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Abstract

:

Energy dissipation structures play an important role in flood risk management. Many variables need to be considered for the design of these structures. Aeration has been one of the more studied phenomena over the last years, due to its influence in the performance of hydraulic structures. The purpose of the work presented in this article is to experimentally characterize the effects of aeration on boundary friction in supercritical and fully turbulent flows. The physical model used to analyze the aeration effects consists of a spillway chute 6.5 m high and a stilling basin of 10 m length and 2 m high. A pump and compressor supply the water-air mixture and are controlled at the entrance by valves and flowmeters. The ensuing channel is monitored to determine the velocity profile and air concentration of the flow into the stilling basin. The average values of both variables and Manning’s coefficient along the channel are used to determine the relation between air concentration and energy dissipation by friction. A velocity increase with greater air entrainment has been found in all scenarios since friction is the main energy dissipation mechanism in open channels flow. Finally, an equation is proposed to characterize this evolution based on the results obtained.
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1. Introduction


Climate change impacts may compromise the security of hydraulic structures by exacerbated extreme hydrological regimes and higher flood flows. Moreover, current society demands increasing safety standards in dam hydraulic outlets due to their effects on the social welfare and economic stability. As a consequence, it may be necessary to improve the hydraulic capacity of current dam outlets (including weirs, spillways and sluices). In this context, the Hydraulic Laboratory of CEDEX (Centre for Public Works Studies and Experimentation, Spain) is carrying out an experimental study on the influence of aeration over chutes and stilling basins in the framework of the EMULSIONA project, a research effort funded by the Spanish Ministry of Economy. The purpose of this study is to quantify the influence of aeration in the efficiency of energy dissipation structures [1,2,3]. Our analysis is based on a physical model test where flows with different air concentration may be produced. Considering the similarity criteria, these results are representative of those that would be obtained in a prototype hydraulic structure [4,5,6,7,8]. The first stage of the study is to characterize the hydraulic conditions of the intake flow in the stilling basin (depth, velocity and concentration). The analysis is focused on the effects of aeration on supercritical flows in the channel and on how the velocity field is modified according to different air concentration conditions. Results obtained during the experimental another coalysis of the spillway channel show a flow velocity increase with higher concentration. This phenomenon has been described before by Moñino [9] and Kramer [10]. Moreover, several studies have analyzed the effect of emulsionated flows in spillways with artificial aeration, as in Luna-Bahena [11] and Koen [12]. There are different proposals for energy dissipation mechanisms in open channel flows, depending on the regime analyzed. Turbulence and bubble effects play an important role in self-aerated open channels and stilling basins [13,14,15,16,17], but supercritical flows in spillways are highly influenced by roughness at the boundary [18]. The objective of the work presented in this article is to quantify the influence of aeration on the roughness boundary in high velocity and turbulent flows through friction mechanisms. Twelve flow scenarios were tested on the physical model with Froude numbers ranging between 5.5 and 6.5, representative values of flows in real spillways. In all tests, vertical velocity and air concentration profiles were measured at the channel axis. This information was used to determine the average Manning’s roughness coefficient in the channel and to establish a relationship between friction energy dissipation and air concentration.




2. Material and Methods


The experimental analysis was developed on a physical model built in the Hydraulic Laboratory of the Hydrographical Studies Centre (CEDEX, Spain). The following sections present the characteristics of the installation, the experimental design to reproduce the flow scenarios and the instrumentation used to take velocity and concentration measurements.



2.1. Physical Model and Supply Equipment


The installation built to reproduce the different flow scenarios consists of a spillway chute 6.5 m high and 0.5 m wide with a slope of 75%. This channel is followed by a horizontal stilling basin 10 m long and 2 m high, regulated by a control gate to confine the hydraulic jump. The objective of this element is to control the jump length and to recirculate excess water to the storage tank. Figure 1 shows a longitudinal section of the general system and includes a lateral view of the physical model in operation.



The system is equipped with a pump and air compressor to supply a maximum flow rate of 0.6 m3/s/m of water and 2000 L/s of air. Under these conditions, tested velocities vary between 5 and 7 m/s with Froude numbers between 5.5 and 6.5. The mixing of water and air takes place in a compartment just before the entrance to generate emulsionated flow. This process is very important for the analysis because the concentration of this intake flow is the initial condition of the experiment. Figure 2 shows all elements included in the physical model feeding. The channel intake is controlled by an adjustable gate in the upstream section. In this experimental study, an aperture of 0.08 m has been fixed for all tests (Figure 3b).




2.2. Control and Instrumental Devices


Water and air intake flows were regulated with two flowmeters before the mixture box. Pressure control was implemented in the air entrance section to improve the regulation capacity. The mixture box is equipped with a pressure sensor at the bottom to record the pressure measurements during the experimental analysis. These data are necessary to determine velocity evolution of the emulsionated flow (Figure 4).



The second group of instrumental equipment is used to characterize the channel flow, measuring velocity and concentration profiles in the final section of the channel. A Pitot probe with a pressure sensor was used to measure the flow velocity. This sensor has a sampling frequency of 100 Hz and is connected to data acquisition software developed in CEDEX with LabVIEWTM 2010 (version 10.0 (32 bit), National Instruments, Austin, Texas, USA). Recording time in each test was 100 s. Post-processing was done considering manometric pressure head, atmospheric head and Pitot head. The total head is included in the energy Equation (1) to obtain the average velocity in every point.


v=2×g×h,



(1)




where v is the average velocity in the testing point, g is the gravity acceleration and h is the specific head.



The measurement of concentration profiles was carried out with an Air Concentration Meter (ACM). This device was built by the Hydraulic Engineering Department of Universidad Politécnica de Cartagena (UPCT) and is based on a prototype developed in 1997 by the U.S. Department of the Interior Bureau of Reclamation [19] This experimental method was successfully applied by Cain, Wood and Chanson [20,21,22,23]. This probe measures air concentration in flowing water, detecting the air bubbles passing through the section by the changes in conductivity that take place when a bubble impinges on the probe tip. Analyzing the signal, it is possible to define two clear phases over time, water and air, and determine the concentration measurements. In this case, the acquisition frequency in all tests was 60 data/s and the recording time was set to 45 s. Figure 5 includes two pictures showing the Pitot and conductivity probes during the experimental phase.




2.3. Experimental Boundary Conditions


The real flow condition in the spillway must be fully turbulent. For this reason, a cover of metallic mesh was disposed along the top of the channel to increase turbulence. A flexible plastic cover was set over the channel as well, to reduce the air exchange between flow and atmosphere. Both materials are flexible and do not hinder free flow (Figure 6).



The plastic cover and metallic mesh will have influence in the velocity profile due to both elements increase the roughness at the surface and slow down the flow, moving the maximum velocity from the top flow to the low area of the flume.




2.4. Test Program


The twelve emulsionated flow scenarios analyzed in this research are summarized in Table 1, combining four water rates (Qw) with three intake airflows (Qa). With these data measured by the intake water and air flowmetres (Figure 4a,b)), and taking into account that gate opening has a fixed section 0.5 m wide and 0.08 m deep, it is possible to know the average velocity (VIn) and air concentration (CIn) at the intake channel. Moreover, a pressure sensor has been disposed below the mixture box (Figure 4d) to consider the air compressibility and correct the total mixture flow at the nozzle in atmospheric conditions, basic data to determine the real value of VIn.



All test recorded have placed at the axis of the channel section to reduce the effect of the sidewalls as much as possible.





3. Experimental Results


The velocity (VOut) and concentration (COut) profiles obtained during the experimental works are presented in Figure 7, Figure 8, Figure 9 and Figure 10. These values were measured in the axis of the channel, at 0.25 m of each side wall. Table 2 shows the average velocities, concentration values and depths at which concentration profile reaches 90% (H90 Out). This indicator is very common in the related scientific literature to set the free surface. Table 2 includes also the Froude, Reynolds and Weber numbers in the measurement section.



Figure 7 shows how flow velocity (VOut) increases as air concentration (COut) rises in the lower section of the channel for the test conducted with Qw = 0.31 m3/s/m. The strongest effect of air concentration on flow velocity was obtained on the first 4.5 cm from the bottom. Both variables were seen to increase an intake air flow rate (Qa) increased. The strongest effect was seen at 2.7 cm depth, where velocity changes from 0.66 m/s with 8.7% concentration to 0.69 m/s with 15.8 %. The H90 Out obtained in the three tests were similar with small variations of mm.



In the scenario corresponding to Qw = 0.4 m3/s/m (Figure 8), the observed tendency is similar to that of Figure 7. With a higher flow rate, the influence of aeration on the velocity profile extends to a depth of 5.5 cm. As in the previous test, the maximum velocity increase is observed at 2.7 cm depth, from 0.74 m/s with 5.9% air concentration to 0.78 m/s with 11%. H90 Out values also increase up to 1 cm more with respect to the previous scenario in all tests, with a maximum height of 9.55 cm in the test with Qa = 2000 L/min.



The third scenario (Figure 9) corresponds to tests with a water flow rate of Qw = 0.5 m3/s/m. In this scenario, the maximum velocity and air concentration variations are observed on the first 6.5 cm from the bottom. Velocity varies from 0.82 m/s with 1.2% air concentration to 0.88 m/s with 2.9% air concentration at a depth below 1.6 cm. The maximum H90 Out corresponds to the highest air flow rate and reaches almost 11 cm.



Figure 10 shows the final scenario results with the maximum flow rate of Qw =0.6 m3/s/m. In these tests, the major velocity variation is given also in the lower section, at 2.7 cm depth, with an increase from 0.9 m/s with 1.5% air concentration to 0.95 m/s with 2.6%. It is possible to appreciate the highest H90 Out in this scenario with the top value of 12.2 cm.



As a summary, Figure 11 shows the relation between velocity and air concentration profiles in all scenarios. To allow for comparisons, this representation shows a dimensionless Y axis where depth (H) is normalized by the values of H90 Out obtained in the tests. Analyzing Figure 11 and Table 2 we can appreciate the evolution of velocity profiles with the air concentration increase in all scenarios and tests, according to the water flow rate and aeration values. Results also show that H90 Out are very similar in scenarios with the same water flow rate, a factor which affects the evolution of Manning’s coefficient.



Other common effect in all scenarios is that concentration is zero at the bottom flume, due to there is no movement (VOut = 0 m/s) and flow cannot transport air bubbles. Figure 12 shows lateral views of this phenomena where velocity and concentration profiles have been obtained. These shots have been made with laser illumination and displays how the bubble density increases with the depth. Moreover, it is possible to see in the picture that concentration is zero (no bubbles) in the more illuminated areas, mainly located at the bottom flume.




4. Discussion


Aeration affects the energy dissipation mechanisms of open channel flows in different ways. First, Hinze [24] considers that aeration increases the viscous turbulent dissipation. This formulation refers to the reduction of the velocity profile with high concentration, but it is a theoretical proposal without empirical support.



Other authors, as Mateos, Wood and Chanson [25,26,27,28], consider the division and reunification of bubbles as the main factor over energy losses. They consider that shear stress between flow layers breaks the bubbles to later regroup each other in collision areas. This process has to exceed the surface tension of the air bubbles and generates energy dissipation by heat. Both formulations would be interesting during the analysis of the hydraulic jump, where turbulence effects are more important over the flow.



The third method is focused on analyzing energy dissipation by boundary friction and its application on open channel flow is most suitable. This proposal is different from the other two because both methodologies consider turbulence as the main effect of dissipation instead of roughness. Considering all the methods to evaluate this effect, Manning formulation (2) [29] has been chosen because it is well known and widely used in the hydraulic engineering area to determine the friction slope (If) based on a roughness coefficient (n), where V represents the average velocity and Rh the hydraulic radius.


If=n2V2Rh43



(2)







In our experimental case, we used Manning’s equation to analyze the energy dissipation due to boundary friction, which is prevailing in supercritical flows with low water depth and high velocity. In this sense, air bubbles imply an emulsion depth grow (HEmulsion) and the hydraulic radius (Rh) increases. Considering the last equation, this effect supposes a reduction of the friction slope (If) and velocity increase (V). Therefore, a velocity increase with water rate constant (Qw) generates a water depth decreasing (Hw), with the consequent reduction of the bottom stress (τb). Figure 13 shows the scheme of aeration influence in free surface flows and its effects over the boundary friction.



In general, the results obtained during the experimental phase show a velocity increase with the aeration growth for a constant water flow rate. Considering the velocity and air concentration profiles in the initial (VIn, CIn) and final (VOut, COut) sections of the channel, we calculated the characteristic average values of the flow in the spillway (VM, CM, H90 M) and also the friction slope of our test reach. Including these data in Manning’s equation, it is possible to determine the representative Manning’s roughness coefficient (n) and its reduction rate in % (∆n) with respect to the roughness without aeration. The Manning’s coefficients obtained in the middle of the spillway represent the final values for this prototype chute length, a factor which affects the roughness.



Table 3 includes the average values of the experimental results and Figure 13 relates the Manning’s roughness coefficient (n) with each concentration (CM) and demonstrates a roughness reduction with air concentration increase.



Analyzing the results shown in Figure 14, it is apparent that Manning’s coefficients decrease with increasing flow rates. This effect was expected, since the influence of boundary friction is lower with higher depths and it is a secondary factor which affects the Manning’s roughness constant. About this consideration, Chow [30] determines the material as the most important factor in the Manning’s coefficient but explains that other variables, as the stage and discharge or the suspended material, could influence the final value. The rate of reduction of roughness coefficient with concentration increase (line slope) is very similar in the four tests, with an average slope of 9 × 10−5 m1/6. With this singularity, it is possible to propose an equation to characterize the variation of the Manning’s roughness coefficient (n) as a function of the average air concentration (CM) in emulsionated flows Equation (3):


n=−9×10−5×CM(%)+n0



(3)




where n0 is the Manning’s coefficient with no air concentration in flow (CM = 0).



Experimental Reynolds and Weber numbers (Table 2) guarantee the representativeness of the results without scale effects. Performing a Froude similarity analysis and considering minimum numbers of Reynolds of 40,000 and Weber of 110, which make the effects of scale negligible, the representativeness of these results is guaranteed for prototypes with a geometric scale up to ten times larger than the model size.




5. Conclusions


This study is focused on the experimental analysis of aeration in supercritical and fully turbulent flow. The boundary conditions and large scale selected for the experimental process ensure the accuracy of the test. Obtained results show that aeration plays the main role in energy dissipation in open channel flows under these conditions. In our experimental results, with the same water flow rate, higher air concentration implies a velocity increase and, therefore, lower friction head losses. This reduction was quantified by means of the Manning’s coefficient (n). An original formulation was proposed to determine roughness (n) variation as a function of the average air concentration (CM) in emulsionated flows. Moreover, the dimensional analysis carried out in this study confirms that the representativeness of these results is guaranteed for prototypes with a geometric scale up to ten times larger than the model size.
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Figure 1. Design and characteristics of the physical model with spillway limits (orange color): (a) Model longitudinal section with materials and all the elements needed to establish the initial and boundary conditions and to reproduce the flow scenarios; (b) Lateral view of the spillway chute and stilling basin with the hydraulic jump. 
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Figure 2. Water and air supply equipment: (a) Water gauger; (b) Water pump; (c) Air compressor; (d) Air-water mixture box. 
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Figure 3. Initial and boundary conditions in the physical model: (a) Intake flow gate located at the entrance of the spillway chute; (b) Regulation gate to control the still basin. 
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Figure 4. Control devices: (a) Water electromagnetic flowmeter; (b) Air flowmeter; (c) Air pressure control; (d) Atmospheric pressure sensor in mixture box. 
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Figure 5. Velocity and concentration data collection: (a) Pitot probe during the velocity measurement process; (b) view of the Air Concentration Meter probe used in the concentration measurement process. 
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Figure 6. Boundary conditions over the flow surface during the experimental analysis: (a) Plastic cover to reduce air exchange between flow and atmosphere; (b) Effects of the metallic mesh and plastic cover over the flow in the test. 






Figure 6. Boundary conditions over the flow surface during the experimental analysis: (a) Plastic cover to reduce air exchange between flow and atmosphere; (b) Effects of the metallic mesh and plastic cover over the flow in the test.



[image: Water 11 00576 g006]







[image: Water 11 00576 g007 550]





Figure 7. Relation between depth (H) and velocity (V)—Concentration (C) profiles in scenario 1 (Qw = 0.31 m3/s/m). 
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Figure 8. Relation between depth (H) and velocity (V)—Concentration (C) profiles in scenario 2 (Qw = 0.4 m3/s/m). 
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Figure 9. Relation between depth (H) and velocity (V)—Concentration (C) profiles in scenario 3 (Qw = 0.5 m3/s/m). 
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Figure 10. Relation between depth (H) and velocity (V)—Concentration (C) profiles in scenario 4 (Qw = 0.6 m3/s/m). 
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Figure 11. Summary of relations between velocity and concentration profiles in all scenarios. 
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Figure 12. Lateral view of different scenarios in the measurement section: (a) Scenario with Qw = 0.4 m3/s/m and Qa = 0 L /s; (b) Scenario with Qw = 0.6 m3/s/m and Qa = 2500 L/s. 
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Figure 13. Scheme of the aeration effects over the boundary friction. 
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Figure 14. The relation between Manning’s roughness coefficient (n) and average air concentration (CM) for all scenarios. 
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Table 1. Experimental scenarios with average velocity and air concentration at the intake channel.
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Scenario

	
Qw (m3/s/m)

	
Qa (L/min)

	
VIn (m/s)

	
CIn (%)






	
1.1

	
0.31 (155 L/s)

	
0

	
3.88

	
0




	
1.2

	
1000

	
4.30

	
9.98




	
1.3

	
2000

	
4.74

	
18.23




	
2.1

	
0.4 (200 L/s)

	
0

	
5.00

	
0




	
2.2

	
1000

	
5.45

	
8.26




	
2.3

	
2000

	
5.91

	
15.43




	
3.1

	

	
0

	
6.25

	
0




	
3.2

	
0.5 (250 L/s)

	
1000

	
6.72

	
6.97




	
3.3

	

	
2000

	
7.21

	
13.27




	
4.1

	

	
0

	
7.50

	
0




	
4.2

	
0.6 (300 L/s)

	
1000

	
8.00

	
6.30




	
4.3

	

	
2000

	
8.53

	
12.06
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Table 2. Average velocity, concentration and H90 values at the channel exit.






Table 2. Average velocity, concentration and H90 values at the channel exit.





	Scenario
	VOut (m/s)
	COut (%)
	H90 Out (m·10−2)
	Fr
	Re·106
	We





	1.1
	5.19
	29.28
	8.2
	5.78
	1.24
	30,371



	1.2
	5.24
	31.30
	8.2
	5.83
	1.24
	31,074



	1.3
	5.35
	33.03
	8.1
	6.01
	1.24
	31,884



	2.1
	5.88
	27.05
	9.1
	6.23
	1.60
	43,120



	2.2
	5.98
	29.54
	9.3
	6.24
	1.60
	45,940



	2.3
	6.03
	30.37
	9.6
	6.22
	1.60
	47,640



	3.1
	6.32
	23.90
	10.5
	6.22
	2.00
	57,516



	3.2
	6.52
	25.71
	10.5
	6.42
	2.00
	61,402



	3.3
	6.69
	27.89
	11.0
	6.45
	2.00
	67,313



	4.1
	6.59
	22.16
	12.2
	6.03
	2.40
	72,866



	4.2
	6.81
	22.46
	12.0
	6.27
	2.40
	76,737



	4.3
	6.95
	22.88
	12.0
	6.39
	2.40
	79,859
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Table 3. Average velocity, concentration, H90 and n value at the middle section of the channel.






Table 3. Average velocity, concentration, H90 and n value at the middle section of the channel.





	Scenario
	VM (m/s)
	CM (%)
	H90 M (m·10−2)
	n
	∆n (%)





	1.1
	4.53
	14.64
	8.1
	0.0199
	9.81



	1.2
	4.77
	20.64
	8.1
	0.0192
	13.02



	1.3
	5.05
	25.63
	8.0
	0.0183
	17.05



	2.1
	5.44
	13.52
	8.5
	0.0173
	5.06



	2.2
	5.71
	18.90
	8.7
	0.0169
	7.19



	2.3
	5.97
	22.90
	8.8
	0.0166
	8.58



	3.1
	6.28
	11.95
	9.2
	0.0163
	5.58



	3.2
	6.62
	16.34
	9.3
	0.0157
	8.86



	3.3
	6.95
	20.58
	9.5
	0.0155
	10.24



	4.1
	7.05
	11.08
	10.1
	0.0162
	7.86



	4.2
	7.41
	14.38
	10.0
	0.0156
	11.00



	4.3
	7.74
	17.47
	10.0
	0.0153
	12.52
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