 

of turbulence 

Introduction and Background 

Turbulence and associated transport characteristics are important for many physical processes 

on the Earth’s surface. A convenient means of studying turbulence in a laboratory setting is with 

a mixing box, or oscillating grid tank (OGT), which is a rectangular or cylindrical container with an 

oscillating grid that produces the mixing motions. In this setup, a planar grid of crossed bars 

oscillates in the direction normal to the grid (usually vertically) and produces a series of jets and 

wakes behind the grid bars that spread, interact with each other, and break down into 
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turbulence [1,2]. Turbulence structure depends on the dimensions and the oscillation frequency 

of the grid [1,3]. 

The oscillating grid turbulence apparatus has been used in a variety of fields of study for many 

years. Initial applications used OGTs to study mixing across a density interface [1,2,4–6]. For 

example, De Silva and Fernando [7] used an OGT to simulate oceanic turbulent patches and 

associated mixing in a linearly stratified fluid. The mixing box also has been used to study the 

physics of turbulence and its comparison to theory [3,8–13]. Huppert et al. [14] used a mixing 

box to study sediment entrainment and suspension in a dense suspension layer stirred by an 

oscillating grid. Other researchers also have used mixing boxes to investigate sediment 

suspension and the interactions between suspended sediment and turbulent flow [15–20], while 

others have used an OGT to investigate sediment incipient motion [21,22]. In chemical and 

mechanical engineering contexts, the mixing box has been mostly used to study the gas-fluid 

transfer process (e.g., [23]). More recently, the mixing box has been used to study bio-related 

turbulence such as the effect of submerged aquatic vegetation on turbulence [24] or the effect 

of turbulence on plankton [25]. The present study is motivated by interest in sediment-

turbulence interactions, which requires the grid to be located near the bottom, similar to Huppert 

et al. [14], Bennett et al. [19], and Matinpour et al. [20]. This is in contrast to other studies in 

which the grid is located near the surface or middle of the water column, as described further 

below. 
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Studies such as Thompson and Turner [2] and Hopfinger and Toly [1] showed that a vertically 

oscillating grid produces horizontally homogenous turbulence that decays with distance from the 

grid as 

]0.5 −1 [𝑢 ′2 
= 𝑢𝑟𝑚𝑠 = 𝑐1𝑀

0.5𝑆1.5𝑓𝑦𝑐 (1) 

]0.5 −1 [𝑣 ′2 
= 𝑣𝑟𝑚𝑠 = 𝑐2𝑀

0.5𝑆1.5𝑓𝑦𝑐 (2) 

𝜁 = 𝑐3𝑦𝑐 (3) 

where u’ and v’ are horizontal and vertical turbulent fluctuation velocities, respectively, urms and 

vrms are horizontal and vertical root-mean-square velocities, respectively, M is the center to 

center mesh spacing of the grid, S is the stroke length, f is the grid oscillation frequency (Hz), yc 

is distance from the grid center plane, 𝜁 is the turbulent integral length scale, and c1, c2, and c3 

are constants that depend on experimental configuration and the grid geometric parameters. 

This representation of decay of turbulent velocities has been adopted in many studies 

(e.g., [1,3,9,17,26]). A slight modification of these relationships was proposed by Atkinson et al. 

[27], who showed that equations 1 and 2 are not applicable close to the grid, but become valid 

about two mesh sizes away from the grid (i.e., yc > 2M). This result also was experimentally 

confirmed by De Silva and Fernando [3] and Orlins and Gulliver [17]. 

In ideal conditions, turbulence in an oscillating grid experiment is isotropic and homogenous in 

planes parallel to the grid, it decays in planes normal to the grid, it is statistically stationary, and 

a mean shear flow is absent [3]. Hence, most of the above-listed studies assume that physical 

processes such as interfacial mixing, sedimentation, and gas transfer occur in the absence of 
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mean flow. Ideal conditions, however, are not always achieved, and it has been shown that 

oscillating grid turbulence also can produce significant secondary circulation 

motions [1,19,26,28–30]. Even accepting that the energy of secondary circulation motions is less 

than 10% of the total fluid kinetic energy (e.g., [1,31]) these larger-scale motions will affect 

turbulent transport. Moreover, it has been shown that the strength of secondary circulation can 

be substantial in mixing boxes, representing up to 25% of total kinetic energy [28,29]. To obtain 

nearly isotropic zero-mean-shear flow in OGTs, the following criteria have been suggested: (1) S 

should be more than 0.01 m and less than or equal to M (S ≤ M or S/M ≤ 1) [1,6]; (2) f should be 

less than 7 Hz [6]; and (3) the grid solidity should be less than 40%, where solidity is defined as 

the ratio of projected area of the grid bars to cross sectional area of the box [1]. 

Fernando and De Silva [26] performed two series of experiments in an OGT where the only 

difference was the grid configuration. In the first series of experiments, the grid was made by 

crossed square bars without parallel grid bars close to the wall (Figure 1a), and in the second 

series, the grid was made with parallel bars adjacent to the walls (Figure 1b), but M, f, and S were 

kept constant with values of 0.0476 m, 4.5 Hz, and 0.021 m, respectively. These oscillating grid 

conditions (i.e., M, f, and S) were consistent with the above criteria for achieving nearly isotropic 

zero-mean-shear flow. Yet the grid in Figure 1b, referred to as the grid with faulty end-condition, 

produced substantial secondary circulation. These authors asserted that secondary mean flow 

can be reduced by selecting a correct end-condition grid (Figure 1a). 

Dohan and Sutherland [28] investigated turbulence time scales in mixing box experiments and 

observed that for a high ratio of the total water depth (D) to the box internal width (B), a mean 
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circulation pattern develops. They observed a pair of large counter-rotating vortices in 

experiments when D>>B, but when D/B ~ 1, the circulation cells were not observed. In their 

experimental set-up, the grid solidity was 27% (less than 40%) and M, f, and S were 0.032 m, 7 

Hz, and 0.026 m, respectively. These conditions agree with the above-stated criteria to avoid 

secondary circulation, but this work suggests that D/B is another controlling factor in the 

formation of secondary motions. 

McKenna and McGillis [29] performed tests in a mixing box with D/B = 1.26 and with a correct 

end-condition grid with solidity less than 40% to study the existence of secondary circulations in 

an OGT, and observed secondary circulation patterns with substantial mean flow representing 

up to 25% of the total kinetic energy. In their experiments M = 0.064 m, f < 2.25 Hz, and S varied 

between 0.064 m and 0.114 m. With S > 0.07 m and S/M > 1, secondary flows might be expected 

in these experiments (using the above criteria), but it is not clear whether S (or S/M) and/or D/B 

were causing this result. 

Based on the above review, in addition to the grid oscillation conditions (f, S, and S/M), 

controlling factors in formation of secondary circulation might include the grid end condition, the 

ratio of the depth to width of the box, and the grid solidity. There is, however, no clear consensus 

about formation of secondary circulation in OGTs and its possible influence on turbulent 

transport and mixing. In this study, the effect of the grid oscillation conditions is tested for the 

formation and magnitude of secondary flow. Because of interest in sediment-turbulent 

interactions, the grid is located near the bottom boundary (see below). Different combinations 

of f and S are tested in an OGT using a grid with constant M, a correct end-condition, a solidity of 
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32%, and D/B < 1. These conditions were chosen to minimize formation of secondary flow, 

according to the above-listed criteria. The main objectives of this paper are (1) to quantify the 

effects of the combination of S and f on the formation of secondary flow in a mixing box with the 

grid location near the bottom; and (2) to quantify the effects of secondary circulation on 

turbulence decay rate, transport, integral length-scales, and the degree of isotropy. 

Experimental design 

The experiments were performed in the same mixing box used by Bennett et al. [19,32], which 

is a copy of the apparatus used by Huppert et al. [14]. As this study is part of a larger project 

looking at turbulent modulation by suspended sediment, the location of the grid was near the 

bottom to maintain sediment in suspension. This placement is in contrast to many studies in 

which the grid is located near the top or at the mid-horizontal-plane of the box [1–4,17,27,28,31]. 

In addition, a larger stroke was used since a larger stroke is required to mix sediment. Only clear-

water results are reported here. 

The mixing box is a rectangular polycarbonate tank 0.01 m thick with dimensions 0.320.32 m in 

cross-section (i.e., the box internal width B = 0.3 m) and 0.40 m high. An aluminum grid consisting 

of an intersecting 5 × 5 mesh of square bars with dimension m = 0.01 m and a mesh spacing M = 

0.05 m is located near the bottom of the box, and attached to a stainless steel bar with an 

eccentric connection to an external electrical motor to produce oscillating motions. The grid was 

situated so that the lowest extent of its movement is always just above the bottom of the tank. 

For all tests reported here, the box was filled with tap water to a height of 0.27 m (i.e., total water 

depth D = 0.27 m) and D/B = 0.9. The number of bars (5), the square bar dimension (m = 0.01 m) 
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and M = 0.05 m were the same in all experiments, and grid solidity was 32%. Figure 2 is a 

schematic drawing of the mixing box apparatus. 

Velocities were measured by two-dimensional particle image velocimetry (PIV). The PIV system 

consists of a dual cavity 50 mJ Nd-YAG laser emitting 532 nm light and one 4 Mp camera. Hollow 

glass spheres with 25 µm diameter were used as fluid tracer particles. To quantify the turbulence 

signals, 2400 paired images were captured over a 30-second period at 80 Hz. The time lapse 

between pulses was set to 2500 𝜇s and interrogation areas applied in the cross-correlation 

algorithm were 3232 pixels. The calibration image shows that each pixel corresponds to 0.138 

mm and spatial resolution of the PIV data was calculated to be 4.4×4.4 mm. An adaptive cross-

correlation algorithm within the commercial software (DANTEC Dynamic Studio) was used to 

derive instantaneous velocities and vector maps based on the acquired paired images. 

To investigate the impacts of different S and f on the flow field, three experimental runs were 

examined: (1) Run 1 where S = 0.03 m and f = 6 Hz; (2) Run 2 where S = 0.05 m and f = 3 Hz; and 

(3) Run 3 where S = 0.07 m and f = 2 Hz. These combinations of values were selected so that as S 

is increased, f is decreased in an attempt to maintain a nearly equal grid velocity (fS) as a basis 

for comparison of the three runs. Note that M = 0.05 m was constant for all three runs and S was 

selected to be two units less than M, equal to M, and two units more than M, respectively, to 

describe the effect of the relative size of S to M. The grid Reynolds number ReG is defined by 

McCorquodale and Munro [31] 

𝑅𝑒𝐺 = 𝑀𝑆𝑓/𝜈 (4) 
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where 𝜈 = 10−6 (𝑚2/𝑠) is water kinematic viscosity. Experimental values of ReG, listed in Table 

1, varied between 5600 and 7200. For comparison, previous studies using OGTs obtained ReG 

between 250 and 8100 [4,6,23,31]. Higher ReG indicates higher rates of turbulent energy 

generation by the grid oscillation. 

In all experiments, a thin x–y plane 0.08 m from the sidewall was illuminated by the laser light 

(Figure 2b), where x is horizontal distance measured from the right wall of the box and y is vertical 

distance from the top of the grid. In previous studies (eqs. 1-3), yc was defined as the distance 

from the grid center plane. The definition for y was chosen to provide a consistent measure of 

distance from the grid motions and also because it was not possible to to capture data within the 

region of grid movement, where y < S/2 (see Figure 3). It is related to yc by 

𝑆 
𝑦𝑐 = 𝑦 + ( ) (5) 

2 

Data were recorded from x/B = 0.01 to 0.99 and from y/d = 0.02 to 0.98, where d is the flow 

depth measured from the highest position of the grid to the water surface (see Figure 2). 

Analysis and Results 

Planar observations 

Instantaneous and time-averaged flow within the mixing box are quantified using the PIV data 

for the tracer particles. Two-dimensional flow velocities are defined using the standard 

turbulence decomposition (also see eqs. 1 and 2), 

𝑢′ = 𝑢 − [𝑢] (6) 

𝑣′ = 𝑣 − [𝑣] (7) 

20 



 
 

      

    

      

                 

            

         

           

      

                

         

          

        

   

    

           

            

      

       

          

     

where the brackets define time-averaged values at a point. The magnitude of the mean velocity 

Vm is defined by 

= ([𝑢]2 + [𝑣]2)0.5 𝑉𝑚 (8) 

Figure 4 shows the distributions of Vm for the three runs with different combinations of S and f 

listed in Table 1. In all experiments, Vm is highest in the center of the box and close to the walls. 

Vector maps, also shown in Figure 4, indicate that the time-averaged flow is upward in the center 

of the box and downward close to the walls. Regardless of the combination of S and f, and ReG, 

secondary circulation patterns are present. Moreover, comparing Figures 4a and 4c shows the 

effect of larger stroke length on the intensity of secondary flow. For Run 3 with the largest S (S = 

0.07 m and f = 2 Hz), the secondary flow clearly is more developed, and the maximum value of 

𝑉𝑚 (≈ 0.1 m/s) is distributed over a larger area of the flow field (Figure 4c).  

Turbulent kinetic energy (TKE) at-a-point is defined by horizontal and vertical root-mean-square 

velocities, urms and vrms, 

2 2𝑇𝐾𝐸 = 0.5 (𝑢𝑟𝑚𝑠 + 𝑣𝑟𝑚𝑠) (9) 

Figure 5 shows the distributions of TKE for the three experimental runs. Turbulence generated 

by grid oscillation has a maximum value close to the grid, and it decays with increasing distance 

from the grid. This spatial decay of turbulence is qualitatively consistent with previous studies [1– 

3,10,19,27], but as shown below, the actual decay rates vary due to the presence of secondary 

circulation. Figure 5 also indicates that TKE values are larger for Runs 1 and 2, which is likely due 

to the higher ReG values (Table 1). 
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Mean flow 

The mean kinetic energy (MKE) at a point is defined by 

𝑀𝐾𝐸 = 0.5([𝑢]2 + [𝑣]2) (10) 

Horizontally averaged values of MKE and TKE are calculated from 

〈𝑀𝐾𝐸〉 = 
1 
∫
𝐵 

𝑀𝐾𝐸 𝑑𝑥 (11) 
𝐵 𝑥=0 

〈𝑇𝐾𝐸〉 = 
1 
∫
𝐵 

𝑇𝐾𝐸 𝑑𝑥 (12)
𝐵 𝑥=0 

Vertical distributions of 〈𝑀𝐾𝐸〉 and 〈𝑇𝐾𝐸〉 are plotted as a function of normalized height above 

the grid 𝑦⁄𝑑 in Figures 6a and 6b, respectively. Although ReG decreases, 〈𝑀𝐾𝐸〉 values increase 

as S increases, especially in the region close to the grid (Figure 6a). In this region, 〈𝑀𝐾𝐸〉 values 

for Run 3, with its larger stroke, are almost twice those for Runs 1 and 2. The differences between 

〈𝑀𝐾𝐸〉 values for Runs 2 and 3 are greater than the differences between those for Runs 1 and 2, 

while the step change in S is the same (± 0.02 m). Thus, the ratio S/M also may be an important 

variable to control formation of secondary circulations with substantial mean kinetic energy, as 

previously noted. The S/M ratios are listed in Table 1 for different runs, In Runs 1 and 2, S/M is 

less than and equal to 1, respectively, but S/M = 1.4 in Run 3. The larger fraction of the total 

kinetic energy associated with the secondary circulation in Run 3 (see Figure 6) appears to be 

associated with S/M > 1. As seen in Figure 6, the kinetic energy of the secondary flow accounts 

for nearly 60% of total kinetic energy in Run 3. Unlike the 〈𝑀𝐾𝐸〉 profiles, the 〈𝑇𝐾𝐸〉 profiles are 

directly related to ReG. Figure 6b clearly shows that as ReG increases, 〈𝑇𝐾𝐸〉 increases. For Run 3, 

〈𝑇𝐾𝐸〉 values are only about half the values for Run 1. 
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Volumetrically averaged values are calculated by vertically integrating the horizontally averaged 

values and are denoted with double brackets. The ratios of the volumetrically averaged mean 

velocity to the volumetrically averaged turbulent velocity for each velocity component in each 

experimental run are shown in Figure 7. In all cases, this ratio for the vertical velocity component 

is greater than for the horizontal component. In other words, relative to the turbulence, the 

mean flow in the vertical direction is stronger than the mean flow in the horizontal direction. 

Figure 7 also shows that larger S produces stronger mean flow, especially in the vertical direction. 

This result is clearly different from previous studies of grid-oscillating turbulence including 

Hopfinger and Toly [1], who concluded that the mean flow in the tank is less than 10% of the 

turbulent velocity and could be neglected. In Figure 7, the vertical component of mean flow for 

all runs is stronger than 20% of the vertical component of turbulent flow, and in Run 3, with the 

largest stroke, this percentage is as high as 60%. This result again suggests that stroke length, and 

perhaps the S/M ratio, has an important impact on the strength of mean flow, especially in the 

vertical direction. 

Turbulence characteristics 

Values of 〈𝑢𝑟𝑚𝑠〉 and 〈𝑣𝑟𝑚𝑠〉 are shown in Figure 8 as a function of vertical distance from the 

highest position of the grid (y). As noted previously, equation 5 defines the relationship between 

yc and y. Hence, eqs. 1 and 2 are adjusted for y values and the valid zone, yc > 2M, is changed to 

y > 2M – (S/2). As can be seen, eqs. 1 and 2 overestimate 〈𝑢𝑟𝑚𝑠〉 and 〈𝑣𝑟𝑚𝑠〉 in the region close 

to the grid (y < 2M– (S/2)) and underestimate values in the region far from the grid (y > 2M– 

(S/2)), for all experiments. Figure 8 indicates that based on eqs. 1 and 2, turbulent fluctuation 

velocities (urms and vrms) should decrease slightly from Run 3 to Run 2 and then further in Run 1. 
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However, experimental values show that these fluctuation velocities show the opposite trend. 

This discrepancy occurs because in eqs. 1 and 2, the importance of S is greater than f. Thus, in 

Run 3 with larger S and smaller f, turbulent fluctuation velocities are larger. In observed data, 

however, as ReG increases, turbulent kinetic energy, which is based on turbulent fluctuation 

velocities (i.e., eq. 9), are higher. 

An alternative description of turbulence decay was developed recently by McCorquodale and 

Munro [31], who used an OGT to study interaction of turbulence with a solid boundary. They 

obtained instantaneous velocities with two-dimensional PIV measurements and described 

〈𝑢𝑟𝑚𝑠〉 and 〈𝑣𝑟𝑚𝑠〉 distributions with general power laws, 

−𝛼 𝑦 
〈𝑢𝑟𝑚𝑠〉 = 𝑐4𝑆𝑓 ( ) (13) 

𝑀0.5𝑆0.5 

−𝛼 𝑦 
〈𝑣𝑟𝑚𝑠〉 = 𝑐5𝑆𝑓 ( ) (14) 

𝑀0.5𝑆0.5 

where c4, c5, and 𝛼 are constants. Eqs. 13 and 14 are compared with the present data in Figure 

8, and values of the constants for the fitted equations are listed in Table 1. As can be seen, eq. 

14 works for 〈𝑣𝑟𝑚𝑠〉 better than eq. 13 does for 〈𝑢𝑟𝑚𝑠〉, and both equations fit the data in the 

region far from the grid (y > 2M– (S/2)) better than in the region close to the grid (y < 2M– (S/2)). 

Eqs. 13 and 14 with 𝛼 < 1 also represent the experimental data better than the Hopfinger and 

Toly [1] relationships (eqs. 1 and 2) with an exponent of 1. In other words, the observed decay of 

turbulent velocities is slower than the vertical decay of turbulent velocities given by eqs. 1 and 2. 

Substitution of eqs. 13 and 14 into eq. 9 leads to a description of the vertical distribution of 〈𝑇𝐾𝐸〉 

as 
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0.5(𝑆𝑓)2(𝑐4
2+𝑐5

2) 
𝑦−2𝛼 〈𝑇𝐾𝐸〉 = (15) 

(𝑀𝑆)−𝛼 

Figure 9 shows the 〈𝑇𝐾𝐸〉 values obtained from measurements and 〈𝑇𝐾𝐸〉 values calculated with 

eq. 15, with 𝛼 = 0.5 as indicated in Table 1. Therefore, −2𝛼 is approximately equal to -1. As 

shown, equation 15 is a good fit for the data, particularly for y > 2M– (S/2). 

Horizontal 𝜁𝑥 and vertical 𝜁𝑦 integral length scales are calculated using a two-point correlation 

approach [33], 

𝑅𝑥𝑥(𝜒, 𝑥, 𝑦) = [𝑢′(𝑥, 𝑦, 𝑡)𝑢′(𝑥 + 𝜒, 𝑦, 𝑡)]; 𝑅𝑦𝑦(𝜒, 𝑥, 𝑦) = [𝑣′(𝑥, 𝑦, 𝑡)𝑣′(𝑥, 𝑦 + 𝜒, 𝑡)] (16) 

1 𝜒0 1 𝜒0𝜁𝑥(𝑥, 𝑦) = ∫ 𝑅𝑥𝑥(𝜒, 𝑥, 𝑦)𝑑𝜒; 𝜁𝑦(𝑥, 𝑦) = ∫ 𝑅𝑦𝑦(𝜒, 𝑥, 𝑦)𝑑𝜒 (17) 
𝑅𝑥𝑥(0,𝑥,𝑦) 0 𝑅𝑦𝑦(0,𝑥,𝑦) 0 

where 𝜒 is the spatial lag and 𝜒0 is the spatial lag at which the correlation function first becomes 

zero. Horizontally averaged values are plotted in Figure 10. For Run 1, 〈𝜁𝑥〉 increases from about 

2 cm near the grid to a maximum of about 6 cm at y = 0.15 m, and then decreases toward the 

water surface. For experiment Runs 2 and 3, 〈𝜁𝑥〉 is almost unchanged as a function of depth, 

with a value of around 2 cm. In all combinations of S and f, 〈𝜁𝑦〉 increases from about 1 to 2 cm 

near the grid to a maximum value at y approximately equal to 0.1 m, and then decreases toward 

the water surface. The maximum values of 〈𝜁𝑦〉 are 4.8, 4.1 and 3.2 cm, respectively, for Runs 1, 

2, and 3. 

As shown in eq. 3, previous studies of oscillating grid turbulence suggested that the turbulent 

integral length scale is linearly proportional to the vertical distance from the source of 
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turbulence. Moreover, since oscillating grid turbulence is ideally isotropic, the horizontal integral 

length scale should be nearly equal to the vertical integral length scale [1–3,7,10], i.e., 

𝜁𝑥 ≅ 𝜁𝑦 = 𝜁 (18) 

The value of c3 (eq. 3) depends on M and also on S if S/M < 0.8, and it depends only on M when 

𝑆 
S/M > 0.8 [1]. Because of eq. 5, eq. 3 is changed to 𝜁 = 𝑐3(𝑦 + ). For all experiments, Figure 10 

2 

shows that the linear proportionality between integral length scales and depth with c3 = 0.5 

approximately describes 〈𝜁𝑦〉 in the region close to the grid (y < 2M– (S/2)), but it obviously does 

not hold for greater distances from the grid. Moreover, Figure 10a shows the linear relationship 

does not hold for 〈𝜁𝑥〉. 

Comparing Figures 10a and 10b indicates that 〈𝜁𝑥〉 and 〈𝜁𝑦〉 are dissimilar, i.e., the turbulence is 

not completely isotropic. The ratios of both 〈𝜁𝑦〉⁄〈𝜁𝑥〉 and 〈𝑣𝑟𝑚𝑠〉/〈𝑢𝑟𝑚𝑠〉 are measures of the 

degree of anisotropy (Figure 11). The values of 〈𝜁𝑥〉⁄〈𝜁𝑦〉 are between 0.5 and 1 for Run 1, with 

S/M < 1, and are greater than 1 for Runs 2 and 3, where S/M is equal to and greater than 1, 

respectively. That is, for S/M ≥ 1, the turbulent eddies are more elongated horizontally. The 

values of 〈𝑣𝑟𝑚𝑠〉/〈𝑢𝑟𝑚𝑠〉 are between about 1.2 to 1.4 in all experiments. This result is in 

agreement with results obtained by McDougall [6], Hopfinger and Toly [1], and De Silva and 

Fernando [3], who all reported anisotropy with 〈𝑣𝑟𝑚𝑠〉/〈𝑢𝑟𝑚𝑠〉 = 1.1 – 1.4 in OGT experiments. 

Discussion 

The experimental results indicate that oscillating grid turbulence in a mixing box can be 

associated with significant secondary circulation. The grid movement conditions determined by 
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the combination of f and S affect the intensity of these large-scale motions, but the general 

pattern is the same for all combinations tested here. The strength of secondary circulation is 

directly dependent on S; as S becomes larger, the magnitude of mean velocities increases and 

the contribution of secondary circulations to total kinetic energy becomes larger. The secondary 

circulation patterns affect turbulent transport and mixing. Ideally, in a zero-mean-shear flow, 

turbulent transport occurs by pressure fluctuations and turbulent shear stresses. In the presence 

of secondary flow, however, turbulent transport also occurs by the advection of the mean flow. 

In both cases, TKE decays vertically by a power law relationship, but in the latter case turbulence 

decays more slowly with distance from the grid. As S becomes larger, the secondary flow 

becomes stronger and there is more effective transport of fluid properties throughout the box. 

Moreover, in the presence of secondary circulation, turbulence integral length scales in 

horizontal and vertical directions are not equal, and turbulence is not completely isotropic, as 

has been found in a number of studies with OGTs. 

The impact of secondary circulation also can be demonstrated mathematically, starting with the 

turbulent kinetic energy equation, 

𝜕(𝑇𝐾𝐸) 𝜕(𝑇𝐾𝐸) [𝜌 ′𝑣′] 𝜕 [𝑣 ′𝑝′] 1 𝜕[𝑢] 𝜕𝑢 ′ 
+ [𝑣] = 𝑔 − ( + [(𝑢 ′𝑢′ + 𝑣 ′𝑣′)𝑣 ′]) − [𝑢 ′𝑣′] − 𝜈([ ])2 (19)⏟𝜕𝑡 𝜕𝑦 ⏟𝜌0 𝜕𝑦 𝜌0 2 𝜕𝑦 𝜕𝑦 ⏟ ⏟ ⏟ ⏟ ⏟ 

1 52 3 4 6 7 

where t is time, 𝜌′ is density variations, 𝜌0 is the base water density, 𝑔 is gravitational 

acceleration, and 𝑝′ is pressure fluctuations. For steady state conditions, the first term is 0, and 

since there is no change in water density, the third term is 0. The last term is the dissipation of 
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TKE per unit mass, designated by 𝜀. The fifth term can be written in the form of vertical TKE flux 

1 
by the turbulence itself (i.e., [(𝑢 ′𝑢′ + 𝑣 ′𝑣′)𝑣 ′] = [(𝑇𝐾𝐸)𝑣 ′]). Eq. 19 is thus simplified to 

2 

𝑑(𝑇𝐾𝐸) 𝑑 [𝑣 ′𝑝′] 𝜕[𝑢] 
[𝑣] = − ( + [𝑇𝐾𝐸𝑣 ′])− [𝑢 ′𝑣′] − 𝜀 (20)⏟

𝑑𝑦 𝑑𝑦 𝜌0 𝜕𝑦 ⏟ ⏟ ⏟ 
5

2 4 6 

Recognizing that vertical transport is of greater interest than horizontal transport, the turbulent 

velocity scale is taken as 𝑣𝑟𝑚𝑠, defined in eq. 2, and an appropriate length scale is the integral 

length scale 𝜁. TKE can be scaled by 𝑣𝑟𝑚𝑠 
2 , so the turbulent velocity scale also can be written as 

3 
(𝑇𝐾𝐸)1/2. The dissipation term can be written as 𝜀 = 𝐴 1 (

𝑣𝑟𝑚𝑠⁄ ) = 𝐴1 (
𝑇𝐾𝐸3/2

⁄𝜁), where A1𝜁 

is a constant [34]. Based on the Bernoulli equation, neglecting significant head differences, 

pressure fluctuations are proportional to velocity squared, and the pressure fluctuation term (4) 

3 3can be scaled by 𝑣𝑟𝑚𝑠. The vertical flux of TKE also can be scaled by 𝑣𝑟𝑚𝑠 or 𝑇𝐾𝐸3/2. 

Although as shown above, true isotropic conditions are not achieved in the mixing box, this 

assumption (i.e., 𝑢′ = 𝑣′ ) serves as a reasonable approximation for a parameterization of the 

𝜕[𝑢]
TKE equation. Then, the shear production term (term 6 in eq. 20) can be scaled by (𝑣𝑟𝑚𝑠 

2) or 
𝜕𝑦 

𝜕[𝑢]
(TKE) . Substituting parameterized versions of each term into equation 20, 

𝜕𝑦 

𝑑(𝑇𝐾𝐸) 𝑑 3 𝜕[𝑢]
𝐴4[𝑣] = − (𝐴3𝑇𝐾𝐸2) − 𝐴2𝑇𝐾𝐸 − 𝐴1 (

𝑇𝐾𝐸3/2 
(21)

𝑑𝑦 𝑑𝑦 𝜕𝑦 
⁄𝜁) 

where A2, A3, and A4 are parametrization constants. 
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In the absence of mean flow (secondary circulation), the left-hand-side and the second term on 

the right-hand side of eq. 21 are equal to zero, and 

𝑑 
− (𝐴3𝑇𝐾𝐸2

3

) = 𝐴1 (
𝑇𝐾𝐸3/2 

(22)
𝑑𝑦 

⁄𝜁) 

which can be rewritten as 

3 
𝐴3𝑑(𝑇𝐾𝐸2) 𝑑𝑦 

− 3 = 𝐴1 ( (23)⁄𝜁) 
𝑇𝐾𝐸2 

Solving equation 23 for TKE depends on the variation of integral length scale with y. Based on eq. 

3, a linear relationship exists, in which case eq. 23 can be solved for TKE as a function of y. The 

experimental results indicate the linear model for integral length scale is valid only for vertical 

integral length scale in the region close to the grid. With the caveat that the relationship is inexact 

over the whole range of y, using the linear assumption results in 

−𝐴𝑜⁄𝑐3𝑇𝐾𝐸 = 𝐴𝑠𝑦 (24) 

where 𝐴𝑠 is the integration constant and Ao = A1/(3A3/2). Comparing eq. 24 with eqs. 1 and 2, it 

can be seen that Ao/c3 should be equal to 2. 

𝑑(𝑇𝐾𝐸) 
In the presence of mean flow (secondary circulation), the advective (𝐴4[𝑣] ) and shear 

𝑑𝑦 

𝜕[𝑢]
production terms (𝐴2𝑇𝐾𝐸 ) do not disappear in eq. 21. If time-mean velocity is scaled by root-

𝜕𝑦 

mean-square velocity, [𝑣] ∝ 𝑣𝑟𝑚𝑠 ∝ 𝑇𝐾𝐸1/2 and [𝑢] ∝ 𝑢𝑟𝑚𝑠 ∝ 𝑇𝐾𝐸1/2, eq. 21 can be written 

as 
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1 
𝑑(𝑇𝐾𝐸) 𝑑 3 𝑑(𝑇𝐾𝐸2) 

− 𝐴1 (
𝑇𝐾𝐸3/2 

𝐴4(𝑇𝐾𝐸
1/2) = − (𝐴3𝑇𝐾𝐸2) − 𝐴2𝑇𝐾𝐸 (25)

𝑑𝑦 𝑑𝑦 𝑑𝑦 
⁄𝜁) 

or 

3 1 
𝐴4𝑑(𝑇𝐾𝐸) 𝑑(𝐴3𝑇𝐾𝐸2) 𝑑(𝑇𝐾𝐸2) 𝑑𝑦 

+ 3 + 𝐴2 1 = −𝐴1 ( (26)
𝑇𝐾𝐸 

⁄𝜁) 
𝑇𝐾𝐸2 𝑇𝐾𝐸2 

Again assuming 𝜁 = 𝑐3𝑦, eq. 26 can be solved for TKE as a function of y, 

−𝐴𝑜1⁄𝑐3𝑇𝐾𝐸 = 𝐴𝑠1𝑦 (27) 

where 𝐴𝑠1 is another integration constant, and Ao1 = A1/(A4+(3A3/2)+(A2/2)). Comparing eq. 27 

with eq. 15 shows that Ao1/c3 should be equal to 2𝛼, which is approximately equal to 1. 

Comparing eqs. 24 and 27 indicates that in the presence of secondary circulation, vertical decay 

of turbulent kinetic energy is slower than that in the absence of secondary circulations. In other 

words, with secondary circulation, turbulence can be transported from the grid more rapidly and 

will show a slower rate of decay with distance from the grid (i.e., a smaller exponent for the 

power law in eq. 27). In an ideal condition, with negligible mean flow, turbulent kinetic energy is 

transported by pressure and turbulent shear stresses (terms 4 and 5 in eq. 20) and then balanced 

by dissipation. In the presence of secondary circulation causing non-negligible mean flow, terms 

2 and 6 in eq. 20 are not equal to zero, and the turbulent kinetic energy is transported by 

advection as well as by pressure and turbulent shear stresses. Moreover, in this situation 

turbulence is produced by shear in addition to the grid oscillation. 

30 



 
 

              

           

           

                  

            

        

          

          

    

        

        

       

        

        

        

         

                

            

             

                 

  

In the present experiments, a correct-end condition grid with 32% solidity was used in a box with 

D/B = 0.9 (< 1), f < 7 Hz, and S > 0.01 m, thus satisfying most previously reported criteria to avoid 

secondary flows. In different runs, S/M = 0.6, 1 and 1.4 for Runs 1, 2, and 3, respectively. Based 

on the S/M ≤ 1 criterion reported by Hopfinger and Toly [1] and McDougall [6], the only run in 

which secondary flow should have been observed is Run 3. Yet non-negligible secondary 

circulations (i.e., greater than 20% contribution in total kinetic energy) were observed in all runs. 

Thus the criterion S < M is insufficient to guarantee the absence of secondary circulation. In 

addition, as the stroke length increases and S/M becomes increasingly greater than 1, the mean 

flow associated with large circulation motions increases. 

Formation of secondary circulation associated with oscillating-grid turbulence is reported in 

previous studies [19,26,28,29], but the effect of grid oscillation conditions on the strength of 

these large-scale motions has not been reported. Empirical evidence presented here supports 

the conclusion that S values affect the strength of secondary circulation patterns, regardless of 

ReG. However, in most previous work with OGTs the grid was located near the water surface, and 

the bottom floor was at the maximum distance from the source of turbulence. Huppert et al. [14] 

were the first to use a mixing box with the grid near the bottom in a study of particle suspension. 

The location of the grid at the bottom and the interaction of random jets with the solid floor of 

the box might affect the formation of large circulation motions or alter the intensity of the mean 

flow. To further examine these effects, experiments should be conducted with the same 

combinations of S and f in a mixing box set-up with the grid located at different distances from 

the bottom. 
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Finally, all data in the present tests were collected in a single plane (at 0.08 m from the sidewall, 

or at 25% of the box total width). The flow field likely exhibits spatial variations in terms of time-

mean flow and turbulent flow as a function of distance from the box wall [17]. These variations 

could affect the observed magnitudes of secondary circulation and turbulent kinetic energy, but 

are not expected to change the basic description of the flow fields reported here. 

Conclusions 

The effects of the grid oscillation conditions as a combination of the stroke length and the 

oscillation frequency on the formation and the strength of secondary circulations in a mixing box 

were investigated. The grid shape and solidity, the number of grid bars and their dimensions, the 

mesh spacing size, and the distance between the measured flow field and the sidewall of the tank 

were held constant, while three different combinations of the stroke length and the oscillation 

frequency were tested. Two dimensional PIV data were collected at 80 Hz, were time-averaged, 

and turbulent signatures of the flow field were calculated. 

The primary results from this experimental campaign are summarized as: 

1. Two symmetric circulation patterns were generated in all runs. The general patterns of 

these flows were similar, but the intensity of the flows was different. 

2. The magnitude of secondary mean flow within the mixing box was not negligible and the 

mean kinetic energy of these large circulation motions accounted for a larger fraction 

than has been previously reported of the total kinetic energy of the water motions, 

relative to turbulent kinetic energy. As S increased and S/M became increasingly greater 

than 1, the mean flow, especially in the vertical direction, became stronger. 
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3. Turbulent integral length scales were not equal in horizontal and vertical directions and 

turbulent flow was not isotropic in the presence of secondary circulation. The linear 

relationship between integral length scale and depth, which has been previously reported 

in OGTs, was found to hold only for vertical integral length scale in the region close to the 

grid (y < 2M– (S/2)). 

4. Formation of secondary circulations affected the spatial decay of turbulence within the 

mixing box. In the presence of secondary circulations, turbulence transported by the 

mean flow was increased and turbulence decayed more slowly with distance from the 

grid. This result was observed empirically and demonstrated mathematically through a 

parameterization of the TKE equation. In a pure turbulence (i.e. zero mean shear flow), 

TKE decays vertically with a power law of exponent 2. However, in the presence of 

secondary circulation TKE decays vertically with a power law of exponent 1. When S 

increased, the exponent value reduce to the less than 1. 

The mixing box with an oscillating grid can be used to examine mixing across a density interface, 

to study the physics of turbulence, and to examine turbulent transport in geophysical flows. The 

results presented here suggest that secondary flow is associated with turbulence in the mixing 

box experiment and it influences the spatial turbulence decay law. However, it should be noted 

that in these experiments the grid location was close to the solid bottom boundary of the box. 

The interaction of random jets, produced by the grid oscillation, with the solid boundary might 

affect the formation of secondary circulations. Further tests should be conducted with varying 

distance between the grid and the solid boundary. 
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Table 1. Conditions of each experimental run. 

Combination 

number 

Stroke length 

S (m) 

Oscillation 

frequency f (Hz) 

ReG 𝑐4 𝑐5 𝛼 S/M 

Run 1 0.03 6 7200 0.20 0.22 0.53 0.6 

Run 2 0.05 3 6000 0.18 0.2 0.53 1 

Run 3 0.07 2 5600 0.14 0.2 0.47 1.4 

(a) (b) 

Figure 2. a) Schematic drawing of a grid with correct end conditions and b) Schematic drawing of 

a grid with faulty end conditions [26]. 
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Figure 2. a) Schematic drawing of the box, grid and PIV system and b) Schematic top view diagram 

of the mixing box and PIV. 
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Figure 3. a) Schematic drawing of the box side-view, the grid location, and defining yc and y. 
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(a) (b) 

(c) 

Figure 4. The magnitude of mean velocity contour maps with vector maps for different 

combinations of S and f: a) (Run 1) S = 0.03 m and f = 6 Hz, b) (Run 2) S = 0.05 m and f = 3 Hz and 

c) (Run 3) S = 0.07 m and f = 2 Hz. 
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(a) (b) 

(c) 

Figure 5. TKE contour maps for different combinations of S and f: a) (Run 1) S = 0.03 m and f = 6 

Hz, b) (Run 2) S = 0.05 m and f = 3 Hz, and c) (Run 3) S = 0.07 m and f = 2 Hz. 
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(a) (b) 

(c) 

Figure 6. Vertical profiles of horizontally-averaged (a) mean kinetic energy, (b) turbulent kinetic 

energy, (c) total kinetic energy. 
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      Run 1 Run 2 Run 3 

Figure 7. The ratio of spatially-averaged mean velocity to the spatially-averaged turbulent 

velocity. 
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(a) 

Figure 8. Vertical profiles of horizontally-averaged (a) horizontal turbulent velocity, and (b) 

vertical turbulent velocity. 
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Figure 9. Vertical profiles of horizontally-averaged TKE. 
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(a) 

(b) 

Figure 10. Vertical profiles of horizontally-averaged (a) horizontal integral length scale, and (b) 

vertical integral length scale. 
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(b) 

(a) 

Figure 11. Vertical profiles of horizontally-averaged (a) ratio of vertical integral length scale to 

horizontal integral length scale, and (b) ratio of vertical turbulent velocity to horizontal turbulent 

velocity. 
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Fluid-sediment phase discrimination in a turbulent sediment-laden flow using 
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Abstract 

We report an experimental study that examines interactions between fluid and suspended 

sediment in turbulent flows. A two-phase particle image velocimetry (PIV) measurement 

technique was used to obtain instantaneous velocities for both fluid and sediment phases. Fluid 

tracer particles were distinguished from sediment particles based on two criteria: different 

particle intensity level and different particle size. To validate the image analysis technique, fluid 

and sediment velocities also were measured using colored fluorescent particles as fluid tracers, 

and two different optical filters. Using colored fluorescent particles is a proven method for 

measuring different phases, but the method proposed here has the advantage of much lower 

cost and simpler experimental setup. Results based on particle intensity level and size are shown 

to compare well with results using fluorescent particles. The image-based technique can be used 

as an important tool for a wide range of studies that involve fluid-sediment interactions. 

Introduction 

Most geophysical flows are turbulent and entrain suspended sediments. Sediment motion affects 

turbulent flow characteristics and flow dynamics alter sediment motions. This two-way 
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interaction between turbulent flow and sediment motions is complicated and difficult to 

understand (Balachandar and Eaton 2010, Elghobashi and Truesdell 1993, Bellani et al. 2012). 

This study is a part of larger research study on turbulent modulation by suspended sediment. In 

the larger research project, turbulent flow is produced by the grid oscillation in a mixing box set-

up and sediment maintain in suspension by grid oscillation turbulence. To better understand 

turbulent-sediment interactions, measurements of the spatial characteristics of the fluid carrier 

phase and sediment phase independently are necessary. 

Particle image velocimetry (PIV) has been extensively used to measure instantaneous velocities 

of both the fluid and solid phases in turbulent flows (Cheng et al. 2010, Elhimer et al. 2017, 

Jakobson et al. 1996, Khalitov and Longmire 2002, Kiger and Pan 2000, Kosiwczuk et al. 2005, Liu 

and Lam 2013, Muste et al. 2009, Nezu and Sanjou 2011, Noguchi and Nezu 2009, Zhang et al. 

2014, Zhou et al. 2013, Seol and Socolofsky 2008). Past studies mostly have distinguished 

between the fluid and solid phases using one of two techniques: (1) employing optical filters with 

fluorescent particles, or (2) applying image processing techniques (Cheng et al. 2010, Khalitov 

and Longmire 2002, Kiger and Pan 2000, Seol and Socolofsky 2008). Using fluorescent particles 

as fluid tracers along with optical filters is the clearest technique to discriminate the two phases 

and to measure velocities of each phase separately (Kosiwczuk et al. 2005, Zhou et al. 2013, 

Elhimer et al. 2017, Zhang et al. 2014, Seol and Socolofsky 2008). In this technique, fluorescent 

particles scatter the laser light at a different wavelength from solid particles. Two optical filters 

are mounted on two camera lenses. One filter passes scattered light by fluid tracers and blocks 

light scattered by sand particles. Another filter passes scattered light by the solid particles and 

blocks light scattered by the fluid tracer particles. Because the two sets of images are captured 
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independently, this technique has a minimum of cross talk between the phases (Elhimer et al. 

2017, Zhou et al. 2013). However, fluorescent particles are costly, and also two high speed 

cameras are required. These cost considerations make this technique expensive (Khalitov and 

Longmire 2002). Moreover, the PIV system setup with two cameras, which must be carefully 

positioned in order to capture the whole flow field, is challenging (Cheng et al. 2010). 

Image processing based on intensity of scattered light is the other technique that has been used 

for phase discrimination by PIV. In this technique, only one set of images is needed. The single 

set is then divided into two sets of single-phase images using image processing procedures. 

Several image processing approaches have been reported in previous studies, such as median 

filtering (Kiger and Pan 2000), object size and intensity map (Cheng et al. 2010, Khalitov and 

Longmire 2002), correlation peak properties (Delnoij et al. 1999) and vector post-processing (Seol 

and Socolofsky 2008). The image processing approach is remarkably cheaper than using optical 

filters with fluorescent tracers. However, sorting objects, which are close to each other, to fluid 

tracer objects and solid objects produce the noises that each phase introduces to the other 

phase. These noises are called “cross-talk” between two phases and it decreases the reliability of 

the image-analysis phase discrimination methods, especially in the regions that fluid tracer and 

solid particles are close to each other. Cross-talk between two phases is a major complication 

that needs to be overcome in using image-based phase separation methods. 

In this study, an image processing technique is developed for discriminating phases based on two 

criteria: object intensity level and object size. The objects in a raw two-phase PIV image comprise 

fluid tracer particles and sediment particles. Our proposed image analysis approach is validated 
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by experimental results obtained using separate measurements using fluorescent particles and 

optical filters. This characterization technique helps us to better understand the spatial structure 

of both phases (i.e., fluid and sand phases) in the whole flow field. The objectives of this research 

are, (1) developing a cheap, simple and reliable phase discrimination technique that can be used 

for relatively low suspension conditions, and (2) obtaining instantaneous velocities for both 

phases by PIV cross correlation algorithm (i.e., Eulerian approach velocities). To the best of our 

knowledge, this is the first demonstration of obtaining both phases Eulerian velocities by PIV 

cross-correlation algorithm, simultaneously but separately. Details of the image processing 

technique and its validation by optical filter technique are presented in the following sections. 

Experimental set-up 

Experiments are performed in a mixing box apparatus, similar to those used by Huppert et al. 

(1993, 1995) and more recently by Bennett et al. (2014) (Figure 1). The box is a rectangular 

polycarbonate tank 0.01 m thick with dimensions 0.320.32 m in cross-section (i.e., the box 

internal width B = 0.3 m) and 0.40 m high. An aluminum grid consisting of an intersecting 5 × 5 

mesh of m = 0.01 m square bars with mesh spacing M = 0.05 m is located near the bottom of the 

box, and attached to a stainless steel bar with an eccentric connection to an external electrical 

motor to produce oscillating motions. The grid oscillation produces a series of random jets 

providing turbulence inside the box. The oscillation frequency and the grid stroke length are 

controlled and in the tests shown here f = 3 Hz and S=0.05 m. Stoke length and grid position are 

chosen so that the lowest position of the grid is always just above the bottom of the tank. The 

box is filled up to 0.27 m with tap water. 
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Hollow glass spheres with 25 µm diameter and specific gravity of 1 are used as tracers to indicate 

fluid motion for the image analysis technique. For the optical filtering technique red-colored 

Rhodamine B particles are used. In all experiments, two-dimensional velocities are measured for 

both phases by PIV in an x–y plane 0.08 m from the sidewall, where x is horizontal distance 

measured from the right wall of the box and y is vertical distance from the top of the grid when 

the grid is at its highest position (see Figure 1b). Data are recorded from x/B = 0.01 to 0.99 and 

from y/d = 0.02 to 0.98, where d is the flow depth measured from the highest position of the grid 

to the water surface. For the present conditions, d = 0.22 m (see Figure 1). The coordinate system 

is also shown in Figure 1. 

The solid phase is sand with diameter (d50) in the range of 0.35 mm to 0.4 mm and specific gravity 

of 2.65. Sand with volume fraction (i.e., total volume of sand per total volume of water) of 0.3% 

are distributed uniformly as a thin layer on the bottom of the box before the grid starts to 

oscillate. In very dilute suspension regimes, there are not enough sand objects in a two-phase 

image. Moreover, in dense suspension regimes, high-concentrated suspend sand reduces the 

laser illuminating power and decreases the amount of light absorbed by the camera; and when 

two-phase images are captured by the camera, the signals from tracer particles are dominated 

by the signals from sand particles. After grid starts to oscillate and the flow reaches to steady 

state, the turbulent flow is able to lift up sands and maintain them in suspension. 

Experiments are carried out in five scenarios to obtain required data for developing image 

analysis procedure and comparing it with the optical filter technique. The five scenarios, based 

on tracer particle types and the optical filter mounted on the camera lens, are (1) clear water 
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experiment which are designed to place only water and hollow glass sphere particles as fluid 

tracers inside the box, (2) only sand experiment which are designed to place only water and sand 

particles inside the box, (3) two-phase experiment including both hollow glass sphere particles 

and sand particles, (4) red-filter two-phase experiment including both red-colored Rhodamine B 

particles and sand particles in flow and a red optical filter mounted on the camera lens to allow 

only red light from Rhodamine B particles pass and, (5) green-filter two-phase experiment 

including both red-colored Rhodamine B particles and sand particles in flow and a green optical 

filter mounted on the camera lens to allow only green light from sand particles pass. 

Measurement techniques 

As shown in Figure 1b, PIV system is used to measure velocities of the fluid and sand phases. The 

PIV system consists of a high speed camera, two optical filters, a 50 mJ Nd-YAG dual-cavity laser 

emitting 532 nm light and an external timing hub connected to a computer for data acquisition 

and synchronization. To quantify the turbulence scales, 2400 paired images are captured in a 30-

second period for each experiment; data are acquired at 80 Hz with temporal resolution of 0.0125 

seconds. Time lapse between pulses is set to 2500 microseconds. Moreover, our calibration 

image showed that each pixel in an image is equal to 0.138 mm 

Image analysis technique for phase discrimination 

In scenarios (1), (2) and, (3) (i.e., clear water, only sand, and two-phase experiments), hollow 

glass sphere tracer and sand particles are illuminated by the laser sheet and reflected the laser 

light in the same color (i.e. green light) and the same wavelength (= 532 nm) (see Figure 2). 
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Two phase images, captured by the camera, are gray-scale images including two types of objects, 

fluid tracers and sand particles. The quality of a raw two-phase image with spatial resolution 

equal to the whole flow field depends on the amount of sand particles in front of or behind the 

laser sheet. Sand particles slightly in front of or behind the laser sheet produce weak shadows 

that their signals are considered the background noise. An image pre-processing code is thus 

required to subtract background noise in raw two-phase images. To find the criterion for 

identifying and then subtracting the background noise in two-phase images, the intensity level 

values of all pixels in 400 raw two-phase images, captured in 5 second, are plotted as probability 

density function (pdf). In this paper, the intensity level value is obtained by normalizing the 

intensity level by 255, which is the maximum intensity level in a grayscale image. Hence, the 

global intensity level range is 0 to 1. As shown in Figure 3a, there are three peaks on 0.22, 0.42 

and 0.88 values in the intensity level pdf plot for all pixels in 400 raw two-phase images. Because 

tracer and sand particles, illuminated by the laser sheet are not dim as much as the background 

noise, the second peak (i.e., 0.42 intensity level value) is selected as the global intensity level 

threshold for removing the background noise. Pixels with intensity level less than 0.42 are 

removed as background noise pixels in the images. A rectangular, horizontally 100-pixels and 

vertically 10 pixels, profile of a raw two-phase image as a sample is shown in Figure 3b. The 

intensity level value of each pixel in the horizontal direction is also shown in Figure 3b. When 

move along the horizontal profile and pass through tracer and sand particle pixels, their intensity 

level peaks more than 0.4 (see Figure 3b). 

After removing background noise, phase discrimination code is used to separate tracer particles 

from sand particles in each image, based on two separation criteria, the object intensity level and 
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the object size. The object intensity level is defined as the average intensity level of the pixels 

associated with the specific object. The object size is defined as the number of pixels in the 

specific object. To find the distribution of the object intensity level and size, they are plotted 

versus each other, for the entire objects in 400 images recorded in 5 seconds for three scenarios, 

(1) clear water (CW), (2) only sand, and (3) two-phase experiments (see Figures 4, 5 and 6). 

Figure 4a shows the joint pdf plot of object intensity level and object size for all objects in CW 

images. CW area shown in Figure 4a indicates the intensity level and size ranges that includes 

most (i.e., probability more than 75%) objects. Objects with intensity level and size distribution 

inside the CW area have intensity level in the range of 0.4-0.52 and size in the range of 1-3 pixels. 

Figure 4(a-1) shows intensity level pdf plot indicating the highest peak on 0.42. Figure 4(a-2) also 

illustrates size pdf plot showing the highest peak on 2 pixel. Because, the only objects in CW 

images are fluid phase tracers, this result implies that fluid phase tracer objects are most 

probably (i.e. with probably more than 75% based on the joint pdf plot) in the range of 0.4-0.52 

intensity level and 1-3 pixels size. The objects with intensity level and size out of these ranges are 

probably more than two fluid phase tracer particles that attached to each other and captured as 

larger and brighter objects in the images. 

Figure 5a displays joint pdf plot of object intensity level and size for all objects in only-sand 

images. Only-sand area shown in Figure 5a displays the intensity level and size area that contains 

most (i.e., probability more than 75%) objects. Objects with intensity level and size distribution 

inside the only-sand area have intensity level in the range of 0.88-0.92 and size in the range of 

24-30 pixels. Figure 5(a-1) shows object intensity level pdf plot spiking on 0.88. Figure 5(a-2) also 
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shows object size pdf plot peaking on 24 pixel. Because only-sand images include only sand 

objects, this result implies that sand objects are most probably (i.e. with probably more than 

75%) in the range of 0.88-0.92 intensity level and 24-30 pixels size. The objects with intensity 

level and size out of these ranges are probably the sands that are partially in the laser sheet and 

only a part of a sand particle, which is smaller and dimmer, is captured by the camera. 

Comparing Figure 4(a-1) with Figure 5(a-1) shows that tracer object intensity level distribution is 

broader than sand object intensity level distribution. Sand particle intensity levels are so narrow 

and it is less likely that they reach less than 0.6, regardless of being partially or totally in the laser 

sheet. Comparing Figure 4(a-2) with Figure 5(a-2) indicates that object size distribution is in the 

opposite of object intensity level distribution. Object size distribution is narrow and focused on 

size of 1-3 pixels for tracer particles while it is broader for sand particles. As an example, Figure 

6 shows clearly the remarkable differences between the tracer object and the sand object in 

both, the intensity level and the size. The ranges of object intensity level and size for tracer and 

sand particles are listed in Table 1. 

Object intensity level and size joint pdf plot of sediment-laden (SL) images (i.e., two-phase 

images) show two peak areas (see Figure 7a). One peak area includes objects with the intensity 

level and size ranges, 0.4-0.52 and 1-3 pixels respectively, with the maximum probability 

(probability more than 75%, see Figure 7a). Another peak area contains objects with the intensity 

level and size ranges, 0.7-0.98 and 10-32 pixels respectively, with probability between 55% and 

75%. The first peak area ranges are consistent with CW area ranges in Figure 4a. Hence, the first 

peak area in Figure 7a indicates the tracer objects in SL images and it is named SLtracer area. The 
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second peak area ranges are larger than only-sand area ranges in Figure 5a. The reason is cross 

talk between two phases that increases the borders of sand object intensity levels and sizes in 

Figure 7a. Hence, to avoid the contamination between two phases, only-sand area ranges in 

Figure 5a are selected as borders for discriminating sand objects from other objects in SL images; 

and it is named SLsand area. Therefore, the intensity and size thresholds for separating fluid phase 

tracer objects from sand objects in a two-phase image are the same as CW and only-sand areas 

in Figures 4a and 5a which are listed in table 1. 

Phase discrimination code, which is written by MATLAB, reads a two-phase image, identifies 

objects with intensity level between 0.4 and 0.52 and size between 1 and 3 pixels as tracer 

objects, writes a blank image and, places tracer objects in that. Then the code identifies objects 

with intensity level between 0.88 and 0.92 and size between 24 and 32 pixels as sand objects, 

writes another blank image and, places sand objects in that. This algorithm, shown as a flowchart 

in Figure 8, is repeated for all 2400 images. At the end of the phase discrimination code, there 

are two set of single phase images, which are called fluid phase and sand phase images. Number 

of tracer objects in a fluid phase image are enough for deriving instantaneous velocities by 

statistical cross-correlation algorithm for interrogation areas 32 × 32 pixels. . However, because 

the sand particles are in the range of 24-32 pixels in size, it is not possible to use interrogation 

areas 32 × 32 pixels for deriving sand particle velocities by cross-correlation algorithm of pair 

images. Because for using PIV cross-correlation algorithm, each integration area, regardless of its 

size, should contain 5-7 particle objects, for deriving sand particle velocities, larger interrogation 

area, such as 64 × 64 pixels, are applied. 
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Phase separation based on fluorescent particles and optical filters 

Fluorescent particles and optical filters mounted on the camera lens are used to validate the 

image analysis method developed in this effort. Red-colored Rhodamine B particles are employed 

as fluid tracers. As shown in Figure 9, when Rodamine B fluid tracer and sand particles are 

illuminated by the laser sheet simultaneously, Rhodamine B particles reflect laser light with 

different color compared to sand particles. Red tracer particles reflect red light and sand particles 

reflect green light. First the optical long-pass red filter, capturing laser light wavelength more 

than 570 nm (i.e. red light), is mounted on the camera lens to only allow the reflectance of 

fluorescent particles being recorded. Then, while the grid is still oscillating and the turbulent flow 

is already developed and achieved a steady state condition, the optical filter is changed. The 

green filter, capturing laser light with wavelength equals 532 nm (i.e. green light), is mounted on 

the camera lens to record reflectance from sand particles, for another set of images. Each phase 

instantaneous velocities are then driven by PIV cross correlation algorithm employed for each set 

of images. Again, because sand object size is much more than fluid tracer one, it is more accurate 

to use 64 × 64 pixels interrogation area for computing sand phase velocities instead 32 × 32 

pixels. 

Comparing results of two different measurement methods 

To compare two different measurement methods, mean and turbulent velocities, obtained from 

instantaneous velocities, and turbulent kinetic energy (TKE) per unit mass are plotted as 

functions of flow depth (Figure 10). Two-dimensional flow velocities are defined using the 

standard turbulence decomposition, 
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𝑢′ = 𝑢 − [𝑢] (1) 

𝑣′ = 𝑣 − [𝑣] (2) 

where u and v are the instantaneous horizontal and vertical velocity components, the brackets 

define time-averaged values, and the primes indicate their fluctuating terms. Horizontal and 

vertical root-mean-square (rms) velocities (urms and vrms, respectively) and TKE are defined as 

]0.5; ]0.5 𝑢𝑟𝑚𝑠 = [𝑢 ′2 
𝑣𝑟𝑚𝑠 = [𝑣 ′2 

(3) 

2 2𝑇𝐾𝐸 = 0.5 (𝑢𝑟𝑚𝑠 + 𝑣𝑟𝑚𝑠) (4) 

Horizontally-averaged fluid phase mean velocities, root-mean-square velocities, and TKEs, 

obtained by two above-explained measurement methods, are plotted versus the vertical relative 

distance from the highest position of the grid (y/d) (i.e. depth of the flow field). As shown in 

Figure 10, there is close agreement between the fluid phase mean and turbulent characteristics 

obtained from the image analysis method and those obtained from the fluorescent particles and 

optical filters method. There are, however, several locations where the two profiles are not 

completely consistent, especially in the vertical mean velocity profile. These discrepancies might 

be because of the cross-talks between two phases by the image analysis method. For sand phase, 

instantaneous velocities are obtained by 64 × 64 pixels interrogation area and mean velocities 

are quantified by the standard turbulence decomposition. Sand-phase horizontally-averaged 

horizontal and vertical mean velocities, obtained from two different phase separation methods, 

are plotted versus flow depth in Figure 11. As shown in this figure, results obtained from the two 

methods show good consistency. 
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Summary 

In this study, a simultaneous two-phase PIV measurement technique is developed using image 

processing. Phase separation code is written based upon two criteria, differences in intensity 

level and size between fluid tracer particles and solid phase particles. The method is validated by 

phase discrimination using colored fluorescent particles, which is a mature and reliable method 

for phase separation and two-phase PIV measurements. Experiments are performed in a mixing 

box. Acquired velocities by two different methods are compared. The comparison indicate that 

results obtained by two different techniques are in a good agreement for both phases. 

The image analysis technique provides a reliable and cheap method for measuring two-phase 

flow simultaneously but distinctly. The results for each phase are measured by cross-correlation 

algorithm, which provide the Eulerian velocities for both fluid and solid phases. The limitation of 

using image processing technique is that this method cannot be applied for dense suspension 

with high sediment loadings. In high concentrated turbulent flow, two-phase PIV images are too 

bright to capture high-quality images, because of the light reflection by too much sediment 

particles. 
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Figure 1. a) Schematic drawing of the box, grid and PIV system and, b) Schematic top view 

diagram of the mixing box and PIV. 
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Figure 2. Hollow glass spheres flow tracers and sand particles were illuminated by the laser light. 

100 pixels 

10 pixels 

(b) (a) 

Figure 3. a) Intensity level pdf plot for all objects in 400 raw two-phase images and, b) a 

rectangular, horizontally 100 pixels and vertically 10 pixels, profile of a raw two-phase image 

along with its pixel intensity level plot. 
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(a-1) 

(a-2) 

(a) 

(a) Joint pdf plot of object 
size and object intensity for 
all objects in 400 CW 
images, which are recorded 
at 5 seconds, 
(a-1) Object intensity pdf 
plot, 
(a-2) Object size pdf plot 

Figure 4. a) Joint pdf plot of intensity level and size, a-1) intensity level pdf plot and, a-2) size pdf 

plot for all identified objects after subtracting background noise in 400 clear water images 

recorded in 5 seconds. 
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 (a-2) 

(a) Joint pdf plot of object 
size and object intensity for 
all objects in 400 only‐sand 
images, which are 
recorded at 5 seconds, 
(a-1) Object intensity pdf 
plot, 
(a-2) Object size pdf plot 

(a-1) 

(a) 

Figure 5. a) Joint pdf plot of intensity level and size, a-1) intensity level pdf plot and, a-2) size pdf 

plot for all identified objects after subtracting background noise in 400 only-sand images 

recorded in 5 seconds. 
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Figure 6. a) a rectangular, horizontally 32 pixels and vertically 2 pixels, profile of a CW image 

along with its pixel intensity level plot and, b) a rectangular, horizontally 32 pixels and vertically 

7 pixels, profile of an only-sand image along with its pixel intensity level plot. 
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(a-2) 
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(a) Joint pdf plot of object 
size and object intensity for 
all objects in 400 SL images, 
which are recorded at 5 
seconds, 
(a-1) Object intensity pdf 
plot, 
(a-2) Object size pdf plot 

Figure 7. a) Joint pdf plot of intensity level and size, a-1) intensity level pdf plot and, a-2) size pdf 

plot for all identified objects after subtracting background noise in 400 two-phase images 

recorded in 5 seconds. 
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Removing background, the pixels with 
intensity less than 0.4 are removed 

Fluid‐phase tracer and sand objects’ identification based on 
two criteria: the intensity and size 

=− 

Tracer particle objects 
placed into a blank 

The intensity level: 0.4 ‐ 0.52 

The size: 1 ‐ 3 pixels 

Sand particle objects 
placed into a blank image 

The intensity level: 0.88 ‐

The size: 24 ‐ 32 pixels 

(a) 

(a) (b) (c) 

(d) (e) 

Figure 8. Flowchart of phase discrimination code and 256 × 256 pixels window as a sample in a) 

raw two-phase PIV image, b) background noise image, c) two-phase image after subtracting 

background noise, d) fluid phase tracer image and, e) sand phase image. 
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  (a) (b) 

Figure 9. a) Pink-colored tracers, illuminated by the laser sheet, scatter pink lights with 

wavelengths more than 570 nm and, b) pink-colored tracers and sand particles scatter pink and 

green lights with two different wavelengths. 
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(a) (b) 

(c) (d) 

(e) 

Figure 10. Fluid phase tracer horizontally-averaged a) horizontal mean velocities, b) vertical mean 

velocities, c) horizontal root-mean square velocities, d) vertical root-mean-square velocities and, 

e) TKE profiles versus y/d. 
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  (a) (b) 

Figure 11. Sand phase horizontally-averaged a) horizontal mean velocities and, b) vertical mean 

velocities. 
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Abstract 

Nearly all geophysical flows entrain, transport, and deposit sediment, and many studies have 

sought to define how the presence of suspended sediment can affect flow dynamics. Yet the 

mechanisms of turbulence modulation by suspended sediment remain poorly understood. 

Experiments were conducted in a mixing box to evaluate the effects of suspended sand on the 

turbulent flow generated by an oscillating grid placed near the bottom of the box. Two-phase 

particle image velocimetry (PIV) was used to obtain velocity characteristics of the sediment and 

fluid phases separately. Results show that (1) the turbulence signatures of the clear-water 

condition conform to previous observations, but strong secondary circulation was observed, (2) 

as sediment loading increased, mean and turbulent kinetic energy and total suspended sediment 
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concentration decreased while turbulent length scales increased, consistent with the formation 

of a stratified layer where suspended sediment tends to concentrate, and (3) key length scales 

related to the vertical extent of secondary circulation regions, vertical mixing, and maxima of 

suspended sediment concentrations were estimated and discussed under varying sediment 

loading to identify and explain the formation of this stratified layer. The results presented here 

demonstrate the marked effects that suspended sediment has on turbulent flow dynamic within 

a mixing box, which may have broader implications to the study of a wide range of sediment-

laden geophysical flows. 

Keywords: mixing box, particle image velocity, turbulence, flow stratification, sediment 

suspension 

Introduction 

Many gravity-driven, geophysical flows operating on the Earth’s surface are fully turbulent and 

they can very effectively entrain, transport, and deposit sediment. As such, these flows comprise 

at least two phases: the carrier fluid and the sediment in transport. It would seem logical that as 

the rate of sediment transport or volume concentration increases, as bed-load, suspended load, 

or wash load, the dynamic characteristics of the fluid would be measurably altered, as 

conditioned by sediment texture and particle–turbulence interactions. Wainwright et al. [1] 

suggested that the carrier fluids of all sediment-laden geophysical flows are significantly altered 

by the presence of the sediment in transport. Specific studies attempting to define the effects of 

sediment transport on the carrier fluid have considered open channel flows [2], two-phase flow 
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phenomena in engineering applications [3], and the vertical stratification of flow within rivers 

and marine environments due to the presence of a dense sediment layer [4]. 

The presence of sediment in transport in rivers, and in particular suspended bed material, can 

potentially affect time-mean flow and turbulence in several ways. Vanoni and Nomicos [5] 

indicated experimentally that suspended sediment increased velocity gradients near the wall by 

increasing flow resistance, whereas suspended sediment altered additional time-mean 

parameters such as the von Kármán coefficient, the profile of downstream velocity, and bed 

friction in open channels [6–11]. Effects of suspended sediment on turbulence statistics also 

have been reported. Best et al. [2] showed that the addition of suspended sand over a plane bed 

increased turbulent intensities near the bed and decreased turbulence intensities in locations far 

from the bed. Nezu and Azuma [12] indicated negligible turbulent intensity modulation in 

locations far from the wall, while turbulent intensities increased in regions near the wall. Muste 

et al. [13] showed that turbulent intensities increased near the bed in comparison to clear water 

conditions, but turbulent intensities were only slightly reduced away from the bed. Noguchi and 

Nezu [14] documented experimentally that particle size was a good criterion for turbulence 

modulation, and fluid-particle interaction was governed by the ratio of particle diameter to the 

Kolmogorov length scale. Revil-Baudard et al. [15] suggested that turbulent kinetic energy of the 

fluid increased in sediment-laden flows because of an increase in sweep and ejection events at 

the bed due to the moving sediment. 

Within the context of two-phase flow dynamics, turbulence modulation of the carrier fluid has 

been related to specific particle-fluid phenomena and indices. Turbulence reduction in dilute 
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suspensions has been attributed to three mechanisms: (1) enhanced inertia of particle-laden 

flows, (2) increased dissipation due to particle drag, and (3) enhanced viscosity [16]. Conversely, 

turbulent enhancement has been linked to two mechanisms: (1) enhanced velocity fluctuations 

due to wake dynamics and vortex shedding behind particles, and (2) buoyancy-induced motions 

due to density variations [16]. Criteria have been proposed to define conditions that enhance or 

reduce turbulence in the presence of suspended particles. Gore and Crowe [17] proposed that 

when the ratio of the particle diameter size to the fluid turbulence length scale is smaller than 

0.1, fluid turbulence is suppressed, whereas when this ratio is greater than 0.1, fluid turbulence 

is enhanced.  Hestroni [18] proposed that the slip velocity between the particle and carrier fluid 

phase can be used to explain turbulent modulation. Elghobashi [19] asserted that the ratio of the 

particle response time to the fluid response time may be a good proxy for turbulent modulation. 

Picano et al. [20] investigated particle-laden turbulent flows with solid neutrally-buoyant spheres 

at relatively high volume fractions, and showed that the mean velocities are markedly reduced 

in the presence of the solid phase and that the overall drag close to the bed increased with 

volume fraction. 

Vertical stratification of the flow as a result of high suspended sediment concentrations also has 

been reported in rivers and marine environments as a means to modulate flow [21–24]. Noh and 

Fernando [25] reported that a stratified flow comprising a denser, sediment suspension layer 

overlain by a lighter, relatively sediment-free layer can form when the Richardson number (Ri) is 

greater than a specific magnitude of the Rouse number (Ro). Ozdemir et al. [26] studied 

numerically the role of turbulence on fine particle transport in an oscillatory flow. They showed 

that as Ri increased, the turbulence decreased due to the emergence and growth of a particle-
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induced stratified flow. Wright and Parker [21] noted that higher concentrations of suspended 

sediment near a river’s bed produced a density gradient that created a buoyancy force, thus 

reducing turbulent eddy viscosity and sediment diffusivity. Cantero et al. [27] (see also Kneller et 

al. [28]) suggested that total turbulence suppression in dilute, non-cohesive turbidity currents 

(<1%) might be due to stratification. They showed that the product of Ri and Ro can be interpreted 

as the required energy to maintain sediments in suspension by turbulent flow and used as an 

indicator of the turbulence modulation by suspended sand. Hooshmand et al. [29] conducted 

experiments to study turbulence structure in wave-supported mud layers. They noted that when 

the flow velocity was relatively high, a dense suspended-sediment stratified layer formed, which 

reduced turbulence. 

On the basis of these studies, there does not appear to be a consensus regarding the effects of 

suspended sediment on time-mean and turbulent flow or even the physical mechanisms for such 

modulation. Moreover, suspended sediment concentration apparently can causes different 

impacts on flow dynamics. The goal of the present research program is to examine 

experimentally the effects of suspended sediment on the carrier fluid. To do this effectively, two 

important experimental conditions must be achieved. First, the experimental conditions must be 

reproducible, thus avoiding ambiguities related to varying boundary conditions. Second, the fluid 

phases and their time-mean and turbulent characteristics must be clearly discriminated from 

those of the sediment phase. To accomplish these goals, the study employed (1) a mixing box 

with an oscillating grid to generate reproducible turbulence and mixing, and (2) two-phase 

particle image velocimetry (PIV) at relatively high temporal and spatial resolutions. The objectives 

of the current paper are to document and describe the modulation of time-mean and turbulent 
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flow by the presence of suspended sediment as a function of imposed sediment loading, and to 

identify and discuss the physical processes responsible for any measurable changes to the carrier 

fluid. 

Experimental set-up and measurement techniques 

Figure 1 shows a schematic diagram of the mixing box, which is nearly the same or identical to 

those used in previous studies [30–33]. It is a rectangular polycarbonate tank of dimensions 

0.320.32 m in cross-section, 0.40 m high, and 0.01 m thick. An aluminum grid consisting of an 

intersecting mesh of 0.01 m square rods and a mesh spacing of 0.05 m is located near the bottom 

of the box, which is attached to a stainless steel bar with an eccentric connection to an external 

electrical motor. The grid is located so that the lowest extent of its movement is always just above 

the bottom of the tank. For all tests reported here, the box is filled with tap water to a height of 

0.27 m. Prior to each experiment, a desired amount of sand is distributed uniformly as a thin 

layer on the bottom of the box before the grid motion is initiated. The grid oscillation produces 

a series of jets and wakes that generate turbulence in the box, which is sufficient to suspend sand 

grains and maintain them in suspension. 

Within a mixing box forced by an oscillating mono-planar grid, the magnitude of turbulence 

production P at the grid virtual origin is a function of the oscillating frequency f, stroke length S, 

and mesh size M [34,35]. In the present experiments, 𝑓 = 5 Hz, 𝑆 = 0.05 m, and 𝑀 = 0.05 m, 

thus P is constant. Different volumetric concentrations of sand v are used (0.3%, 0.45%, 0.6%, 

0.9%, 1.2%, and 1.4%), the median grain diameter d50 of the sand is 0.35 to 0.4 mm, and particle 

density (𝜌𝑝) is 2650 kg/m3. 

78 

https://0.32�0.32


 
 

               

           

          

           

             

       

      

                 

    

         

          

            

    

          

        

           

        

     

                

              

        

           

Particle image velocimetry (PIV) is used to measure velocities of the fluid and sand phases. The 

PIV system consists of a high speed camera, a 50 mJ Nd-YAG dual-cavity laser emitting 532 nm 

light, and an external timing hub connected to a computer for data acquisition and 

synchronization (Figure 1). A thin sheet 0.08 m from the sidewall in the x–y plane is illuminated 

by the laser light, where x is horizontal distance measured from the right wall of the box and y is 

vertical position measured upward from the highest position of the grid. Data are recorded from 

x/B = 0.01 to 0.99, where B is box width, and extended vertically from y/d = 0.02 to 0.98, where 

d is flow depth measured from the highest position of the grid to the water surface. For all tests 

reported here, d = 0.22 m. 

To distinguish between the two phases, fluorescent tracer particles are used to characterize the 

fluid motion. Fluorescent Rhodamine B particles are employed as tracers for the fluid phase. 

These particles reflect laser light with a different color and wavelength (>570 nm, red in color) as 

compared to sand particles (Figure 2). Once a test starts and reaches a steady condition, a long-

pass optical filter is mounted on the camera lens to isolate only the reflectance of the fluorescent 

tracer particles. PIV analysis of these images provides the fluid phase velocities. A second series 

of images is then recorded after replacing the red filter with a green optical filter (530 nm) to 

record the reflectance from sand particles only, which provides information on the sediment 

phase (the sediment turbulence data have not been included here). To quantify the turbulence 

signals for each phase, 2400 paired images are captured in a 30-second period at 80 Hz. The time 

lapse between pulses is set to 2500 𝜇s and interrogation areas applied in the cross-correlation 

algorithm are 3232 pixels. The calibration image shows that each pixel corresponds to 0.14 mm 

and spatial resolution of the PIV data is calculated to be 4.4×4.4 mm. An adaptive cross-
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correlation algorithm within the commercial software (DANTEC Dynamic Studio) is used to derive 

instantaneous velocities and vector maps based on the acquired paired images. 

A MATLAB program is used to analyze the PIV images and calculate the suspended sand 

concentration distribution. Each sediment-laden image is divided into 32×32 pixel windows.  

Sand particles are identified for each window, and the number of particles is counted. As shown 

in Figure 3, object size (in pixels) is plotted against light intensity for all identified objects for 400 

sand images. The object intensity is defined as the average intensity of the pixel associated with 

the specific object. As shown in Figure 4, some sand particles are completely illuminated in the 

laser sheet (particles 4 and 5), while other particles are partially illuminated (particles 1, 2, and 

3). As the intensity narrows and sharpens, a smaller part of the sand particle is illuminated. All 

sand particles are counted in the identification code, independent of being totally or partially 

within the laser sheet. Objects with average intensities between 0.35 and 0.8 and sizes between 

5 and 20 pixels are counted as sand particles (Figure 3). Sand particles slightly in front of or behind 

the laser sheet produced weak shadows; their signals are considered background noise and are 

subtracted from the image prior to analysis. 

In all experiments, the thickness of the laser sheet is approximately 2.5 mm. Volumetric 

suspended sand concentration C based on the number of sand particles for each position in the 

planar image was calculated as 

34 𝑑50𝑛 𝜋( ) 
𝐶 = 3 2 (1)

𝑉 
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where n is the number of sand particles in the window image (4.44.4 mm) and the volume V of 

the laser sheet at a given x-y is 48.4 mm3. 

All experiments were repeated several times for the same boundary conditions. The time-mean 

flow and turbulence results obtained from these repeated experiments are nearly identical. 

Results 

Flow characteristics 

Instantaneous and time-averaged flow statistics within the mixing box can be quantified using 

the PIV data for the tracer particles. Two-dimensional flow velocities are defined using the 

standard turbulence decomposition, 

𝑢′ = 𝑢 − [𝑢] (2) 

𝑣′ = 𝑣 − [𝑣] (3) 

where u and v are the instantaneous horizontal and vertical velocity components, the brackets 

define time-averaged values, and the primes indicate their fluctuating terms. The magnitude of 

the mean velocity Vf is defined by 

= ([𝑢]2 + [𝑣]2)0.5 𝑉𝑓 (4) 

Figure 5 shows the magnitude of the mean velocities in clear water and in sediment-laden flows. 

As can be seen in the clear water experiment, these velocities demarcate two symmetric 

circulation patterns in the flow field, extending to the top of the mixing box. This secondary 

circulation pattern has been observed in previous studies of turbulence generated by an 
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oscillating grid in a mixing box [32,33,36,37]. In most traditional mixing box experiments, 

secondary circulation flow is not an issue because the grid is located at the top or near the middle 

of the box, and a smaller combination of oscillation frequency and stroke length is employed 

[34,38,39]. For this study, a greater amount of kinetic energy at the bottom of the box was 

needed to suspended sediment and to maintain sediment in suspension, which necessitated the 

location of the grid and a larger stroke length. In doing so, a secondary circulation pattern was 

produced. 

The introduction of sediment and the variation of this sediment loading had a measurable effect 

on the secondary circulation within the box. The sediment in suspension has two effects on the 

secondary flow: (1) it decreases the velocity magnitude, and (2) it decreases the height of the 

secondary circulation cells, and both effects increase as sediment concentration increases. An 

important length scale can now be defined: Ds is the height of the secondary circulation pattern 

within the box. This length scale is shown schematically in Figure 5 and it is listed for all 

experiments in Table 1. As sand volume fraction is increases, the value of Ds decreases. 

The mean kinetic energy of the fluid phase per unit of mass MKE in the flow and its horizontally 

averaged value 〈𝑀𝐾𝐸〉, are defined by 

𝑀𝐾𝐸 = 0.5([𝑢]2 + [𝑣]2) (5a) 

〈𝑀𝐾𝐸〉 = 
1 
∫
𝐵 

𝑀𝐾𝐸 d𝑥 (5b)
𝐵 𝑥=0 

Horizontally-averaged values of mean kinetic energy 〈𝑀𝐾𝐸〉 are plotted as a function of 

normalized height above the grid 𝑦⁄𝑑 in Figure 6a for each experiment. In general, 〈𝑀𝐾𝐸〉 is 
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greatest just above the grid, and these values decrease toward the water surface. The clear-water 

values of 〈𝑀𝐾𝐸〉, however, are much larger than those observed in the sediment-laden flows. 

Moreover, as sand volume fraction increases, 〈𝑀𝐾𝐸〉 decreases, and 〈𝑀𝐾𝐸〉 → 0 above the 

region of secondary circulation where 𝑦 > 𝐷𝑆 (see Figure 5). 

The total mean kinetic energy of the fluid phase per unit of mass TMKE can be calculated using the 

following and values are listed in Table 1: 

𝑑 
𝑇𝑀𝐾𝐸 = ∫

𝑦=0 
〈𝑀𝐾𝐸〉 d𝑦 (6) 

The value of TMKE is relatively large for the clear-water flow, which is to be expected because of 

the clearly defined secondary circulation pattern shown in Figure 5a. The addition of suspended 

sediment, however, decreased TMKE by more than an order of magnitude, even in response to 

relatively low suspended sediment concentrations. This decrease in TMKE as the volumetric sand 

concentration v increases is the result of suppressing the magnitude of the secondary circulation 

cell and the decrease in Ds (see Table 1, Figure 5). Moreover, as v increases from 0.3 to 1.4%, 

TMKE decreases by two-thirds. 

To quantify the effect of sand suspension on the turbulence, horizontal and vertical root-mean-

square velocities of the fluid phase (urms and vrms, respectively) and turbulent kinetic energy per 

unit of mass TKE are defined as 

]0.5; ]0.5 𝑢𝑟𝑚𝑠 = [𝑢 ′2 
𝑣𝑟𝑚𝑠 = [𝑣 ′2 

(7) 

2 2𝑇𝐾𝐸 = 0.5 (𝑢𝑟𝑚𝑠 + 𝑣𝑟𝑚𝑠) (8) 
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Values of TKE can then be averaged horizontally using 

〈𝑇𝐾𝐸〉 = 
1 
∫
𝐵 

𝑇𝐾𝐸 d𝑥 (9)
𝐵 𝑥=0 

Values of 〈𝑇𝐾𝐸〉 for clear-water and sediment-laden conditions are shown in Figure 6b. For the 

clear-water condition, 〈𝑇𝐾𝐸〉 is a maximum near the grid and it decreases toward the water 

surface, similar to previous studies [32–34]. The response of 〈𝑇𝐾𝐸〉 under sediment loading 

conditions is, however, more complicated. In general, as v increases, 〈𝑇𝐾𝐸〉 decreases 

significantly. Yet when 𝜑𝑉 = 0.3%, 〈𝑇𝐾𝐸〉 is increased for 𝑦⁄𝑑 < 0.35, but it decreases when 

𝑦⁄𝑑 > 0.35 in comparison to the clear-water condition. When 𝜑𝑉 = 0.45%, there is no change 

in 〈𝑇𝐾𝐸〉 for 𝑦⁄𝑑 < 0.25, but 〈𝑇𝐾𝐸〉 is decreased for 𝑦⁄𝑑 > 0.25 in comparison to the clear-

water condition. As noted above, these experiments were repeated several times, especially 

using the clear-water conditions, and the results were nearly identical as those reported here. 

The total turbulent kinetic energy of the fluid phase per unit of mass TTKE can be calculated using 

the following and values are listed in Table 1: 

𝑑 
𝑇𝑇𝐾𝐸 = ∫ 〈𝑇𝐾𝐸〉d𝑦 (10)

𝑦=0 

With the addition of suspended sediment to the mixing box, from 0 to 1.4%, TTKE decreases by 

approximately one order of magnitude. 

Values of horizontally averaged total kinetic energy per unit of mass 〈𝑇𝐾𝐸〉 and the vertically 

integrated total kinetic energy per unit of mass TKE can be defined as 

〈𝑇𝐾𝐸〉 = 〈𝑇𝑀𝐾𝐸〉 + 〈𝑇𝑇𝐾𝐸〉 (11) 
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𝑇𝐾𝐸 = 𝑇𝑀𝐾𝐸 + 𝑇𝑇𝐾𝐸 (12) 

Values of 〈𝑇𝐾𝐸〉 are plotted as a function of 𝑦⁄𝑑 in Figure 6c, and values of TKE are listed in Table 

1. In general, the addition of suspended sediment markedly decreases 〈𝑇𝐾𝐸〉, and values of TKE 

also decrease by an order of magnitude as 𝜑𝑉 increases from 0 to 1.4%.  

From Figure 6, the decrease of 〈𝑀𝐾𝐸〉 due to the suppression of the recirculation cells (Figure 

6a) is also related to an altered energy transfer from the mean to the fluctuating velocity field, 

which may explain why the 〈𝑇𝐾𝐸〉 is increasing close to the wall for the smallest volume fraction 

(Figure 6b). The total kinetic energy of the flow provides a robust decreasing trend with 

increasing volume fraction (Figure 6c) that suggests an overall flow suppression induced by the 

suspended sediments consistent with stratified flows. 

To explore the vertical structure of turbulence isotropy, horizontally averaged values of turbulent 

kinetic energy per unit of mass 〈𝑇𝐾𝐸〉 can be normalized by horizontally averaged values of vrms 
2 

to define a non-dimensional turbulent kinetic energy TKE*, or 

2〈𝑇𝐾𝐸〉 1 〈𝑢𝑟𝑚𝑠〉 𝑇𝐾𝐸∗ = = (( ) + 1) (13)
(〈𝑣𝑟𝑚𝑠〉)2 2 〈𝑣𝑟𝑚𝑠〉 

The values are normalized by vrms 
2 rather than urms 

2 because the time-mean flow and secondary 

circulation patterns are oriented vertically and 〈𝑇𝐾𝐸〉 decays in the vertical direction. For 

isotropic turbulence, values of TKE* would be 1. As shown in Figure 7a, values of TKE* in clear-

water conditions appear to be invariant with flow depth, maintaining values close to 0.8. This 

result indicates that urms is slightly less than vrms when horizontally averaged, and this relationship 

is independent of height above the bed. In the sediment-laden conditions, the distributions of 
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TKE* are divided into three distinct regions (shown schematically in Figure 7b). Near the grid, 

values of TKE* range from about 1.1 to 1.5 as suspended sediment concentration increases, and 

turbulence within this region can be characterized as anisotropic where vrms is less than urms. 

Closer to the water surface, TKE* values range from about 0.9 to 1.0, which is indicative of 

isotropic turbulence. These two layers are separated in space by a zone of transition. The 

thickness of the lower layer, or the vertical distance from the grid to the transition area, defines 

a second important length scale D (Figure 7b). Values of D listed in Table 1 show that as sand 

volume fraction increases, D decreases and thus turbulence anisotropy increases in regions near 

the grid. Profiles of TKE* in the sediment-laden flows also show abrupt changes, which depict 

vertical confinement of turbulence mixing within the layer defined by D. 

The importance of the length scale D in the sediment-laden flows, which defines the length of 

confinement of vertical mixing, can be demonstrated as follows. Horizontally averaged values of 

TKE, vrms, and urms can be defined at 𝑦 = 𝐷 (and denoted by the subscript D), which then can be 

used to normalize all turbulence parameters as well as height above this layer. Figure 8 shows 

these results, displaying very strong collapse of all data onto a single curve. This systematic 

behavior across all volumetric suspended sediment concentrations strongly suggests that the 

vertical variations of turbulence within the mixing box could be explained, in whole or in part, by 

the existence of a layer of confined vertical mixing. 
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Turbulent length scales 

Integral length scales are calculated to further evaluate the effect of suspended sand on 

turbulence characteristics. Horizontal 𝜁𝑥 and vertical 𝜁𝑦 integral length scales are calculated using 

a two-point correlation approach defined as [40]: 

𝑅𝑥𝑥(χ, x, y) = [𝑢′(𝑥, 𝑦, 𝑡)𝑢′(𝑥 + 𝜒, 𝑦, 𝑡)]; 𝑅𝑦𝑦(χ, x, y) = [𝑣′(𝑥, 𝑦, 𝑡)𝑣′(𝑥, 𝑦 + 𝜒, 𝑡)] (14) 

1 𝜒0 1 𝜒0𝜁𝑥(x, y) = ∫ 𝑅𝑥𝑥(𝜒, 𝑥, 𝑦)𝑑𝜒; 𝜁𝑦(x, y) = ∫ 𝑅𝑦𝑦(𝜒, 𝑥, 𝑦)𝑑𝜒 (15)
𝑅𝑥𝑥(0,𝑥,𝑦) 0 𝑅𝑦𝑦(0,𝑥,𝑦) 0 

where 𝜒 is the spatial lag and 𝜒0 is the spatial lag at which the correlation function first becomes 

zero, and these values then can be horizontally averaged, similar to velocity values as above 

(Figure 9). For the clear water condition, horizontal 〈𝜁𝑥〉 and vertical 〈𝜁𝑦〉 integral length scales 

increase from the grid, from about 0.015 to 0.020 m near the grid to a maximum of about 0.04 

to 0.05 m near the water surface. These length scales are close in magnitude to the stroke S and 

mesh size M, or about 0.05 m. The value of 〈𝜁𝑥〉⁄〈𝜁𝑦〉 is a measure of the distortion of the 

turbulent eddies generated by the oscillating grid. For the clear-water condition, 〈𝜁𝑥〉⁄〈𝜁𝑦〉 = 

0.85 to 1.0 throughout the flow depth (Figure 10a), suggesting that the eddies are nearly circular 

in shape, which is consistent with previous studies [30,36,39]. 

The presence of suspended sediment has a marked effect of turbulent length scales. In sediment-

laden conditions, 〈𝜁𝑥〉 increases significantly in comparison to the clear-water condition at 

comparable distances from the grid. As suspended concentration increases, the minimum values 

of 〈𝜁𝑥〉 increase from about 0.02 to 0.04 m near the grid, whereas their maximum values increase 

from about 0.06 to 0.15 m at locations away from the grid. Changes in 〈𝜁𝑦〉 increase from about 
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0.02 to 0.04 m near the grid, whereas their maximum values increase from about 0.06 to 0.11 m 

at distances away from the grid. These maxima of 〈𝜁𝑥〉 and 〈𝜁𝑦〉 near the water surface also 

increase with sediment loading. For both 〈𝜁𝑥〉 and 〈𝜁𝑦〉 in sediment-laden conditions, all length 

scales are larger than those observed in the clear water conditions, and the maxima are much 

larger than the S and M length scales. 

The shape of the turbulent eddies changes when suspended sediment is present. Figure 10b 

shows the length scale ratio 〈𝜁𝑥〉 ⁄〈𝜁𝑦〉 as a function of height above the grid. Near the grid when 

𝑦⁄𝑑 < 0.3, 〈𝜁𝑥〉 ⁄〈𝜁𝑦〉 = 1.5 to 4.0, and this ratio increases toward the grid. At larger distances 

from the grid when 𝑦⁄𝑑 > 0.3, 〈𝜁𝑥〉 ⁄〈𝜁𝑦〉 = 1.0 to 1.5. This suggests that eddies, identified as 

spatially correlated flow regions, have a shape that is much larger along its horizontal axis 

compared to its vertical axis, close to the bottom wall; they become more spherical toward the 

water surface, while 〈𝜁𝑥〉 ⁄〈𝜁𝑦〉 always remains large when suspended sediment is present. 

Variations in eddy size in sediment-laden conditions can be related to the confined vertical mixing 

zone near the grid. Figure 7 defines the length scale D, which is the length of confinement of 

vertical mixing. The values of 〈𝜁𝑥〉 ⁄〈𝜁𝑦〉 are plotted as a function of 𝑦⁄𝐷 in Figure 10b. This 

normalization clearly demarcates a region of “flattened” eddies where 𝑦⁄𝐷 < 1 and 

〈𝜁𝑥〉 ⁄〈𝜁𝑦〉 ≫ 1, and a region of “more circular” eddies where 𝑦⁄𝐷 > 1 and 〈𝜁𝑥〉 ⁄〈𝜁𝑦〉 = 

1.0 to 1.5. Thus the observed changes in the integral length scales can be related to near-grid 

vertical mixing processes, and to some extent, to the highly concentrated sediment layer. 
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Suspended sand concentration profiles 

Discrimination of the sediment phase within the mixing box can be used to quantify the 

distributions of suspended sediment. Horizontally averaged suspended sediment concentration 

〈𝐶〉 is defined as 

〈𝐶〉 = 
1 
∫
𝐵 

𝐶d𝑥 (16)
𝐵 𝑥=0 

Figure 11a displays the vertical profiles of 〈𝐶〉 for all experiments. In general, 〈𝐶〉 reaches a 

maximum value just above the grid, and then these values decrease rapidly toward the water 

surface. Although the amount of sand placed into the box increases, the volumetric suspended 

sediment concentration within the flow decreases. The total volumetric suspended sediment 

concentration for each experiment 𝑇〈𝐶〉 can be calculated using: 

𝑑 
𝑇〈𝐶〉 = ∫ 〈𝐶〉d𝑦 (17)

𝑦=0 

and these are listed in Table 1. While 𝑇〈𝐶〉 shows a strong inverse relationship with 𝜑𝑣, the 

observed variations in 𝑇〈𝐶〉 are positively and strongly correlated with values of TKE. 

The vertical distribution of suspended sediment concentration can be used to define a third 

important length scale. The length scale DC is defined as the distance above the grid where 

suspended sediment concentration is at a maximum. Values of this length scale for all sediment-

laden experiments are listed in Table 1, and these show that 𝐷𝐶 = 0.10 m for 𝜑𝑣 = 0.30%, but 

𝐷𝐶 ≈ 0.03 m when 𝜑𝑣 ≥ 0.45%. Returning to Figure 11, 〈𝐶〉 can now be scaled by the maximum 

concentration observed at DC, or 〈𝐶〉𝐷 = 〈𝐶〉 at 𝑦 = 𝐷𝐶 , and the height above the grid can be 

scaled by D as noted earlier. By adopting these normalizing parameters, 〈𝐶〉⁄〈𝐶〉𝐷 is nearly 
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constant when 𝑦⁄𝐷 ≤ 1, whereas 〈𝐶〉⁄〈𝐶〉𝐷 assumes a distribution of suspended sediment 

similar to a Rouse profile when 𝑦⁄𝐷 > 1. 

Discussion 

The experimental results presented herein provide compelling empirical evidence that the 

presence of suspended sediment can markedly affect the time-mean and turbulent flow 

generated by an oscillating grid in a mixing box. Yet the results need to be unpacked carefully, 

since the many changes are occurring in tandem. To facilitate the discussion and interpretation 

of these results, a conceptual diagram has been constructed to capture the particle-fluid 

interactions observed (Figure 12), which is presented below. 

In clear-water conditions, the oscillating grid produces turbulence near the bottom of the mixing 

box (Figure 12a). Turbulent kinetic energy has a maximum near the grid, and it decreases toward 

the water surface. Integral turbulent length scales increase toward the water surface, and these 

relatively circular eddies scale in size with the grid stroke length and mesh size. Secondary 

circulation cells and a mean kinetic energy associated with those cells are created as a direct 

result of the grid being placed close to the bottom of the box and the relatively large stroke length 

employed.  

Once sediment is placed into the box and suspended, flow is measurably altered. The magnitude 

of the mean kinetic energy and the spatial scale of the secondary flow cells decrease in response 

to the presence of a relatively low concentration of suspended sediment (Figure 12b). While total 

kinetic energy decreases in comparison to the clear-water conditions, the total turbulent kinetic 

energy increases near the bottom due to the presence of suspended sediment and the potential 
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conversion of mean kinetic energy into turbulent kinetic energy (see also Figure 6b). But the 

vertical distribution of turbulent kinetic energy also changes; TKE values increase near the grid 

and decrease at distances far from the grid, and a confined region of turbulent mixing can be 

clearly identified, as denoted by the length scale D. This near-grid layer contains relatively high 

and nearly invariant concentrations of suspended sediment. Integral length scales also change; 

turbulence length scales increase in size but become relatively flatter (more elliptical) in near-

grid regions. 

Increased sediment loading in the box modulates the turbulent flow field even further. The mean 

and turbulent kinetic energy decrease markedly with an increase in sediment loading, the 

magnitude and spatial extent of the secondary circulation cells are diminished, and the region of 

confined vertical mixing is reduced (Figure 12c). Even though sediment loading increases, the 

total concentration of suspended sediment decreases, clearly the result of reduced TKE values. 

Length scales for the turbulent eddies increase with sediment loading, becoming much larger in 

scale in comparison to the grid’s stroke length and mesh size, especially as the distance from the 

wall increases. Note that a linear increase in the eddy size with the distance from the grid is a 

common feature of oscillating grid turbulence [34,35,38]. Its modulation due to sediment loading 

denotes a marked change in the structure of turbulence. 

The impact of suspended sand on fluid phase also can be demonstrated mathematically, starting 

with the turbulent kinetic energy equation, 

𝜕(𝑇𝐾𝐸) 𝜕(𝑇𝐾𝐸) [𝜌 ′𝑣′] 𝜕 [𝑣 ′𝑝′] 1 𝜕[𝑢] 𝜕𝑢 ′ 
+ [𝑣] = 𝑔 − ( + ⏟[(𝑢 ′𝑢′ + 𝑣 ′𝑣′)𝑣 ′]) − [𝑢 ′𝑣′] − 𝜈([ ])2 (18)⏟𝜕𝑡 ⏟ 𝜕𝑦 𝜌𝑓 𝜕𝑦 𝜌𝑓 2 ⏟ 𝜕𝑦 ⏟ 𝜕𝑦 ⏟ ⏟ 

1 52 63 4 
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where t is time, 𝜌′ is density variations, 𝜌𝑓 is the base water density (i.e., fluid phase base 

density), 𝑔 is gravitational acceleration, and 𝑝′ is pressure fluctuations. For steady state 

conditions, the first term is 0, the second term shows the TKE transport by mean velocity, the 

third term indicates the buoyancy flux because of density variations which is equal to 0, because 

there is no change in water density. The fourth and fifth terms show vertical of TKE flux by 

pressure fluctuations and turbulence itself. The sixth term indicates the shear production of 

turbulence and the last term is the dissipation of TKE per unit mass. The fifth term can be written 

1 
in the form of TKE (i.e., [(𝑢 ′𝑢′ + 𝑣 ′𝑣′)𝑣 ′] = [(𝑇𝐾𝐸)𝑣 ′]). Eq. 18 is thus simplified to 

2 

𝑑(𝑇𝐾𝐸) 𝑑 [𝑣 ′𝑝′] 𝜕[𝑢] 𝜕𝑢 ′ 
[𝑣] = − ( + [𝑇𝐾𝐸𝑣 ′])− [𝑢 ′𝑣′] − 𝜈([ ])2 (19)⏟⏟ 𝑑𝑦 𝑑𝑦 𝜌𝑓 ⏟ 𝜕𝑦 ⏟ 𝜕𝑦 ⏟ 

5
2 6 74 

Eq. 19 is non-dimensionalized by defining the characteristic length scale (L) and velocity scale (V), 

𝑦 = �̃�. 𝐿 and 𝑣 = �̃�. 𝑉; where, ~ indicates the dimensionless variable. 

̃) ̃ ̃𝑑(𝑇𝐾𝐸 𝑉3 𝑑 [𝑣 ′𝑝′] 𝑉3 𝜕[𝑢] 𝑉3 𝑉2 𝜕𝑢 ′ 
[�̃�] = − ( + [𝑇𝐾𝐸 ̃ ]) ̃𝑣′ − 𝜈([ ])2⏟̃ 𝑣′ −[𝑢′ ̃ ] (20)
⏟ 𝑑�̃� 𝐿 𝑑�̃� 𝜌𝑓 𝐿 ⏟ 𝜕�̃� 𝐿 ⏟𝐿2 𝜕�̃�⏟ 

5
2 6 74 

𝑑(𝑇𝐾𝐸 𝑑 ̃ 𝜕[𝑢] 𝜈 𝜕𝑢′̃ ) [𝑣 ′𝑝′]
[�̃�] = − ( + [𝑇𝐾𝐸 ̃  ]) − [𝑢′𝑣′] − ( ) ([ ])2 (21)⏟̃ 𝑣′ 
⏟ 𝑑�̃� 𝑑�̃� 𝜌𝑓 ⏟ 𝜕�̃� ⏟𝑉𝐿 𝜕�̃�⏟ 

5
2 6 74 

𝜈 
where, is the reversed of Reynolds number (1/Re).

𝑉𝐿 

In the presence of suspended sand, the fluid phase TKE equation is, 
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7 

𝜕(𝑇𝐾𝐸) 𝜕 [𝑣 ′𝑝′] 𝜕[𝑢] 𝜕𝑢 ′ 
([𝑣] − 𝑤𝑠) = 𝑔∗[𝑐 ′𝑣′] − ( + [𝑇𝐾𝐸𝑣 ′]) − [𝑢 ′𝑣′] − 𝜈([ ])2 (22)⏟ ⏟⏟ 𝜕𝑦 𝜕𝑦 𝜌𝑓 ⏟ 𝜕𝑦 ⏟ 𝜕𝑦 ⏟ 

3 5
2 6 74 

where 𝑔∗ = 𝑔(𝜌𝑝 − 𝜌𝑓)⁄𝜌𝑓) is the buoyancy difference between fluid phase and sand phase and 

its value is equal to 16.12; 𝑤𝑠 is sand settling velocity; and for sand with d50 between 0.35 and 

0.4 mm its value is equal to 0.05 m/s [41]. The second term includes the effect of downward 

settling velocity; and the third term indicates the vertical buoyancy flux by suspended sand. Eq. 

22 is non-dimensionalized by defining the characteristic length scale (L), velocity scale (V) and the 

concentration scale (W), 

𝜕(𝑇𝐾𝐸 𝑉3 𝑉2 𝜕(𝑇𝐾𝐸 𝜕 ̃ 𝑉3 𝜕[𝑢 𝑉3̃ ) ̃ ) [𝑣 ′𝑝′] ̃]
[�̃�] − 𝑤𝑠 = 𝑔∗𝑊𝑉[𝑐′ ̃ ] − ( + [𝑇𝐾𝐸 ̃ ]) ̃𝑣′ −⏟ ̃𝑣′ ⏟̃ 𝑣′ − [𝑢′ ̃ ]

𝜕�̃� 𝐿 𝐿 ̃ 𝜕𝑦 𝜌0 𝐿 ̃ 𝐿 ⏟ 𝜕𝑦 ̃ ⏟ ⏟ 𝜕𝑦 
3 5

2 4 6 

̃𝑉2 𝜕𝑢 ′ 
𝜈([ ])2 (23)

⏟𝐿2 𝜕�̃� 

𝜕(𝑇𝐾𝐸 𝑤𝑠 ̃ ) 𝑔∗𝑊𝐿 𝜕 ̃ ̃] 𝜈 𝜕𝑢′̃ ) 𝜕(𝑇𝐾𝐸 [𝑣 ′𝑝′] 𝜕[𝑢 
[�̃�] − ( ) = ( ) [𝑐′ ̃ ] − ( ⏟̃ 𝑣′ ) − [𝑢′ ̃ ] − ( ) ([ ̃𝑣′ + [𝑇𝐾𝐸 ̃ ] ̃𝑣′ ])2 
⏟ 𝜕�̃� 𝑉 𝜕𝑦 ⏟𝑉2 ̃ ⏟ ̃ 𝑉𝐿 ̃̃ 𝜕𝑦 𝜌0 ⏟ 𝜕𝑦 ⏟ 𝜕𝑦 

5
2 3 4 6 7 

(24) 

𝑤𝑠 𝑔∗𝑊𝐿 
Where, is Rouse number (Ro), and is Richardson number (Ri). Comparison between Eqns. 

𝑉 𝑉2 

21 and 24 indicates that in clear water flow Re controls the flow; and in the presence of 

suspended sand, two other dimensionless numbers in addition to Re are important, Ro and Ri. 

For the calculation, the characteristic length scale (L) is defined equal to vertical turbulent integral 

length scale at the bottom boundary (y = 0); characteristic velocity scale (V) is defined equal to 
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the square root of TKE at the bottom boundary (y = 0); and the characteristic concentration (W) 

1 𝐷𝑐 is defined equal to the total concentration in depth Dc (W = ∫ 〈𝐶〉d𝑦). The characteristic 
𝑦=0 𝐷𝑐 

scales (i.e., length, velocity and concentration) and the values of Re, Ro and Ri for different 

conditions (i.e. clear water flow and sediment-laden flow with different sand loadings) are listed 

in Table 2. As shown, in sediment-laden flows, Re is less than clear water flow. As sand loading 

increases, Re decreases. In the resulting of Re reduction, Ro and Ri increase. 

In sediment-laden flow, Ri values are almost one order of magnitude larger than Ro values (see 

Table 2). This results implies that suspended sand buoyancy forces are stronger than suspended 

sand settling forces. Noh and Fernando [25] proposed a criterion for the formation of a front in 

the presence of suspended particles in an oscillating grid tank. They asserted that if Ro is large 

enough to cause suspended particles settle rapidly, suspended particle concentration profile 

monotonically decreases to zero in depth. However, if Ri is large enough to cause that suspended 

particles buoyancy force dominates, suspended particles concentration tends to be uniform 

within a certain depth (i.e., suspension layer depth) and forms a front. They suggested that if Ri 

is larger than 2.2(Ro)2, the front forms. Comparing our result with Noh and Fernando [25] front 

formation criterion indicates that in all experiments, Ri is larger than 2.2(Ro)2 values and a front 

forms (see Table 2). Suspended sediment concentration profiles consist of two parts, a uniform 

high-concentrated layer near the grid and, a decreasing-in-depth low-concentrated layer above 

it. The uniform high-concentrated layer depth (Dc) decreases as Ro and Ri increases. In fact, the 

distribution of suspended sediment concentration in the current experiment satisfy the 

formation of the front (see Figure 11) as well as those data presented in Bennett et al. [32,33]. 
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It is clear that the presence of suspended sediment decreases the mean and turbulent kinetic 

energy in the mixing box. This is consistent with the results reported by [32,33]. Yet as soon as 

sediment is added to and suspended in the flow, stratification occurs as denoted by the length 

scales D and Dc. Huppert et al. [30] observed the formation of a stable self-limited layer of 

suspended sediment in their mixing box experiment, separated from the overlying layer by a 

sharp density interface, provided that a certain minimum mass of sediment is held in suspension. 

The occurrence of a density interface affects the magnitude and length scales of turbulence. The 

experimental results of Hannoun et al. [42] showed that close to a density interface, TKE and 

turbulence anisotropy increased and turbulent eddies were flattened. The numerical results of 

Ozdemir et al. [26] showed that a suspended sediment-induced stable density interface formed 

near the bed in an oscillatory flow and that turbulence is attenuated near the water surface. 

These noted changes are consistent with the results presented herein. 

Flow stratification within the mixing box decreases turbulent kinetic energy and increases 

turbulent length scales with increased sediment loading, but the combined effect decreases fluid 

eddy viscosity. Noh and Fernando [25] defined fluid eddy viscosity K* in a mixing box as: 

𝐾∗ = 𝑐𝜇𝑇𝐾𝐸
1⁄2𝑙 (25) 

where c is a constant and l is the length scale of turbulence. Using 𝜁𝑦 = 𝑙 for each height above 

the grid, Figure 13 plots the variation of horizontally-averaged K* as a function of 𝑦⁄𝑑. 

Horizontally-averaged values of K* are almost constant in vertical direction. This result is 

consistent with previous studies on oscillating grid turbulence. In mixing box experiments for 
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clear water condition, eddy viscosity is uniform with depth because TKE values decay away from 

the grid by the power law with exponent of 2 ( 𝑇𝐾𝐸 ∝ 𝑦−2) and integral length scale increase 

linearly in depth (𝑙 ∝ 𝑦) [34,35,39,43]. Here, the values of K* for sediment-laden flows are much 

smaller than the clear-water condition (50% or more smaller), and K* decreases with sediment 

loading (reduced by as much as 75% for 𝜑𝑉 = 1.4%). Flow stratification due to suspended 

sediment and a decrease in fluid eddy viscosity (or near-bed turbulence) has been observed in 

sediment-laden rivers [21], coastal and estuarine environments [29,44], and turbidity currents in 

the ocean [27]. The data presented herein are consistent with these previous results. 

Three important length scales are recognized within the mixing box. These length scales denote 

the extent of the secondary circulation DS, the height of the confined vertical mixing D, and the 

height of maximum suspended sediment concentration DC. In general, 𝐷𝑆 > 𝐷 > 𝐷𝐶 , and these 

values are strongly correlated to variation in total kinetic energy and turbulent kinetic energy 

(Table 1). All three length scales can be related to the formation of the stratified layer near the 

grid, and the vertical distributions of turbulence and suspended sediment concentration scale 

very well with D (Figures 8, 10, and 11). The relationship 𝐷𝑆 > 𝐷 > 𝐷𝐶 is to be expected because 

the force against vertical diffusion of suspended sand (F1), which is gravity acting on suspended 

sediments, is stronger than the force against upward turbulent mixing (F2), which is the force 

acting on fluid mass because of fluctuations. Both, F1 and F2, are stronger than the force against 

vertical mixing of mean flow (F3), which is the force acting on fluid mass because of time-mean 

flow. F1, F2 and F3 are defined by Eqns. 26-28, and their values are listed in Table 3 for sediment-

laden flows with different sand loadings. 
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𝐹1 ≅ 𝑔∗𝜌𝑝𝐷𝑐𝐵
2 (26) 

2𝐹2 ≅ 𝜌𝑓𝐵
2𝑉 (27)𝑟𝑚𝑠 

2𝐹3 ≅ 𝜌𝑓𝐵
2𝑉 (28)𝑚 

Where, Vrms is defined equal to the average of vrms in depth D, and Vm is defined equal to the 

average of [v] in depth Ds. 

Turbulence suppression in the mixing box is due to the creation of a stratified layer as a direct 

result of the suspension of sediment. As noted, a stratified layer with confined vertical mixing 

formed in response to sediment in suspension. As sediment loading increased for the given 

oscillation frequency, TKE, T[C], D, and K* all decrease and 𝜁𝑥 and 𝜁𝑦 increase. Any decrease in TTKE 

and K* would reduce the buoyancy flux for suspended sediment [45] and the amount of sediment 

maintained in suspension [46]. 

As sediment loading increases in the experiments, the amount of sediment observed at the 

bottom of the box increases. This sediment created discrete piles between the mesh bars. It is 

possible that the presence of this sediment below and within the grid could further modulate 

turbulent flow and stratification effects above the grid. In mixing box experiments, Huppert et al. 

[30] noted that as sediment loading increased, the depth of the sediment present on the bottom 

of the box increased. They too suggested this sediment could alter the bottom boundary 

conditions and affect the grid-generated turbulence in this region. In contrast, Bennett et al. 

[32,33] observed no such bottom-boundary effects in their mixing box experiments. 
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It should be noted that all data were collected within a single plane (at 0.08 m from the sidewall, 

or at 25% of the box total width). The time-averaged and turbulent flow fields likely exhibit spatial 

variations as a function distance from the box wall [47]. These variations could alter the resultant 

magnitudes of secondary circulation and turbulent kinetic energy as the flow responds to the 

imposed suspended sediment load. 

Conclusions 

The interactions between turbulent flow and the suspension of sediment were investigated using 

a mixing box and particle image velocimetry. Grid oscillation frequency, stroke length, mesh size, 

and total flow depth were held constant, while seven different loadings of quartz-density 

sediment 0.35 to 0.4 mm in diameter were imposed onto the flow (from 0 to 1.4% by volume).  

Two dimensional PIV data were collected at 80 Hz at a single position, and fluid and sediment 

particles were discriminated using polarized filters placed onto the camera lens. From these 

images, spatially resolved mean flow, turbulent statistics and particle concentration were 

calculated as a function of sediment loading. 

The primary results from this experimental campaign are summarized below: 

1. In the clear-water condition, the maximum turbulent kinetic energy values were observed 

near the grid and they decreased toward the water surface. The mean kinetic energy was 

non negligible and associated with secondary circulation cells within the box, turbulent 

length scales were similar to the grid mesh size and stroke lengths, and eddies were nearly 

spherical in shape. 
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2. The presence of sediment in suspension decreased the mean kinetic energy, reducing the 

spatial extent of secondary circulation, and it altered the turbulent kinetic energy within 

the box. At relatively low sediment loadings, the turbulent kinetic energy increased near 

the grid and decreased away from the grid, but the total kinetic energy decreased 

consistently. 

3. As sediment loading increased, total mean and turbulent kinetic energy, total suspended 

sediment, and fluid eddy viscosity all decreased, while the turbulent integral scales 

became larger and more anisotropic, resulting in progressively flatter eddies. 

4. Three important length scales were recognized within the mixing box. These were related 

to the height of the secondary circulation cells, the height of confined vertical mixing, and 

the height of maximum suspended sediment concentration, and all of these decreased 

with increased sediment loading, suggesting an equilibrium between sediment 

resuspension and turbulence modulation. 

5. The non-dimensional number controlling flow in clear water condition was Reynolds 

number (Re); in sediment-laden flows, controlling non-dimensional numbers were Re, 

Rouse number (Ro) and, Richardson number (Ri). In the presence of suspended sediment, 

Re decreased. As sand loading increased, Ro and Ri increased. In all sediment-laden flow 

experiments, Ri value was larger than Ro value. This result indicate that suspended 

sediment upward buoyancy flux was stronger than suspended sediment downward 

settling flux. Hence, sediment remained in suspension and formed a uniform high-

concentrated suspension layer with depth Dc producing flow stratification within the box. 
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Dampening of secondary circulations in depth DS and confining vertical turbulent mixing 

in depth D are related to vertical extent of this stratified layer. 

6. Flow stratification occurred within the box as soon as suspended sediment was 

introduced, consistent with previous studies. The important length scales defining the 

recirculation region, vertical mixing, and anisotropy were directly related to the vertical 

extent of this stratified layer. As sediment loading increased, the impact of this stratified 

layer on mean and turbulent flow and suspended sediment concentrations also increased, 

further modulating flow within the box. 

Mixing boxes with oscillating grids can be used to examine the turbulent transfer of flow and 

sediment within many geophysical flows [30]. The results presented here strongly suggest that 

flow stratification effects due to the presence of suspended sediment greatly affects time-mean 

and turbulent flow, consistent with similar observation in rivers, estuaries, and near- and deep-

marine environments. It is further speculated that sediment concentration results from the 

actual redistribution of energy between the mean and the fluctuating flow field. 
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Table 1. Summary of turbulence statistics, length scales, and suspended sediment concentration 

for all experiments. 

Volumetric 

Sand 

Concentration 

v 

TMKE 

(m2/s2) 

TTKE 

(m2/s2) 

TKE 

(m2/s2) 

D 

(m) 

Ds 

(m) 

Dc 

(m) 

T<C> 

0% 0.00430 0.0023 0.0066 NA 0.22 NA NA 

0.30% 0.00054 0.0033 0.0038 0.076 0.13 0.100 0.00097 

0.45% 0.00046 0.0025 0.0029 0.071 0.11 0.033 0.00049 

0.60% 0.00037 0.0018 0.0022 0.063 0.10 0.033 0.00045 

0.90% 0.00033 0.0015 0.0018 0.052 0.09 0.029 0.00035 

1.20% 0.00027 0.0009 0.0012 0.042 0.08 0.029 0.00030 

1.40% 0.00018 0.0006 0.0007 0.038 0.07 0.029 0.00025 
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Table 2. Summary of turbulence statistics, length scales, and suspended sediment concentration 

for all experiments. 

Volumetric 

Sand 

Concentration 

v 

L 

(m) 

V 

(m/s) 

W 

(dimension-

less 

concentration) 

Re Ro Ri 2.2(Ro)2 

0% 0.019 0.1 NA 1900 NA NA NA 

0.30% 0.01 0.11 0.23 1100 0.45 3.02 0.45 

0.45% 0.01 0.1 0.36 1000 0.50 5.89 0.55 

0.60% 0.009 0.09 0.33 810 0.56 6.00 0.68 

0.90% 0.009 0.088 0.33 792 0.57 6.16 0.71 

1.20% 0.0083 0.075 0.26 622 0.67 6.18 0.98 

1.40% 0.0082 0.06 0.22 492 0.83 8.14 1.53 
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Table 3. Summary of characteristics velocity scales in turbulent mixing and mean flow mixing 

depth, and forces against vertical suspended sand diffusion, turbulent mixing and mean flow 

mixing, || shows the absolute value. 

Volumetric 

Sand 

Concentration 

v 

Vrms 

(m/s) 

|Vm| 

(m/s) 

F1 

(kg.m/s2) 

F2 

(kg.m/s2) 

F3 

(kg.m/s2) 

0.30% 0.076 0.0065 439.3 7.78 0.67 

0.45% 0.068 0.0045 145 6.96 0.47 

0.60% 0.062 0.0034 145 6.35 0.35 

0.90% 0.059 0.002 127.4 6.1 0.21 

1.20% 0.05 0.0013 127.4 5.12 0.13 

1.40% 0.04 0.0007 127.4 4.1 0.072 
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Figure 3. Schematic top view diagram of the mixing box and PIV. 
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  (a) (b) 

Figure 4. Photographs of the mixing box illuminated by the laser sheet showing (a) tracer particles 

and (b) tracer particles and suspended sediment. 
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Figure 5. Object size (in pixels) versus object intensity (grayscale range normalized by 255) for all 

objects in 400 sand images recorded in 5 seconds; P is probability. 
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Figure 6. For a sediment-laden PIV image, (a) 32×32 pixel window with 5 sand particles, and 

intensity profile versus horizontal distance along profile for sand particle (b) 1, (c) 2, (d) 3, (e) 4, 

and (f) 5. 
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D 
s 

Figure 5. Comparison of velocity magnitude for (a) the clear water flow and for sand volume 

fractions of (b) 0.3%, (c) 0.45%, (d) 0.6%, (e) 0.9%, (f) 1.2%, and (g) 1.4%. Ds defines the height of 

the secondary circulation. 
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(a) (b) 

(c) 

Figure 6. Vertical profiles of horizontally-averaged (a) mean kinetic energy, (b) turbulent kinetic 

energy, (c) total kinetic energy. 
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Figure 7. Vertical profiles of (a) actual and (b) schematic <TKE> normalized by horizontally-

averaged vrms 
2. 
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(a) (b) 

(c) 

Figure 8. Vertical profiles of horizontally-averaged (a) urms, (b) vrms, and (c) TKE all normalized by 

the value at the interface depth D. 
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  (a) (b) 

Figure 9. Vertical profiles of horizontally averaged (a) horizontal and (b) vertical integral length 

scale. 
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  (a) (b) 

Figure 10. Vertical profiles of the horizontal integral length scale to the vertical integral length 

scale as a function of (a) y/d and (b) y/D. 
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Figure 11. Vertical profiles of time and horizontally averaged volumetric suspended sand 

concentration versus y/d as (a) measured and as a (b) schematic, and (c) suspended sand 

concentration values normalized by suspended sand concentration value at interface depth D. 

119 



 
 

 

             

       

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

  

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

  

 

 

Mean 

Turbulent Fl
o

w
 d

ep
th

 

Horizontal 

Vertical 

Ds 

(a) 

u 
rms 

v 
rms 

Kinetic Energy 

Length scale 

Horizontal 

Vertical 

Suspended sand 
concentration 

Mean 

Turbulent 

Kinetic energy 

Fl
o

w
 d

ep
th

 

Length scale 

(b) 

u 
rms 

v 
rms 

u 
rms 

v 
rms 

Dc 
Ds D 

(c) 

u 
rms 

v 
rms 

u 
rms 

v 
rms 

Fl
o

w
 d

ep
th

 

Dc 
D 

Suspended sand 
concentration 

Length scale 

Vertical 

Horizontal 

Mean 

Turbulent 

Kinetic energy 

Ds 

. 

Figure 12. Conceptual model for interaction between flow dynamics and suspended sand, for (a) 

clear-water flow, and sediment-laden flow at (b) low and (c) high loading. 
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Figure 13. Vertical profiles of fluid eddy viscosity for all experiments. 
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Conclusion 

Flow dynamics modulation by suspended sediment was investigated experimentally. A mixing 

box set-up with the grid location close to the bottom of the box and two-phase particle image 

velocimetry (PIV) were used. In the first step of the study, experiments were carried out for clear 

water conditions to investigate flow dynamics in a mixing box set-up with the grid located near 

the bottom of the box as a function of the grid oscillation condition (i.e., the combination of the 

grid oscillation frequency and the stroke length). Experimental results indicated that regardless 

of the grid oscillation conditions, oscillating grid turbulence in a mixing box with the grid located 

near the bottom is associated with non-negligible secondary circulation patterns producing time-

mean flow inside the box. In the second step of the study, sediment-laden flow experiments were 

carried out and an image analysis method was developed for measuring the velocities of two 

phases (i.e., fluid carrier phase and sediment phase) separately but simultaneously. In the third 

step of this study, flow dynamic modulation by suspended sediment was investigated as a 

function of sediment volume fraction. Experimental results indicated that suspended sediment 

markedly alters time-mean and turbulent flow characteristics. 

The main findings of this study are summarized below: 

1. Clear water mixing box experiments for different combinations of the grid oscillation 

frequency and the stroke length but the same grid shape, solidity, number and dimension of 

grid bars, and mesh spacing indicate that two symmetric circulation patterns were generated 

in all runs. For different combinations of the grid oscillation frequency and the stroke length, 

the intensities of these flows were different, but the general pattern was similar. In all runs, 
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the magnitude of the secondary mean flow was non-negligible. However, as the oscillating 

frequency decreased and the stroke length increased, the magnitude of the secondary mean 

flow increased. 

2. The spatial decay of turbulence was affected by the formation of the secondary circulations. 

Secondary circulation within the mixing box produced time-mean flow. Time-mean flow 

transported turbulence by advection; hence the decay of turbulence took place more slowly. 

This result was indicated empirically and demonstrated mathematically to show that in the 

presence of secondary circulations, turbulence decayed vertically with inverse height above 

the grid. However, in pure turbulence (i.e., in the absence of the secondary circulations), 

vertical decay of turbulence is characterized with an inverse distance squared relationship.  

3. An image-based method was developed for phase discrimination between fluid tracer 

particles and sediment particles based on two criteria, different particle intensity level and 

different particle size. The image analysis method was compared with the proven phase 

separation method for validation, using fluorescent tracer particles and optical filters. The 

results indicate the image-based method is an inexpensive and reliable method for phase 

discrimination in turbulent sediment-laden flows with dilute suspension regime. 

4. Sediment-laden mixing box experiments for different sediment loadings but the same 

sediment diameter size, grid oscillation frequency, stroke length, and mesh spacing indicate 

that flow dynamics inside the mixing box were modulated markedly in the presence of 

suspended sediment. Suspended sediment decreased both the vertical extent of secondary 

circulations and the magnitude of secondary mean flow; and both effects intensified as 

sediment loading increased. Moreover, vertical turbulent kinetic energy (TKE) distribution 
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was altered in the presence of suspended sediments. At relatively small sediment loadings, 

TKE increased near the grid and decreased away from the grid, but at relatively large 

sediment loadings, TKE decreased over the entire flow depth. 

5. In sediment-laden flows, three important length scales were identified within the mixing box, 

the vertical extent of secondary circulations (DS), the height of the confined vertical turbulent 

mixing (D), and the height of high-concentrated suspension layer (DC.). The values of these 

length scales are strongly correlated to total kinetic energy and generally 𝐷𝑆 > 𝐷 > 𝐷𝐶. As 

sediment loading increased, total kinetic energy decreased and hence these important 

heights became smaller. 

6. The non-dimensional number dominating flow in clear water condition is the Reynolds 

number (Re); in sediment-laden flows, dominant non-dimensional numbers are Re, Rouse 

number (Ro), and Richardson number (Ri). In the presence of suspended sediment, Re 

decreased. As sand loading increased, Ro and Ri increased. In all sediment-laden flow 

experiments, Ri value was larger than Ro value. This result indicates that suspended sediment 

buoyancy flux was stronger than suspended sediment settling flux. Hence, sediment 

remained in suspension and formed a uniform high-concentrated suspension layer with 

depth Dc creating flow stratification within the box. Dampening of secondary circulations in 

depth DS and confining vertical turbulent mixing in depth D are related to vertical extent of 

this stratified layer. Moreover, in the stratified layer, turbulent integral length scales became 

anisotropic and result in horizontally flat eddies, while above the stratified layer turbulent 

length scales were almost isotropic and energetic eddies were circular in shape, similar to 
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clear water flow. As sediment loading increased, the effect of this stratified layer on flow 

dynamics modulation intensified. 

The mixing box with an oscillating grid located near the solid bottom boundary along with two-

phase PIV can be used to study suspension mechanisms in turbulent flows. The experimental 

results presented herein strongly suggest that suspended sediment modulates time-mean and 

turbulent flow due to flow stratification. These results are consistent with similar findings within 

many geophysical flows such as rivers, estuaries and marine environments. These insights 

regarding physical processes controlling sediment suspension can have broader implications for 

studying a wide range of sediment-laden geophysical flows.  

Recommendations for future research 

The following recommendations are suggested to pursue further understanding of suspension 

mechanisms using the mixing box and two-phase particle image velocimetry. In this study, 

sediment volumetric concentration is the variable factor and the effect of sediment loading is 

investigated. The sediment size also affect flow dynamics modulation. Further experiments are 

required to evaluate the effect of sediment size. A series of experiments is needed to be carry 

out using the same mixing box set-up (i.e., the same grid oscillation condition and the same plane, 

0.08 m distance from the wall) for different sediment size with a constant total sediment volume 

fraction. Table 1 might be a good experimental design matrix example for investigation the effect 

of sediment size on flow dynamic modulation.  

Moreover, here, the grid oscillation condition (the oscillation frequency and the stroke length) is 

the same in all sediment-laden experiments. As sand loading increases, some amount of sand 
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deposit at the bottom of the box and the total amount of suspended sand concentration 

decrease. Deposited sand at the bottom of the box changes the bottom boundary in different 

sediment-laden experiments. Changing the solid bottom boundary might alter the turbulence 

distribution within the box. This limitation of the presented experiments is discussed in chapter 

3. To overcome this limitation, it is recommended that a series of experiments carries out with 

the same sand volume fraction orders used in this research but different grid oscillation 

conditions. The grid oscillation conditions should be selected so that the solid bottom boundary 

remain the same in all experiments. 

In this research, experiments are carried out for the plane with 0.08 m distance from the wall. 

However, as it is indicated in chapter 1, time-mean flow direction is upward in the center of the 

box and downward close to the walls. The magnitude of mean velocity also might be different in 

planes with different distance from the wall. To better understand time-mean flow modulation 

by suspended sediment, it might be helpful to perform experiments in planes with different 

distance from the wall. 
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Table 1. Summary of suspended sediment size and volume fraction distributions with the same 

grid oscillation condition in all experiments. 

Volumetric Sand 

Concentration 

(total) v 

Small sand 

0.25 mm < d50 < 0.3 mm 

Large sand 

0.75 mm < d50 < 0.9 mm 

0.7% 0 0.7% 

0.7% 0.7% 0 

0.7% 0.35% 0.35% 

0.7% 0.525% 0.175% 

0.7% 0.175% 0.525% 
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