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Abstract

:

Large-scale coherent structures (LSCSs) in rough-bed open-channel flow (OCF) are significant in turbulence research. A recent breakthrough is the bimodal feature of LSCSs on regular rough-bed OCF (i.e., LSCSs exhibit two typical motions: large-scale motions (LSMs) and very-large-scale motions (VLSMs)). However, the presence and characteristics of LSMs and VLSMs in irregularly arranged rough-bed OCF remain unclear. Thus, in this study, high-precision indoor flume experiments were performed under typical irregularly arranged rough-bed conditions, and time-resolved particle image velocimetry was used for velocity measurements. Statistical quantities of velocity fluctuations revealed that the friction Reynolds number and roughness exerted a certain modulation on the velocity fluctuating properties. The spectra of velocity fluctuations provided direct and statistical evidence for the presence of LSMs and VLSMs in irregularly arranged rough-bed OCF. VLSMs contributed more than 60% of the streamwise turbulent kinetic energy and 40% of the Reynolds shear stress in the outer region of the irregularly arranged rough-bed OCF, which was slightly higher than that in the smooth-bed or regular rough-bed OCF scenarios. No apparent dependence of the wavelength of VLSMs on the flow submergence (H/d50) was observed in the present irregularly arranged rough-bed OCF, which is in contrast to that reported for regular rough-bed OCF. Furthermore, the relationship between the peak wavelength of VLSMs and the aspect ratio did not strictly follow a linear increase, in contrast to that documented in the literature.
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1. Introduction


Wall-bounded turbulent flows with smooth or rough walls/beds are ubiquitous in nature and engineering applications and have attracted increasing interest in the turbulence research community. Since the 1960s, it has been recognized that wide scales of coherent structures (or motions and eddies) are present in wall-bounded turbulent flows. The scales of these structures range from the viscous length scale    l *  =    ν / u   τ    ( ν  is the kinetic viscosity, and    u τ    is the friction velocity) to the outer length scale    δ o    (   δ o    can be the boundary layer thickness in the turbulent boundary layer, the pipe radius in pipe flow, the channel half-height in closed channel flow, and the water depth in open-channel flow (OCF)). Compared to small-scale coherent structures, which have been well characterized, large-scale coherent structures (LSCSs) at scales of the order of    δ o    have been less understood for a long time because of their inherent complexities and capturable and visualizable difficulties both in experiments and simulations.



One of the most important findings regarding the LSCSs over the past two decades is the discovery of their bimodal features (i.e., the LSCSs exhibit two types of motion, large-scale motion (LSM) and very-large-scale motion (VLSM)). LSMs and VLSMs were first documented by Kim and Adrian [1] (1999) in PF from the observation of two peaks at streamwise wavelengths of the order of pipe radii R and 10R (corresponding to LSMs and VLSMs, respectively) in the pre-multiplied spectra of streamwise velocity fluctuations. Although the origin of VLSMs remains unclear and under debate [2], the presence and characteristics of VLSMs have been identified in various wall turbulence scenarios, such as pipe flow [3,4,5], closed channel flow [6,7,8], the turbulent boundary layer [9,10,11,12], and the atmospheric surface layer [13,14,15]. The differences observed in the characteristics of VLSMs in different flow scenarios [16,17,18,19,20] indicate that boundary conditions play an important role in shaping the characteristics of VLSMs.



Investigations of VLSMs in OCF have emerged later than those of motions in other flows. To the best of our knowledge, the first study on VLSMs in OCF was conducted by Cameron et al., in 2017 [21]. Based on long-duration particle image velocimetry (PIV) measurements and pre-multiplied spectrum analysis, Cameron et al. provided the first experimental evidence of the presence of VLSMs in regular rough-bed OCF. Since then, investigations of VLSMs in OCF have received increased attention, and the presence and characteristics of VLSMs in various OCF scenarios, such as smooth-bed uniform OCF [22,23,24], smooth-bed decelerating OCF [25], smooth-bed narrow OCF [26], smooth-bed and particle-laden OCF [27], highly rough-bed OCF [28], regular rough-bed OCF covered with one movable sphere [29], and rough-bed OCF with streamwise ridges [18], have been investigated in recent years. Many unique characteristics of VLSMs in OCF compared to those in other wall flows have been revealed (e.g., the presence of VLSMs extends further away from the wall, accompanied by stronger strength in OCF and occurs at a much lower Reynolds number than that of the other walls flows), indicating the significant influence of the unique upper boundary condition of the free surface in OCF on VLSMs. The effects of turbulence coherent structures on the start and sustainment of sediment transport [30], the energy contribution of coherent structures in OCF to the entrainment of sediment particles, and the rearrangement of river bed surfaces [31] have also been well studied.



Although significant progress has been made in the research on VLSMs in OCF, relevant studies are still limited, and many problems must be clarified. One of the limitations of previous studies is that they were confined to simple bed conditions, such as a smooth-bed [32,33] or a regular rough-bed [34,35]. However, irregularly arranged rough-beds are more common in nature and require further investigation. Furthermore, although the VLSMs in rough-bed OCF (or more precisely, regular rough-bed OCF) have been preliminary investigated, some conclusions are still controversial and difficult to interpret; for example, for the bimodal feature of LSMs and VLSMs in the pre-multiplied spectrum of streamwise fluctuations, the results of regular rough-bed OCF configured with uniform spheres in Cameron et al. [21] show a bimodal feature, while the results of low submergence and highly rough-bed OCF in the study by Ferraro et al. [28] showed no bimodal features.



This study aims to fill the gaps in research on irregularly arranged rough-bed OCF and provide a better understanding of VLSMs in OCF, with an emphasis on the less understood flow scenario of irregularly arranged rough-bed OCF. This study demonstrates the characteristics and presence of LSMs and VLSMs in irregularly arranged rough-bed OCF through velocity statistics and power spectrum analysis, and an analysis of the relationship between the peak wavelength of VLSMs and the aspect ratio (B/H). The remainder of this paper is organized as follows: Section 2 describes the experimental facilities and analysis methods. Section 3 presents the accuracy verification of the current measurements by statistical quantities and then shows the presence and characteristics of VLSMs based on spectral analysis. Finally, Section 4 summarizes the principal findings of this study.




2. Methodology


In this study, the streamwise, wall-normal, and spanwise directions were represented by x, y, and z, respectively. The instantaneous velocities in the corresponding directions are represented by u, v, and w, with the corresponding time-averaged velocities indicated by U, V, and W, respectively, and fluctuating velocities indicated by     u ′    ,     v ′    , and     w ′    , respectively. All physical quantities normalized by friction velocity and kinematic viscosity are represented with a superscript “+”. The ensemble average is expressed as an overbar.



2.1. Facilities and Experiments


The experiments were carried out in a self-recirculating open-channel flume with a length of 28 m, a width of 0.56 m, and a height of 0.7 m at Chongqing Jiaotong University (as schematically depicted in Figure 1a). The channel bottom and sidewalls are composed of glass to facilitate the application of particle image velocity (PIV) measurements. The bed slope of the flume is adjustable, and the slope adjustment range is −0.1–0.7%.



Three rectifying grids with square holes of 25 cm2 were placed at the flume entrance to flatten the flow and eliminate the potential large-scale fluctuations generated by the circulating system. Seven ultrasonic water-level gauges were arranged along the flume to monitor the water depth.



The measurement section was located 12 m downstream of the flume inlet. The slope of the flume was maintained at 2.5% for all flow cases. Three flow cases with different water depths were considered. The corresponding friction Reynolds number range was from 1800 to 4200 and was sufficiently high and large for the study of VLSMs. Further details regarding the flow condition parameters are presented in Table 1.



A two-dimensional, high-frequency, high-precision PIV measurement system placed on a movable measurement frame above the flume was used to measure the instantaneous flow velocity.



The hardware of the PIV measurement system was composed of a high-speed CMOS camera (NX5-S2(Integrated Device Technology., California, America), 2560 × 1920 pixels), an 8 W semiconductor pulse laser, and a digital delay pulse generator. The laser wavelength was 532 nm, the sheet thickness was approximately 1 mm, and the single-pulse energy was 500 mJ. The maximum sampling rate of the PIV measurement system can reach 5000 Hz. Hollow glass spheres with a density of 1.03 g/mm3 and a median particle size of 10 mm were used as the tracer particles.



In each flow case, PIV measurements were performed at a sufficiently high frequency of 800 Hz to completely resolve small-scale coherent structures. The total sampling time duration T was sufficiently long, during which the main flow moved a distance along the streamwise direction TUm up to over 10,000 water depths h, to obtain convergent spectral results of VLSMs.



For all cases, the obtained particle images were post-processed using the PIV software with multipass and multigrid window deformation algorithms. The initial and final integration window sizes were 64 × 64 and 16 × 16 pixels, respectively, with an overlap of 50% applied along both the streamwise and wall-normal directions. The resultant inner-scale normalized vector spacing ranged from 4 to 12. Additional PIV parameters are listed in Table 2.




2.2. Power Spectrum


The power spectrum is used to analyze the spectral characteristics of coherent structures. Because the measured data were discrete signals, the windowed discrete Fourier transform was used to calculate the velocity power spectrum.


   E i  (  f x  ) =   ∑  n = 0   N − 1     u i ′    ( n ) W ( n ) exp  [   (    − j 2 π  N   )  x n  ]   



(1)




where    u i ′    is the fluctuating velocity,  i  = 1 and 2 represents the streamwise and wall-normal fluctuating velocity components, respectively,  j  is plural,    f x    is the frequency component, where   x = 0 , 1 , … … N − 1  , and  W  is the window function (in the present study, the Hamming window function was adopted). The power spectrum can be obtained as


   S  i j   (  f x  ) =  1  N M    |   [   E i  (  f x  )  E j *  (  f x  )  ]   |   



(2)




where   M =  1 N    ∑  n = 0   N − 1     W 2  ( n )     denotes the normalization of the window function. Based on Taylor’s frozen flow assumption and the convection velocity, the frequency-based power spectrum can be converted into the wavenumber spectrum as follows:


   S  i j    (   k x   )  =   u  ( y )    2 π    S  i j    (   f x   )   



(3)






   k x  =   2 π  f x    u  ( y )    =   2 π    λ x     



(4)




where    k x    is the wavenumber and    λ x    is the wavelength. Following the literature, the time-averaged streamwise velocity   u ( y )   was used as the convection velocity. Although the obtained spectrum can be distorted in the long wavelength range, especially in the near-wall region, due to the application of Taylor’s frozen flow hypothesis, this is still the most widely used method for obtaining the spatial spectrum for experimental studies. To facilitate comparisons with the results documented in the literature, a spectrum transformation based on Taylor’s frozen flow hypothesis was used.



Based on the power spectrum, the contributions of different scale structures to the turbulent kinetic energy or Reynolds shear stress can be quantified based on the cumulative contribution fraction. For example, the cumulative contribution fraction to      u i   u j   ¯    from all scales smaller than the wavelength    λ x   , denoted as    γ  i j     herein, can be obtained as


   γ  i j    (   λ x   )  =      ∫    2 π  /   λ x     ∞    S  i j    (     k x   ~   )  d    k x   ~          ∫ 0 ∞    S  i j    (     k x   ~   )  d    k x   ~        



(5)




and   1 −  γ  i j     quantifies the contribution from all scales greater than    λ x   .





3. Results and Discussion


3.1. Determination of the Theoretical Zero Point of Irregularly Arranged Rough-Bed


The theoretical zero point is an important parameter that must be predetermined for rough-bed turbulence research. However, it is difficult to accurately determine the theoretical zero point, particularly when the bed configuration is complex, owing to the complexity and variety of rough-wall configurations. Although many methods have been proposed in the literature, most are empirical, and the results obtained from different methods exhibit significant deviations. In this section, a more direct method is proposed to obtain a better estimation of the theoretical zero-point.



The new direct method is based on direct measurements of the rough-bed height, which are mainly realized by the high-precision structure from motion (SFM) technology [36]. The details of the method are explained herein by taking the rough-bed configurations used in this study as examples.



In this study, the rough-bed was configured with pebbles (median size d50 = 1.5 cm), and the rough-bed thickness was approximately 4d50 (Figure 2a). Figure 2b shows the reconstruction results of the bed topography and provides a preliminary demonstration of the random distribution feature of the rough-bed; where the gray pattern in the lower left corner of the figure is a cubic concrete block (7 × 7 × 7 cm3) used for calibrating the rough-bed height.



A large number of topographic photos of the bed surface were acquired (4000 × 3000 pixels and a focal length of 5 mm; over 1000 images were captured at each bed region of interest) by a movable camera to obtain accurate reconstruction results of the SFM. The camera was placed on a moving frame such that it could comprehensively move to change the imaging region, and the camera height was always kept constant. Dense and irregularly spaced interval photography ensures that the overlap rate between the two photos exceeds 60%. The real three-dimensional bed terrain was obtained by integrating topographic photos with the Agisoft PhotoScan software (https://www.agisoft.com/,version:1.4.5.7354, accessed on 18 November 2022), with a reconstruction error within ±0.6 mm [37].



Based on the reconstructed three-dimensional bed terrain, the bed surface height at each pointwise position can be obtained based on the relative coordinates shown in Figure 2c. The lowest point of the riverbed surface height was considered the virtual bed level. Figure 2d shows a statistical histogram of the obtained bed surface height. The height distribution is observed to be symmetrical and to have a normal distribution. This is consistent with the observations of Nikora et al. [38], who found that gravel bed elevation can be considered to have an approximate normal distribution. For the rough-bed configurations, the mean bed height was 4.2 cm with a standard deviation of 0.4 cm.



The average distance between the elevation of the lower accessible point and the maximum roughness crest level was calculated and taken as the equivalent roughness height. The calculated roughness height was 1.3 cm, which is equivalent to the median particle size of the pebble. A direct measurement of the peak-to-valley height of the roughness elements was obtained (1.8 cm) based on the detailed 3D reconstruction information of the SFM.




3.2. Profiles of Typical Statistics


A preliminary investigation of the turbulent characteristics was performed. Profiles of typical statistics, including the time-averaged velocity, Reynolds shear stress, and turbulent intensity, obtained for data verification are presented in this section.



The time-averaged velocity profiles are shown in Figure 3a. Two profiles at positions corresponding to the pebble top and pebble gap are presented to reveal the potential measurement position effects on the resulting profiles. With an increase in the water depth, the velocity continuously increases and reaches a maximum at the free water surface. The maximum velocities under the three flow cases were approximately 0.36, 0.47, and 0.58 m/s, respectively. At the same time, the second-order polynomial fitting curve and 95% confidence interval are added to the velocity distribution data. According to the confidence level, the velocity near the bed surface has a certain deviation, but the flow velocity in other areas has a high degree of reliability. It shows that the experimental results in this paper are reliable. Figure 3b shows the normalized velocity profiles, with the velocity normalized with the friction velocity and the wall-normal position normalized with the equivalent rough height. Based on Figure 3b, within the wall-normal range of 0.5   k s   –4   k s   , the velocity profile is consistent with the rough-wall logarithmic law proposed by Dong [39]. Comparisons between the profiles at the pebble gap and top (Figure 3a) demonstrate that measurement locations have an impact on the time-averaged velocity profiles, and the impact is stronger in the near-water surface region than in the near-bed region. However, it is also worth noting that the difference between the two profiles is not significant, which can be more clearly observed in the normalized velocity profiles in Figure 3b. Based on these observations, the results obtained at the pebble gap were analyzed. The results obtained at the pebble top are no longer presented for brevity.



Figure 4a shows the profiles of Reynolds shear stress. It is clear that the normalized Reynolds shear stress is in good agreement with the theoretical linear line in the outer flow region. Under the H100Ret4110 test condition, the dimensionless Reynolds shear stress per unit density attains a peak near y/H = 0.1 followed by a sharp decrease. The dimensionless Reynolds shear stress under H055Ret1780 and H075Ret2760 test conditions break over at y/H = 0.2. Compared with the other two groups of test conditions, H100Ret4110 shows that the sudden change in the Reynolds shear stress is closer to the bed surface, indicating that the turbulent structure tends to develop toward the bed surface under the condition of a large water depth. This linear variation can be verified by the net-force (wall-normal gradient of the Reynolds shear stress) profile (Figure 4b). In Figure 4b, the net force is roughly constant at the outer region, indicating a linear variation of Reynolds shear stress in the corresponding region. The variation of the wall-normal gradient of Reynolds shear stress near the bed surface is related to the aspect ratio (B/H). The wall-normal variation gradient of the viscosity effect under H100Ret4110 is small due to the smaller aspect ratio, and the net force distribution presents a larger slope.



Finally, the profiles of turbulence intensity are discussed. The streamwise and wall-normal turbulence intensities are presented in Figure 5a and 5b, respectively. The turbulence intensity under the three experimental conditions exhibited the same varying regularity, but the magnitude was different. With increasing distance from the bed surface, the turbulence intensity continuously increased, and the increasing trend of the wall-normal turbulence intensity became more intense. Subsequently, the turbulence intensity in both directions decreased as the water depth increased. The empirical formula proposed by Nezu and Rodi [40] and the experimental data from Witz [41] for regular rough-bed OCF were included for comparison. The main trends of the present results are in agreement with the empirical formula and experimental data in the literature, with the only difference occurring in the turbulence intensity magnitude. In general, the results of the present study and the experimental results from Witz are slightly higher than those of the empirical formula because the Reynolds number is higher. The turbulence intensity of the present study was slightly larger than that of Witz’s results because of the smaller roughness coefficient for the present rough-bed. Simultaneously, the friction Reynolds number and the roughness coefficient have a certain modulation effect on the streamwise and wall-normal velocity pulsations.




3.3. Presence of LSMs and VLSMs and Their Scales


Following the approach in LSM and VLSM studies, pre-multiplied spectra of streamwise velocity fluctuations,    k x   S  u u    , are presented in Figure 6 to show the presence of LSMs and VLSMs and their corresponding scales (the two white dotted lines). It is worth mentioning here that, as described by Peruzzi [26], to reduce the influence of spectrum distortion in the near wall region resulting from the application of Taylor’s frozen flow hypothesis, spectra in the near wall region of y/H < 0.1 only are obtained. These are not discussed in detail here. Given the fact that LSCS, including LSMs and VLSMs, scale in outer units, the coordinates of the wavelength and wall-normal position are expressed and normalized in the outer units.



Double peaks corresponding to LSMs and VLSMs can be clearly seen in the pre-multiplied spectrum of the streamwise velocity fluctuation shown in Figure 6. The double-peak phenomenon of LSMs and VLSMs in the present irregularly arranged rough-bed OCF is similar to that in the smooth-bed OCF [26] and the regular rough-bed OCF [21]. The spectral footprints of both the LSMs and VLSMs under the three conditions extend beyond y/H = 0.8, which is a unique characteristic of OCF. The existence of a VLSMs peak in the pre-multiplied spectrum also meets the requirement of the standard wall flow friction Reynolds number (Rτ > 1700).



To visualize the scales of LSMs and VLSMs in more detail, the streamwise wavelengths corresponding to the peaks of the LSMs and VLSMs are identified and compiled in Figure 7. The results from the literature, including the empirical curve proposed by Monty et al. [42] based on experimental data for PF and CCF, the results of narrow smooth-bed OCF from Peruzzi et al. [26], and the results of regular rough-bed OCF from Cameron et al. [21], are also included for comparison.



Based on Figure 7, the wavelength of LSMs shows a slight increase along the wall-normal direction, and the results of different datasets are similar. However, for the wavelength of VLSMs, although the wall-normal trends of different datasets are also similar, the wavelength values differ from each other, even though the aspect ratio ranges of different datasets are similar. For example, although the aspect ratios of test 7 in Peruzzi et al. (corresponding to smooth-bed OCF), the H120 case in Cameron et al. (corresponding to regular rough-bed OCF), and H055Ret1780 in the present study (corresponding to irregularly arranged rough-bed OCF) are all approximately 10, the wavelengths of VLSMs in different scenarios exhibit the following trend: smooth-bed OCF > regular rough-bed OCF > irregularly arranged rough-bed OCF. This observation contrasts with Cameron et al.’s speculation that the wavelength of VLSMs exhibits a dependence on the aspect ratio, based on which they proposed a linear relationship between the maximum wavelength of VLSMs along the wall-normal and aspect ratio. This conflict can be more clearly observed in Figure 8 and will be discussed later. Another interesting feature observed in Figure 7 is that the empirical curve obtained by Monty et al. roughly represents the upper envelope of the results of the present irregularly arranged rough-bed OCF.



To inspect the validity of Cameron et al. who proposed a relationship for the maximum wavelength of VLSMs along the whole water depth and flow aspect ratio, the results of the present irregularly arranged rough-bed OCF and those of Cameron et al. for a regular rough-bed OCF are depicted in Figure 8. Although the experimental data obtained by Cameron et al. for a regular rough-bed OCF satisfy well with the empirical relationship, the experimental data of the present study for the irregularly arranged rough-bed OCF exhibit deviations from the empirical curve. Considering this, the relationship proposed by Cameron et al. is not universal and must be revisited in the future.




3.4. Strength of VLSMs


After the presence and scales of LSMs and VLSMs have been determined, the strength of VLSMs (which can be quantified by their contributions to the turbulent kinetic energy and Reynolds shear stress) is further discussed in this subsection. It is worth mentioning that the strength of LSMs is not discussed since the consensus scale range of LSMs is still lacking; thus, the strength of LSMs has seldom been quantified in previous studies regarding LSMs and VLSMs. Furthermore, compared to LSMs, VLSMs play a major role in contributing to the turbulent kinetic energy and the Reynolds shear stress; therefore, the strength of VLSMs is more widely investigated in the literature [23], as well as in the present study.



Based on the spectra of streamwise velocity fluctuations    S  u u     and the cospectra of streamwise and wall-normal velocity fluctuations    S  u v    , cumulative contribution functions of    γ  u u     and    γ  u v    , which indicate the cumulative contribution fractions of different scale coherent structures to turbulent kinetic energy and Reynolds shear stress, are obtained. Figure 9 shows the    γ  u u     and    γ  u v     curves for the typical wall-normal positions. Figure 9 shows the scale range of VLSMs. Note that, following the widely used dividing scale in the literature, the streamwise wavelength of    λ x  = 3 H   was also adopted in the present study to divide LSMs and VLSMs (i.e., structures with    λ x  > 3 H   correspond to the scale range of VLSMs). Based on the    γ  u u     and    γ  u v     values at    λ x  = 3 H  , that is,    γ  u u    (   λ x  = 3 H  )    and    γ  u v    (   λ x  = 3 H  )   , the contribution of VLSMs to turbulent kinetic energy and Reynolds shear stress can be quantified by the values of   1 −  γ  u u    (   λ x  = 3 H  )    and   1 −  γ  u v    (   λ x  = 3 H  )   , which are denoted as guuVLSMs and guvVLSMs for brevity, respectively. For the cumulative energy fraction of the streamwise velocity fluctuations, the Reynolds number and water depth changes are not considered, as shown in the figure. More than 65.8% of the energy contribution is from VLSMs, and more than 38.9% of the energy is contained in wavelengths longer than 10H. Moreover, more than 47.5% of the Reynolds shear stress contribution is from VLSMs, and approximately 22–25% of the Reynolds shear stress is contained in wavelengths longer than 10H.



The wall-normal profiles of guuVLSMs and guvVLSMs are shown in Figure 10. The contributions of VLSMs to turbulent kinetic energy in the irregularly arranged rough-bed OCF are greater than those in the smooth-bed OCF (gray solid sign). Another apparent discovery is that the contribution fraction of VLSMs to the turbulent kinetic energy shows a similar trend (i.e., increasing first in the inner region and then decreasing along with the water depth) for all three Reynolds number sections as well as that in smooth-bed OCF. Here, guvVLSMs increase monotonically between 0 < y/H < 0.5. At y/H = 0.5, guvVLSMs reach approximately 0.5–0.6 and then gradually decrease. Similar to that of the smooth-bed OCF, VLSMs in the present irregularly arranged rough-bed OCF also play major roles in contributing to the turbulent energy and Reynolds shear stress. Comparisons between the results of the present irregularly arranged rough OCF and those of the smooth-bed OCF in the previous study by Duan et al. demonstrated that the contributions of VLSMs in the present irregularly arranged rough OCF are higher. As the turbulence intensity and Reynolds shear stress of the present irregularly arranged rough OCF are not lower than those of the smooth-bed OCF, the higher contributions of VLSMs to the turbulent kinetic energy and the Reynolds shear stress indicate that the VLSMs in the present irregularly arranged rough-bed OCF are stronger.





4. Conclusions


High-frequency and long-duration PIV velocity measurements were performed under typical flow conditions (friction Reynolds numbers ranging from 1800 to 4200) on the irregularly arranged rough-bed OCF to demonstrate the presence and characteristics of VLSMs in an irregularly arranged rough-bed OCF. The aspect ratio of the flow ranges from 5.6 (low) to 10 (moderate), and the large submergence of the flow (ranging from 3.6 to 6.6) allows comparisons with the results of other bed forms in the literature. The main findings are summarized as follows:



	(1)

	
The difference in the measurement locations (pebble gap and top) had a considerably small influence on the standardized time average velocity distribution. The typical statistics of the irregularly arranged rough-bed OCF are consistent with previous classical research. The friction Reynolds number and roughness coefficient have a certain modulation effect on the radial and vertical velocity pulsations.




	(2)

	
The double peak phenomenon of LSMs and VLSMs exists in the present irregularly arranged rough-bed OCF, which is similar to the results of the smooth-bed OCF and the regular rough-bed OCF. Under the same aspect ratio ranges, the wavelengths of VLSMs on the irregularly arranged rough-bed OCF appear minimal among different bed scenarios (i.e., smooth-bed OCF, regular rough-bed OCF, and irregularly arranged rough-bed OCF), and the result of the smooth-bed OCF is the opposite.




	(3)

	
The contributions of VLSMs to the turbulent kinetic energy and the Reynolds shear stress in the irregularly arranged rough-bed OCF are greater than those in the smooth-bed OCF. More than 60% of the turbulent kinetic energy and 40% of the Reynolds shear stress originate from VLSMs in the present irregularly arranged rough-bed OCF. Similar to those in the smooth-bed OCF, VLSMs in the present, irregularly arranged rough-bed OCF also play major roles in contributing to the turbulent energy and Reynolds shear stress.
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Figure 1. (a) Schematic of an open-channel flume (not to scale) and (b) PIV system arrangement (a small light guided glass plate (10 cm long, 5 cm wide and 0.2 cm thick) is arranged right above the water surface to eliminate the surface fluctuations). 
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Figure 2. Characteristics of the rough-bed: (a) realistic view of the rough-bed surface (18 × 15 cm2); (b) rough-bed terrain reconstructed by structure from motion (SFM) technology; (c) schematic of the height of the rough-bed surface; (d) probability distribution of bed surface height. 
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Figure 3. Time-averaged velocity profiles at different flow cases (Tip indicates that the starting point of the measurement is at the top of the pebble particles): (a) the time-averaged absolute velocity profiles; (b) the normalized velocity profiles processed by the friction velocity. 
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Figure 4. Wall-normal profiles of (a) the Reynolds shear stress and (b) the net force. 
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Figure 5. Profiles of (a) streamwise and (b) wall-normal turbulence intensities. 
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Figure 6. Pre-multiplied spectra of the streamwise velocity fluctuations. 
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Figure 7. Wall-normal distributions of streamwise wavelengths corresponding to the peaks of LSMs and VLSMs. 
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Figure 8. Maximum wavelength of VLSMs along the whole water depth versus flow aspect ratio. 
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Figure 9. Cumulative contribution fractions of different scale structures to the streamwise kinetic energy (guu) and Reynolds shear stress (guv). (a,d) H055Ret1780; (b,e) H075Ret2760; (c,f) H100Ret4110. 
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Figure 10. Wall-normal profiles of the contributions of VLSMs to (a) turbulent kinetic energy and (b) Reynolds shear stress. 
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Table 1. Flow conditions for each flow case (a).
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	Case
	H (m)
	B/H
	u (m2/s)
	Um (m/s)
	u* (m/s)
	Fr
	Re
	Ret
	ks+





	H055Ret1780
	0.055
	10.2
	1.03 × 10−6
	0.428
	0.034
	0.583
	22,757
	1785
	442



	H075Ret2760
	0.075
	7.5
	1.03 × 10−6
	0.506
	0.038
	0.590
	36,714
	2762
	494



	H100Ret4110
	0.100
	5.6
	1.03 × 10−6
	0.586
	0.042
	0.592
	56,671
	4110
	546







Notes: (a) H: water depth; B/H: width-depth ratio; υ: kinematic viscosity; Um: depth mean velocity; u*: friction velocity, determined based on the log law with the von Kármán constant k = 0.412 and additive constant A = 5.26; Fr, Froude number; Re = UmH/υ, Reynolds number; Reτ = u*H/υ, friction Reynolds number; ks+ = ksu*/υ, dimensionless roughness height.
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Table 2. PIV parameters for each flow case (a).
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	Case
	Image Size (Pixels)
	Resolution (Pixel/mm)
	Fs
	T (s)
	Number of Images
	Δx+
	TUm/h
	ΔTUm/h
	ΔT+
	y* (mm)





	H055Ret1780
	1024 × 128
	0.062
	800
	1879.25
	1503,400
	4.22
	14,616
	0.0097
	1.24
	0.0323



	H075Ret2760
	1496 × 128
	0.062
	800
	1544.51
	1235,610
	7.52
	10,422
	0.0084
	1.81
	0.0267



	H100Ret4110
	1600 × 128
	0.062
	800
	1684.99
	1347,990
	11.99
	9872
	0.0073
	2.46
	0.0229







Notes: (a) Fs, sampling frequency of the velocity fields; T, total image acquisition time; Δx+, inner-scaled vector spacing in the streamwise direction; ΔT+, time interval between successive velocity fields; y* = υ/u*, the viscous length scales.
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