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Abstract

:

Flow mapping around bridge piers is crucial in estimating scour development potential under different flow conditions. The reliable measurement of turbulence and the estimation of Reynolds stress can be achieved on scaled models under controlled laboratory experiments using high-frequency Acoustic Doppler Velocimeter Profilers (ADVP) for flow measurement. The aim of this paper was to obtain operation parameters for an array of Vectrino Profilers for turbulent flow field measurement to reliably measure the flow field around bridge piers. Laboratory experiments were conducted on a scaled river model set up in an open channel hydraulic flume. Flow field data were measured on three characteristic profiles, each containing five measurement points collected by ADVPs configured as an array of two instruments. The determination of the operation parameters was done as a two-step process—calibration through the flume’s pump flow rate and verification with Acoustic Doppler Current Profiler RioGrande field data. Based on the results, the following setup for ADVPs’ operation parameters can be used to obtain reliable flow data in the scour hole next to the bridge pier: adaptive Ping Algorithm, Transmit Pulse Size of 4 mm and Cell Size of 1 mm.
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1. Introduction


Insight into the flow environment in rivers across different scales and timeframes is important for all applications relying on detailed flow intensity information, such as the conveyance capacity of vegetated channels [1], environmental impact assessment for energy harvesting structures such as hydrokinetic turbines [2] or tidal turbines [3], the quantification of biogeochemical fluxes [4], suspended-sediment transport [5] or the morphodynamic evolution of confluences [6], to name a few. Environmental flows are challenging to observe and map due to the complex interaction of channel and overbank flow [7], flow in the river bends [8] and confluences [9]. Flow field data measurement is commonly conducted using the Acoustic Doppler Current Profiler instrument (ADCP) by transecting the river from a moving boat along the analyzed river section to obtain discrete spatial flow field data [10] or permanent mounting to obtain long-term time-series data for a single profile [11]. The factors currently hindering environmental surveys are related to time-consuming data acquirement, where the flow regime changes more rapidly than the cross-sections and can be surveyed across the analyzed river reach, as well as ADCP’s hardware limitations that cannot detail turbulence at the desired level [12].



To overcome the challenges imposed by the environmental flows, research can be conducted in a controlled environment, such as numerical simulations or hydraulic models in scaled laboratory experiments, with each having limitations of their own. The numerical modelling of water resources problems often aims to increase both spatial and temporal resolution, utilizing hardware resources to the maximum [13]. Hydraulic models can simulate the interaction of a large number of variables without explicitly declaring them, as required by the numerical model, and are often used to develop flow conditions further used to validate turbulence-simulated numerical models [14]. On the other hand, laboratory experiments are generally constrained by the flume size (length, width and depth) as well as the pump capacity for flow generation and therefore require significant scaling to accommodate both the model and flow. Scaling reduces the resolution of measured data, which can be noticeable for large-scale turbulence experiments [15] or when different motion mechanisms are simulated, such as sediment transport [16]. The development of 3D printing enabled the customization of the laboratory model to simulate structures in more detail, thus significantly improving the external perception of the relevant processes [17].



Laboratory experiments are usually deployed to collect the flow field in the vicinity of structures with great detail at the domain large enough to replicate prototype conditions in the river surrounding the structure that induces the turbulent conditions that are being simulated. Reliable turbulence data can be collected only if the data collection instruments operate at a high frequency, along with the acoustic doppler velocimeters (ADVs) [18] or experimental methods such as particle tracking velocimetry (PTV) and particle image velocimetry (PIV) [19]. ADV Vectrinos have been available since the 1990s as one of the most popular instruments for laboratory experiments, with several upgrades having been made, such as Vectrino II or the Vectrino profiler (ADVP) [20]. ADVs are versatile instruments for measuring turbulent and mean flows in hydraulic laboratories that can be used for various applications in fluid flow environments: velocity profiling in challenging situations, such as bores and positive surges [21] or turbidity currents [22], near-wall turbulence [23], turbulence in fish passes [24,25], flow–vegetation interaction [26], turbulence in scour holes [27,28], suspended ashes concentration [29,30], salinity estimation [31], etc. The Vectrino Profiler was released in 2011, offering velocity sampling in volumes ranging up to 30 mm over a 45–75 mm distance from the probe and sampling rates of up to 200 Hz. The sampling cell size is generally 1 mm but can be increased up to 4 mm, if needed, while the cell diameter remains 6 mm. The Vectrino evolution has immediately raised interest in the data quality and accuracy of ADVPs: Leng and Chanson [21] observed a close agreement between the ADVP and traditional ADV data for the same steady flow conditions while observing a discrepancy between instantaneous velocity fluctuations by an order of magnitude. Zedel and Hay [32] measured the flow in a turbulent jet with known flow properties and concluded that the two instruments provide similar values for mean velocities, Reynolds stress and energy spectra, noting that ADVPs’ sampling cell size is 2.5 times smaller than ADV’s, reflecting on the lesser signal needed to process the measurement. Voulgaris and Trowbridge [33] evaluated turbulence measurement with ADV and LDV and concluded that. while vertical turbulence intensity can be accurately measured, streamwise and spanwise components are influenced by the noise induced by the ADV’s geometry. Several researchers analyzed differences in measurements conducted with PIV. Craig et al. [34] towed the two ADVPs in a towing tank and showed that the mean velocity profile and log-law correspond well with the PIV data. Lacey et al. [35] compared velocities and turbulence statistics between stereo PIV and ADVP and found that mean longitudinal and lateral velocities have similar values only near the ADVPs’ “sweet spot”, while mean vertical velocities, TKE and Reynolds stress deviate substantially. Similarly, several other researchers have found that PTV and PIV produce very similar results near the ADVPs’ “sweet point”, e.g., Ruonan et al. [36] and Koca et al. [37], the latter demonstrating that the bed interference adversely influences the ADVP measurements as close as 1.7–5 mm above the bed.



Since ADVPs are inherently associated with laboratory experiments and therefore present a benchmark for flow velocity measurement, attempts were made to use them to evaluate velocities measured with larger ADCP instruments designed for shallow open flows, in turn operating with a lower sampling rate. The main difference between ADCP and ADV is in the sampling volume, where ADCPs’ large cell size dampens the turbulence on a smaller scale. Jourdain de Thieulloy et al. [38] compared unidirectional Single-Beam ADP velocity measurements along a 10 m tank profile with 3D ADV point measurements at four selected locations along the profile. They concluded that the mean velocity measured by the SB-ADP data has negligible bias compared to the velocity recorded by the ADV. Stone and Hotchkiss [39] compared the velocity profiles acquired by ADCP on two shallow stream sites, where the data correlated well with ADCPs’ high noise, reflecting the large standard deviation of the velocity data. Nidzieko et al. [40] compared the Reynolds stresses estimated from high pinging (20 Hz) ADCP and collocated ADVs collected at the field site in the tidal channel of Elkhorn Slough. They found a strong correlation between the ADCP and ADV data, with R2 = 0.86. Nystrom et al. [41] evaluated 3- and 4-beam ADCP velocity profiles on three locations within a large flume. The 4-beam ADCP corresponded with the ADV data better than the 3-beam ADCP, with Reynolds stress errors occurring near the transducer and the bottom as a result of ringing and side-lobe interference.



The aim of this paper is to determine the optimal operation parameters of Nortek’s Vectrino Profilers configured as an array of two instruments for turbulence measurement around bridge piers. The configurable velocity profiling parameters were Ping Algorithm (PA), Transmit Pulse Size (TPS) and Cell Size (CS). Data were collected in a hydraulic flume on a scaled model of the Drava River reach next to the railroad bridge in Osijek, Croatia. ADVP data were collected on three characteristic profiles—upstream and downstream boundaries of the river reach and bridge profile. The determination of the operation parameters was carried out as a two-step process—calibration and verification. The calibration of the parameters was carried out by integrating the experimental flow velocity data over the cross-section and calculating the flow rate, which, upon successful calibration, corresponds to the flume’s pump flow rate. The verification of the parameters obtained through calibration was carried out by comparing the ADVPs’ velocity profiles with the corresponding profiles measured at the field site with ADCP RioGrande. Once the optimal operation parameters for ADVPs are established at characteristic locations, the same setup can be used to obtain reliable flow data in the scour hole next to the bridge pier, which is used in subsequent research phases.




2. Methodology


To test the ADVPs’ operation (www.nortekgroup.com (accessed on 9 September 2022)), a scaled model of the Drava River’s reach in Croatia was used as a reference. This Drava River reach was selected because it is the location of the prototype railroad bridge selected for the investigation of scouring around bridge piers protected with riprap [42] under the R3PEAT project [43]. The prototype bridge is located in Osijek, Croatia on the Drava River 18 + 960 km (N 45.56056, E 18.70475, Figure 1). The bridge is a truss bridge with a total of three bridge openings, formed by the two piers located in the main channel and abutments on each riverbank. The largest bridge opening is between the piers—71 m wide—and the symmetrical openings between the piers and the associated abutment are 58 m wide. Two piers are identical (30 m high and 3.5 m wide), with riprap scour protection installed around them.



The flow regime of the Drava River at this river reach is pluvial—glacial, with low flows occurring during winter (January and February) and high flows occurring during spring and summer (May, June and July). The automatic gauging station GS Osijek is located at the river site; it has been operational for almost 200 years (since 1827). The catchment area up to the GS Osijek is 39,982 km2, with a mean long-term water level measured at 85.52 m above sea level (a.s.l.) and a corresponding flow rate of 552 m3/s. The flow conditions at the bridge site were measured with ADCP on three separate campaigns within the various research projects [44,45]. A summary of the measured hydraulic and hydrologic parameters averaged over the entire reach is given in the table (Table 1).



The physical model of the Drava River reach adjacent to the bridge was built in an 18 m-long, 0.9 m-wide and 0.9-m deep recirculating hydraulic flume in the Hydraulics laboratory under the University of Zagreb Faculty of Civil Engineering. The flume has a rectangular cross-section, with sides entirely made of glass for visual monitoring during the experiments, enclosed with inlet and outlet sections and a separate water tank, as shown in the schematic below (Figure 2). The working area of the flume selected for this research to accommodate the sand bed and pier model is 3 m long, 0.4 m wide and 0.8 m deep. The flow rate in the flume is controlled by two frequency-regulated Amarex pumps (www.ksb.com (accessed on 9 September 2022)) with a maximum capacity of ~50 L/s, while the water depth is controlled by a hinged flap gate at the flume outlet. A flow rectification system, aluminum “honeycomb”, is used at the flume inlet to direct the flow coming from the pump into the working section of the flume. Water levels are monitored remotely, obtaining data from two Geolux (www.geolux-radars.com (accessed on 9 September 2022)) LX 80-15 10 Hz Oceanographic Radar Level sensors fitted at the inlet and outlet of the flume’s working section. The model setup—the pier scour physical model scale and velocity measurement—were modelled according to the state-of-the-art literature [35,46,47,48,49,50,51]. The pier was modelled as a distorted scale in the vertical direction—the horizontal scale is 1:125 to the prototype, while the vertical scale is 1:11.18 with the sediment material of the prototype (ρ = 1.65 g/cm3) [52]. According to the Froude similarity principle, the velocity scale is 1:3.34 to the prototype. A bridge pier was included in the model to induce turbulence in the experiment, simulating the conditions occurring in bridge pier turbulence research.



Three-dimensional flow velocity data were measured using an acoustic Doppler velocimeter Vectrino Profiler from Nortek mounted on a mobile rail cart built for the hydraulic flume, which allows it to be placed at predefined measurement positions (Figure 3). The advantage of Nortek’s ADVPs lies in their ability to measure velocity profiles over larger flow depths in contrast to ADVs’ single-point measurement. ADVPs can measure velocity profiles in adjustable cell sizes, from 1 mm to 4 mm in height over a 30 mm range, allowing for investigations of spatial structures of the flow [53]. Another difference between ADVP and ADV is the measurement of two vertical velocity components, with the selection of the appropriate one left to the user. To determine data quality, ADVP provides information on the signal-to-noise ratio and correlation so that the user can filter the data in post-processing in this regard and reduce noise in the signal [54]. The methodological approach adopted for this research was derived from the standard hydrodynamic metrics found in the state-of-the-art review of hydraulics of scour processes around bridge piers. In the comparable studies, velocity was measured at uniformly spaced vertical profiles (~9 cm between profiles) [55], the number of instrument positions was set to measure the velocity profile along the entire flow depth [56] and the measurement duration was ≥60 s [55,57,58], with a sampling frequency of 100 Hz [34,38,56]. For the velocity and depth measurements, a structured raster of measurement points was established for the flow profile, which consisted of points covering the full flume width and depth distributed evenly over the vertical and horizontal measurement axes. Five vertical measurement axes were defined across the flume width, with one central axis and two axes on each side symmetrically distributed towards the flume sidewalls (Figure 3) to cover the entire width of the flume for flow rate calculation [59].



ADVP velocity measurements were performed on the three characteristic cross-sections of the model, as presented on the flume scheme. The first cross-section (XS-US) is positioned at the model inlet—the most upstream profile of the working section of the model, representing natural flow conditions in the river. The second cross-section (XS-DS) is positioned at the model outlet—the most downstream profile of the working section of the model, representing flow conditions in the river in a more complex environment due to the influence of the bridge piers on the downstream flow field. The third cross-section (XS-BR) was positioned immediately downstream of the bridge profile, representing the most complex flow conditions in the bridge opening, with wake vortices and recirculation occurring in the pier shadow. The locations of the characteristic cross-sections were selected to reflect both the model setup and the limitations of the flume. The position of the XS-US was selected at the start of the flume’s working section because flow contraction occurs at this point, accelerating and streamlining the flow through the working section. In this section, the flow is contracted, which corresponds well with ADVP measurements since the instrument cannot be placed directly next to the sidewall due to its physical configuration, displacing the first measurement vertical axis 4 cm from the sidewall into the active flow area. The lateral flow contraction increases the streamwise flow velocity component and reduces the spanwise component [60], effectively providing suitable conditions for flow rate measurement [61]. In the contracted cross-section, the recirculating region of the flow is smaller than the downstream [62] and allows for reliable velocity profile extrapolation between the measurement and sidewall. The position of the XS-BR is selected as close as possible to the bridge profile to reflect maximum turbulence conditions, which can be expected for scour applications. The position of the XS-DS corresponds to the end of the flume’s working section, where the flow profile is less disturbed than it is in the bridge profile, but with increased turbulence in comparison to the XS-US. All three cross-sections are representative for the scour experiments—from the approach section, scour location and flow alteration downstream. The selected characteristic cross-sections defined for the flume experiments correspond to the ADCP transects acquired during the field surveys.



The experimental setup for calibration included a total of four flow scenarios associated with the Drava River flow regime, combining two pump flow rates (20 L/s and 50 L/s) with two flow depths (20 cm and 30 cm). For the velocity and depth measurements, a structured raster of measurement points was established for the flow profile. The raster consisted of points covering the full flume width and depth, distributed evenly over the vertical and horizontal measurement axes. Five vertical measurement axes were defined across the flume width, with one central axis and two axes on each side symmetrically distributed towards the flume sidewalls (Figure 3). The number of horizontal measurement axes is dependent on the flow depth during the experiments—two axes were used for measurements during experiments with a flow depth of 20 cm, and three axes were used for a flow depth of 30 cm (Figure 4).



All velocity measurements were taken at a sampling frequency of 100 Hz in a profiling range of 40–70 mm from the central transducer. Velocities measured by the ADVP were filtered to remove noise from the measured data. The data were filtered by the Phase-Space Thresholding method [63,64], adapted as an algorithm for data pre-processing. The amount of filtered data was significantly below the guidelines suggested by the literature [65]. The operation parameters of Nortek’s ADVPs that can be user-defined are the Ping Algorithm (PA), Transmit Pulse Size (TPS) and Cell Size (CS) [66]. The ping algorithm controls the ping timing parameters to capture the correct velocity—it is varied between Max Interval and Adaptive Interval. Max Interval produces the longest possible ping interval to achieve the correct velocity, while the Adaptive Interval examines the returning echoes and calculates the correct velocity while minimizing acoustic interference. The transmit pulse size indicates the size of the sound wave transmitted through the central transducer, and the cell size determines the spatial resolution of the acquired data. Both the transmit pulse size and the cell size varied between 1 and 4 mm. When all varied parameters are considered, a total of 32 experiments were conducted, as summarized in the table (Table 2).



Once the calibration of the operation parameters is completed, the selected configuration was verified using the field data collected with ADCP surveys. The ADCP data collecting frequency was 3 Hz, collecting flow information in 20 cm bins across the flow depth, combined into one vertical velocity profile—“ensemble”. The verification of the flow velocity profiles measured in the flume was carried out by overlapping the ADVP data collected on vertical measurement axes with the corresponding ADCPs ensemble. During the field survey, ADCP was paired with real-time kinematic positioning (RTK-GPS) device, which provided real-time positioning data for each ensemble. The geolocation enabled the overlapping of the field data with the flume model corresponding to the river section modeled in the laboratory experiments. The differences between ADCP and ADVP data are evaluated using the root-mean-square error (RMSE) of the differences between velocities recorded by the ADCP in a single cell and measured by the ADVP in several cells corresponding to the position within the ADCP cell. The RMSE was calculated over the velocity profiles on the analyzed vertical measurement axes using the following equation:


  R M S E =      ∑  i = 1  N     (   V  i , A D V P   −  V  i , A D C P    )   2   N    ,  



(1)




where: RMSE = root-mean-square error for the analyzed vertical measurement axis [m/s], Vi,ADCP = velocity measured in a single ADCP cell [m/s], Vi,ADVP = velocity measured with ADVP in cells within the corresponding ADCP cell [m/s], N—number of points on the vertical measurement axis.



The verification of the results obtained by ADVP provides new insights into the reliability of the data collected on scaled pier models and provides guidelines for applications in subsequent research.




3. Results and Discussion


3.1. Calibration


The optimal operation parameters for ADVP were determined as the ones that produce a flow rate through the cross-section equal to the flow rate measured by the flume’s pump. The flume pump is calibrated regularly by the manufacturer as part of the laboratory’s maintenance and is thus considered reliable. During the experiments, the pump was reduced for the larger flow rate to preserve it during long experiments, and, therefore, the flow rate was less than the maximum capacity: ~46 L/s for three flow scenarios and ~49 L/s for the remaining flow scenario. The flow rate through the cross-section is calculated by integrating the flow velocity measured with the ADVP over the active flow area, analogous to the principle used by the ADCP instrument for flow rate calculation. The results for ADVP’s calibration procedure are analyzed separately for all three characteristic cross-sections and across all flow scenarios and the ADVP’s configuration used in the experiments. The following figures (Figure 5 and Figure 6) show the velocity profiles measured for all experiments, given for the XS-US. The figures are composed of a series of four experiments conducted with the same ADVP configuration, depicting the flow velocity profile for each vertical measurement axis.



The results show significant flow velocity profile differences between different configurations. As expected, higher velocities occur at higher flow rates. Common for all measurements is that the flow velocity profiles for configuration in good agreement with the pump flow rate are similar across all vertical measurement axes. For some experiments, vertical 1 deviates from the trend, which is expected, as the model was adjusted to reflect the mild curvature of the river at the model inlet, resulting in smaller velocities next to the left flume wall. The calibration results have shown that the calculated flow rates in the flume correspond best with the pump flow when the ADVP is configured according to the C6 configuration with the following parameters: Ping Algorithm set to Adaptive Interval, Transmit Pulse Size equal to 4 mm and Cell Size of 1 mm (Table 2 and Table 3). This configuration is closest to the pump flow rate for two out of four flow scenarios for the upstream cross-section, with two second best results for the remaining flow scenarios. The results for the downstream cross-section are similar—configuration C6 is the best, second best and third best for two, one and one flow scenario(s), respectively. The second-best overall configuration is shown to be C2, with one best and three third best results for the upstream cross-section and with one best and three second best results for the downstream cross-section. The only difference between the two best configurations is the selection of the Ping Algorithm, with the Adaptive Interval proven to be a more appropriate choice in this research. The configurations that differed the most from the pump flow rates were C5 for the upstream cross-section and C1 and C4 for the downstream cross-section. All three configurations have in common a significant difference between the transmitting pulse size and cell size. Therefore, the optimal configuration for the turbulence measurement around bridge piers is concluded to be configuration C6. Generally, when a relative variation from the pump flow rate is analyzed, all configurations have shown better results for deeper flows (d0 = 30 cm), while for lower flow rates and smaller flow depths (Q = 20 L/s, d0 = 20 cm), relative variations from the pump flow rate were two times higher. The average variation for shallower flows was, on average, 5.5% (ranging between 2.8% and 8.7% for both cross-sections and all four flow scenarios). The average variation for deeper flows was, on average, 4.2% (ranging between 2.1% and 6.6% for both cross-sections and all four flow scenarios.




3.2. Verification


Following the ADVP calibration, a verification procedure was conducted for the configuration C6 that produced flow rates closest to the pump. The flow scenario used for comparison was Q = ~50 L/s and d0 = 30 cm to satisfy the similarity with the prototype condition measured during the field survey m01 (Table 1). From the ADCP transects spanning across the river’s full width, a subsection corresponding to the flume’s active flow area was extracted to be used in the verification procedure. Specific ensembles within the transects corresponding to the vertical measurement axes used for ADVP measurements (Figure 4) were identified, and flow velocity profile data were extracted. The following figure shows a subsection of the ADCP transect measured at the upstream cross-section, with highlighted ensembles corresponding to the vertical measurement axes 1–5 at the XS-US (Figure 7).



When the flow velocity contour profile measured with ADCP, corresponding to the model’s XS-US, is compared between the measurements m01 (Figure 7) and m03 (Figure 8), it can be seen that the flow velocity significantly increases with an increase in the flow rate, while the spatial flow distribution is not affected. In this approach section to the bridge, an increase in the flow rate does not affect the flow velocity distribution in XS-US, and it can be considered that the relative flow field magnitude distribution during floods will not be significantly altered in comparison to the modelled flow environment.



The verification of the ADVP’s data was conducted for the selected ADCP bins corresponding to the location of the ADVP’s cells. Since the cell size used in the experiments was 1 mm, and ADVP can measure 30 mm of the velocity profile, according to the scaling principle used, the entire ADVP velocity profile fits within two ADCP bins. The results for the comparison are given in the following composite figure (Figure 9), composed of flow velocity profiles for each vertical measurement axis (1–5 from left to right) and characteristic cross-section (XS-US, XS-BR and XS-DS from top to bottom, respectively). Flow velocity profiles are presented in the prototype scale [m/s]. The ADCP’s profile covers the entire flow depth, while the ADVP’s profile covers the discrete sections depending on the instrument’s position. The ADVP’s measurements are presented as the average within the depth corresponding to the ADCP bin, thus containing two points per instrument location, connected with a red line. The dotted line connects successive ADVP measurements across the velocity profile section that was not measured.



The results show good agreement between the prototype and experimental velocity profiles, having in mind complex flow conditions on this river reach, which are noticeable from the ADCP profiles, which do not resemble the theoretical log-law profile. When the ADVP and ADCP data are compared, it is evident that two successive ADVP points for almost all instances have the same gradient as the corresponding ADCP bins. Velocity profiles measured on the verticals located closer to the left bank and centerline (1, 2 and 3) show good agreement. A larger difference in the measured velocities is present for profiles closer to the right bank (4 and 5), which might be influenced by the model setup. Noticeable differences between velocity profiles are present for the verticals XS-US-3 and XS-BR-4 XS-DS-2. For all vertical measurement axes, there is a visible difference in the ADVP trend of similar velocity magnitudes for the two topmost points, which is not always the case with ADCP data. This trend can be attributed to the more tranquil and streamlined flow in the model, while the flow field of the prototype near the surface can be influenced by secondary current drivers, such as wind or the presence of the survey boat. Additionally, flow velocities measured by the ADCP are shown to be biased close to the ADCP transducer, ranging to more than 25%, as reported by [67,68]. Similar differences are observed near the bottom, where the well-known phenomena of side-lobe interference influence the results, as described in e.g., [69,70,71]. Reynolds stress errors also occur in this area, as reported by Nystrom et al. [41] through the comparison of ADCP and ADV data. Apart from this, the only other noticeable difference that occurs is the mid-section of the measurement verticals XS-BR-2 and XS-BR-4, which are located in the bridge opening. Considering the increased turbulence of this zone influenced by the bridge pier, these results are satisfactory. To quantify the velocity profile similarity between the model and the prototype, the RMSE was calculated for each vertical, as described in the methodology section of the paper. The results are presented in the table (Table 4) for each cross-section.



The RMSE results are consistent across all profiles and measurement vertical axes, with no visible trend. The RMSE values averaged for the entire cross-section have an identical value for the upstream and downstream cross-section (0.14 m/s) and a slightly increased value for the bridge profile (0.144 m/s). This is to be expected considering the complex flow structure through the bridge opening. Both the highest and lowest RMSE values were observed in the bridge profile, with calculated RMSE values of 0.063 m/s and 0.186 m/s for XS-BR-2 and XS-BR-1, respectively. Overall, the RMSE is less than 10% of the averaged ADCP’s ensemble velocity, which is comparable to the findings reported in the literature (e.g., [40,67]). The analyses conducted in this research indicate that flow velocity measurements conducted with ADVP in an experimental model environment can be used to reliably simulate complex flow conditions around the bridge pier and can be subsequently used for scour-related investigations deriving turbulent kinetic energy or Reynolds stress from ADVP velocity fluctuations.





4. Conclusions


The focus of the research presented in this paper was identifying the optimal configuration of the Vectrino Profilers for the measurement of the turbulent flow field around bridge piers. A Drava River reach next to the railroad bridge in Osijek, Croatia was selected as a prototype location, as it is the focus of the R3PEAT project. For this purpose, a scaled model of the river section was set up in the hydraulic flume. A total of 32 laboratory experiments were conducted in the flume, under which instruments’ operation parameters were varied (Ping Algorithm, Transmit Pulse Size and Cell Size) and used for flow velocity profile measurement under a total of four flow scenarios associated with the Drava River flow regime, combining two pump flow rates (20 L/s and 50 L/s) with two flow depths (20 cm and 30 cm). To complement the experimental data, field surveys of the Drava River flow field using ADCP RioGrande were conducted on three separate field campaigns. The determination of the operation parameters was carried out as a two-step process—calibration through the flume’s pump flow rate and verification with ADCP field data.



For the calibration procedure, ADVP data were collected on characteristic profiles—model boundaries. The calibration of the parameters was carried out by integrating the experimental flow velocity data over the cross-section and calculating the flow rate, which, upon successful calibration, corresponds to the flume’s pump flow rate. The results show significant flow velocity profile differences between different instrument configurations. Generally, all configurations have shown better results for deeper flows. The average variation for deeper flows was, on average, 4.2% (ranging between 2.1% and 6.6% for both cross-sections and all four flow scenarios). The calibration results have shown that the calculated flow rates in the flume correspond best with the pump flow when the ADVP is configured according to the C6 configuration with the following parameters: Ping Algorithm set to Adaptive Interval, Transmit Pulse Size equal to 4 mm and Cell Size of 1 mm. This configuration is closest to the pump flow rate for two out of four flow scenarios for both upstream and downstream cross-sections.



For the verification procedure, ADVP data were collected at the model boundaries and, additionally, for the bridge profile representing reference conditions for the bridge scour investigation. Verification of the parameters obtained through calibration was carried out by comparing the ADVP’s velocity profiles with the corresponding profiles measured at the field site with ADCP. The selected characteristic cross-sections defined for the flume experiments correspond to the ADCP transects acquired during the field surveys. The differences between ADCP and ADVP data are evaluated using the root-mean-square error (RMSE) of the differences between velocities recorded by the ADCP in a single cell and measured by the ADVP in several cells corresponding to the position within the ADCP cell. The results show good agreement between the prototype and experimental velocity profiles. When the ADVP and ADCP data are compared, it is evident that two successive ADVP points for almost all instances have the same gradient as the corresponding ADCP bins. A larger difference in the measured velocities is present in the near-bed region and at the surface, which is consistent with the state-of-the-art review and limitations of the ADCP instrument. Overall, the RMSE is less than 10% of the averaged ADCP’s ensemble velocity, which is comparable to the findings reported in the literature.



The analyses conducted in this research indicate that flow velocity measurements conducted with ADVP in an experimental model environment can be used to reliably simulate complex flow conditions around the bridge pier and can subsequently be used for scour-related investigations deriving turbulent kinetic energy or Reynolds stress from ADVP velocity fluctuations. Based on the results, the following setup for ADVP’s operation parameters can be recommended to obtain reliable flow data in the scour hole next to the bridge pier: adaptive Ping Algorithm, Transmit Pulse Size of 4 mm and Cell Size of 1 mm.
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Figure 1. Orthophoto map of the case study area (a), photo of the bridge (b). 
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Figure 2. Scheme of the hydraulic flume setup. 
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Figure 3. Photo of the physical model working section and ADVP instruments mounted on a rail cart (a), and scheme of the raster of the measurement points for a single experimental cross-section (b). 






Figure 3. Photo of the physical model working section and ADVP instruments mounted on a rail cart (a), and scheme of the raster of the measurement points for a single experimental cross-section (b).



[image: Fluids 07 00315 g003]







[image: Fluids 07 00315 g004 550] 





Figure 4. Flume working section with measurement points: layout (a) and longitudinal profiles for a smaller flow depth (b) and larger flow depth (c), all lengths are given in centimeters. 
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Figure 5. Composite graph of the flow velocity profile for each vertical measurement axis on XS-US for configurations C1–C4 (from top to bottom). 
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Figure 6. Composite graph of the flow velocity profile for each vertical measurement axis on XS-US for configurations C5–C8 (from top to bottom). 
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Figure 7. The subsection of the flow velocity contour profile measured with ADCP and used for verification (m01), corresponding to the model’s XS-US. 
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Figure 8. The subsection of the flow velocity contour profile measured with ADCP during high flows (m03), corresponding to the model’s XS-US. 
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Figure 9. Comparison of flow velocity profiles measured for the prototype conditions (ADCP) and experimental conditions (ADVP). 
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Table 1. Summary of the measured hydraulic and hydrologic parameters from field surveys.
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	Measurement
	Date
	Flow Rate

[m3/s]
	Mean Flow

Velocity

[m/s]
	Water

Level

[m a.s.l.]
	Hydraulic

Radius

[m]





	m01
	4th May 2011
	388
	0.73
	80.86
	3.38



	m02
	10th June 2011
	541
	0.78
	81.73
	4.50



	m03
	9th June 2021
	790
	0.84
	83.07
	6.18
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Table 2. Configuration of ADVPs’ operation parameters and corresponding flow scenarios used for the experiments.
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Configuration

	
Ping

Algorithm

	
Cell Size

[mm]

	
Transmit

Pulse Size

[mm]

	
Nominal Pump Flow Rate

Q [L/s]

	
Flow Depth

d0 [cm]

	
Experiment

nr.






	
C1

	
Max

Interval

	
1

	
1

	
20

	
30

	
1




	
20

	
9




	
~50

	
30

	
17




	
20

	
25




	
C2

	
4

	
20

	
30

	
2




	
20

	
10




	
~50

	
30

	
18




	
20

	
26




	
C3

	
4

	
1

	
20

	
30

	
3




	
20

	
11




	
~50

	
30

	
19




	
20

	
27




	
C4

	
4

	
20

	
30

	
4




	
20

	
12




	
~50

	
30

	
20




	
20

	
28




	
C5

	
Adaptive

	
1

	
1

	
20

	
30

	
5




	
20

	
13




	
~50

	
30

	
21




	
20

	
29




	
C6

	
4

	
20

	
30

	
6




	
20

	
14




	
~50

	
30

	
22




	
20

	
30




	
C7

	
4

	
1

	
20

	
30

	
7




	
20

	
15




	
~50

	
30

	
23




	
20

	
31




	
C8

	
4

	
20

	
30

	
8




	
20

	
16




	
~50

	
30

	
24




	
20

	
32
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Table 3. Summary of the calculated flow rates obtained by the calibration procedure.
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Cross-Section

	
XS-US

	
XS-DS




	
Pump Flow Rate

	
20 L/s

	
46.5 L/s

	
49 L/s

	
20 L/s

	
46.5 L/s

	
46.1 L/s




	
Flow Depth

	
20 cm

	
30 cm

	
20 cm

	
30 cm

	
20 cm

	
30 cm

	
20 cm

	
30 cm




	
Configuration

	
Calculated Flow Rate [L/s]






	
C1

	
19.29

	
20.17

	
44.10

	
50.76

	
18.06

	
18.84

	
43.49

	
43.04




	
C2

	
18.95

	
20.19

	
46.64

	
49.90

	
19.55

	
19.78

	
44.92

	
45.52




	
C3

	
18.84

	
20.23

	
42.04

	
49.84

	
18.27

	
18.88

	
43.49

	
44.39




	
C4

	
18.73

	
20.98

	
45.72

	
44.12

	
18.21

	
17.97

	
44.18

	
42.47




	
C5

	
17.08

	
17.47

	
44.58

	
42.71

	
18.93

	
19.29

	
43.45

	
44.58




	
C6

	
18.97

	
20.12

	
46.15

	
48.26

	
19.15

	
20.67

	
46.13

	
46.66




	
C7

	
18.53

	
19.81

	
45.03

	
44.65

	
18.22

	
19.80

	
44.43

	
45.54




	
C8

	
18.46

	
21.33

	
45.10

	
47.42

	
18.73

	
20.82

	
43.76

	
44.87











[image: Table] 





Table 4. Calculated RMSE between ADCP and ADVP data.
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Cross-Section

	
RMSE for Vertical Measurement Axis [m/s]

	
Average RMSE [m/s]




	
1

	
2

	
3

	
4

	
5






	
XS-US

	
0.147

	
0.083

	
0.186

	
0.153

	
0.132

	
0.140




	
XS-BR

	
0.186

	
0.063

	
0.134

	
0.174

	
0.165

	
0.144




	
XS-DS

	
0.167

	
0.184

	
0.090

	
0.130

	
0.128

	
0.140

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
i = Xs-Us XS-BR XS-DS
Vecrtino profiler
ADVP | | | rail cart

flow rectification stainless-steel rail

/ system

working section
e

head tank hydraulic flume

He g_

reservoir

water pipe

frequency-regulated
pumps






nav.xhtml


  fluids-07-00315


  
    		
      fluids-07-00315
    


  




  





media/file18.png
~—PROTOTYPE (ADCP) —-=-MODEL (ADVP)

XS-Us-1 V [m/s] X5-US-2 V [m/s] X5-US-3 V lm/s] XSs-Us-4 V lm/s] XS-US-5 V [m/s]
o 03 1 15 2 0 05 1 15 2 0o 05 1 15 2 0 05 1 15 2 o 05 1 15 2
0 | | > 0 | ! > 0 ! | | > 0 ! | > 0 ! | ! >
02 — 02
04 — 04 T
0.6 0.6
0.8 — 08 +
o o : o
did, drd,
X5-BR-2 V lm/s] X5-BR-3 V m/s] XS-BR-4 V Im/s| XS5-BR-5 V [m/s|
0o 05 1 15 2 0o 05 1 15 2 o 05 1 15 2 0o 05 1 15 2
0 i | > 0 : : | >0 : : : >0 : : —

V [m/s]
2

—» 0 f f »






media/file16.png
Flow velocity scale [m/s]
0.900 1.350 1.800

0.450

0.000

o b 4

S ee BN o

o' m e " . in
p_emsaa g
g L e o
= mn_ o g m[-.u.ﬂ_ =) m ﬁ
..... T
g
| m - s ! m l_._ﬂ
s R
o e

o
[w] ypdag

50

Length [m]





media/file2.png





media/file5.jpg
@) (b)





media/file3.jpg
—
]

i





media/file1.jpg





media/file7.jpg
Wy
di,
"l

1o,





media/file10.png
0.2

Experiment 1

0.4 +

0.6 +

0.8 +

;

d/d,

0.2
04 +
0.6 +

0.8

Experiment 2

0.1

|
Experiment 3

;

Experiment 4

:

V [m/s] Experiment 9 V [m/s]
0.2 1] 0.1 0.2 0.3
> 04 | : -
0.6
0.8 -
1 h
d/
V [m/s] Experiment 10 V [m/s]
0.2 Q 0.1 0.2 0.3
f—m 0.4 f -
V [m/s] Experiment 11 V [m/s]
0.2 1] 0.1 0.2 0.3
— 0.4 i >
0.6 -
0.8 -
'1 3
d/d,
V [m/s]| Experiment 12 V [m/s]
0.2 ] 0.1 0.2 0.3
[~ 0.4 | >
0.6 -
0.8 -
1 L
d/d,

Vertical measurement axes

—profile 1 —profile2 —profile3 —profile4 —profile 5

Experiment 17 V [m/s]
0 0.1 0.2 0.3 0.4
0.2 f f f >
04 —+
0.6 +
0.8 +—
1
d/d,
Experiment 18 V Im/s]
0 0.1 0.2 0.3 0.4
0.2 | f | |->
04 +
0.6 +
0.8 +
1 9
d/d
Experiment 19 V [m/s]
1] 0.1 0.2 0.3 0.4
0.2 } i f >

Experiment 20
0.2

0.3

V [m/s]
0.4

0.4

0.6

0.8

-l Y
d/d,

-
-

Experiment 25 V [m/s]
0 0.2 0.4 0.6
0.4 f f —»
0.6 +
0.8 —+
1 X
d/d,
Experiment 26 V [m/s]
0 0.2 0.4 0.6
0.4 I f —»
0.6 —+
0.8 +
'] X
d/d,
Experiment 27 V [m/s]
0 0.2 0.4 0.6
0.4 f f —>

0
0.4

Experiment 28 V Im/s]
0.2 0.4 0.6

| | | -

0.6 —+

0.8 —+

1 X
d/d,

I I I L





media/file12.png
Vertical measurement axes

—profile1 —profile2 —profile 3 —profile4 —profile 5

Experiment 5 V [m/s] Experiment 13 V [m/s]
0 0.1 0.2 0 0.1 0.2 0.3
0.2 . f—w 0.4 f f—
0.4 +
0.6
0.6 —+ -
08 +
0.8 +
1 1
d/d, d/d,
Experiment 6 V [m/s] Experiment 14 V [m/s]
1] 0.1 0.2 0 0.1 0.2 0.3
0.2 i F—» 0.4 t } >
04 +
0.6
0.6 +
0.6 +
0.8 —+
1 i
d/d, d/d,
Experiment 7 V [m/s] Experiment 15 V [m/s]
0 0.1 0.2 0 0.1 0.2 0.3
0.2 + — 0.4 1 f—»
0.4 +
0.6 +
0.8 +
1 x -
d/d,
Experiment 8 V [m/s] Experiment 16 V [m/s]
0 0.1 0.2 Q 0.1 0.2 0.3
0.2 f [ ™ 0.4 | | [»
04 + L
0.6 +
0.6 + )
/ 0.8 +
0.8 +
1 1.
d/d, d/d,

Experiment 21 V [m/s] Experiment 29 V [m/s]
o 0.1 0.2 0.3 0.4 0 0.2 0.4 0.6
0.2 I I f B 0.4 I I —
0.4 +
0.6 }
g | \
1
d/d,
Experiment 22 V [m/s] Experiment 30 V [m/s]
0 0.1 0.2 0.3 0.4 0 0.2 0.4 0.6
0.2 I | I = 04 { I —»
0.4 +
0.6
0.6 +
0.8 +
0.8 +
1 X 1 3
d/d, d/
Experiment 23 V [m/s] Experiment 31 V [m/s]
0 0.1 0.2 0.3 0.4 0 0.2 0.4 0.6
0.2 t . = 04 I 1 —
04 +
0.6 +
0.6 +
0.8
0.8 +
1 - 13
d/d, d/d,
Experiment 24 V [m/s] Experiment 32 V [m/s]
0 0.1 0.2 0.3 0.4 0 0.2 0.4 0.6
0.2 | | | e 04 | | o»
04 + {
\ 0.6 +
0.6 +
0.8 +
08 +
1 1
d/d, d/d,





media/file9.jpg
A
T e
)
)






media/file0.png





media/file14.png
Flow velocity scale [m/s]

1.350

0.900

0.000

: i
“ - 1
[ae. ' " _
4 — -
|||||..|lI||||"| |||||||||||| “l |||||||||||| _"lln
|’ 1 | __
: —— w
“ ) ey
| -
[= : "ll -
1 | —
(o | 1 | |
— : | /)
e, i m Wm
|||||..|l|||||"| |||||||||||| ettt B ==
—— - /|
— " ) |
— " "

o, p—

B i e, SN,

0.00

= 2
[w] ydagg

4.00

[}

Length [m]





media/file8.png
(a)

(b)

(c)

#?*_ 200

- =

290 L
I[

300 )y

|
1 B i G Bk o 2 F ]
13&@#}2@ w1 1x |
12 - X 2 2% |
:3:& E; ® 3 3 X :
|4 N ® 4 43
5 X e ® 5 5% |
10 :
o 200 *
290 Iy
|
300 L,
7

290 L

300






media/file11.jpg
L)
AV
AT
5=






media/file6.png
dy/dy [%]

XX

o
o
>

b

(

b
x

(a)






media/file15.jpg





media/file17.jpg
EETEERA AL EL P e L]

uuuuuuuuuuuuuuuuuuu

uuuuuuuuuuuuuuuuuuu

uuuuuuuuuuuuuuuuuuu

TR I EET] ci3iss-?





