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Abstract:



An experimental assessment of an air pocket (AP), confined in a compressed air vessel (CAV), has been investigated under several different water hammer (WH) events to better define the use of protection devices or compressed air energy storage (CAES) systems. This research focuses on the size of an AP within an air vessel and tries to describe how it affects important parameters of the system, i.e., the pressure in the pipe, stored pressure, flow velocity, displaced volume of water and water level in the CAV. Results present a specific range of air pockets based on a dimensionless parameter extractable for other real systems.
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1. Introduction


A sudden valve closure has always created complex conditions capable of causing major problems and damages to the water conveyance systems. So far, many methods have been proposed and used to overcome these problems, e.g., surge tanks, air vessels and different types of valves. Of those methods listed, air vessels have been used more frequently with better application because of their economic and the stability advantages. An air vessel is capable of controlling both negative and positive pressures and usually, the outflow action from an air vessel to the pipe has less head loss than the inflow into the air vessel to control the negative pressure [1]. Most of the previous and recent studies in air vessel sizing have investigated the entrance connection situation effect. Plenty of charts and graphs are presented by these studies for the air vessel sizing [2,3,4,5,6]. However, most of them are rarely used for sizing purpose because of the simplification assumptions made for their preparation. Instead, a trial and error approach for checking the minimum and maximum pressure in the pipe is used. By means of throttling the entrance in the air vessel, smaller air vessel sizes can be achieved. Based on this concept, Martino and Fontana [5] proposed a method for sizing air vessels based on optimizing the throttling. Nevertheless, the confined air in a hydraulic system can amplify the pressure peaks from a transient action and make the transient situation more complex due to the compressibility of the air. Hence, there is actually a great necessity for studies about air pocket (AP) behavior during a fast-transient occurrence that can provide great knowledge in the primary sizing of air vessels and more reliable final decisions in water pipe systems’ behavior and safety. Hatcher and Vasconcelos [7] studied the behavior of an air pocket inside a pipe using an experimental approach, giving useful information to fill the gap between numerical models and real situations. They declared that few experimental studies focused on the effect of parameters related to the geometry of the system as well as air and flow conditions.



Several researchers have worked on the behavior of air in the rapid filling subject or entrapped air bubbles along a pipeline [8,9,10]. There are some studies that investigate the thermodynamic prediction and behavior of an AP under slow-transient which consider the heat transfer process that is negligible in fast-transient cases [1]. Usually, it is assumed that fast-transient thermodynamic behavior obeys the polytropic equation, while in experimental works, it was shown that this equation is not obeyed for a special range of AP sizes and Reynolds number (Re) [11]. For that reason, more analysis of AP behavior, specifically for small APs, seems to be required.



This present work studies the behavior of an AP in a sophisticated experimental apparatus for different major governing variables. In this study, the outflow way at the air vessel entrance is closed using a check valve (CV) to store the surge pressure from a fast-transient action induced by a water hammer (WH) event. It helps to study the compression phase of an AP as in real conditions. Furthermore, the expansion phase investigation is also provided by means of a ball valve (BV) at the lower level of the air vessel. Placing a CV in the air vessel entrance allows the examination of a micro-CAES (compressed air energy storage) system for storing the surge pressure in small-scale (SS) size. A traditional CAES system stores energy from a cheap and sustainable source inside underground caverns which is a major limitation of this technique. Energy is stored as pressure in compressed air in low-peak hours and the stored energy is recovered during high-peak hours. SS-CAES systems are defined in the net power range of 10 kW to 10 MW [12]. SS-CAES systems may present good alternatives for common generators without using electricity [13]. A water-compensated micro-CAES or SS-CAES system is the focus of this study to examine the storage ability of confined AP within a compressed air vessel (CAV). The size of the air vessel needs exact investigation, in this case affecting the applicability and efficiency of the system. Mostly, the cylindrical shape is more economic and practical for air vessels. To achieve the most effective air vessel size, the most important parameters are the maximum pressure and the AP volume fraction within the air vessel. In a previous study, Kiam and Favrat [14] proposed a SS-CAES system with constant air pressure using a column of water. In a review work, Budt et al. [15] presented a wide review of CAES systems from past to future, addressing the main challenges for their development. One challenge that they indicate appears in the lack of appropriate tools for the detailed simulation of CAES systems [15]. Experimental works can provide valuable background for similar challenges by examining various parameters, relating them together and presenting dimensionless variables.



Understanding the behavior of a confined air pocket (AP) under different events of WH seems to give substantial knowledge for future experimental studies or real field designs. In this study, a well-equipped experimental apparatus was used to test and measure AP reaction under three WH events’ conditions, namely the occurrence of one WH (1WH), five WHs (5WH) and nine WHs (9WH). In this study, the stored amount of pressure inside the AP for different flow conditions has been assessed. Also, the ability of WH to relocate water to another place with a similar action to the old ram pumps was also examined. To find the behavior of the system as a WH protection vessel, the effect of each parameter on the pressure and the velocity changes along the pipe system has also been investigated. The major considered parameters in this research are constituted by flow velocity, which in the presented graphs is related with Reynolds number (Re); volume fraction ratio (VFR) of air; the storage amount of pressure within each AP; and the relocated volume of water. The VFR is defined as the ratio of air volume to water volume inside the CAV, in percentage.




2. Measurements


The experimental apparatus, as shown in Figure 1, is composed of PVC pipes and a transparent PVC compressed air vessel (CAV) with 0.10 m diameter and 0.60 m height. The CAV includes an air pocket (AP) at the top and a water column (WC) at the lower part. A pump creates a circulation flow with different flow velocities. A fast closure electro-pneumatic ball valve (EBV) has been used to create one or several consecutive WH phenomena in the system. Three check valves (CV) are installed to block the returning way of the flow. A pressure transducer (PT) and an ultrasound velocity profiler (UVP) were used for recording the pressure and flow velocity during the tests. The UVP represents both a method and a device for measuring an instantaneous velocity profile in the water flow along the ultrasonic beam axis by detecting the doppler shift frequency of echoed ultrasound as a function of time. The doppler was installed on a horizontal pipe before the EBV location. There are two PT in the system; one located at the top of the CAV and the other upstream of the EBV. Tests are fulfilled in two different conditions of the BV located at the lower level of the CAV for discharging the water; (i) closed BV for measuring the stored pressure within the AP; (ii) open BV for measuring the relocated water volume. An open water tank is placed downstream of the outflow pipe from the CAV, which provides a tool to collect water and measure the relocated water volume after each test.


Figure 1. Scheme of experimental apparatus and components; (a) system; (b) compressed air vessel (CAV); (c) upstream side of the apparatus; (d) downstream side of the apparatus.
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Different AP sizes (and related VFRs) and flow velocities are considered during the tests. To cover a wide range of AP sizes, seven AP lengths, i.e., 2, 3, 4, 5, 10, 20 and 40 cm were tested with corresponding VFRs of 3.17%, 4.75%, 6.33%, 7.92%, 15.84%, 31.67% and 63.35% respectively. Also, seven flow velocity values of 1.00, 1.50, 2.00, 2.50, 3.00, 3.50, 4.00 and 4.50 m/s and Re of 36,000, 56,000, 75,000, 93,000, 115,000, 132,000 and 155,000 are used for testing each VFR value with different combinations of VFR and Re.



Several WH tests, i.e., 1WH, 5WH and 9WH have been fulfilled, induced by EBV for different Re and VFR magnitudes. The numerous part of 1WH, 5WH and 9WH symbols shows the number of WH repetitions during each test. During these series of tests, the surge pressure obtained in WH action is conducted toward the CAV to store the pressure in the AP. Measurements for different tests were carried out in similar initial conditions of velocity and pressure in the pipe system and AP. The initial AP pressure was adjusted to a constant value equal to the atmospheric pressure throughout all the tests to achieve the maximum pressure during the transient action [16].




3. Results


3.1. Tests with Closed BV


When the BV is closed, the WH allows the observation of the storage ability of each AP. This type of transient action is important in protection vessels and also in SS-CAES applications. The measured pressure shows that the AP is able to retain an amount of pressure as stored energy after finishing the tests due to the compressibility and confinement effects. Figure 2 shows the pressure change for different velocities of an AP = 3 cm (VFR = 4.75%). The pressure related to the first peak is called “peak pressure” and is referred by P1p. As in Figure 2, an amount of pressure has been stored in the air pocket after the test which is called “stored pressure” and is shown by Ps. Graphs show a large growth in the peak pressure with increasing Re, while similar growth does not occur in the stored pressure. As it can be seen in Figure 2, from Re of 36,000 to 155,000, the peak pressure is changed from 1.33 bar to 6.25 bar. However, the stored pressure in the AP varied from 2.33 bar to 4.51 bar. Previous work [17] showed that either decreasing the VFR or increasing the Re will amplify the peak pressure considerably. Similar behavior exists for the stored pressure change, i.e., stored pressure with direct correlation to the flow velocity, but this is in contrast to the VFR. Results show that decreasing the VFR will continuously increase the stored amount of energy. For the VFR = 4.75% shown in Figure 2, the pressure change during 5WH and 9WH tests starts by increasing steeply and eventually ends up at the final stored pressure with smaller increases. The final magnitude of the stored pressure is also directly related with Re.


Figure 2. Pressure change in the air pocket (AP) for different water hammer (WH) events and Reynolds number (Re) for the volume fraction ratio VFR = 4.75%.
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When comparing the stored pressure and peak pressure, in most of the tests the magnitude of the stored pressure is higher than the peak pressure, as expected. However, in some tests related to small AP and high Re, the amount of peak pressure is extremely high and even after the pressure storage cycles, the stored pressure remains smaller than the peak pressure. Some general rules can be stated based on results from these tests for all the Re and VFR as shown in Figure 3:

	
For Re of 36,000, 56,000 and 75,000, the stored pressure is always higher than the peak pressure (Ps > P1p);



	
For large values of an AP, i.e., VFR > 11%, the stored pressure is always higher than the peak pressure (Ps > P1p).







Figure 3. Comparison of the final stored pressure (Ps) with the first peak (P1p).
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As a logical expectation, the final stored pressure should be higher in the 9WH test in comparison to the 5WH test as a consequence of more WH events. Nevertheless, graphs show higher pressure storage magnitudes in 9WH tests when Re is low while for higher Re, the recorded pressure magnitudes of 9WH tests become less than or equal to 5WH pressure magnitudes. Large AP lengths of 20 cm and 40 cm (VFR > 30%) do not obey this rule; in other words, for these two APs, the recorded pressure of 9WH is always higher than for 5WH values. A comparison of the pressure magnitudes of 9WH and 5WH is presented in Figure 4, demonstrating the non-conforming behavior of a small VFR and high Re values.


Figure 4. Comparison between the first peak for 5WH and 9WH as a function of Re and VFR.
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Figure 5 and Figure 6 show the route of change in pressure recorded from 1WH, 5WH and 9WH tests for AP lengths of 10 cm and 40 cm (VFR of 15.84% and 63.35% respectively) in order to demonstrate the behavior of an AP in more detail. For small values of VFR, as in Figure 4 and Figure 5, pressure variation shows irregular steps during the WH events. In the case of low Re values, small and almost equal steps have been recorded for all VFR. The larger values of Re show big increments at first WH steps and fast dissipation steps at the final events. In addition to irregular steps, considerable higher stored pressure was not recorded for the 9WH in comparison with the 5WH test, representing behavior against the usual expectation for obtaining higher stored pressure as a consequence of more WH events. On the other hand, the magnitude of pressure steps remains nearly constant for every Re value related to a high VFR in measurements similar to Figure 6. Furthermore, in this range, the stored pressure of 9WH tests always stays larger than the 5WH stored pressure, as explained before. Accordingly, 1WH tests are shown to be regular and constantly increasing in the stored pressure when increasing the Re number.


Figure 5. Pressure change in the AP for various WH events and Re for the VFR = 15.84%.
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Figure 6. Pressure change in the AP for various WH events and Re for the VFR = 63.35%.
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In fact, the rules for changing the stored pressure with VFR and Re are the same in all the tests, as stated below and shown in Figure 7:

	
Increasing the AP size or the VFR continuously decreases the stored pressure;



	
Increasing the Re number continuously increases the stored pressure;



	
For each Re, the magnitude of stored pressure changes less for various VFR by increasing the number of WH events. Also, the same tendency exists for each VFR when changing the Re. In Figure 7, the VFR gradient is lowest in 9WH tests and highest in 1WH tests.







Figure 7. Stored pressure change against Re and VFR for various WH tests.
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Finally, the curves in Figure 7 show that for the VFR < 15%, the stored pressure of all three groups of tests, i.e., 1WH, 5WH and 9WH do not show a substantial difference in magnitude and the WH events do not appear to play an important role in pressure storage. However, for VFRs > 15%, the stored pressure is significantly higher for 5WH and 9WH than for 1WH tests, showing the importance of number of WH events.



To keep a pressurized system in a safe and stable condition during transient events, controlling the pressure along a pipe from the transient source position plays a major role. For that purpose, the pressure inside the pipe at the PT2 point is measured and its maximum value is named Pp. Figure 8 shows the change of maximum pressure in the pipe system for different Re values. Although the CAV does not have any discharge to the main pipe of the system, results in Figure 8 show that increasing the AP size will significantly decrease the pressure peak inside the pipe (Pp), specifically for higher Re. All WH events show the same behavior. Since the safety of pressurized systems under transient conditions matters most for high Re, a high VFR seems to be a better option to control pressure surge. However, smaller CAVs are more economic and easier to apply. Regarding this concern, Figure 8 shows the constant magnitude of pressure for the VFR > 30%.


Figure 8. Pressure change inside the pipe at PT2 against the VFR for different Re and WH events.
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The water level in the CAV will rise during the WH tests as a consequence of pressure increasing by each WH action. The rising height of the water level is called Δh, a parameter that is calculated with Re and the VFR. The Δh shows a wide range of change from lower to higher values of Re and VFR (Figure 9).


Figure 9. Water level change (Δh) in the CAV against the VFR for different Re.
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The Δh magnitude starts at around 1.2 cm for a small VFR and goes up to around 28 cm for the biggest VFR and Re in the 9WH case. The VFR > 30% showed good performance as presented in Figure 8 for controlling the pressure surge in the pipe system. Since, for the purpose of controlling the pressure surge by a CAV, only one WH can occur, the Δh remains in an acceptable range for the worst case, i.e., remains below 20% of the CAV length.



Figure 10 and Figure 11 present average velocities (Vavg) for different Re for the 1WH and 9WH tests, where Vavg around zero indicates a WH occurrence. Since the Vavg does not show less than zero values, it can be concluded that the velocity vectors in reverse direction are not significant compared to the remaining flow. When repeating the WH to store energy in an AP, it is important to preserve the required flow rate in the pipe. During the “closed BV tests”, the flow rate downstream of the system is not altered.


Figure 10. Average velocity for different Re during 1WH tests.
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Figure 11. Average velocity for different Re during 9WH tests.
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3.2. Tests with Open BV


In these series of tests, the BV located in the lower level of the CAV is left open to discharge water into an open water tank (Figure 1). The water level should be adjusted before each test to have the predefined AP length. Since the CAV is completely confined, opening the BV before starting a test does not affect the water level in the CAV because of an emerging vacuum state in the AP. After each upsurge in the AP induced by the WH, a volume of water was dislodged. After finishing the test, the water level in the CAV returns to the initial level. In fact, no change takes place in the water level when comparing the start and end of each test. As a result, the pressure of the AP returned to initial pressure at the end of every WH. Figure 12 demonstrates the pressure changing way for 5WH and 9WH tests for AP length of 3 cm (VFR = 4.75%). The results from 1WH tests are not presented in Figure 12 since they do not make a sensible change in the measured parameters. The discharged volume of water at the end of the test is shown in each graph too. The peak pressure is almost constant during the repetition of WH and the magnitude of peak pressure is approximately equal to the tests with closed BV presented in Figure 3. As expected, by increasing the Re value, the magnitude of discharged water from the CAV rises.


Figure 12. Pressure change in the AP and discharged water volume for 5WH and 9WH events, different Re and VFR = 4.75%.
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Figure 13 shows the amount of discharged water volume after each test for different VFR, Re and WH events. There is a fast increase in discharging water volume for small VFR while it rises slowly for bigger VFR. Working with a small VFR needs more attention due to its high sensitivity to the pressure. Figure 13 shows that the discharged water volume for 9WH is considerably higher than for 5WH. In “open BV tests” the 9WH event creates a constant discharge from the CAV, while for the 5WH the discharge is not constant. In fact, the AP acts as a means of pressure storage and recovery, as a regulating flow system that adjusts the outflow from the CAV to create a constant discharge (see Supplementary Materials).


Figure 13. Discharged water volume against the VFR for different Re and WH events.
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After finishing the “open BV tests”, the discharge from the CAV stops and the water level returns to the initial level. For the VFR > 32% (AP length > 20 cm), the 9WH test leads to a constant discharge from the CAV which is less evident for the 5WH test. A high VFR shows very useful capability. This range of VFR seems to be very effective in SS-CAES systems when connected to the main water conveyance system.





4. Discussion


An extensive experimental work for AP behavior cognition has been carried out in Instituto Superior Técnico (IST) experimental laboratory. Tests are done with three WH events: 1WH, 5WH and 9WH. Also, two situations of the BV in the CAV, i.e., closed BV and open BV were conducted. In the closed BV tests, both peak pressure and stored pressure were raised by increasing the Re number and decreasing the VFR. In addition, stored pressure is much lower than peak pressure for small VFR, i.e., VFR < 11%. The pressure storage process is very regular and predictable for the VFR > 11%, but for smaller VFR values, the pressure storage starts with a high peak at the first WH occurrence. The stored pressure is always higher than the peak pressure (Ps > P1p) for Re ≤ 75,000. Also, the stored pressure is always higher than the peak pressure (Ps > P1p) if VFR > 11%. Despite being more frequent in 9WH tests, the stored pressure is not always higher than for other events. In fact, for the VFR < 30% and Re > 93,000, the stored pressure from 9WH is smaller than for 5WH. For reasoning, it can be stated that in one level of WH repetitions, the air reaches maximum compression for this pressure range. After that, more WH actions do not compress the air but lead to pressure loss by solving some portion of air into the water. Regular and equal pressure steps can be seen in the rising pressure of several WH events for Re < 75,000. For higher Re numbers, the pressure change route starts with a peak and dissipates fast, continuing with smaller steps. The stored pressure is in correlation with Re but in contrast to the VFR.



The pressure in the pipe system shows that increasing the VFR or AP size will diminish the pressure rising within the pipe. The final pressure in the pipe is more or less the same for the VFR > 20%. So, it seems that the VFR in the range of around 20% to 30% presents good ability to control the pressure without expanding the air vessel size.



It is very important for the optimal size of a CAV that the rising water level (Δh) stays in an acceptable range. The VFR from 20% showed good performance in controlling the pressure surge of WH events. For this range of VFR, the Δh remains below 20% of the CAV length.



In the “open BV test”, the condition of using the pressure energy of the WH to supply water as a ram pump was examined. By increasing the Re number, the outflow water volume will be increased too. The water level inside the CAV keeps the same elevation due to confinement and vacuum conditions. For the VFR > 32%, the WH events create a constant outflow from the CAV with regular compression and expansion in the AP in the 9WH tests.



This work presents an extensive experimental study of different WH events that can be used as a benchmark for future calculations using WH equations.



Finally, authors believe that the main effective parameter in pressure change inside the AP is the volume of the AP and flow velocity which have been referred by the dimensionless parameters VFR and Re respectively in the graphs. However, for different CAV sizes, namely diameter or height, the results may change. As a suggestion, researchers may examine the effect of different air vessel sizes on pressure change and other variables of an AP.








Supplementary Materials


The following videos from “open BV test” and “closed BV test” for 5WH and 9WH events are available showing the continuity of the flow discharge for APs of 20 and 40 cm in case of 9WH events. Videos AP = 5_5WH, AP = 5_9WH, AP = 10_5WH, AP = 10_9WH, AP = 20_5WH, AP = 20_9WH, AP = 40_5WH, AP = 40_9WH. The videos are available online at www.mdpi.com/2073-4441/9/1/63/s1.
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Nomenclature




	AP
	Air Pocket



	WC
	Water Column



	CAV
	Compressed Air Vessel



	CAES
	Compressed Air Energy Storage



	WH
	Water Hammer



	VFR
	Volume Fraction Ratio



	Re
	Reynolds Number



	PT
	Pressure Transducer



	CV
	Check Valve



	EBV
	Electro-Pneumatic Ball Valve



	BV
	Ball Valve



	P1p
	Maximum pressure related to the first peak of pressure oscillation



	Ps
	Stored pressure in the AP after finishing the tests



	Pp
	Maximum pressure in the pipe at PT2 point during WH test
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