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Abstract: This study investigates the role of symmetric wart-type baffles in facilitating fish passage under supercritical 

flow conditions in an open-channel flume. Experiments were conducted in a 7 m long, 0.5 m wide flume with a 2% bed 

slope at the Ujigawa Hydraulic Laboratory, Kyoto University. The impact of two baffle spacings (20 cm and 30 cm) on 

hydraulic characteristics was assessed and compared to a smooth channel. Velocity profiles, flow depth, and turbulence 

intensity were measured across ten longitudinal points to evaluate flow heterogeneity and energy dissipation. Results 

indicate that baffles significantly reduce flow velocity and create low-velocity resting zones critical for fish migration. The 

20 cm spacing configuration proved most effective, offering a balance of reduced velocities (0.5–0.9 m/s) and sufficient 

hydraulic diversity to support energy-efficient fish passage. In contrast, the 30 cm spacing resulted in higher velocities and 

reduced low-velocity zones, potentially challenging weaker swimmers. Turbulence intensity was lowest with 30 cm 

spacing (TImean= 0.053), indicating smoother flow but fewer refuges compared to 20 cm spacing (TImean= 0.069). The 

smooth channel exhibited uniform, high velocities, unfavorable for most fish species. These findings highlight the 

importance of optimized baffle spacing in fishway design to enhance river connectivity and support aquatic biodiversity. 
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1 INTRODUCTION 

 

Over the course of their lives, fish often undertake long-

distance movements between different habitats. These journeys 

may serve several purposes, such as seeking food and supporting 

growth (feeding migration), escaping unfavorable environmental 

conditions (refuge migration), or reaching suitable sites for 

reproduction (reproductive migration) (Lucas and Baras, 2001). 

The upstream movement of fish is often obstructed by man-made 

structures such as dams (Meshkati et al., 2025; Anzani et al., 

2025a–c), culverts (Kapitzke, 2010; Franklin and Baker, 2025), 

weirs (Ghodsian, 2023a,b; Anzani and Ghodsian, 2023; 

Sohrabzadeh and Ghodsian, 2022, 2024; Sohrabzadeh et al., 

2024a,b, 2025a–c; Mahdian Khalili et al., 2025), and road 

crossings, which can significantly hinder fish migration. These 

barriers have been shown to harm fish (Alcott et al., 2021; Lucas 

et al., 2009; Tamario et al., 2019), insects and other small 

animals (Blakely et al., 2006), mollusks (Liu et al., 2020), and 

their habitats (Birnie-Gauvin, Aarestrup, et al., 2017) by 

blocking access to important areas and resources. This can 

reduce populations, disturb reproduction, and limit gene flow 

(Wilkes et al., 2019). Such barriers block or disrupt migration 

pathways, which can significantly impact fish populations and 

even threaten the survival of certain species (Radinger and 

Wolter, 2014).  

For a fish to successfully traverse a culvert or tunnel, it must 

sustain swimming speeds greater than the flow velocity long 

enough to cover the entire length of the structure. If the water 

velocity within the culvert surpasses the swimming capacity of 

the fish, their ability to move upstream will be restricted or 

completely blocked (Crawford et al., 2025; Laborde et al., 2016). 

To address these challenges, fishways have been developed to 

restore longitudinal connectivity and facilitate fish migration in 

both upstream and downstream directions. Fishways are 

hydraulic constructions designed to counteract the adverse 

impacts of human-made obstructions in waterways, enabling fish 

to migrate both upstream and downstream and thereby 

reinstating longitudinal connectivity. 

There are different types of fishway such as Rock ramp (Swar 

et al., 2023; Stuart et al., 2024), Pool and Weir fish ladder 

(Alvarez-Vázquez et al., 2008; Krebs et al., 2021), Pool and 

Orifice fish ladder (Liu et al., 2022), Vertical slot fish ladder 

(Garcia and Rodríguez, 2020; Hameed and Hilo, 2021), Baffle 

fishway(Rajaratnam et al. 1991), and Fish elevator (Fuentes-

Perez et al., 2017).  

One strategy to improve fish passage through high-velocity 

environments, such as culverts or diversion tunnels, is the 

installation of baffles (Khodier and Tullis, 2018). Wart-type 

baffles, characterized by their low-profile, rounded, and 

symmetrical shapes attached to the channel bed or walls, are 

designed to increase hydraulic roughness and create localized 

low-velocity zones. Baffles increase flow depth, reduce flow 

velocity, and create resting zones that allow fish to conserve 

energy during migration. Olsen and Tullis (2013) evaluated the 

swimming performance of wild brown trout in smooth culverts 

equipped with baffles, finding that baffle installation 

significantly enhances fish passage success. Similarly, Khodier 

and Tullis (2014) observed two distinct resting zones for fish 

swimming upstream in baffle-equipped culverts. In the context 

of diversion tunnels, which are commonly used during dam 

construction or operation to reroute river flow, baffles can serve 

a similar purpose by modifying the hydraulic conditions to make 

the tunnel passable for fish. The advantage of baffle fishways 

over other fish passage methods lies in their effectiveness at 

slowing water flow and creating resting areas for fish (Feurich, 

2012). Moreover, Marsden (2017) demonstrated that baffle 

systems can provide hydraulic benefits; however, blockage 

remains a critical concern for designers when implementing such 



Hossein Sohrabzadeh Anzani, Sameh Ahmed Kantoush, Sohei Kobayashi 

12 

structures. According to Franklin et al. (2018), spoiler baffles are 

recommended for culverts with diameters greater than 1.2 m. If 

the diameter will be less than this amount, baffles will also 

decrease culver capacity, increase roughness and may increase 

the risk of blockage by debris. 

Researches of Rajaratnam et al. (1991) and Ead et al. (2002) 

confirm the baffle size is important factor. So, Barnes et al., 

(2008) examined different dimension of baffles. Results showed 

for slopes up to 2%, use rectangular baffles in alternating rows 

with 0.2 m between rows and 0.12 m between blocks. Barnes et 

al., (2008), examined suggests that using smaller baffles with the 

same configuration and spacing, may be more effective at 

reducing water velocities in culvert with slopes of 3% 

(Stevenson et al., 2008). 

Several studies have investigated the hydraulic characteristics 

of baffle-equipped structures, including culverts and diversion 

tunnels. Rajaratnam et al. (1991) and Rajaratnam and Katopodis 

(1990) measured flow velocity at the centerline of culverts using 

a Pitot-static tube, demonstrating the impact of baffles on flow 

dynamics. Field experiments by Pearson et al. (2013) showed 

that juvenile coho salmon prefer low-velocity zones near the 

walls of baffle-free corrugated culverts. The research by Pearson 

et al. (2006) shwed that culverts with baffles significantly 

improve juvenile fish passage compared to those without. 

Similarly, preliminary studies on diversion tunnels suggest that 

baffles can reduce flow velocity and create heterogeneous flow 

fields, enhancing their suitability as fish passage routes 

(Meshkati et al., 2025). Morrison et al. (2009) examined the 

interaction between juvenile fish passage and flow turbulence 

but found no significant correlation. Laboratory studies using 

particle image velocimetry (PIV) have further elucidated fish-

flow interactions in baffled structures. Liao et al. (2003) 

investigated the effect of vortices on rainbow trout swimming in 

a short channel section, showing that fish can exploit vortical 

flows to conserve energy. Tritico and Cotel (2010) studied the 

influence of vortex size and flow structures on swimming speed 

and stability, demonstrating effects on habitat selection, 

migration, and swimming performance. Smith et al. (2005) used 

acoustic Doppler techniques to show that juvenile trout prefer 

high-velocity, low-turbulence regions over low-velocity, high-

turbulence areas. Additionally, Feurich et al. (2011) used three-

dimensional simulations to demonstrate that spoiler baffles 

reduce flow velocity in culverts compared to baffle-free 

conditions. These findings are particularly relevant for diversion 

tunnels, where high flow velocities can be mitigated through 

baffle installation to create favorable conditions for fish passage. 

When flow velocity exceeds the swimming capacity of fish, 

successful passage becomes impossible. A widely adopted 

solution is the installation of baffles within culverts and 

diversion tunnels, which dissipate excess flow energy and create 

localized resting zones. According to Franklin et al. (2018), 

baffles, constructed as plates, blocks, or sills arranged in various 

patterns, enhance hydraulic roughness, reduce flow velocity, 

dissipate energy, and generate heterogeneous flow fields. These 

structures not only slow the water but also establish calm zones 

that provide refuge for fish during upstream passage. 

Previous studies on fishway design have primarily focused on 

subcritical flows or asymmetric baffles (Rajaratnam et al., 1991; 

Feurich et al., 2011; Franklin et al., 2018). These investigations 

demonstrated that baffles can reduce flow velocity and create 

low-velocity zones for fish resting; however, most of them 

addressed baffles in large culverts or low-gradient flows. In 

contrast, the influence of symmetric wart-type baffle spacing 

under supercritical flow conditions, which are common in 

diversion tunnels or steep channels, has received little attention. 

Moreover, limited information exists on how different baffle 

spacings affect turbulence intensity (TI) and velocity distribution 

under such conditions. In this study, the experimental model 

examines the role of baffles in facilitating fish passage through a 

diversion tunnel under supercritical flow conditions. In the 

absence of baffles, the flow within the tunnel remains fully 

supercritical, posing a significant barrier to fish migration. By 

introducing baffles, the influence of baffle spacing on hydraulic 

characteristics is systematically evaluated, with particular 

emphasis on velocity distribution, flow intensity, and the 

formation of resting zones within the tunnel. The results provide 

clear insight into the effectiveness of baffles as a hydraulic 

measure for improving the performance of diversion tunnels as 

fish passage routes, thereby contributing to the restoration of 

longitudinal connectivity in regulated river systems.  

 

2 MATERIAL AND METHODS 

2.1 Experimental Setup and Methodology 

 

The experiments were conducted using a recirculating open-

channel flume system at the Ujigawa Hydraulic Laboratory, 

Kyoto University (Fig. 1). The flume was constructed from 

transparent Plexiglas and featured a length of 7 m, a rectangular 

cross-section 0.5 m wide, and a fixed bed slope of 2%. Flow 

regulation was maintained through a constant-head supply tank 

coupled with a closed-loop pump system. Precise discharge 

control (Q= 15 L/s) was achieved using a Mitsubishi FREQROL-

A700 variable frequency drive (VFD), with fine adjustments 

performed via a calibrated gate valve. 

 

2.1.1 Baffle Configurations and Measurement Protocol 

 

The experimental program investigated the effect 

of symmetric wart-type baffles on flow characteristics 

under supercritical conditions. Velocity profiles were measured 

along the centerline within a 1 m test section located 5 m 

downstream of the flume inlet. Measurements were taken at 10 

transverse stations (A–J), each spaced 10 cm apart. At each 

station, vertical velocity data were collected from 10 mm above 

the bed to the water surface at 5 mm increments. Figure 2 shows 

a schematic view of the baffle configuration. Each baffle was 

cubic, with dimensions of 3.5 × 3.5 × 3.5 cm. 

Two baffle spacing configurations were tested: 20 cm (S = 20 

cm) and 30 cm (S = 30 cm). Three-dimensional velocity 

components at each measurement point were recorded using a 

Kenek VP3000 electromagnetic current meter, capturing 60 

samples at 100 Hz per point. All points were measured twice to 

ensure reproducibility. Flow depth at the midpoint of the test 

section was monitored using a digital point gauge (±0.1 mm 

accuracy), with video recordings serving as secondary 

verification. The system was allowed to stabilize for 10 minutes 

prior to data collection to ensure steady-flow conditions. 

A total of 210 measurement points were obtained: 30 for the 

smooth bed (baseline), 90 for the 20 cm baffle spacing, and 90 

for the 30 cm baffle spacing (Figure 3). 

 

2.1.2 Implications for Fish Passage 

 

The installation of symmetric wart-type baffles significantly 

alters the hydraulic environment in the flume. Baffles increase 

hydraulic roughness, dissipate flow energy, and create 

heterogeneous velocity distributions along the channel. These 

modifications generate localized calm zones, which are essential 

resting areas for fish attempting upstream passage under high-

velocity, supercritical conditions. 
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The spacing of baffles directly affects flow patterns: tighter 

spacing (S = 20 cm) produces more frequent zones of reduced 

velocity, potentially enhancing fish passage by offering shorter 

intervals between resting areas. Wider spacing (S = 30 cm) may 

result in longer high-velocity stretches, which could challenge 

weaker swimmers. Velocity profiles and depth measurements 

provide critical insights for designing fishways that optimize 

both energy dissipation and the availability of resting zones, 

ensuring safe and efficient passage for target species. 

  

 
(a) 

 
(b) 

  
(c) 

Fig. 1. Schematic diagrams of the experimental flume: (a) plan view, (b) side view (c) and side elevation. 

  

 
(a) 

 
(b) 

 
(c) 

Fig. 2. Schematic representation of the baffle configuration showing (a) plan view, (b) side view, and (c) side elevation. 

 

 
Fig. 3. Number of experiments. 
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3 RESULTS 

3.1 Velocity Distribution 

 

Figure 3 illustrates the radar charts of depth-averaged 

velocity. In this study, the depth-averaged velocity represents the 

time-averaged velocity integrated over highlights spatial 

variability under different roughness scenarios. This 

visualization enables a rapid comparison of the overall flow 

structure across the channel and highlights spatial variability 

under different roughness scenarios. 

In the smooth channel, the radar chart reveals a nearly circular 

and balanced distribution of velocities, with only minor 

fluctuations between channel points. This indicates a relatively 

uniform velocity field, which lacks strong heterogeneity across 

the cross-section. While such conditions might support efficient 

bulk transport of water, they offer limited hydraulic diversity and 

relatively fewer refuge zones for fish. 

With the introduction of baffles at 20 cm spacing (S = 20 cm), 

the radar plot becomes markedly irregular. Some points (e.g., H, 

I, J) show noticeably higher velocities, while others remain 

significantly lower. This irregularity highlights the emergence of 

spatial heterogeneity within the channel, where areas of reduced 

flow coexist with faster currents. From an ecological perspective, 

this heterogeneity is highly beneficial. Slower zones can serve 

as resting areas for fish, while faster jets provide pathways for 

active swimming and orientation. Furthermore, under the wider 

baffle spacing condition (S = 30 cm), the radar chart shows a 

moderate level of irregularity, while the average velocities are 

generally higher compared to the denser baffle arrangement (S = 

20 cm). This suggests that while roughness increases overall 

turbulence and mixing, excessive roughness may lead to elevated 

average velocities at many channel points, potentially increasing 

the swimming challenge for weaker species. Nevertheless, the 

persistence of velocity variability ensures that certain low-

velocity regions remain available, which may temporarily reduce 

the energetic cost of upstream movement. 

 

 
Fig. 4. Radar chart of velocity. 

 

3.2 Velocity Contours and Implications for Fish Passage 

 

To understand the hydraulic conditions and potential fish 

passage performance within the experimental flume, velocity 

distributions were visualized using velocity contour plots for all 

three scenarios (Fig. 4). Contour plots provide a continuous 

representation of flow magnitude over the depth and along the 

channel length, allowing clear identification of high- and low-

velocity regions that could affect fish movement. This approach 

ensures that the flow near the bed, where resting zones for fish 

are likely to form, is represented accurately. Using filled 

contours with clearly labeled contour lines, regions of 

accelerated flow and relative calm are easily distinguishable.  

In the smooth bed scenario (no baffles), the velocity contours 

show a more uniform distribution along the depth, with gradual 

acceleration towards the channel centerline. In contrast, the 

baffle cases (S = 20 cm and S = 30 cm) demonstrate significant 

modification of the flow field. Baffles induce localized 

turbulence and energy dissipation, creating alternating zones of 

lower and higher velocities. These low-velocity zones adjacent 

to the baffles represent potential resting areas for fish, while the 

high-velocity zones indicate regions that could challenge fish 

passage if the velocity exceeds the swimming capacity. 

Moreover, the spacing of the baffles clearly influences the flow 

pattern. The closer spacing (S = 20 cm) results in more frequent 

low-velocity pockets, whereas wider spacing (S = 30 cm) 

produces larger, but fewer, calm areas. 

 

 
Fig. 5.Velocity Contour plot for different conditions. 

 

3.3 Heatmap analysis 

 

Figure 5 presents the heatmaps of velocity distribution at 

various depths and channel points. 

 

 
Fig. 6. Heatmaps of velocity distribution across channel points (A–

J) and depths under three conditions. 

 

In the smooth channel, the heatmap shows relatively uniform 

velocity distributions across most channel points and depths. The 

color gradient is nearly homogeneous, with only minor 

variations between the upper and lower measurement depths. 

This uniformity indicates that the flow field lacks spatial 

heterogeneity, leading to limited hydraulic complexity within the 

channel. Although such conditions may favor efficient water 

conveyance, they provide minimal velocity refuges that are 

essential for fish passage. When roughness elements with a 

height of 20 cm are introduced, the velocity distribution becomes 

markedly irregular. Certain points exhibit zones of relatively 

high velocity, while others remain in lower ranges. The 

heterogeneity revealed by the heatmap highlights the formation 

of coexisting fast and slow flow regions. From a hydraulic and 

ecological perspective, this variability is advantageous, as 

reduced velocity zones may function as temporary resting areas 

for fish, while faster jets provide orientation cues and pathways 
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for active swimming. At the highest roughness condition (S = 30 

cm), the heatmap indicates a moderate irregularity, yet the 

average velocity values are generally higher than those at S = 20 

cm. This suggests that increased roughness heightens turbulence 

and mixing intensity, thereby raising the overall energy in the 

flow field. While elevated velocities may challenge weaker 

swimming species, the persistence of variability across channel 

points ensures that low-velocity zones remain available, thus 

supporting potential fish passage through intermittent resting 

opportunities. 

 

3.4 Turbulence Intensity (TI) 

 

 Turbulence Intensity is a hydraulic index that measures the 

magnitude of velocity fluctuations relative to the mean flow 

velocity. This parameter is particularly important for assessing 

fish passage conditions, since highly turbulent flows may hinder 

fish movement or increase their energy expenditure.  

Mathematically, the approximate TI defined as: 

 

𝑇𝐼 =
𝜎𝑈

𝑈
               (1) 

 

where σU is the standard deviation of velocities at different 

depths of the section, and 𝑈 is the depth-averaged velocity. TI is 

a dimensionless parameter and is often expressed as a 

percentage. 

The standard deviation of velocity, denoted by σU, 

characterizes the intensity of velocity fluctuations at a specific 

measurement point. It is mathematically formulated as: 

 

𝜎𝑈 = √
1

𝑛
∑ (𝑢𝑖 − 𝑢̅)2𝑛
𝑖=1             (2) 

 

where ui corresponds to the instantaneous velocity recorded at 

the location, 𝑢̅ denotes the local mean velocity, and n represents 

the total number of observations. This expression computes the 

root mean square of deviations from the mean, thereby 

quantifying the variability in the velocity field. Larger values of 

σU reflect enhanced unsteadiness in the flow, indicative of 

stronger turbulent activity at the measurement site. 

For each of the flow conditions, the TI was computed at every 

longitudinal measurement point along the channel (A to J). 

Furthermore, the overall mean TI across the entire channel length 

was calculated to provide a general indicator of flow stability 

under each configuration. The detailed results of these 

measurements are summarized in the table 1. 

 
Table 1. Turbulence Intensity (TI) at longitudinal channel points 

(A–J) under three flow conditions: smooth channel, channel with 

baffle S = 20 cm, and channel with baffle S = 30 cm. 

 

Point 
TI (without 

roughness) 

TI (S=20 

cm) 

TI (S=30 

cm) 

A 0.063 0.061 0.066 

B 0.081 0.099 0.050 

C 0.085 0.031 0.041 

D 0.096 0.131 0.041 

E 0.055 0.039 0.040 

F 0.057 0.058 0.034 

G 0.071 0.072 0.059 

H 0.074 0.085 0.077 

I 0.049 0.073 0.047 

J 0.121 0.040 0.073 

Mean 0.075 0.069 0.053 

According to table 1, for the smooth channel, the turbulence 

intensity (TI) at most locations ranged between 0.05 and 0.12, 

with an overall channel mean of 0.075. The highest TI value was 

observed at point J, indicating increased flow turbulence near the 

downstream end of the channel. This relatively uniform 

turbulence suggests limited low-velocity refuges for fish, 

meaning that although passage is possible, resting opportunities 

are minimal. 

In the case of the channel with baffles spaced at 20 cm (S=20 

cm), the TI reached its maximum at points D and B (0.131 and 

0.099), while remaining relatively low at other sections. These 

localized high TI zones indicate strong turbulence near the 

baffles, creating alternating areas of high and low velocities. 

From a fish passage perspective, this is advantageous because 

the low-velocity pockets act as resting zones, while the higher-

velocity areas provide orientation and movement cues, allowing 

fish to traverse the channel without excessive energy 

expenditure. 

For the channel with roughness elements spaced at 30 cm 

(S=30 cm), the TI values were generally lower than in the other 

two cases, with an overall channel mean of 0.053. The reduction 

in turbulence intensity implies fewer extreme velocity 

fluctuations, creating smoother flow conditions. While this 

supports passage for weaker swimming species by reducing 

energy demands, the lower variability may limit the number of 

accessible resting zones for fish, potentially challenging smaller 

or less agile individuals in continuous high-velocity stretches. 

 

3.5 Turbulence Intensity Profile 

 

In hydraulic studies, particularly for fish passage design, TI 

serves as a measure of hydrodynamic quality and flow stability, 

influencing fish swimming performance and energy expenditure. 

Fish navigating artificial or natural channels are sensitive to both 

flow velocity and turbulence conditions. Excessive turbulence 

can increase energy expenditure, reduce swimming 

performance, and hinder passage, while moderate turbulence can 

generate vortical structures and resting zones, facilitating gradual 

fish movement. Therefore, analyzing TI variations across the 

channel under different bed roughness conditions is critical for 

optimizing fish passage designs. 

Fig. 6. indicates the distribution of TI along the flume channel 

at different points. The results show that in the smooth-bed 

condition, TI remains relatively low across the channel, with 

limited spatial variation (TI = 0.075). For the baffle space 20 cm 

(S=20 cm), TI increases noticeably, reaching peak values at mid 

and downstream locations. This indicates localized turbulence 

zones where flow oscillations are more intense, while calmer 

conditions exist elsewhere. For the 30 cm roughness condition 

(S=30 cm), TI values are generally lower, with a mean of 0.053, 

suggesting smoother flow overall. However, TI increases at 

specific downstream points, indicating localized turbulence due 

to wider baffle spacing. This contrast highlights that while the 

overall flow is less turbulent for S=30 cm, specific regions 

experience elevated velocity fluctuations. These localized 

turbulence zones can still provide beneficial hydrodynamic 

features, such as low-velocity pockets, but less frequently than 

with S=20 cm. 

The increased TI with roughness elements reflects altered 

flow structures, creating both challenges and opportunities for 

fish passage. Elevated turbulence may pose difficulties for 

weaker swimmers, but within an optimal TI range, it can generate 

resting areas through vortical structures. Thus, baffle spacing 

should be designed to maintain TI within a range suitable for 
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target fish species, balancing turbulence and low-velocity zone 

availability. 

 

 
Fig. 7. Distribution of TI along the flume channel for three different 

bed configurations. 

 

3.6 Velocity vs Turbulence 

 

Fig. 7. presents a combined plot that serves as a powerful 

visual tool for analyzing the relationship between flow velocity 

and turbulence intensity. It clearly demonstrates that variations 

in bed roughness and baffle height significantly influence flow 

behavior. These findings can inform the design of fish passage 

routes and the optimization of channel environmental conditions. 

Fig. 7. shows a combined plot was generated to examine the 

relationship between flow velocity and Turbulence Intensity (TI) 

in the channel. The aim of this visualization was to highlight the 

effects of variations in channel bed conditions and the presence 

of different baffle configurations on flow behavior and fish 

passage conditions. By simultaneously displaying depth-

averaged velocity and TI, the plot allows assessment of how 

channel geometry and bed roughness influence flow stability and 

the distribution of turbulent energy. 

For each longitudinal section, the depth-averaged velocity 

was first calculated to provide an overview of the dominant flow 

at that section. TI was then defined as the ratio of the standard 

deviation of depth-wise velocities to the depth-averaged 

velocity. In the scatter plot, each point represents a longitudinal 

section, while different colors correspond to the different 

channel configurations. It is observed that increasing baffle 

height and altering bed geometry leads to higher TI values and a 

modified velocity distribution compared to the smooth channel. 

This pattern indicates that increased roughness enhances flow 

turbulence and reduces velocity uniformity along the channel, 

which can influence fish passage and aquatic flow behavior.  

 

 
Fig. 8. Relationship between mean depth-averaged velocity and 

turbulence intensity (TI) for three roughness configurations. 

 

4 DISCUSSION 

 

The findings from this experimental study underscore the 

pivotal role of baffle spacing in modulating hydraulic 

characteristics under supercritical flow conditions, thereby 

influencing the efficacy of fish passage structures. The 

introduction of symmetric wart-type baffles at 20 cm and 30 cm 

spacings markedly disrupted the uniform velocity profiles 

observed in the smooth channel, where velocities exceeded 1 m/s 

across most points, rendering it largely impassable for many fish 

species. In contrast, the 20 cm spacing significantly reduced 

mean velocity (0.5–0.9 m/s) and increased flow heterogeneity, 

as shown by the velocity patterns. This heterogeneity manifests 

as alternating high- and low-velocity zones, which are essential 

for creating hydraulic refuges that allow fish to rest and recover 

during upstream migration. The closer spacing effectively 

dissipates kinetic energy through increased friction and eddy 

formation, aligning with theoretical principles of energy 

dissipation in roughened channels. Such modifications not only 

lower the overall flow momentum but also enhance spatial 

variability, promoting conditions conducive to ecohydraulic 

balance. 

Turbulence intensity emerged as a critical metric for 

evaluating flow stability and its ecological ramifications. The 

mean TI values, 0.075 for the smooth channel, 0.069 for 20 cm 

spacing, and 0.053 for 30 cm spacing  reveal a counterintuitive 

trend where wider spacing yields smoother flows but at the 

expense of reduced hydraulic diversity. Localized peaks in TI for 

the 20 cm configuration, particularly at points B and D (0.099 

and 0.131, respectively), indicate the formation of turbulent 

eddies downstream of baffles, which, while potentially energy-

demanding for fish in short bursts, contribute to the creation of 

sheltered low-velocity pockets. This is consistent with prior 

research demonstrating that moderate turbulence can facilitate 

energy exploitation by fish through vortex shedding. Conversely, 

the lower TI in the 30 cm setup suggests a more laminar-like 

regime over longer stretches, which may minimize disorientation 

but offers fewer intermittent refuges, potentially disadvantaging 

weaker swimmers such as juvenile salmonids. This necessitates 

a closer examination of how reduced turbulence influences the 

availability of resting zones critical for fish passage, as discussed 

below.  

The lower turbulence intensity (mean TI = 0.053) observed 

with 30 cm baffle spacing, compared to 20 cm spacing (mean TI 

= 0.069), suggests a smoother, more laminar-like flow regime 

that might intuitively appear advantageous for fish passage due 

to reduced instability. However, this smoother flow comes at the 

cost of reduced hydraulic heterogeneity, as evidenced by fewer 

low-velocity zones in the 30 cm configuration. Fish, particularly 

weaker swimmers such as juvenile salmonids, rely on spatially 

diverse flow fields with frequent low-velocity refuges to rest and 

conserve energy during upstream migration. The 20 cm baffle 

spacing, despite generating higher localized TI at certain points, 

creates more frequent and pronounced low-velocity pockets due 

to increased eddy formation and energy dissipation. These 

microhabitats are critical for facilitating energy-efficient 

passage, as they allow fish to exploit vortical structures and rest 

intermittently. In contrast, the smoother flow in the 30 cm 

configuration, while less energetically taxing in terms of 

turbulence, provides fewer resting opportunities, which can 

challenge species with limited swimming capacities. This 

highlights that an optimal TI range, neither too high to cause 

disorientation nor too low to limit hydraulic diversity, is essential 

for effective fish passage. Thus, the 20 cm spacing better 
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balances turbulence and refuge availability, aligning with the 

ecohydraulic needs of diverse fish species. 

From an ecohydraulic perspective, the 20 cm baffle spacing 

optimizes conditions for fish passage by striking a balance 

between velocity attenuation and turbulence management, 

thereby supporting biodiversity in fragmented river systems. The 

frequent low-velocity zones identified in heatmaps and contours 

align with the swimming capacities of target species. This 

configuration enhances longitudinal connectivity in structures 

like diversion tunnels and culverts, addressing barriers 

highlighted in global assessments.  

This study advances the understanding of ecohydraulic design 

by quantifying the spacing-dependent effects of wart-type 

baffles in supercritical flows within an open-channel flume, an 

area less explored than subcritical regimes. Unlike Rajaratnam 

et al. (1991) and Feurich et al. (2011), who investigated velocity 

reductions using 3 to 4 baffles in large-scale culverts, this 

research focuses on symmetric wart-type baffles placed along the 

sides of a 0.5 m wide laboratory flume with a 2% slope, 

employing precise spacings of 20 cm and 30 cm. Precise TI 

measurements reveal that the 20 cm spacing outperforms wider 

intervals in generating hydraulic heterogeneity and low-velocity 

microhabitats critical for fish passage.  

 

5 CONCLUSIONS 

 

The experimental study highlights the significant impact of 

baffle spacing on hydraulic conditions for fish passage in 

supercritical open-channel flows. The key findings are 

summarized in the following points: 

i. Symmetric wart-type baffles at 20 cm and 30 cm spacings 

substantially altered flow dynamics compared to a smooth 

channel. The 20 cm spacing reduced mean velocities to 0.5–0.9 

m/s, creating heterogeneous flow fields with low-velocity zones 

critical for fish resting. The 30 cm spacing resulted in higher 

velocities and fewer refuges, whereas the smooth channel 

exhibited uniformly high velocities (>1 m/s), making it 

unsuitable for most fish species. 

ii. TI was lowest with 30 cm spacing (mean TI = 0.053), 

indicating smoother flow but reduced hydraulic diversity. The 20 

cm spacing (mean TI = 0.069) generated localized turbulence, 

enhancing flow variability and providing more resting zones. 

The smooth channel (mean TI = 0.075) showed moderate 

turbulence with limited spatial variation, offering fewer 

ecological benefits for fish passage. 

iii. The 20 cm baffle spacing proved most effective, balancing 

reduced flow velocities with sufficient hydraulic heterogeneity. 

This configuration supports energy-efficient migration by 

providing frequent low-velocity refuges, accommodating 

diverse fish species. The 30 cm spacing, while still beneficial, 

posed greater challenges for weaker swimmers due to higher 

velocities and fewer calm zones. 

iv. Baffle-induced flow heterogeneity creates microhabitats 

that enhance river connectivity and support biodiversity. Low-

velocity pockets near the bed, particularly with 20 cm spacing, 

serve as critical resting areas, reducing the energetic cost of 

upstream migration and improving passage success for fish with 

varying swimming abilities. 

v. The findings advocate for moderate baffle spacing (S=20 

cm) in fishway design to optimize hydraulic conditions for fish 

passage. These insights are vital for developing effective fish 

passage structures in high-energy flow environments, 

contributing to the restoration of fragmented river systems and 

the conservation of aquatic ecosystems. 

For future studies, experiments with varying flow rates and 

channel slopes are recommended to investigate their influence 

on baffle performance. In addition, behavioral tests with live fish 

should be conducted to directly assess passage efficiency. 

Exploring combined baffle configurations could further support 

the optimization of ecohydraulic designs. 
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