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Abstract

:

Analysis and design of siphonic roof drainage systems are usually performed with specific software developed by the system’s manufacturers. An experimental study was carried out to verify if a general software for the analysis of hydraulic pressurized pipe networks can be used to analyze a siphonic roof drainage system. A test model was built and tests were conducted to compare the prototype results with simulation runs in EPANET. A new EPANET data model was developed to overcome software limitations for the siphonic drainage systems analysis. Considering the results, less than 5% of average error was observed between the measures in the real test model and the simulation results, which can be attributed to measurement error. To validate the EPANET data model, it was compared with a specific software that analyzes siphonic roof drainage systems. It can be concluded that EPANET is a software that can be used to analyze and, therefore, to design, siphonic roof drainage systems in buildings.
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1. Introduction


Conventional roof drainage systems (CRDSs) have been the most widely used to evacuate the falling rainwater in buildings [1]. These systems are designed in the same way as sewage systems are [2]. The pipes are sized to maintain an annular flow through the downpipes, with the air flowing through a central interior path, maintaining the depression near the atmospheric value to guarantee the water-trap seal depth of the toilets within the building [3]. This design criterion makes perfect sense for the sewage. However, it is not necessary for rainwater drainage systems, as the downpipes are not directly connected to toilets, and seals are not needed [4]



The evacuation capacity of a CRDS is limited by the water level on the roof surface since the entry of air must be guaranteed. This will make the evacuation flow limited. For more than 35 years, siphonic roof drainage systems (SRDS) have been an alternative to conventional systems due to the benefits they offer over CRDSs [5,6].



The performance of the SRDS varies according to the rainwater flow, in such a way that three phases can be distinguished in its behavior. In the first phase, with a low rainwater flow, the system behaves like a traditional system, with the air entering through the sump and filling most of the cross section of the pipes. The drainage capacity is very limited [7,8]. In the second phase, as the rainwater flow increases, the pipes become more and more full. At some points in the system, the pipes may be completely filled, while at others, they remain only partially filled [9]. In the third phase, the rainwater flow is so great that the pipe is fully primed. It is in this situation that the maximum drainage capacity of the system is reached [10].



In a climate change scenario, with increasingly more intense rains, it is necessary to provide a greater evacuation capacity for drainage systems [10,11]. SRDSs always have greater evacuation capacity than an equivalent conventional system when fully primed. So, this should be the design condition of the facility [12].



In a fully primed SRDS, the system works as a pressurized network in a quasi-steady state flow condition. The only energy involved is the gravity energy due to the difference between the water surface elevation over the roof and the elevation at the discharge point. This energy is used in accelerating the flow before the sump and overcoming head losses in hydraulic elements.



All pipes work with a below zero pressure because the pressure drop in the sump is greater than the elevation gained in it. The horizontal layout also produces a low pressure that is maintained, and only in the final downpipe does the pressure grow again. The pipes are designed to be able to transport the maximum drainage flow but to avoid collapse, withstanding the low pressure [13]. To design the system, SRDS manufacturers have developed dedicated software that must be handled by specialists [14,15,16,17]. These software are used with semi-empirical data and are applicable only for the commercial models marketed by each manufacturer. The reality is that the equation that explains the flow in the pipes of an SDRS is Bernoulli’s equation; it is widely known.



Dependence on the manufacturers for the design of the system reduces the use of the SDRS as the project engineer loses control over the installation, which is left in the hands of someone outside the legal responsibilities of the project. Developers of the software indicate that corrections must be made in the pressure flow equations to adjust them to the real behavior of the system, which is not so clear [18].



The layout of the SDRS, when several inlets are disposed, is a looped hydraulic network. The analysis of the flow through the pipes in this type of network requires applying iterative calculation methods [19].



Arthur [9] is the first reference of a software used to analyze SRDSs. The method of characterization is used to solve both the transient flow from a partially primed phase to a fully primed one and the stationary flow during the fully primed phase of the system. Boundary conditions were established but no correction of the results were made in order to explain any difference between the simulation results and the measured ones. Other software used by some manufacturers do not indicate so clearly the resolution method used, so there is no evidence as to whether the corrections required to adjust the results of the analysis to reality are due to the iterative calculation method used or to other factors. In any case, validation of the results of the analysis of every software and the experimental results of a physical model are necessary to verify the goodness of such a program [20].



EPANET [21] is a widely used software that performs the analysis of pressurized looped hydraulic networks. In most cases, its application has been limited to the analysis of water distribution networks, and there are no references to its use for the analysis of hydraulic drainage systems under pressure by gravity. EPANET’s capabilities show that, in theory, it is perfectly possible for the analysis of a fully primed SRDS. It remains to be demonstrated whether the results of the analysis of a real SRDS and the results of the simulation with EPANET are perfectly consistent, or on the opposite side, whether some corrections, such as those made by the manufacturers’ software, would have to be made.



The main objective of this document was to verify whether it is possible to use a general pressure hydraulic network analysis program, such as EPANET, for the analysis of the hydraulic performance of an SRDS under fully primed conditions. If this were possible, it would be possible to use some looped network dimensioning techniques, based on the use of EPANET, to dimension the pipes of an SDRS, and the use of many types of pressure pipes would be extended to equip this type of pipework systems. The model proposed in this work will be validated, both by means of an experimental prototype developed at the laboratory scale and by comparing its results with the results of a specific SRDS analysis software developed by a manufacturer.




2. Materials and Methods


2.1. Experimental Equipment


For the development of this research, a small-size prototype was designed and built. It simulates the drainage surface of a single sump on the roof of a building, and the siphonic drainage pipes from the drain itself to the discharge manhole at atmospheric pressure. A better description can be seen in Figure 1.



The prototype consists of three functional parts: the small-size test model of the siphonic system itself, the system to regulate the intensity of rain to be simulated, and the measurement system.



For the design of the SRDS test model, the prototype must allow the simulation of different rain intensities and the turbulence generated by the drainage water flowing into the sump must be avoided, just as it would in a real gutter.



The SRDS test model consists of a lower reservoir that collects all the water drained by the system. The whole prototype works in a closed circuit. From a lower tank, the water is pumped with a submerged pump through a pressurized pipe (16 in Figure 1) to the first elevated tank and then drained back to the lower tank. From this elevated tank, the water overflows towards a lower surface that acts as a gutter in the roof in the building.



The water overflows on the surface away from the sump (9 in Figure 1). Falling water creates undesirable turbulence. Two flow tranquilizers (10 and 11 in Figure 1) are installed on the surface to eliminate turbulence and ensure that the flow of water to the sump is as calm as possible. The flow passes through the tranquilizers and reaches the sump. The water is drained through the sump and a vertical conduit. Next, a 90° elbow (4 in Figure 1) and a horizontal section were arranged to simulate a real system that collects several sumps. Finally, another 90° elbow (13 in Figure 1) and the vertical discharge conduit were installed (8 in Figure 1).



The levels in both tanks, the one that drains all water and the elevated one, remain constant, as does the flow pumped. A regulating system is necessary to simulate the intensity of the rain, as desired. A control valve was installed in the pumping line (14 in Figure 1).



In addition, to keep the level at the drainage surface constant, a level control sump (12 in Figure 1) was installed before the flow tranquilizers.



Several pressure measurement points were arranged throughout the pipes, before and after every singular element. All these pressure taps are connected with a pipe to a U-shaped manometer, the same for all of them, with a precision of 1 mm.



With these pressure measures, it is possible to calculate the real losses in any singular element of the prototype. All these data are entered in the EPANET model to run the SRDS simulation, so the results obtained with the software analysis are the most accurate to the real measures.



The drainage flow is also measured. For the flow measurement, the volume of water drainage in a controlled period of time is weighed on a precision scale.




2.2. Determination of Local Losses in the Elements of the System


Although the design of the elements that are part of the test model is not an objective of this work, it is necessary to know what their hydraulic behavior is, to insert them in the EPANET simulation model.



The behavior of pipes are well known when their diameter, length, and material are defined. However, there are elements whose local head losses depend on the installation in which they are mounted. This is the case for the drain (1 in Figure 1), the 90° elbows (4 and 13 in Figure 1), and the discharge section (8 in Figure 1).



The value of the local head loss depends on the flow through the installation and cannot be set, but hydraulic resistance can be, which is what is going to be calculated.



The location of the different measurement points was arranged so that, by making an energy balance between two successive measurement points, each local head loss can be estimated and, therefore, every hydraulic resistance, also.



Thus, to calculate the local head loss in the sump, Bernoulli’s energy equation must be applied between the free surface of the water over the roof (point FS) and the measurement point M1,


      p   FS     γ   +   z   FS   +     v   FS   2      2 g    =     p    M 1      γ   +   z    M 1    +     v    M 1    2      2 g    +   r   RD     Q   2   +   h    p , L 1     



(1)




where zFS is the level of the free surface of the water (referred to as the discharge section), PFS/γ is the atmospheric pressure at the free surface of the water and its value is 0, vFS is the velocity at the free surface of the water far from the sump and is neglected, vM1 is the velocity at the M1 point, and hp,L1 is the head loss distributed through the pipelines between the sump and the measurement point M1.



Head losses distributed through the pipes are calculated from the hydraulic slope of the design of the installation, since all the pipes are of the same material and diameter. In particular, the one between the roof sump and the measurement point M1 is


    h    p , L 1    =     j   d   L    L 1     



(2)







So, the hydraulic resistance of the roof sump,     r   R D    , is


    r   RD   =     0 −     p    M 1      γ     +     z   FS   −   z    M 1      +   0 −     Q   2      2 g    S    M 1    2       −     j   d   L    L 1        Q   2      



(3)







To calculate the hydraulic slope of the design, the pressure measurements of a pipeline with no local head loss elements between them are used. For example, the pipeline between M4 and M5 in Figure 1.


      p    M 4      γ   +   z    M 4    +     Q   2      2 g    S    M 4    2     −     j   d   L    M 4  –  M 5    =     p    M 5      γ   +   z    M 5    +     Q   2      2 g    S    M 5    2      



(4)







So, the hydraulic slope of the design for this installation, jd, is


    j   d   =         p    M 4      γ   −       p    M 5      γ     +     z    M 4    −   z    M 5          L    M 4  –  M 5       



(5)




where PM4/γ and PM5/γ are the pressures, with an accuracy of 1 mmwc, at the measuring points M4 and M5; zM4–zM5 is the level difference between those points; and LM4–M5 is the pipeline section.



To establish the hydraulic resistance for the first 90° elbow, Bernoulli’s energy equation is applied between the measuring points M1 and M2.


      p    M 1      γ   +   z    M 1    +     Q   2      2 g    S    M 1    2     −     j   d   L    M 1  −  E 1    −   r    EBW 1      Q   2   −     j   d   L    E 1  −  M 2    =     p    M 2      γ   +   z    M 2    +     Q   2      2 g    S    M 2    2      



(6)




where PM1/γ and PM2/γ are the pressures, with an accuracy of 1 mmwc, at the measuring points M1 and M2; LM1–E1 is the pipeline section between the measuring point M1 and the elbow upstream end; and LE1–M2 is the pipeline section between the downstream end of the elbow and the measurement point M2, which in this case, is negligible.



As the cross sections SM1 and SM2 are equal, the kinetic energy is the same value and cancels out, such that the hydraulic resistance of the first 90° elbow is calculated with


    r    EBW 1    =         p    M 1      γ   −     p    M 2      γ     +     z    M 1    −   z    M 2      −   j   d       L    M 1 − E 1        + L    E 1  −  M 2          Q   2      



(7)







In the same way, by applying Bernoulli’s energy equation between the measuring points M3 and M4, the hydraulic resistance of the second 90° elbow is calculated.


    r    EBW 2    =         p    M 3      γ   −     p    M 4      γ     +     z    M 3    −   z    M 4      −   j   d       L    M 3  −  E 2      + L    E 2  −  M 4          Q   2      



(8)







In this case, PM3/γ and PM4/γ are the pressures, with an accuracy of 1 mmwc, at the measuring points M3 and M4; LM3–E2 is the length between the measuring point M3 and the upstream end of elbow 2; and LE2–M4 is the length between the downstream end of the elbow 2 and the measuring point M4, which are both negligible.



Finally, to calculate the pressure drop at the installation discharge section, Bernoulli’s energy equation is applied between M5 measurement point and the discharge section DSC. The hydraulic resistance in the discharge is


    r   DSC   =         p    M 5      γ   − 0   +     z    M 5    −   z   DSC     −   j   d       L    M 5  − DSC     +       Q   2      2 g    Σ    M 5    2     −     Q   2      2 g    Σ   DSC   2           Q   2      



(9)







In Equation (9), the kinetic head is considered because there is a small reduction in the cross section at the measure point where the intake is installed, which does not occur in the outlet section. This velocity reduction affects the pressure reading and the goodness of the results.




2.3. System Model in EPANET


In conventional drainage systems, open channel flow equations are used to explain their behavior [22]. EPANET is an open source, free software, developed by the U.S. EPA that performs the analysis of hydraulic behavior within pressurized pipe networks [21]. Obviously, EPANET cannot be used to analyze a conventional drainage system.



In fully primed siphonic drainage systems, the water flow behaves as in a pressurized hydraulic system in which the analysis carried out by EPANET does have a place. This software solves the equations of the pressure network using the node applying the gradient method [23].



However, there are two reasons for EPANET not to be considered, as is, for the SRDS analysis. On one hand, singular elements with local head losses such as elbows, cross section pipe reductions, T-junctions, and, of course, sumps are not represented as EPANET model objects.



On the other hand, kinetic energy in the network is neglected in the EPANET simulation model. For the singular elements that produce local losses, EPANET uses the minor loss coefficient of the pipes to be modeled. Every element can be accounted for by assigning an additional head loss, through a local loss coefficient, to the pipeline friction head loss where the singular element is installed or, in isolation, considering a virtual pipe of negligible length whose local head loss coefficient is the same one of that element.



In the EPANET model of the analyzed installation, three virtual pipes were created to model the singular elements: one for the sump, and another two for each of the 90° elbows.



The local loss coefficients of each of the elements are not known and will be calculated as part of this study.



The kinetic energy of the Euler equation must be considered in SRDS analysis for some reasons. The flow gains velocity along the roof sump. If kinetic energy is not considered, as in EPANET, the real static pressure does not match the EPANET pressure simulation value.



If the pipes’ cross section changes throughout the installation, the kinetic energy in the pipes will change too, although to a lesser extent than in the previous case. If the section of the pipes is maintained, the kinetic energy will not change, as happened in the test model analyzed.



In any case, if kinetic energy is not considered, the measured pressure in the test model and the pressure results of the EPANET simulation will not match. A modification has to be made to the EPANET pressure results to be reliable.



Finally, in the discharge section, the pressure is zero and velocity is again important since the kinetic head is not zero.



The discharge section of an SDRS behaves like an EPANET pressure-dependent flow node, in which the demand cannot be set. This node can be modeled as an “emitter”. This element models the flow through a free discharge to the atmosphere, changing with the pressure as


  q =   C   E     p   φ    



(10)




where q is the flow rate at the discharge point, CE is the discharge coefficient, p is the pressure, and φ is the pressure exponent, usually equal to 0.5 for a turbulent flow.



The value of the emitter coefficient, CE, at the discharge section, adding local head losses at the node due to the discharge itself, and with the units indicated for flow and pressure, can be calculated as


    C   E   =         g   π   2     D   4     8     k   dsc   +   k   d             1   2      



(11)




where D is the diameter of the pipeline in m, kd is the loss coefficient due to the kinetic head and is equal to 1, and kdsc is the local head losses coefficient in the discharge.





3. Results and Discussion


3.1. Experimental Test Results


Measurements were made with a double purpose. First, the hydraulic characteristics of the elements of the test model installation (sump, 90° elbows, and discharge) must be defined. One of the reasons for the discrepancies between measurements and computed results is the estimation of the hydraulic losses of the elements on the system [24]. Some authors [25] estimated these losses from the literature [26]. For this work, the hydraulics’ characteristics were calculated to gain accuracy.



Secondly, readings of the hydraulic variables in the real model must be compared with the EPANET model simulation ones to verify the reliability of the software.



Nine series of measurements were carried out. For each of them, the flow control valve (element 14 in Figure 1) was operated to change the flow pumped and, therefore, the drainage flow rate.



In every series of measurements, the following variables were read: the free surface water level, the U-manometer pressure for each of the five measurement points in Figure 1, and the volume discharged in a timestep. Accuracy of the measurement scale for the readings of the free surface water level and U-manometer pressure readings are 1 mm. The discharge water volume was calculated by measuring the mass with a weighing machine with a precision of 1 g. Time was recorded with a stopwatch with a precision of 1 s.



Readings for the level of the free surface of water in every series of measurements, pressure readings on the U-manometer in each test, for each of the measurement points, and values for drainage flow of the SRDS, calculated with the time and around a water volume of ten liter measurements, are presented in Table 1.




3.2. Hydraulic Resistance of Elements Calculation


Hydraulic resistances of each singular element of the test model are calculated with the results of the measurements presented in Table 1, Table 2 and Table 3 and by applying Equations (5), (7), (8) and (10).



Once the hydraulic resistance of the sump, 90° elbow 1, 90° elbow 2, and discharge are known, the head loss coefficients to be introduced in the EPANET model are calculated by applying Equation (12).


    K   i   =   r   i     g   π   2     D   4     8    



(12)




where ki is the head loss coefficient of any element in the EPANET model, dimensionless; ri is the hydraulic resistance of every singular element, in SI; and D is the diameter of the virtual pipe where the object is added in the EPANET model, in SI.



The result of the head loss coefficients of the EPANET model for each series of measurements is presented in Table 4.



The last column in Table 2 shows the mean value calculated by discarding the values that fall outside the 90% confidence interval of the sample.




3.3. Experimental Results Validation


Considering that the test model tested in the laboratory is well defined when knowing the head loss coefficients of each singular element and the pipes’ lengths and diameters, now, it is possible to create the EPANET simulation model of the installation.



As shown in Figure 2, three virtual pipes were created to simulate the behavior of the singular elements: Pipe RD, Pipe Elbow1, and Pipe Elbow2. Each of them has a negligible length and a head loss coefficient according to Table 2.



The water on the roof was modeled as a reservoir with a fixed elevation as the free water-surface level. Each of the measurement points was modeled as a pressure node without demand, located at the elevation that corresponded to it in the real installation.



Finally, the discharge was modeled as the DSC-named emitter, with a head loss coefficient, according to Table 2, equal to zero and a head velocity coefficient equal to 1.



The EPANET simulation model was analyzed considering a free water-surface level, zFS, of 0.665 m above the discharge level, corresponding to the fourth test in Table 1.



The results of the analysis for pressures at the measurement points are those indicated in the PEPANET column in Table 3. This value is the result of the total pressure at the node, the sum of the static pressure plus the velocity head, since EPANET neglected the velocity head in its simulations.



The real static pressure is calculated by discounting velocity head from the EPANET total pressure results.


    P   s   =   p   EPANET   −   p   d   =   p   EPANET   − γ     Q   2      2 g    Σ   2      



(13)







The EPANET pressure results, velocity head, and static real pressure calculated are shown in Table 3.



To verify if the EPANET model is good enough to analyze the SRDS, the results of the simulation were compared with those of the measurements.



The results of the pressure measurements on the U-manometer are available in mmwc, Table 1. As the static pressure resulting from the simulation with EPANET is expressed in Pa, the measurements were calculated in the same units. To obtain them, it must be taken into account that the pressure at the measurement point is referring to the elevation at which the water level is on the roof. Therefore, the static pressure at the measurement point is calculated according to Equation (14).


    P   s    [ Pa ] =     ( p    UM   −   z   FS    )   [ mmwc ]      1   1000     γ    H 2 O    [   N    m 3    ]  



(14)




where Ps is the static pressure at the measurement point, pUM is the pressure observed on the U-manometer for every measurement point, zFS is the elevation at the free surface of the water on the deck, and γH2O is the specific weight of the water.



Taking the EPANET results from Table 3 and those calculated from the measurements according to the test 4 set of data from Table 1, and then applying Equation (14), Table 4 is presented. A comparison between the measured results and those simulated for pressure can be observed. A calculation of the error produced at each measurement point was performed. It was verified that the error was less than 5%.



Proceeding in a similar way with the flow measurements and the flow obtained in the simulation with EPANET, a comparison of the results is shown in Figure 3. In this figure, each point corresponds to a test in Table 2. It was verified that the error was below 3%.



The error, both in pressures and flows, is less than that observed in similar studies [23], where an error of 13% was reached.



Considering the results, it can be indicated that the simulation results with EPANET are good enough. It can be stated that, with the appropriate changes to the EPANET data model, it is possible to use it to analyze SRDSs.



These changes in the EPANET model are modeling the discharge point as a pressure dependent demand node, rather than a known demand node. On the other hand, the kinetic term of the energy equation must be taken into account. To do this, the value of the static pressure calculated with EPANET must be corrected by subtracting the kinetic energy at the node.




3.4. Software Validation


Once the EPANET model has been experimentally confirmed, we compared its results with the results of a commercial software from a manufacturer to ensure its suitability. We checked with SIPHONITEC®, a commercial software developed by the RMS company for the design and analysis of SRDSs. It uses commercial components whose hydraulic behaviors are well known.



A small installation of an SRDS was analyzed using both software. This system consists, as can be seen in Figure 4, of two siphonic drains that collect rain from two roofs of different size with a single discharge.



The system analysis was performed with both programs. For the EPANET simulation, the individual components (elbows, reductions, unions) were modeled as regulation valves with the same loss coefficient as the real commercial component.



The results of the analysis are shown in Table 5. It can be observed that the flow rate and head values are practically identical in both cases.



It is verified that analysis of complex SRDSs can be performed with EPANET, a free software, with no need to use a specific software developed by manufacturers.





4. Conclusions


Considering the results, it may be concluded that it is possible to use the EPANET to hydraulically analyze SRDSs, although it must be adapted so that the calculation can be carried out. In the same way, it would be possible to size the SRDS using simulation techniques with the EPANET program. It has been verified, by means of a test prototype of an SRDS, that EPANET analysis results are accurate enough.



The errors observed between measurements in the laboratory and the results of the simulation with EPANET are less than 5% for pressures and 3% for flows. These errors improve the results obtained by Arthur and Swaffield [24]. Part of the merit arises from the fact that the minor losses were tested in the laboratory.



In order to perform the analysis with EPANET, it is necessary to modify the conventional data model used for pressure hydraulic networks and define a specific data model for SRDSs.



On the one hand, the discharge point had to be modeled as a node whose demand is not constant but dependent on pressure. On the other hand, the kinetic term of the energy equation had to be added to the data model of each conduction, which, in the conventional model, EPANET data is not considered.



It was verified, through comparison with a specific commercial SRDS analysis software, that EPANET results obtained by means of the simulation model are good enough to consider the analysis as valid.



The error observed between the commercial software and EPANET is negligible.



Due to limitations in the size of the test model used, a roof with a single sump was simulated in the prototype. In future developments, a larger test model will be built to simulate the real behavior of a roof with several sumps.



The result of this work is of great use to engineers as it adds an additional free access tool, widely used at a global level, for the analysis, design, and dimensioning of SRDSs.
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Figure 1. Laboratory SRDS small-size test model. 
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Figure 2. EPANET model. 
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Figure 3. Real flow measure vs. EPANET flow for each series of measurements. In this figure, each blue circle corresponds to a test in Table 2. 
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Figure 4. (a) SRDS model in SIPHONITEC®. (b) SRDS model in EPANET. 
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Table 1. Water level, pressure reading, and drain flow for each test.






Table 1. Water level, pressure reading, and drain flow for each test.





	Test
	1
	2
	3
	4
	5
	6
	7
	8
	9





	Water level (mm)
	−68
	−67
	−124
	−55
	−83
	−83
	−83
	−82
	−80



	PM1 (mmwc)
	−417
	−415
	−431
	−414
	−407
	−410
	−405
	−405
	−417



	PM2 (mmwc)
	−572
	−573
	−577
	−563
	−561
	−557
	−562
	−563
	−558



	PM3 (mmwc)
	−580
	−580
	−579
	−570
	−567
	−566
	−569
	−567
	−566



	PM4 (mmwc)
	−724
	−724
	−723
	−722
	−722
	−722
	−722
	−723
	−724



	PM5 (mmwc)
	−761
	−774
	−765
	−765
	−765
	−766
	−765
	−766
	−770



	Q (l/min)
	26.96
	27.04
	25.92
	26.99
	26.73
	27.26
	26.81
	26.95
	26.38
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Table 2. Coefficients ki of head loss for a D = 19·10−3 m pipe. Dimensionless.
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	Element
	1
	2
	3
	4
	5
	6
	7
	8
	9
	Mean





	Roof sump
	1.71
	1.68
	1.57
	1.78
	1.56
	1.48
	1.52
	1.51
	1.73
	1.61



	Elbow 1
	1.17
	1.18
	1.19
	1.12
	1.18
	1.08
	1.20
	1.19
	1.10
	1.17



	Elbow 2
	1.13
	1.12
	1.22
	1.19
	1.23
	1.20
	1.20
	1.22
	1.23
	1.19



	Discharge
	0.06
	−0.04
	0.00
	0.03
	0.02
	0.03
	0.02
	0.02
	−0.03
	0.00










[image: Table] 





Table 3. EPANET analysis results for total pressure, dynamic pressure, and static pressure.
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	Intake
	PEPANET (Pa)
	Pd (Pa)
	Ps (Pa)





	M1
	−216
	1599
	−1814



	M2
	−932
	1599
	−2531



	M3
	−1040
	1599
	−2639



	M4
	−1942
	1599
	−3541



	M5
	1089
	1599
	−510
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Table 4. Static pressure from the analysis with EPANET vs. real measure.
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	Intake
	Ps,EPANET (Pa)
	Ps,real (Pa)
	Error (%)





	M1
	−1814
	−1864
	2.7



	M2
	−2531
	−2589
	2.3



	M3
	−2639
	−2639
	0.0



	M4
	−3541
	−3650
	3.1



	M5
	−510
	−520
	2.0
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Table 5. Results of the simulation for node head.
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SIPHONITEC Results

	
EPANET Results




	

	
Flow (cfs)

	
Head in (ftwc)

	
Head out (ftwc)

	
Flow (cfs)

	
Head in (ftwc)

	
Head out (ftwc)






	
Discharge

	
1.634

	
2.342

	
0.000

	
1.637

	
2.350

	
0.000




	
Common3

	
1.634

	
3.714

	
2.342

	
1.637

	
3.720

	
2.350




	
ElbowCommon2

	
1.634

	
4.159

	
3.714

	
1.637

	
4.160

	
3.720




	
Common2

	
1.634

	
6.490

	
4.159

	
1.637

	
6.490

	
4.160




	
ElbowCommon1

	
1.634

	
6.799

	
6.490

	
1.637

	
6.800

	
6.490




	
Common1

	
1.634

	
10.776

	
6.799

	
1.637

	
10.770

	
6.800




	
LEG5x3

	
0.690

	
9.621

	
10.776

	
0.693

	
9.600

	
10.770




	
Leg3

	
0.690

	
9.646

	
9.621

	
0.693

	
9.630

	
9.600




	
ReductionLeg3

	
0.690

	
9.926

	
9.646

	
0.693

	
9.910

	
9.630




	
Leg2

	
0.690

	
12.285

	
9.926

	
0.693

	
12.270

	
9.910




	
ReductionLeg2

	
0.690

	
13.007

	
12.285

	
0.693

	
13.000

	
12.270




	
ElbowLeg1

	
0.690

	
13.979

	
13.007

	
0.693

	
13.970

	
13.000




	
Leg1

	
0.690

	
14.706

	
13.979

	
0.693

	
14.700

	
13.970




	
ReductionLeg1

	
0.690

	
14.818

	
14.706

	
0.693

	
14.820

	
14.700




	
RoofDrain2

	
0.690

	
15.267

	
14.818

	
0.693

	
15.270

	
14.820




	
Branch5x3

	
0.944

	
15.269

	
10.776

	
0.944

	
15.280

	
10.770




	
Branch3+2

	
0.944

	
16.691

	
15.269

	
0.944

	
16.700

	
15.280




	
ElbowBranch1

	
0.944

	
18.511

	
16.691

	
0.944

	
18.520

	
16.700




	
Branch1

	
0.944

	
19.866

	
18.511

	
0.944

	
19.870

	
18.520




	
ReductionBranch1

	
0.944

	
20.075

	
19.866

	
0.944

	
20.080

	
19.870




	
RoofDrain1

	
0.944

	
20.916

	
20.075

	
0.944

	
20.920

	
20.080
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