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ABSTRACT

This paper presents an improved hydraulic model for analyzing unsteady flow behavior in variable cross-section open
channels, with particular focus on converging rectangular inlet chambers. The study aims to enhance the accuracy of hy-
draulic computation under non-stationary conditions by incorporating the influence of vortex structures and gradual con-
traction geometry. Experimental investigations were carried out using a laboratory model with a converging rectangular
channel of 120 cm length, 80 cm inlet width, and outlet widths of 40, 35, 30, and 25 cm. Average flow velocity was
maintained near 0.67 cm/s, and four discharge rates of 30, 25, 20, and 15 m3/h were analyzed. Flow velocities were
measured using a micro-propeller current meter. The results showed that increasing flow discharge and shortening con-
traction length both intensify vortex formation. The proposed model improves flow prediction accuracy by up to 8%
compared with classical steady-state approaches and provides recommendations for optimizing inlet chamber geometries
in open-channel systems.

AHHOTALIUA

B nanHoif paboTe npencTaBieHa yCOBEPIIEHCTBOBAHHAS THIPABINYECKas MO/ICTh aHATN3a HEYyCTaHOBUBIIETOCS TI0-
BEACHU TC€UYCHHA B OTKPBITBIX KaHallaX C IEPEMEHHBIM ITOIIEPEYHBIM CEYEHUEM, C 0COOBIM AKIICHTOM Ha CXOIAIIHCCs
MpAMOYTOJIBHBIE BXOAHBIE KaMEPHI. I/ICCJ’I€JZ[OBaHI/IC HalpaBJICHO Ha NOBBINICHUE TOYHOCTHU THAPABIUYCCKHUX PACUCTOB
B HCCTAIIMOHAPHBIX YCJIOBUAX 3a CUHET BKIIIOUCHUA BJIMAHUA BUXPEBBIX CTPYKTYP U I'COMCTPUHN MOCTEIICHHOT'O CKaTH.
:‘)KCHepI/IMeHTaJIBHbIe HCCICA0BaHUA ITPOBOANINCE C UCIIOJB30BaAHUEM H&GOp&TOpHOﬁ MOJCIN CXOOAIIETOCA MPSAMO-
YTOJIBHOTO KaHana JnuHoH 120 cwm, mupuHoi Bxoaa 80 cM u mupuHoil Berxoaa 40, 35, 30 u 25 cM. CpenHsist CKOPOCTh
MOTOKA NOJIepKUBanIach 6;1u3ko k 0,67 cM/c, 1 ObLIH MPOAHATN3UPOBAHBI YETHIPE CKOPOCTH cToKa 30, 25, 20 u 15m3 /h.
CKOpOCTI/I IMOTOKAa U3MEPIIMCH C TOMOLIBIO MUKPO BEPTYILKA. Pe3ym,TaT1>1 TMoKa3aJjii, 4TO YBCJIMUCHUC pacxo/ia MOTOKa
1 YMCHBUICHUE JJIMHBI C)KAaTHS YCUJIIMBAIOT 06p8,30BaHI/Ie BUXPsI. Hpe;[naraeMas[ MOJCJIb yJIydlIacT TOYHOCTb MMPOTHO3U-
PpoOBaHuA NMMOTOKA 10 8% mo CPaBHCHUIO C KIIACCUYCCKUMU CTAlUOHAPHBIMU IOAXOAaMU U AACT PCKOMEHAAUU 11O ONTH-
MH3al reoMeTpun BXOIIHOI71 KaMEphbl B OTKPBITHIX KaHaJIaX.

Keywords: hydraulic modeling, unsteady flow, variable cross-section channel, vortex field, flow contraction, open
channel hydraulics.

KiroueBble cioBa: TUAPABINYECKOE MOACIUPOBAHUE, HeyCTaHOBHBmHﬁCﬂ TIOTOK, KaHaJl MEPEMEHHOTO CEUCHUS,
BUXPEBOC I10JIC, CKATUEC IMTOTOKA, TMAPABIIMKA OTKPBITOI'O KaHaJ1a.

Introduction. The analysis of unsteady flow modeling techniques that consider vortex effects under

in open channels with variable cross-sections remains
acritical challenge inmodern hydraulics. Traditional
steady-state equations fail to capture transient effects that
appear in contracting or expanding zones of front chamber,
sluices, and intakes. These effects often result in uneven-
ness velocity fields and local vortex zones, which signifi-
cantly influence energy losses and sediment transport.

In hydraulic engineering, accurate estimation
of flow parameters in variable geometry channels is cru-
cial 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 pro-
vided theoretical foundations for unsteady open-channel
flows. However, their applicability to rapidly contract-
ing geometries remains limited.

The presence of geometric contraction leads to the
formation of vortex structures near sidewalls and the
bottom, which increases local energy loss and affects
hydraulic efficiency. Therefore, improving hydraulic

unsteady conditions remains an essential challenge.

This research focuses on developing and experi-
mentally validating an improved hydraulic model that
captures the influence of vortex fields in converging
rectangular chambers. The goal is to enhance the predic-
tive accuracy of flow parameters and provide practical
guidelines for optimizing transition structures in open-
channel systems.

The problem of variable cross-section channel hy-
draulics has been studied by numerous researchers.
Classical works by Chow (1959) and Henderson (1966)
laid the theoretical foundation for gradually varied flow.
Later, Bakhmeteff (1932) and Larin (1987) analyzed en-
ergy losses in contracting open channels.

Despite these achievements, the incorporation
of vortex-induced secondary flow and local acceleration
effects into analytical hydraulic models remains limited.
The present study addresses this gap.

Materials and Methods. Experimental investiga-
tions were conducted using a laboratory-scale rectangu-
lar channel model with adjustable contraction geometry.
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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 contraction ra-
tios. The channel body was made of transparent acrylic
for direct observation of flow patterns. Three contrac-
tion lengths were tested L. = 120 cm, 90 cm, and 60 cm

corresponding to gradual, moderate, and sharp contrac-
tions. The flow discharge was regulated to Q = 15, 20,
25, and 30 m3/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 en-
tering the contraction zone.

Figure 1. Laboratory hydraulic model setup

Velocity measurements were performed using a mi-
cro-water meter. Measurements were taken along longi-
tudinal and transverse sections with aspacing of 5
cm and 2 cm, respectively. Each data point was recorded
over a 60-second interval to obtain reliable average ve-
locities. Colored dye tracers were used to visualize vor-
tex motion and confirm the flow structure 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 con-
tinuity and momentum equations, introducing a correction
term to account for vortex-induced head losses.

Results and Discussion. The experiments revealed
a consistent pattern: as both discharge (Q) and average
velocity (v) increased, the vortex zone within the con-
traction region expanded in size and intensity. This ef-
fect 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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Figure 2. Formation pattern of the vortical flow field in the converging approach channel model

At lower discharges (Q =15-20 m3/h), the velocity discharges (Q = 25-30m3/h) and for L, = 60 cm(fig
field remained relatively uniform, and the vortex region 2.),(table 1), the flow exhibited strong rotational motion,
was small and weakly developed. However, at higher and the vortex core occupied a significant portion of the

flow cross-section.
Table 1.
Values obtained from laboratory experimental results
LV bv
b | ol b | Sl ¥ || B | B | 8E |, | (m) (sm) B
(sm)[(—)| (sm) | ()| ()| (sm) | (sm) | (sm) | (sm) | (sm) O‘ng | Chap | O‘ng | Chap | (sm)
s s s tomon | tomon |tomon |tomon
30 0.81 | 0.65 | 28.7 | 18.3 | 28.73 | 18.32 | 10.41 | 57.4 | 12.7 13 5.6 5.9
25 0.74 | 052 | 241 | 157 | 243 | 1590 | 84 | 528 | 124 | 127 | 54 5.7
20 0.68 | 047 | 223 | 142 | 225 [ 1424 | 82 | 473 | 121 | 123 | 4.9 5.1
25| 15 | 120 | 061 | 045 | 20.8 | 133 | 21.1 | 135 | 76 | 428 | 11.8 | 121 | 4.7 5 80
10 053|041 (183|112 | 185 | 114 | 71 | 36.7 | 116 | 11.9 | 44 4.8
30 073 1059 | 244 | 165 | 246 | 168 | 6.8 | 43.8 | 123 | 127 | 54 5.6
25 0.62 | 053 | 21.1 | 154 | 21.3 | 157 56 | 395 | 121 | 124 | 5.1 5.4
20 054 | 045|201 | 148 | 204 15 54 | 35.7 | 11.9 | 12.2 5 5.2
30 | 15 | 120 | 048 | 0.42 | 181 | 13.1 | 183 | 134 | 49 | 321 | 115 | 11.8 | 4.9 5.1 80
10 0.43 | 0.34 | 156 | 10.8 | 15.8 11 48 | 273 | 111 | 114 | 47 5.0
30 0.65 051|176 | 131 | 179 | 132 | 47 | 224 | 122 | 125 | 5.3 5.5
25 057 | 048 | 159 | 115 | 16.2 | 11.7 | 45 18.1 12 122 | 5.0 5.1
20 052|041 | 151|105 | 152 | 109 | 4.3 158 | 11.7 | 119 | 438 5.0
35| 15 | 120 | 043 | 0.38 | 145 | 10.2 | 148 | 106 | 4.2 122 | 114 | 11.7 | 45 4.7 80
10 039 | 031 | 14 96 | 141 | 99 4.2 101 | 111 | 113 | 4.3 4.6
30 056 | 049 | 154 | 115 | 158 | 11.8 4 124 | 111 | 114 | 4.8 5.1
25 053|044 | 133 | 94 | 135 | 9.6 3.9 10.2 | 108 | 11.1 | 45 4.8
20 045|040 | 11.7 | 8.1 12 8.3 3.7 6.6 | 104 | 106 | 4.1 4.2
40 | 15 | 120 {039 | 035 | 95 | 6.2 9.8 6.4 3.4 3.4 9.8 10 3.7 4 80
10 035|030 | 81 | 57 8.4 5.9 2.5 2.2 9.1 9.3 3.3 3.5
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Figure 3. Energy dissipation under the influence of different contraction lengths

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:

be=1 1)

Among all configurations, the channel model with
outlet width b = 40 cm and contraction length L, = 120

b
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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 min-
imal, 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 en-
ergy conversion and reduced turbulence.

3 bc y =1,0812x + 0,1447
0.5 R>=0,8165
05 °®
°
0,45
® ®Laba
° .
0,4 ratori
o [ ] ya
0,35
03 | ® .
g_(
0,25 3
0,15 0,2 0,25 0,3

Figure 4. Regression analysis of laboratory model and field experimental data

These observations suggest that a longer contrac-
tion length (L. > 120 cm) combined with moderate out-
let narrowing (b = 40 cm) provides the most favorable
hydraulic conditions for minimizing vortex intensity and
improving flow uniformity. Such configurations are rec-
ommended for practical applications in inlet and transition
chambers designed for unsteady open-channel systems.

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

Increasing discharge and average velocity enhances
vortex intensity and expands the rotational region within
the contraction zone.

Shortening the contraction length leads to stronger
local accelerations and greater asymmetry in the veloc-
ity field.

The optimal configuration for minimizing vortex
formation corresponds to b=40 cmand 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 findings can serve as practical rec-
ommendations for the design of inlet and transition
chambers in irrigation and water conveyance systems
operating under unsteady flow regimes.
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