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Improved Hydraulic Modeling of Unsteady Flow in Variable-Section Open Channels
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Introduction

The analysis of unsteady flow in open channels with variable cross-sections remains
a critical challenge in modern hydraulics. Traditional steady-state equations fail to capture

transient effects that appear in contracting or expanding zones of forebays, sluices, and



1-jild 2-son 2026 %5; I,\jyl kG ,O Hy

intakes. These effects often result in nonuniform velocity fields and local vortex zones,
which significantly influence energy losses and sediment transport.

In hydraulic engineering, accurate estimation of flow parameters in variable geometry
channels is crucial for designing efficient energy dissipation systems, intake structures, and
laboratory models. Previous works by researchers such as Chanson (2004), Melesse and
Chaudhry (2010), and Boussinesq (1877) have provi

unsteady open-channel flows. However, their applicabili

ed theoretical foundations for

Ing geometries
remains limited.

The presence of geometric contraction leads to the formation res near
sidewalls and the bottom, which increases local energ
Therefore, improving hydraulic modeling technig D ex effects under

unsteady conditions remains an essential challenge.

open channels.

Despite e achievements, the incorporation of vortex-induced secondary flow and

local acceleration into analytical hydraulic models remains limited. The present
study addresses this
Materials and Methods
Experimental investigations were conducted using a laboratory-scale rectangular
channel model with adjustable contraction geometry. The channel had an overall length of
120 cm, a constant height of 40 cm, and an inlet width of 80 cm. The outlet width was

varied in four configurations: 40 cm, 35 cm, 30 cm, and 25 cm, representing different
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contraction ratios. The channel body was made of transparent acrylic for direct observation

of flow patterns. Three contraction lengths were tested - L, = 120 cm, 90 cm, and 60 cm -

corresponding to gradual, moderate, and sharp contractions. The flow discharge was
regulated to Q = 15, 20, 25, and 30 m*/h, ensuring a wide range of Reynolds numbers under
subcritical conditions. Flow stabilization at the inlet was achieved using a stilling

compartment with perforated baffles to suppress turbulence before entering the contraction

Zone.

ig 1. Labora

hydraulic model

setup.

Velo

Measurements W

measurements were performed using a micro-propeller current meter.
e taken along longitudinal and transverse sections with a spacing of 5 cm
and 2 cm, respectively. €olored dye tracers were used to visualize vortex motion and
confirm the flow strugture observed by the velocity measurements.

The obtained data were processed to determine the spatial size of vortex regions,
local velocity gradients, and energy loss coefficients. The experimental results were
compared with analytical predictions derived from the continuity and momentum equations,

introducing a correction term to account for vortex-induced head losses.
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Results and Discussion

The experiments revealed a consistent pattern: as both discharge (Q) and average
velocity (v) increased, the vortex zone within the contraction region expanded in size and
intensity. This effect was amplified when the contraction length (L.) decreased. Shorter
contraction lengths produced steeper velocity gradients and stronger pressure differences,

which promoted vortex generation along the sidewalls and near the bottom of the channel.
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At |c discharges (Q =15-20 m’/ h), the velocity field remained relatively

uniform, and thepvortex region was small and weakly developed. However, at higher

discharges (Q = 25-30"7") and for L, = 60 cm(fig 2.),(table 1), the flow exhibited strong

rotational motion, and the vortex core occupied a significant portion of the flow cross-

section.
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30 0.81 065 | 28.7| 183 2873 1832 | 1041 574 12.7 13 548 50
23 074 | 032|241 15.7 243 1590 8.4 528 124 12.7 54 5.7
25 20 120 | 068 | 047 [ 223 142 225 14 24 8.2 473 12.1 12.3 49 5.1 0
15 061 | 045 | 208 133 211 135 7.6 428 11.8 12.1 4.7 b]
10 0.33 | 041 | 183 11.2 183 114 7.1 36.7 11.6 119 4.4 4.3
30 073 | 039 | 244 165 246 16.8 638 43 8 123 12.7 54 56
23 062 | 033|211 154 213 15.7 56 305 121 124 31 54
30 20 120 | 034 | 045 | 201 14.8 204 15 54 337 119 12.2 5 5.2 0
15 048 | 042 | 18.1 151 183 154 49 321 11.5 11.8 49 51
10 043 | 034 | 156 108 158 11 48 273 11.1 114 4.7 5.0
30 065 031 | 176 131 179 132 4.7 224 12.2 12.5 33 5.3
23 037 | 048 | 159 115 162 11.7 4.5 181 12 12.2 3 a1
33 20 120 ] 052 | 041 [ 151 10.5 152 109 43 158 11.7 119 48 5.0 0
15 043 | 038 | 143| 102 14.8 106 42 12.2 114 11.7 4.5 4.7
10 039 | 031 14 9.6 14.1 o0 42 101 11.1 113
30 056 | 049 | 154 115 158 11.8 4 124 11.1 114
23 033 044 | 133 94 135 Q.6 39 102 10.8 11.1
40 20 120 | 045 | 040 | 11.7 3.1 12 8.3 3.7 8.6 104 10.6 0
15 039 | 035 | 9.3 6.2 o8 6.4 34 34 08 10
10 035 030 ] 81 5.7 34 3.9 2.5
Table 1. Values obtained from laborator
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The measured data demonstrated that the vortex size (b,) is inversely proportional to

the contraction length and directly proportional to the discharge, which can be expressed in

simplified empirical form as:

_Q
bc - L (1)

C
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Among all configurations, the channel model with outlet width b = 40 cm and
contraction length L, = 120 cm exhibited the most stable hydraulic performance. In this
case, the flow contraction was gradual, allowing smooth velocity redistribution and
minimizing lateral shear effects. Consequently, the vortex region was minimal, and the

energy loss coefficient reached its lowest value. The flow pattern in this configuration was

close to quasi-laminar near the outlet, indicating efficient,energy conversion and reduced
turbulence.

b : b

o b, o2 ¢ y = 1,0812x + 0,1447

=1,0812x + 0,1447 ) -
y 08 OX8265 ° R?=0,8165
' 0,5 °®
0,45 °
° 0,45
°
0,4 04 PY o Lapara
® ¢ ) ° toriya
°

0,35
0,35
0,3

0,25
0,15 0,2 0,25 0,3

odelland field experimental

hat a longer contraction length (L, > 120 cm)

rrowing (b = 40 cm) provides the most favorable
hydraulic conditions for minimizing vortex intensity and improving flow uniformity. Such
configurations are mmended for practical applications in inlet and transition chambers
designed for unsteady @pen-channel systems.

Conclusion

The conducted experimental and analytical studies have demonstrated that flow
contraction geometry has a decisive impact on the formation and evolution of vortex zones
in variable cross-section channels. The results can be summarized as follows: Increasing

discharge and average velocity enhances vortex intensity and expands the rotational region
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within the contraction zone. Shortening the contraction length leads to stronger local
accelerations and greater asymmetry in the velocity field. The optimal configuration for

minimizing vortex formation corresponds to b = 40 cm and L, = 120 cm, where the flow

stabilizes and secondary circulation is minimized. The improved hydraulic model, which
incorporates vortex-induced energy losses, provides up to 8% higher prediction accuracy

compared to classical steady-state formulations. These £indings can serve as practical

recommendations for the design of inlet and transitio jon and water

conveyance systems operating under unsteady flow regimes.
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