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I. INTRODUCTION 
 

The classical hydraulic jump phenomenon (which will 

be referred to as the hydraulic jump from here on), is 

the transition of water flowing from high velocity, 

supercritical flow to low velocity, subcritical flow in 

rapid succession and has been studied in greater 

detail in the documented literature [1-4].  

 

Hager [5] gives a detailed account of the historical 

contribution to the development of hydraulic jump 

theory. Though Leonardo da Vinci in the 1500s is 

thought to have studied the hydraulic jump, the first 

documented study on this phenomenon is attributed 

to Bidone in 1819 and to Belanger in 1841 [6, 7, 5].  

 

Belanger is credited in general with analyzing the 

profile, the jump length and the velocity distribution 

of the jump.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This spectacle of the hydraulic jump occurs both 

naturally and artificially and Figure 1 below displays 

how a hydraulic jump is replicated in laboratory 

conditions, using a flume and a sluice gate which 

creates the initial super critical velocity required for 

the formation of the jump. 

 

 
Fig 1. Formation of a hydraulic jump in laboratory 

conditions. 
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As discussed in Palermo and Pagliara, [7], 

Belanger’s analysis, which was limited to smooth 

channel beds on prismatic canals, could not 

analyze other situations of the hydraulic jump with 

variable factors like rough beds, sloping channels, 

non-prismatic channels and the effect of having 

high upstream Froude numbers.  

 

As such, many researchers conducted experimental 

as well as numerical studies to understand not 

only the hydraulic jump phenomenon, but also the 

complexities associated with it under different 

conditions of jump formation which includes 

submerged jumps [8] and air entrainment in 

hydraulic jumps [9,10]. 

 

Scale effects are the result of distortions between 

scaled model measurements and prototype readings 

as a consequence of prototype constraints that are 

not correctly scaled to the miniature universe, which 

in turn leads to force ratios not scaling correctly 

between the model and prototype [11]. When 

carrying out experiments on large prototypes, effects 

such as surface tension, capillary forces and head 

loss due to channel bed roughness are negligible.  

 

However, it is possible that these small forces can 

take precedence over gravity when producing the 

same experiments on a smaller scale [12]. As surface 

tension is regarded as insignificant for most 

prototypes in hydraulic engineering, however not 

potentially the case for small water depths [13], it is 

important to try to replicate the experiment in 

conditions as small as possible so that if a factor such 

as surface tension does affect the results, it will be 

noticeable. 

 

The scale effect on the air entrainment process in a 

hydraulic jump was studied by Chanson and 

Chachereau [14] where after analyzing existing data, 

they concluded that, for hydraulic jumps with an 

upstream Froude number of 5.1, the void fraction 

data obtained with a Reynolds number less than 4 x 

104 could not be scaled up to when the flow was at a 

Reynolds number of 1 x 105.  

 

Further, they also concluded that in terms of 

parameters such as bubble count rate, turbulence, 

bubble chord time distributions and bubble cluster 

characteristics could not be scaled up with flows 

where Reynolds number was up to 1.25 x 105.  

Peak all and Warburton [15] looked at the surface 

tension in small hydraulic river models and highlights 

the importance of considering the surface tension 

with dimensionless term Weber number used to 

ensure similarity. However, their attempts to come 

up with a critical Weber number to ensure dynamic 

similarity with the model and prototype was fraught 

with difficulties with issues in the definition of the 

Weber number where the ratio V2ρl/σ is used at 

some places and the square root of the same ratio is 

used elsewhere. 

 

Not many instances of studies of the scale effect on 

the hydraulic jump are found in the documented 

literature and hence identified as an area which 

requires further studies. Therefore, this study was 

carried out to determine the effect of scale on the on 

the well analyzed, predicted and documented 

behavior of the hydraulic jump phenomenon. This is 

also important as most of the scaled down physical 

models used to study hydraulic and other 

phenomena in engineering applications are getting 

increasingly smaller. 

 

II. MATERIALS AND METHODS 
 
To study the effect of scale on the hydraulic jump, 

an experimental approach was used which 

included creating a hydraulic jump on two flumes 

at the hydraulics and fluid mechanics laboratory at 

Nottingham Trent University, UK for different flows 

with details of the experimental setup shown as in 

Table 1 below. Full details of the experiments 

carried out along with all the raw data are 

available in Pashouros [16]. 

 

 
(a) 2.5 m flume used in experimental work. 
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(b) 5.0 m flume used in experimental work. 

Fig 2. Flumes used in the experimental work, 2(a) 

shows the 2.5 m flume and 2(b) shows the 5m flume. 

 

The depths of flow before and after the hydraulic 

jump were measured using the standard depth 

gauge and specific energy before and after the jump. 

 

Table 1. Summary of the experiments carried out 3 

(a) - Depth gauge used in measuring flow depth with 

the discharge measurement apparatus. 
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(a) Depth gauge used in measuring flow depth. 

 

 
(b) 5m flume with the discharge measurement 

apparatus. 

Fig 3. Depth gauge used in measuring flow depth is 

shown in 3(a) and 5m flume with the discharge 

measurement apparatus is shown in 3(b). 

 

Were measured with a Pitot Tube. Flow rates were 

obtained by the standard apparatus provided in the 

flume where a known mass of water was collected for 

a known time and the volumetric flow rate was 

computed as (mass / density of water) / time. 

 

The depth of flow after the jump (y2) was 

calculated using the standard conjugate depth 

equation which gives the relationship before the 

depth of flow (y1) and the depth after the jump 

(y2), obtainable from the application of the 

momentum and continuity equations between a 

control volume which starts before the jump 

(suffixes 1) and after the jump (suffixes 2). 
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..… (1) 

 

Where Fr1 is the Froude number before the jump. 

 

The specific energy head before and after the jump 

was calculated using the standard specific energy 

equation 

 

 
The energy head loss during the jump was calculated 

as Es1 – Es2. 

 

The length of the hydraulic jump (Lj) is a parameter 

which is so very hard to measure due to varying 

starting and ending points of the jump along with 

varying amounts of air entrainment leading to 

intensive turbulence [17, 18].  

 

The roller length (Lr), which is the length of the 

recirculation zone, is considered by some 

researchers to be a better representation of the 

hydraulic jump length [19]. Different researchers 

have come up with different, empirical formulae to 

determine the hydraulic jump length usually for free, 

non-submerged jumps. 

 

Of the different formulae by different researchers to 

determine hydraulic jump length, perhaps the most 

well known is the one by Hager [19] as given in 

equation 4. 

 

…... (4) 

 

Sylvester [20], came up with the following empirical 

equation using regression analysis on experimental 

data obtained on a channel with rough bed 

conditions. 

 

……. (5) 

 

Gupta et al, [21] using Buckingham Pi theorems and 

regression analysis of experimental data came up 

with an expression to determine the length of the 

hydraulic jump shown in equation 6. 

 

……. (6) 

 

There are a few other equations researchers have 

come up with, all of which are based on fitting 

regression equations on experimental data and 

hence are empirical equations.  

 

However, as the equations given above cover a wide 

variation of different parameters bed roughness; they 

have been used in this study. 

 

All these calculated values of depth of flow after the 

hydraulic jump, height of the jump, specific energy 

before and after the jump and length of the jump 

were compared with the corresponding measured 

values for all the 87 sets of data obtained by creating 

a hydraulic jump for different flows for the larger, 5m 

flume (53 sets of data) and smaller, 2.5 m flume (34 

sets of data). 

 

III. RESULTS AND DISCUSSION 
 
The results obtained as per the methodology 

explained above are shown in Figures 4, 6 and 7 

below. Figure 4(a) shows the comparison between 

the calculated and measured depth of flow after the 

hydraulic jump (y2) for all the 87 sets of data for 

both flumes.  

 

Figure 4(b) shows the comparison of calculated and 

measured hump height (ie y2 – y1), again for all the 

87 sets of data for both flumes. 

 

 
(a) Calculated and measured depth of flow after the 

hydraulic jump. 
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(b) calculated and measured jump height. 

Fig 4. Calculated and measured depth of flow after 

the hydraulic jump 4(a) and calculated and 

measured jump height 4(b). 

 

As can be seen from the graphs in Figure 4(a) and 

4(b), the agreement between measured and 

calculated values are excellent with coefficients of 

correlation of 0.95 and 0.85. This suggests that the 

conjugate depth equations hold true even at this 

scale and the effect of capillary actions and surface 

tension forces are either nonexistent or negligible. 

 

Figure 5 shows the variation of calculated depth 

after the jump (y2) with the Reynolds number for the 

flow rates and velocities before the jump (Re1) used 

in the experiment. As can be seen, this relationship 

again shows a strong co-relation with a correlation 

Coefficient of 0.95 and this is somewhat different to 

the findings of Chanson and Chachereau [14].  

 

However, the finding by these two authors related 

void fraction data, bubble count rate, turbulence, 

bubble chord time distributions and bubble cluster 

characteristics rather than the straightforward jump 

heights where one does not have to depend on any 

empirical formulae. 

 

Figure 6 (a) shows the calculated (from equation 2 

above) and measured specific energy head before 

the hydraulic jump and Figure 6(b) shows the 

calculated (from equation 3 above) and measured 

specific energy head after the hydraulic jump. Figure 

6(c) shows the calculated and measured energy head 

loss in the hydraulic jump. 

 
Fig 5. Variation of depth of flow after the jump (y2) 

with the Reynolds number before the jump (Re1). 

 

As seen from Figures 6(a), 6(b) and 6(c) the 

agreement between the calculated values and the 

corresponding measured values are quite acceptable 

for specific energy before and after the jump except 

perhaps for the energy loss comparison where the 

correlation coefficient is only 0.31. Unlike the depth 

of flow, the measurement of energy can a bit tricky 

as it was measured using a Pitot tube. However, 

within experimental error possible with the 

instruments that were available, the agreement can 

be considered adequate. 

 

 
(a) Calculated and measured specific energy head 

before the hydraulic jump. 
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(b) Calculated and measured specific energy head 

after the hydraulic jump. 

 

 
(c) Calculated and measured energy head loss. 

Fig 6. Calculated and measured specific energy head 

before the hydraulic jump 6(a), calculated and 

measured specific energy head after the hydraulic 

jump 6(b) and calculated and measured energy head 

loss 6(c). 

 

Figures 7(a), 7(b) and 7(c) show the comparison 

between the measured jump length and calculated 

jump length (Lj) using the equations 4, 5 and 6. As 

mentioned the length of the hydraulic jump is a 

parameter which is very difficult to measure due 

mainly to the turbulence and varying nature of 

starting and ending points of the jump.  

 

However, despite this difficulty, good agreements 

with the measured values and calculated values 

using equations 4 and 5 for the length of the 

hydraulic jump was obtained, whereas the same with 

equation 6 is acceptable. Its also worth noting that 

equations 4 and 5 calculated hydraulic jump lengths 

were almost identical, thus yielding a very similar 

correlation coefficient of 0.61. 

 
(a) Comparison of calculated (using equations 4) and 

measured hydraulic jump length. 

 

 
(b) Comparison of calculated (using equations 5) and 

measured hydraulic jump length. 

 

 
(c) Comparison of calculated (using equations 6) and 

measured hydraulic jump length. 

Fig 7. Comparison of calculated (using equations 4, 

5 and 6 above) and measured hydraulic jump length. 
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Figure 8 shows the comparison of measured and 

calculated graphs for parameters for the two flumes 

separately. As can be seen, the agreement between 

the calculated and measured values is better for the 

larger 5m flumes in all parameters than for the same 

parameters for the smaller 2.5m flume. This may be 

due to surface tension and or capillary forces play 

according to Henderson’s [22] suggestion that for 

channel depth and widths are an inch or two (0.025 

–0.05 m). 

 

According to Novak et al [23] for shallow flows, the 

Weber number should be greater than 11 to avoid 

surface tension effects. The Weber number 

(calculated as V
2
ρl/σ) for the present study works out 

to be a minimum of 204 and a maximum of 

7233 with an average of about 2658 and hence this 

yardstick suggests that surface tension forces are 

(likely to be insignificant in this study. What is clear 

however is that more studies are required before 

establishing the threshold values and critical Weber 

numbers for establishing the presence of surface 

tension forces and capillary forces in small scale 

hydraulic model studies? 

 

 
(a) 

 

 
(b) 

 
(c) 

 

 
(d) 

 

 
(e) 
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(f) 

 

 
(g) 

 

 
(h) 

Fig 8. Comparison of measured and calculated 

graphs for parameters for the two different flumes 

of 5m and 2.5m. 

IV. CONCLUSIONS 
 

This study looked at the possible effects of forces 

which can affect the hydraulic phenomena at smaller 

scale such as the capillary forces and surface tension 

forces of a liquid. Specifically, the phenomenon that 

was looked at was the hydraulic jump and as seen 

from the results and ensuing discussion, it’s apparent 

that the effects of these capillary forces and surface 

tension effects are either minimal or no existent 

altogether. It’s also possible to conclude that the 

standard analytical methods used in the analysis of a 

hydraulic jump, which is the application of the 

continuity equation along with momentum equation, 

should yield very accurate results even at this small 

scale.  

 

The study also throw light on the possibility of using 

small scale experimental apparatus (such as flumes) 

for hydraulic model studies which is an essential part 

in testing costly hydraulic structures such as dams 

without having to include parameters such as 

capillary and surface tension forces, though more 

studies on the same are recommended. 

 

1. Abbreviations and Notations: 

 y1 and y2 – depth of flow before the jump and 

after the jump respectively 

 Es1 and Es2 - Specific energy before the jump 

and after the jump respectively 

 Lj – Length of the hydraulic jump 

 Fr1 – Froude number before the jump  

 Re1 – Reynolds number before the jump  

 V – Velocity of flow 

 ρ – Mass density of water 

 L – Length parameter (for Weber number 

calculation in open channels flow depth is used as 

L) 

 σ – Surface tension 
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