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Abstract 

Hydraulic jump length is a critical parameter for determining the required length of stilling basins and downstream 

energy dissipation structures. However, existing empirical equations may not adequately represent strong 

hydraulic jumps generated under high pre jump Froude number conditions. This study investigates strong 

hydraulic jump behavior in a rectangular laboratory channel and develops empirical relationships for predicting 

hydraulic jump length. Experiments were conducted using a physical spillway model with two chute slopes, 

1V:1H and 1V:0.8H. Seventeen discharge conditions ranging from 5 to 27 liters per second were tested. The 

observed pre jump Froude number ranged from 10.05 to 22.09, indicating strong hydraulic jump conditions. The 

main measured parameters were pre-jump depth, post-jump depth, post-jump Froude number, jump height, and 

hydraulic jump length. Calibration results showed good agreement between analytical and observed values, with 

mean absolute percentage errors of 4.86% for pre-jump depth and 7.96% for pre jump Froude number. The 

observed hydraulic jump length ranged from 85 to 315 centimeters. Regression analysis showed strong 

relationships between hydraulic jump length and pre jump depth, post jump depth, jump height, and upstream 

Froude number. The dimensionless formulation based on hydraulic jump length to pre jump depth ratio and pre 

jump Froude number produced the best predictive performance, with a mean absolute percentage error of 3.93%. 

Comparison with previous equations showed that most existing formulas underestimated the observed jump 

length. The proposed relationship provides an improved basis for estimating stilling basin length under strong 

hydraulic jump conditions. 

 

Keywords: strong hydraulic jump; hydraulic jump length; Froude number; rectangular channel; stilling basin; 

spillway model. 

 

1. Introduction 
Hydraulic jumps are key phenomena in open-channel hydraulics, marking the rapid transition from supercritical 

to subcritical flow. This transition is characterized by an abrupt rise in water depth, roller formation, air 

entrainment, pressure fluctuations, and intense energy dissipation. Accordingly, hydraulic jumps are widely used 

downstream of spillways, sluice gates, weirs, chutes, and stilling basins to reduce excess kinetic energy and protect 

hydraulic structures from scour and erosion [1]; [2]; [3].  

Beyond their hydraulic function, hydraulic jumps are closely linked to river environment stability. If the jump is 

not properly formed or if the stilling basin cannot accommodate its full length, residual energy may be transferred 

downstream, intensifying bed scour, bank erosion, sediment remobilization, turbidity, and riverbed degradation, 

while also affecting aquatic habitats and water quality [1]; [3]; [4]; [5]. Such failures may extend beyond the river 

corridor by increasing local flood risk, damaging irrigation and drainage infrastructure, accelerating erosion of 

agricultural land, depositing sediment in canals or fields, and reducing the reliability of water delivery. Therefore, 

stilling basin design is not only a structural concern but also an environmental and water-resources management 

issue. Among the governing parameters, hydraulic jump length, (Lj), is particularly important because it defines 

the longitudinal extent of the transition zone. Accurate estimation of (Lj) is essential for stilling basin design: 

underestimation may expose downstream beds to scour and instability, whereas overestimation results in 

unnecessarily long and costly structures [6]; [7]; [8]. This challenge becomes more critical for strong hydraulic 

jumps (F1>9), where turbulence intensity, roller development, air water interaction, and energy dissipation are 

highly pronounced [9]. 

Although the sequent depth ratio can be estimated using the classical Bélanger momentum equation, predicting 

jump length remains difficult due to the complex interaction of turbulence decay, roller dynamics, air entrainment, 

bed shear, boundary conditions, and tailwater control. Previous studies have shown that bed roughness, channel 

slope, compound geometry, and sluice gate opening significantly influence hydraulic jump characteristics and 

jump length [10]; [11]; [12]; [13]; [14]; [15]. Related investigations also highlight that toe location, slab stability, 

and basin length are strongly associated with (Lj), further emphasizing its design relevance [16]; [17]. Recent 

studies confirm that hydraulic jump behavior is highly sensitive to channel configuration, bed condition, and flow 
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regime. Experimental and semi-theoretical investigations have demonstrated that roughness, compound sections, 

adverse or positive slopes, and trapezoidal geometries can alter the sequent depth ratio, roller length, jump length, 

and energy dissipation [18]; [19]; [20]; [21]; [22]. Additional studies on compact energy dissipation structures 

indicate that sill and stepped weir geometries can improve jump control and energy dissipation; for example, 

double sill arrangements have been shown to enhance energy dissipation under strong jump conditions, while 

brink depth-based modelling over stepped weirs can support discharge and energy dissipation estimation [23]; 

[24].  

Despite these advances, strong hydraulic jumps in rectangular spillway channels at high upstream Froude numbers 

remain insufficiently represented in existing empirical formulations for (Lj). Many available equations were 

developed for moderate Froude numbers or non-rectangular geometries and therefore tend to underestimate the 

longer jump lengths observed under strong-jump laboratory conditions. This limitation may compromise the 

reliability of stilling basin design and downstream protection systems. 

To address this gap, the present study develops a new empirical relationship for hydraulic jump length, (Lj), based 

on laboratory observations of strong jumps (F1>9) in a rectangular channel. The proposed formulation is expressed 

using dimensional and dimensionless variables and is validated against classical and recent equations. By 

improving the prediction of jump length under strong-jump regimes, this study provides a more reliable basis for 

stilling basin design and offers a practical contribution to safer and more sustainable hydraulic engineering 

practice. 

 

2. Material and Methods  
The experimental investigation was conducted at the River Engineering Laboratory, Department of Water 

Resources Engineering, Faculty of Engineering, Universitas Brawijaya. A physical hydraulic model was 

constructed to simulate flow over a spillway system. The flume had a width of 0.40 m and a height of 0.60 m, 

while the spillway crest height was (P = 1.00) m. Two chute slopes were examined: 1V:1H, tested under ten 

discharge variations, and 1V:0.8H, tested under seven discharge variations. The downstream channel extended 

approximately 8.0 m from the spillway toe and was equipped with an end sill to regulate tailwater depth. Flow 

was supplied by a 30 L/s electric pump, which continuously recirculated water from the upstream reservoir 

through the flume and back via the downstream section. Discharge measuring devices were installed in both 

reservoirs, and point gauges were placed along the channel to monitor steady flow conditions. In total, seventeen 

discharge conditions ranging from 5 to 27 L/s were tested. The hydraulic model layout is shown in Figure 1. 

 

 
(a) Upstream part  

 
(b) Typical model channel 

 
(c) Running model 

Figure 1. The layout of the hydraulic model in the laboratory 

 

Hydraulic observations encompassed critical flow depth (yc), pre jump depth (y1), post jump depth (y2), critical 

velocity (Vc), velocity before the jump (V1), velocity after the jump (V2), hydraulic jump height (yj), and hydraulic 

jump length (Lj). The upstream Froude number prior to the jump (F1) was adopted as the principal governing 

parameter, with all experimental conditions designed to ensure F1>9, corresponding to a strong hydraulic jump 

regime. Analytical evaluation of the hydraulic parameters within the spillway system was conducted using 

standard open channel flow relationships.  

Analytical calculations were derived from fundamental hydraulic principle, specifically the law of continuity, the 

law of energy conservation, and the conjugate depth relationship, as outlined below: 
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To evaluate the discrepancy between the model observations and the theoretical values, several equations are 

employed as follows: 
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Q = 15 L/s
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Where B = channel width (m), E = flow energy (m), F = Froude number, g = gravitational acceleration (m/s2), Q 

= discharge (m3/s), q = discharge per unit width (m2/s), V = flow velocity (m/s), yc = critical flow depth (m), 𝑦𝑖 = 

flow depth expected (m), 𝑦̂𝑖 = flow depth observed (m), y₁ = pre jump flow depth (m), y₂ = post jump flow depth 

(m), MAPE = mean absolute percentage error (%), RE = relative error (%), and RMSE = root mean square error. 

Model calibration and verification are performed by comparing the analytical calculation results (expected) with 

the measurement on the model (observed). Analytical calculations are based on the law of flow continuity, the law 

of energy conservation, and the conjugation depth. 

The length of the hydraulic jump (Lj) in an open channel can be calculated using several classical formulas, which 

are generally categorized based on the flow parameters involved, including: flow depth after hydraulic jump (y2), 

jump height (yj = y2 - y1), and Froude number before the jump (F1) summarized by [25], [26]: 

Lj = Cj y2         (10) 

For Equation (10), Safranetz (1927) and Douma (1934) proposed Cj = 5.2, while Page (1935) suggested Cj = 5.6. 

 Lj = Cj (y2-y1)        (11) 

For Equation (11), Riegel & Beebe (1917) and Bakhmeteff, Matzke (1936) reported Cj = 5.0; Aravin (1935) Cj = 

5.4; Smetana (1934) Cj = 6; Kinney (1935) Cj = 6.02; Posey (1941) Cj = 4.5 to 7; Marques et al. (1997) Cj = 8.5; 

and Simoes et al. (2012) Cj = 9.52.  

In addition, Chertoussov (1935), Ivanchenko (1935) and Wu (1949) formulated Lj as function of y1, y2, and F1, 

respectively, as follow: 
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3. Result and Discussion 
Based on theoretical calculations, the expected values of the pre jump depth (y1) and post jump depth (y2) were 

established. These values served as reference conditions for the initial hydraulic model runs. To achieve 

conformity between the theoretical and observed flow parameters, the downstream end sill height was adjusted 

accordingly. For the seventeen discharges series tested, appropriate end sill heights were determined to reproduce 

the expected y1 and y2 values. 

With the downstream end sill height settings, the observed and expected values of y1, y2, F1, and F2 summarized 

in Table 1. 

 

Table 1: Result of hydraulic parameters (expected and observed) 

Slope 

V:H  

Q 

(L/s) 

End sill  Expected Observed 
Lj 

(cm) height  

Z (cm) 

Distance 

Xs (cm) 

y1 

(cm) 

y2 

(cm) 
F1 F2 

y1 

(cm) 

y2 

(cm) 
F1 F2 

1
:1

 

5 4.5 180 0.28 10.45 26.40 0.12 0.33 6.70 20.74 0.23 85 

7 5.5 277 0.39 12.38 22.51 0.13 0.40 9.37 22.09 0.19 105 

9 6.5 370 0.51 14.04 20.00 0.14 0.57 11.73 16.84 0.18 115 

11 7.5 455 0.61 15.53 18.21 0.14 0.67 13.93 16.13 0.17 130 

13 8.5 498 0.72 16.89 16.84 0.15 0.73 14.93 16.52 0.18 145 

15 9 540 0.83 18.15 15.77 0.15 0.87 15.87 14.84 0.19 155 

17 10 610 0.94 19.32 14.87 0.16 0.97 17.57 14.28 0.18 170 

19 10.5 644 1.05 20.43 14.13 0.16 1.00 18.50 15.17 0.19 185 

21 11 705 1.16 21.48 13.50 0.17 1.10 19.67 14.53 0.19 200 

22 11 788 1.21 21.99 13.22 0.17 1.20 20.53 13.36 0.19 215 

1
:0

.8
 

15 9.5 700 0.94 17.04 13.14 0.17 0.95 16.50 12.93 0.26 205 

17 10.5 700 1.04 18.30 12.79 0.17 1.10 19.20 11.76 0.14 215 

19 10.5 700 1.14 19.48 12.46 0.18 1.21 20.20 11.39 0.15 235 

21 11.0 700 1.25 20.60 11.99 0.18 1.27 21.70 11.71 0.15 255 

23 11.0 700 1.35 21.66 11.70 0.18 1.40 22.50 11.08 0.16 270 

25 12.0 700 1.46 22.67 11.31 0.18 1.58 23.60 10.05 0.16 285 
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Slope 

V:H  

Q 

(L/s) 

End sill  Expected Observed 
Lj 

(cm) height  

Z (cm) 

Distance 

Xs (cm) 

y1 

(cm) 

y2 

(cm) 
F1 F2 

y1 

(cm) 

y2 

(cm) 
F1 F2 

27 12.5 700 1.56 23.64 11.06 0.19 1.63 25.20 10.36 0.16 315 

 

The result of observed and expected pre jump depth (y1), post jump depth (y2), pre jump Froude number (F1), and 

post jump Froude number (F2) are illustrated on Figure 2. 

The comparison between observed and expected hydraulic parameters yielded MAPE (%) values of 4.86% and 

12.59% for y1 and y2, respectively, while the corresponding RMSE values were 0.0527 and 1.8650. Meanwhile, 

F1 and F2 have MAPE (%) values of 7.96% and 20.62%, respectively, while the RMSE values are 1.7969 and 

0.0465. Thus, for flow depth and Froude number parameters before jump (y1, F1) between observed and expected 

are in excellent agreement. While flow depth after jump (y2) is in good agreement, and Froude number after jump 

(F2) is in reasonable agreement.  

 
(a) Relationship between expected and observed 

pre jump depth (y1) with ±10% deviation 

boundaries 

 
(b) Relationship between expected and observed 

post jump depth (y2) with ±20% deviation 

boundaries 

 
(c) Relationship between expected and observed 

pre jump Froude number (F1) with 10% deviation 

boundaries 

 
(d) Relationship between expected and observed 

post jump Froude number (F2) with 25% deviation 

boundaries 

 

Figure 2: Scatter plot comparing observed and expected of y1, y2, F1, and F2 with deviation boundaries 

 

Following calibration of the primary parameters y1 and y2, subsequent analysis focused on the measured hydraulic 

jump length (Lj), which represents the central topic of this study. Based on the laboratory observations, 

relationships among dimensional parameters as well as correlations between dimensionless parameters were 

examined. The experimental results for hydraulic jump length were further compared with and evaluated against 

several formulations previously proposed in the literature. 

From the observational data and correlation analysis, the correlation coefficients between Lj and y1, y2, yj, and F1 

were found to be 0.9841, 0.9608, 0.9577, and -0.9210, respectively. The relationships among the dimensional 

parameters, specifically between Lj and y1, y2, yj, and F1, in SI unit (meter), along with the corresponding 

regression results as follows:  

Lj = 80.466  y
1

0.8081   ; R2 = 0.9606 (15) 

Lj = 11.423  y
2

1.0258   ; R2 = 0.9250 (16) 

Lj = 12.43  (y
2
-y

1
)
1.0398

 ; R2 = 0.9201 (17) 

Lj = 113.53  F1
-1.567   ; R2 = 0.9261 (18) 

Furthermore, the correlation coefficients between (Lj/y1) and F1, as well as (y2/y1), were determined to be 0.7147 

and 0.6178, respectively. The relationships among the dimensionless parameters, specifically (Lj/y1), (y2/y1), and 
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F1, along with the corresponding regression results, are presented as follows: 

(Lj/y1
) = 1.0331 F1

2 - 27.325 F1 + 367.3 ; R2 = 0.8109  (19) 

(Lj/y1
) = 1.4938(y

2
/y

1
)
2
- 49.704 (y

2
/y

1
)+ 601.85  ; R2 = 0.5037 (20) 

Meanwhile, the relationship of the dimensionless parameter (Lj/y1) with two dimensionless parameters (y2/y1) and 

F1 simultaneously is presented as follows: 

(Lj/y1
) = 94.381 (y

2
/y

1
)
-0.1521

F1
0.4489 ; R2 = 0.4522 (21) 

The equations describing the relationships among both dimensional and dimensionless parameters were 

subsequently compared with the analytical formulations for hydraulic jump length (Lj). The analysis revealed that 

the closest agreement with the laboratory observations was obtained from the formulations proposed by Marques 

et al. (1997) and Simões et al. (2012). However, the laboratory model observations indicated that the hydraulic 

jump length was generally longer than that predicted by most of the previous formulations.  

 

 
Figure 3: Comparison of observed hydraulic jump length with previous formulations based on dimensional and 

dimensionless parameters 

 

Among the equations, those yielding MAPE < 10% are Eq. (15), Eq. (16), Eq. (17), Eq. (18), Eq. (19), Eq. (20), 

and Eq. (21), with respective value of 6.58%, 9.46%, 9.70%, 9.01%, 3.93%, 6.41%, and 8.29%. The smallest 

MAPE = 3.93% is obtained from Equation (19), indicating that the prediction of hydraulic jump length (Lj) based 

on pre jump Froude number (F1) provides the best accuracy.  

 

 

Figure 4: The optimal equation of observed hydraulic jump length based on dimensional and dimensionless 

parameters 

 

The experimental results confirm that strong hydraulic jumps in a rectangular channel exhibit a highly developed 

turbulent structure and require a considerable longitudinal distance to complete the transition from supercritical 

to subcritical flow. The observed jump length (Lj) ranged from 85 to 315 cm under high upstream Froude number 
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conditions, indicating that strong jumps generated downstream of steep spillway configurations may require 

longer stilling basins than those predicted by several classical formulations. This finding is consistent with the 

physical understanding that strong jumps involve intense roller development, air entrainment, and turbulence 

decay, all of which control the spatial extent of the jump rather than the sequent depths alone [4]; [1]. The relatively 

long Lj observed in the present study can be attributed to the strong jump regime and the absence of roughness 

induced shortening along the basin floor. Previous studies on rough or sloping channels generally reported that 

bed roughness and slope tend to reduce jump length or roller length by increasing turbulence and bed shear 

resistance [5]; [27] ; [28]; [22]. Therefore, the longer Lj measured in this smooth rectangular channel is physically 

reasonable and highlights the need for separate empirical treatment of strong jumps under high F1 conditions. The 

influence of structural geometry is further supported by recent experimental work on stilling basins and stepped 

weirs, where sill arrangement, step-induced turbulence, and brink-depth-based modelling were shown to affect 

energy dissipation and hydraulic-jump-related flow behaviour [23]; [24]. 

The calibration results show that the observed pre jump parameters were well represented by analytical estimates. 

The larger deviations for y2 and F2 reflect the greater uncertainty in the post jump region, where flow aeration, 

surface fluctuation, and roller instability are more pronounced. Similar uncertainties have been reported in studies 

emphasizing the sensitivity of hydraulic jump profiles and locations to tailwater condition, inflow development, 

and turbulence structure [6]; [29]. 

The regression analysis demonstrates that Lj has very strong relationships with y1, y2, and yj, with R2 values 

exceeding 0.92. This confirms that dimensional flow depth parameters remain reliable predictors of jump length 

under the tested conditions. However, the dimensionless formulation based on (Lj/y1) and (F1) provided the best 

predictive accuracy, with MAPE of 3.93%, suggesting that Froude-based scaling is more transferable for design 

use. This supports previous findings that F1 remains the dominant parameter governing jump geometry, although 

roughness, slope, and channel configuration may alter its effect [10]; [11]; [12]. 

Comparison with previous equations shows that the laboratory observations are closest to the formulations of 

Marques et al. (1997) and Simões et al. (2012), yet the measured Lj values are generally longer than most published 

predictions. This indicates that strong-jump conditions may not be adequately captured by conventional equations 

derived from broader or lower-Froude datasets. The proposed formulation therefore provides a more suitable basis 

for estimating stilling basin length under the present experimental conditions and helps reduce uncertainty in 

downstream energy-dissipation design. The strong performance of the dimensionless formulation based on (Lj/y1) 

and F1 is consistent with previous studies showing that the incident Froude number remains the principal 

governing parameter for hydraulic jump geometry, although its influence may be modified by slope, roughness, 

and cross-sectional shape. This agrees with studies on sloped channels, rough beds, compound channels, and 

trapezoidal channels, where F1 was consistently retained as a primary variable in empirical or semi-theoretical 

formulations [30]; [20]; [31]. 

 

4. Conclusion 
This study addressed the uncertainty in estimating hydraulic jump length, 𝐿𝑗, under strong hydraulic jump 

conditions in a rectangular channel. Although many empirical equations are available in the literature, their 

applicability to high Froude number jumps remains limited because Lj is strongly affected by roller development, 

turbulence intensity, air entrainment, and tailwater control. This limitation is important for stilling basin design, 

where underestimation of jump length may compromise downstream protection, while overestimation may lead 

to uneconomical basin dimensions. 

Laboratory observations were conducted for strong hydraulic jumps generated downstream of two spillway chute 

configurations. The experimental results showed that the observed hydraulic jumps were fully developed and 

relatively long, with Lj varying from 85 to 315 cm. The calibration of the main hydraulic parameters showed good 

agreement between analytical and observed values, particularly for pre-jump depth and upstream Froude number, 

confirming the reliability of the experimental setup for further jump length analysis. 

Regression analysis demonstrated that hydraulic jump length has strong relationships with pre-jump depth, post-

jump depth, jump height, and upstream Froude number. Among the tested formulations, the dimensionless 

relationship involving (Lj/y1) and F1 produced the best predictive performance, with the lowest MAPE of 3.93%. 

This indicates that Froude based scaling provides a more reliable representation of hydraulic jump length under 

the tested strong jump conditions than purely dimensional formulations. 

Comparison with previous empirical equations showed that the laboratory observations were closest to the 

formulations of Marques et al. and Simões et al.; however, most existing equations tended to underestimate the 

observed jump length. Therefore, the proposed empirical relationship provides a more suitable basis for estimating 

Lj in the present experimental range. 

The key takeaway is that strong hydraulic jumps may require longer stilling basin lengths than those predicted by 

many classical equations. The proposed formulation can support safer and more economical design of downstream 

energy-dissipation structures, particularly for spillway systems operating under high upstream Froude number 

conditions. 
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