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Abstract

Introduction: In the context of energy dissipation in stepped spillways, various geometric
and hydraulic parameters play a role. These include the flow rate, step height, number of
steps, inception point of free aeration, and width of the spillway. Researchers have explored
different approaches to enhance energy dissipation in the stepped spillways. These
approaches involve modifying the spillways’ geometry and structure, as well as introducing
obstacles and roughness on the bottom and edges of the steps. Previous research has not
specifically investigated the location and shape of obstacles on the steps to assess their
impact on flow characteristics.

Methodology: In this research, a flume with dimensions of 10 meters in length, 1.2 meters in
width, and 1 meter in height was used. The first 3 meters of the flume had a height of 1.2
meters. The maximum flow rate of the flume was 150 liters per second, and the flow rate
parameter (dc/h) ranged from 0.37 to 1.06 to cover all three flow regimes in the stepped
spillway. Two depth gauges with a measurement accuracy of #1 mm was used to measure
the depth of the spillway downstream and the depth of water upstream at the entrance of the
spillway. The spillway had a total height of 87 cm, 8 steps, with a step height of 10.9 cm and
a step length of 20.9 cm. The obstacles used in this research included a continuous obstacle
with a square cross-section (CO), a right-angled triangle with a chord in the upstream (TU)
and downstream (TD), an isosceles triangle (IT), and a combination of a square and a
triangular barrier in the upstream direction (MTU) and downstream (MTD). The relative
heights (h_o/h) ranged from 0.19 to 0.56, and the relative edge distance (L_o/L) ranged from
0.19 to 0.48. The obstacles were placed on all the steps, and in some of the experiments,
obstacles were placed only on the step 5.

Results and Discussion: The placement of continuous obstacles with varying shapes, heights,
and positions affects the initial flow boundaries, as also noted by Kokpinar (2004) and Asghari
Pari & Kordnaeij (2020, 2021). This study confirms that such configurations alter the onset of
flow and promote flow expansion and stability in the transitional regime. As shown in Figure
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1, in the nappe flow regime, all tested arrangements increased energy dissipation compared to
the control. In transitional and skimming regimes, most configurations showed no significant
change, except for the MTU and MTD combinations, where energy dissipation did not
increase.
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Fig. 1 Energy dissipation of some selected arrangements

Conclusion: - The placement of a continuous obstacle with different cross-sectional shapes,
heights, and locations on the bottom of the step spillway changes the beginning of the flow
boundaries compared to the flat step (F.S) and generally increases the flow's tendency to
expand and persist longer in the transition range.

- The use of square obstacles (CO) has moved the inception point of free aeration (IP) to the
downstream side compared to the flat step (F.S), but the triangular obstacles (TU, TD, IT)
have moved the IP unchanged or to the upstream side compared to the E.S.. In the combined
triangle and square obstacles (MTU, MTD), the IP has not changed compared to the F.S..
Also, all the arrangements that have been able to move the IP upstream compared to the F.S.
have created more energy dissipation in the skimming flow regime than the E.S.

- For the nappe flow regime, the energy dissipation results show the effectiveness of placing the
obstacle with different shapes and heights in different places on the steps, but in the transition
and skimming flow regimes, according to the arrangement used, energy dissipation has three
modes of no change, increase and or had a decrease in energy dissipation.

- The results of BIV analysis show that according to the shape of the obstacle, the height of
the obstacle and the location of the obstacle, the dimensions of the formed areas are different
compared to the F.S. At a slope of 1:2, if a continuous barrier is placed on the edge of the
step, only a rotating zone. is formed on the step, but with the distance of the barrier from the
edge of the step in the range of lo/1 0.38 and 0.48, in addition to the rotating zone, the mixing
zone is also formed. Is.

- Based on the results of energy dissipation and BIV from experiments, it seems that, in
addition to the shape of the obstacle, the obstacle can increase energy dissipation at the
bottom of the steps, particularly at the boundary of the MZ and the RZ. On the other hand,
the height of the obstacle should be lower than the pseudo bottoms due to the location of the
obstacle, in order to allow the passing stream to hit the floor of the steps more effectively.

Keywords: Energy dissipation, Step spillway, BIV Technique, Relative height of obstacle,
Relative distance of obstacle.
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Table 2 Oneset of boundry of different arrangment

dc/h
0.46 0.55 0.64 0.73 0.83 0.92 1.01 1.06

Model name 1P

Flat Step: F.S 5 NAP NAP TRA TRA SKI SKI SKI SKI
CO, Lo/L=0, ho/h=0.19 6 NAP TRA TRA SKI SKI SKI SKI SKI
CO, Lo/L=0, ho/h=0.38 6 NAP TRA TRA SKI SKI SKI SKI SKI
CO, Lo/L=0, ho/h=0.56 6 NAP TRA TRA SKI SKI SKI SKI SKI
CO, Lo/L=0.19, ho/h=0.19 6 NAP TRA S-T SKI SKI SKI SKI SKI

CO, Lo/L=0.29, ho/h=0.19 50 NAP TRA TRA S-T SKI SKI SKI SKI
CO, Lo/L=0.29, ho/h=0.38 50 NAP TRA TRA S-T SKI SKI SKI SKI
CO, Lo/L=0.38, ho/h=0.19 5 NAP NAP TRA TRA TRA SKI SKI SKI
CO, Lo/L=0.38, ho/h=0.38 50 TRA TRA SKI SKI SKI SKI SKI SKI
CO, Lo/L=0.48, ho/h=0.19 5 NAP TRA TRA SKI SKI SKI SKI SKI
CO, Lo/L=0.48, ho/h=0.38 50 NAP TRA TRA SKI SKI SKI SKI SKI

TU, Lo/L=0, ho/h=0.38

TU, Lo/L=0.29, ho/h=0.38

TU, Lo/L=0.38, ho/h=0.38

TU, St5, Lo/L=0.38, ho/h=0.38
TU, Lo/L=0.48, ho/h=0.19

TU, Lo/L=0.48, ho/h=0.38

TD, Lo/L=0, ho/h=0.38

TD, Lo/L=0.29, ho/h=0.38
TD, St5, Lo/L=0.29, ho/h=0.38
TD, Lo/L=0.38, ho/h=0.38
TD, St5, Lo/L=0.38, ho/h=0.38
TD, Lo/L=0.48, ho/h=0.19

TD, Lo/L=0.48, ho/h=0.38

IT, Lo/L=0, ho/h=0.38

IT, Lo/L=0.29, ho/h=0.38

IT, Lo/L=0.38, ho/h=0.38

IT, StS, Lo/L=0.38, ho/h=0.38
IT, Lo/L=0.48, ho/h=0.38
MTU, Lo/L=0.29, ho/h=0.38
MTU, Lo/L=0.38, ho/h=0.38
MTU, Lo/L=0.48, ho/h=0.38
MTD, Lo/L=0.29, ho/h=0.38
MTD, Lo/L=0.38, ho/h=0.38
MTD, Lo/L=0.48, ho/h=0.38

NAP TRA TRA TRA TRA SKI SKI SKI
NAP TRA TRA TRA TRA SKI SKI SKI
NAP TRA SKI SKI SKI SKI SKI SKI
NAP TRA TRA SKI SKI SKI SKI SKI
NAP TRA TRA TRA SKI SKI SKI SKI
NAP TRA TRA TRA S-T SKI SKI SKI
NAP TRA TRA TRA TRA S-T SKI SKI
NAP TRA S-T SKI SKI SKI SKI SKI
NAP TRA TRA TRA SKI SKI SKI SKI
NAP TRA TRA TRA TRA SKI SKI SKI
NAP TRA TRA S-T SKI SKI SKI SKI
NAP NAP TRA TRA SKI SKI SKI SKI
NAP TRA TRA TRA TRA SKI SKI SKI
NAP TRA TRA TRA TRA TRA SKI SKI
NAP TRA TRA TRA SKI SKI SKI SKI
NAP TRA TRA TRA SKI SKI SKI SKI
NAP TRA TRA SKI SKI SKI SKI SKI
NAP TRA TRA TRA TRA S-T SKI SKI
NAP TRA TRA S-T SKI SKI SKI SKI
TRA SKI SKI SKI SKI SKI SKI SKI
NAP TRA TRA TRA S-T SKI SKI SKI
TRA TRA SKI SKI SKI SKI SKI SKI
NAP TRA TRA TRA SKI SKI SKI SKI
NAP TRA TRA TRA  SKI SKI SKI SKI
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Table 3 Energy dissipation result of different arrangement

Model name/ (dc/h) 046 055 064 0.73 AET0.83 0.92 1.01 1.06
F.S 833 792 713 628 567 487 447 39.7
CO, Lo/L=0, ho/h=0.19 874 787 667 616 573 493 42 38.4
CO, Lo/L=0, ho/h=0.38 859 778 685 629 541 487 413 37
CO, Lo/L=0, ho/h=0.56 852 769 667 616 521 487 42 37
CO, Lo/L=0.19, ho/h=0.19 8.5 773 667 616 521 423 39.2 34.8
CO, Lo/L=0.29, ho/h=0.19 845 753 641 563 478 416 38.5 32.6
CO, Lo/L=0.29, ho/h=0.38 869 769 685 635 554 473 40.6 36.3
CO, Lo/L=0.38, ho/h=0.19 883 783 661 635 567 48 46 417
CO, Lo/L=0.38, ho/h=0.38 845 742 634 59 485  40.1 317 30.3
CO, Lo/L=0.48, ho/h=0.19 871 773 679 603 514 452 40.6 34.8
CO, Lo/L=0.48, ho/h=0.38 89 763 678 5717 492 393 37 32.6
TU, Lo/L=0, ho/h=0.38 871 813 667 597 536 493 453 39.0
TU, Lo/L=0.29, ho/h=0.38 856 792 696 629 561 473 453 39.7
TU, Lo/L=0.38, ho/h=0.38 852 753 670 584 485 452 40 31
TU, St5, Lo/L=0.38, ho/h=0.38 841 748 654 549 47 43.1 37.8 311
TU, Lo/L=0.48, ho/h=0.19 856 778 685 603 514 50 46 43.1
TU, Lo/L=0.48, ho/h=0.38 865 753 654 61 521 466 42 38.4
TD, Lo/L=0, ho/h=0.38 871 805 707 61 561 519 447 36.3
TD, Lo/L=0.29, ho/h=0.38 841 742 654 597 507 438 40 30.3
TD, St5, Lo/L=0.29, ho/h=0.38 833 742 673 597 554 50 472 39.7
TD, Lo/L=0.38, ho/h=0.38 82 763 679 64 573 519 472 43.1
TD, St5, Lo/L=0.38, ho/h=0.38 852 753 69.6 61 541 493 447 39.1
TD, Lo/L=0.48, ho/h=0.19 845 769 641 603 554 513 46.6 424
TD, Lo/L=0.48, ho/h=0.38 865  80.1  69.6 597 541 513 447 39.1
IT, Lo/L=0, ho/h=0.38 877 813 738 629 554 519 44 35.5
IT, Lo/L=0.29, ho/h=0.38 856 792 696 603 535 506 453 37
IT, Lo/L=0.38, ho/h=0.38 852 769 667 584 541 493 44 39.1
IT, St5, Lo/L=0.38, ho/h=0.38 848 763 679 616 541 466 43.4 355
IT, Lo/L=0.48, ho/h=0.38 869 783 673 603 534 493 447 41.1
MTU, Lo/L=0.29, ho/h=0.38 869 773 685 622 548 487 413 37
MTU, Lo/L=0.38, ho/h=0.38 856 731 621 556 470 361 34 212
MTU, Lo/L=0.48, ho/h=0.38 869 769 661 577 492 452 36.3 32.6
MTD, Lo/L=0.29, ho/h=0.38 848 753 648 597 514 445 35.5 318
MTD, Lo/L=0.38, ho/h=0.38 869 783 685 616 528 466 42 333
MTD, Lo/L=0.48, ho/h=0.38 82 792 707 622 534 48 4027 37
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Table 4 Dimensions of the areas formed on the steps for different arrangements
Step 6 Step 7 Sum
Model name Rz Mz Rz Mz Rz Mz AET 1P
(cm) (cm) (cm) (cm) (cm) (cm)

Flat Step: F.S 15.1 5.8 16.8 4.1 31.9 9.9 39.74 5
CO, Lo/L=0, ho/h=0.19 17 8.7 209 0 33.1 8.7 38.37 6
CO, Lo/L=0, ho/h=0.38 20.9 0 20.9 0 41.8 0 36.97 6
CO, Lo/L=0, ho/h=0.56 20.9 0 20.9 0 41.8 0 36.97 6
CO, Lo/L=0.19, ho/h=0.19 18.6 23 18.6 2.3 372 4.6 34.81 6
CO, Lo/L=0.29, ho/h=0.19 153 5.6 18.6 2.3 339 7.9 32.58 50
CO, Lo/L=0.29, ho/h=0.38 20.9 0 20.9 0 41.8 0 36.26 50
CO, Lo/L=0.38, ho/h=0.19 17.2 3.7 132 7.7 304 114 41.75 5
CO, Lo/L=0.38, ho/h=0.38 20.9 0 20.9 0 41.8 0 30.28 50
CO, Lo/L=0.48, ho/h=0.19 16.7 4.2 16 4.9 32.7 9.1 34.81 5
CO, Lo/L=0.48, ho/h=0.38 17.2 3.7 16.4 4.5 33.6 8.2 32.58 50
TU, Lo/L=0, ho/h=0.38 20.9 0 20.9 0 41.8 0 39.06 5
TU, Lo/L=0.29, ho/h=0.38 20.9 0 209 0 41.8 0 39.74 40
TU, Lo/L=0.38, ho/h=0.38 20.9 0 209 0 41.8 0 31.06 50
TU, St5, Lo/L=0.38, ho/h=0.38 20.9 0 20.9 0 41.8 0 31.06 5
TU, Lo/L=0.48, ho/h=0.19 143 6.6 14.4 6.5 28.7 13.1 43.05 5
TU, Lo/L=0.48, ho/h=0.38 16.7 4.2 14.9 6 31.6 10.2 38.37 5
TD, Lo/L=0, ho/h=0.38 20.9 0 20.9 0 41.8 0 36.26 5
TD, Lo/L=0.29, ho/h=0.38 20.9 0 14.6 6.3 355 6.3 30.28 5
TD, St5, Lo/L=0.29, ho/h=0.38 17.8 3.1 17.9 32 355 6.3 39.74 5
TD, Lo/L=0.38, ho/h=0.38 15.7 5.2 153 5.6 31 10.8 43.05 4
TD, St5, Lo/L=0.38, ho/h=0.38 16 4.9 15.8 5.1 31.8 10 39.06 5
TD, Lo/L=0.48, ho/h=0.19 14.3 6.6 14.6 6.3 28.9 12.9 424 5
TD, Lo/L=0.48, ho/h=0.38 14.9 6 16.3 4.6 31.2 10.6 39.06 5
IT, Lo/L=0, ho/h=0.38 20.9 0 209 0 41.8 0 35.54 5
IT, Lo/L=0.29, ho/h=0.38 20.9 0 209 0 41.8 0 36.97 5
IT, Lo/L=0.38, ho/h=0.38 17.2 3.7 153 5.6 325 9.3 39.06 5
IT, St5, Lo/L=0.38, ho/h=0.38 17.8 3.1 16.3 4.6 34.1 7.7 35.54 5
IT, Lo/L=0.48, ho/h=0.38 143 6.6 16.7 4.2 31 10.8 41.09 4
MTU, Lo/L=0.29, ho/h=0.38 20.9 0 20.9 0 41.8 0 36.97 5
MTU, Lo/L=0.38, ho/h=0.38 20.9 0 20.9 0 41.8 0 21.23 5
MTU, Lo/L=0.48, ho/h=0.38 16.8 4.1 16.6 43 334 8.4 32.58 5
MTD, Lo/L=0.29, ho/h=0.38 20.9 0 20.9 0 41.8 0 31.82 6
MTD, Lo/L=0.38, ho/h=0.38 16.9 4 16.2 4.7 33.1 8.7 33.33 5
MTD, Lo/L=0.48, ho/h=0.38 16.1 4.8 16.2 4.7 323 9.5 36.97 5
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