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Abstract: Effective energy dissipation in trapezoidal channels is crucial for erosion control and structural
safety of hydraulic structures. This experimental study examined the effect of isosceles triangular obstacles
(heights 2, 3, and 4 cm) arranged in zigzag patterns on energy dissipation in a 6-m-long trapezoidal flume
(top width 60 cm, base width 16 cm, side slope 1:0.7 or 75°). Nine configurations were tested under
discharge rates of 2.3—84.6 L/s. Measurements were performed using ultrasonic flow meter, point gauges,
and micro-propeller velocimeter (accuracy 0.01 m/s). Data were analyzed via Excel, SPSS v.26, and one-
way ANOVA (p < 0.05). Results revealed that zigzag triangular obstacles increased energy dissipation by
22.4%, reduced sequent depth by up to 20%, shortened hydraulic jump length by 35-50%, and improved
flow stability by 18%. Optimal relative spacing S/B = 0.3 yielded 15% lower turbulence intensity and 20%
more uniform energy distribution, outperforming wavy beds by 7%. The proposed arrangement reduced
stilling basin construction cost by approximately 40% while enhancing hydraulic efficiency by 25%,
offering a practical and cost-effective alternative for energy dissipaters.
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Introduction: High-velocity flows downstream of hydraulic structures such as spillways and outlets pose serious risks
of bed and bank erosion, cavitation, and structural instability. Efficient energy dissipation in stilling basins and open
channels has therefore become a critical design requirement, particularly with increasing flood intensity driven by
climate change and rapid urbanization (Hosseini, 2024; Mohammadi, 2023). Traditional solutions including USBR
and SAF basins or wavy/rough beds (Patel, 2019; Khan, 2020) have proven effective yet often require large footprints
and high construction costs. Recent studies demonstrated that discrete roughness elements outperform continuous
rough beds in terms of jump length reduction and turbulence control (Garcia, 2018; Javadi and Asadi, 2021). Among
various geometries, isosceles triangular obstacles arranged in zigzag patterns generate strong three-dimensional
vortices that rapidly dissipate kinetic energy while maintaining relatively low head loss in the approach flow (Liu,
2019; Taylor, 2015). The present research investigates the hydraulic performance of zigzag-arranged isosceles
triangular obstacles in a trapezoidal flume (Figs. 14, Table 2). Key parameters studied include obstacle height (h =
2—4 cm), longitudinal and transverse spacing (S = 1-4 c¢m), and discharge (Q = 2.3-84.6 L/s). The objectives are to
quantify improvements in energy dissipation (AE/E:), sequent depth ratio (y2/y1), jump length (L), and turbulence
intensity compared to smooth and wavy beds, and to propose optimal dimensionless parameters (h/y:, S/B) for practical
stilling basin design (Figs. 5-14, Table 3). This study provides experimental evidence and empirical relations that can
significantly reduce basin dimensions and construction costs.
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Methodology: Experiments were conducted in a 6-m-long glass-walled trapezoidal flume with top width 60 cm,
bottom width 16 cm, depth 50 cm, and sidewall slope 75° (1:0.7) at the Hydraulic Laboratory of Azerbaijan Shahid
Madani University (Fig. 3). Longitudinal bed slope was zero. Flow was supplied from a 4-m?® constant-head tank via
a 15-mm jet-box and calmed by a cylindrical stilling tank (Fig. 4). Discharge was measured by an ultrasonic flow
meter (+0.5% accuracy) and verified by volumetric method.

Isosceles triangular obstacles (base 1 cm, length 8 cm, heights 2, 3, and 4 cm) were fabricated from Plexiglas and
installed in nine zigzag arrangements (three longitudinal rows, two transverse rows, lateral clearance 2 cm; Figs. 1 and
2, Table 2). Supercritical approach flow (Fri = 2.1-4.5) was generated by a sharp-crested gate at the flume entrance.

Water surface profiles were recorded using precision point gauges (0.1 mm) along the centerline. Local velocities
were measured with a micro-propeller velocimeter (accuracy 0.01 m/s) at multiple sections. Turbulence intensity was
calculated as the standard deviation of velocity fluctuations. Energy dissipation, sequent depth, and jump length were
determined for each run (Figs. 5-12). Statistical significance was evaluated using one-way ANOVA in SPSS v.26
(Table 3). Dimensional analysis based on Buckingham-n theorem was performed to generalize results (h/y:, S/B, Fri).
All measurements were repeated three times; maximum uncertainty in energy dissipation was +3.8%.

Results and Discussion: The zigzag arrangement of isosceles triangular obstacles significantly enhanced energy
dissipation in the trapezoidal channel. Maximum relative energy dissipation AE/E: reached 22.4% (from 15.3%
without obstacles to 37.7%) ath=4 cm, S =4 cm (S/B = 0.3), and Q = 5.61 L/s (Figs. 7, 10, and_13). Sequent depth
y2 decreased by 15-20% (from 9.2 cm to 7.3—7.8 cm) while hydraulic jump length L was shortened by 35-50% (from
2.3 mto 1.15-1.5 m) compared to the smooth bed case (Figs. 11 and 12, Table 3).

Water surface profiles (Figs. 5—-12) revealed that increasing obstacle height from 2 cm to 4 cm progressively reduced
initial Froude number (Fr: from 2.15 to 2.03-2.05) and produced a more gradual roller, indicating stronger momentum
exchange. Optimal longitudinal spacing S = 4 cm (S/B = 0.3) allowed sufficient vortex development behind each
obstacle while preventing excessive form drag, yielding 1-2% higher dissipation than closer spacings (Figs. 8—10).

Turbulence intensity, measured via velocity fluctuations, dropped by 15% in the optimal configuration compared to
smooth bed (Fig. 14). Drag coefficient increased from 1.0 (smooth) to 1.45, confirming enhanced hydraulic resistance.
ANOVA results (Table 3) confirmed that obstacle height, spacing, and discharge significantly affect AE/E,, y2/y1, and
L (p <0.05).

Compared to wavy beds (Patel, 2019; Mohammadi, 2023) that achieved ~15% dissipation, the present zigzag triangular
obstacles outperformed by 7-8% while requiring only discrete elements instead of full-bed modification (Fig. 14).
Dimensional analysis produced the empirical relation AE/E1 = 0.12 (h/y1)°-* (S/B)™°-? Fr:°-¢ (R?=0.93), valid for 1.5
<h/y:1 £2.5 and 0.02 < S/B < 0.07. The proposed design reduces stilling basin length and volume by approximately
40%, offering substantial cost savings and greater adaptability to varying discharges—critical advantages for climate-
resilient hydraulic infrastructure.

Conclusion: This study demonstrates that isosceles triangular obstacles in a zigzag arrangement significantly enhance
energy dissipation in trapezoidal channels, achieving a 22.4% increase in dissipation, a 20% reduction in downstream
depth, and an 18% improvement in flow stability. The optimal configuration (S/B = 0.3, obstacle height 4 cm)
outperformed wavy beds by 7%, reducing turbulence and construction costs while boosting hydraulic efficiency by
25%. Supported by robust statistical and dimensional analyses, these results offer a scalable, cost-effective solution
for designing resilient hydraulic structures. Future research should explore combining triangular obstacles with other
geometries and integrating computational fluid dynamics (CFD) simulations to further optimize flow management
strategies.
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Table 1 Key Factors Affecting Energy Dissipation in Stilling Basins

Impact on Energy

Factor Description Dissipation
. . Triangular obstacles
Shape and size of obstacles (e.g., triangular, rectangular, or . .
Obstacle Geometry increase hydraulic
wavy) affect flow patterns. :
resistance.
Obstacle Zigzag or regular arrangement of obstacles influences energy Zlegnz }? agnigsgﬁzflem
Arrangement distribution and turbulence. £y

Obstacle Spacing

Flow Regime

Channel
Characteristics

Spacing between obstacles (S/B) affects turbulence intensity
and flow stability.

High-energy flows (various velocity and discharge regimes)
impact dissipation levels.

Dimensions and shape of the channel (trapezoidal or
rectangular) influence flow behavior.

distribution uniformity.
Optimal spacing (S/B =
0.3) increases
dissipation.
High-energy flows
require greater
dissipation.
Trapezoidal channels
improve energy
dissipation.
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Design Experiment 6m trapezoidal flume (base 16cm, top 60cm, 75° walls)

- Select Parameters Obstacle heights (2, 3, 4cm), S/B=0.3, flow rates (2.3-6.84 L/s) i

1

Setup Equipment Construct 6m flume, 4m* tank, pump, calming tank

|

] Calibrate Jet Box 15mm gate for supercritical flow

]

! Conduct Experiments Baseline tests; vary heights, spacings, flow rates

'

i Data CollectionUse ultrasonic flow meter, depth gauge, velocity meter }

i Data Analysis Excel, SPSS (v26), ANOVA (p <0.05)

! Evaluate Results 22.4% energy dissipation, 35-50% jump length reduction
I

4

L Compare with Studies Outperforms wavy beds by 7-10% i
I

4

{ Conclusions Enhanced efficiency, 40% cost reduction

I

! Future Work CFD simulations, smart sensors, eco-materials !

Fig. 4 Flowchart of laboratory research process for optimization of energy consumption with isosceles triangular barriers in
trapezoidal channel.
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Fig. 5 Water surface profile for obstacles at a height of 3 centimeters under a constant flow rate
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Fig. 6 Water surface profile for obstacles with a height of 2 cm under constant discharge
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Fig. 7 Water surface profile for obstacles at a height of 4 centimeters under a constant flow rate
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Fig. 8 Water surface profile for obstacles with a distance of 1 cm under constant flow rate
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Fig. 9 Water surface profile for obstacles with a distance of 2 cm under constant discharge
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Fig. 10 Water surface profile for obstacles with a distance of 4 cm under constant discharge
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Fig. 11 Water surface profiles for barriers with a height of 4 cm and a spacing of 1 cm under different discharges
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Fig. 12 Water surface profile for barriers with a height of 2 cm and a distance of 1 cm under different discharges
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Fig. 13 Multidimensional analysis of water surface profiles
in a trapezoidal channel with a comprehensive and precise
comparison of obstacle heights, spacing configurations, and
discharge variations, offering innovative insights into
hydraulic optimization, including: a) comparison of water
surface profiles based on obstacle heights (Fig. 4-6), b)
comparison of water surface profiles based on spacing (Fig.
7-9), and c) comparison of water surface profiles based on
discharge (Fig. 10 and 11).
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Table 3 ANOVA test results to investigate the effect of parameters on energy consumption characteristics

Conclusion p-value F value Dependent variable
Significant impact 0.03 64.5 Energy consumption (Eil)
Significant impact 0.02 82.6 Hydraulic jump length (L;)
Significant impact 0.04 93.4 Downstream depth (y,)
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5- List of Symboles

s (cm/cm) Spacing ratio of obstacles to the
B channel base width
h (cm) Secondary ﬂovy depth after jump
(centimeters)
) Hydraulic jump length
L; (cm) (centimeters)
Q (L/s) Flow rate (liters per second)
h (cm) Height of obstacles (centimeters)
Initial flow depth before the
h1 (cm) . .
jump (centimeters)
Flow velocity before the jump
Vi(m/s) (m/s)
V2 (m/s) Flow velocity after the jump
(m/s)
Longitudinal distance along the
X (m) channel (meters)
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