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ABSTRACT– Approximately one billion people are served by intermittent water systems (IWS), 
i.e., piped drinking water systems that cannot sustain pressurized flow conditions continuously. 
Various deleterious impacts to human health, such as diarrheal disabilities, have been attributed to 
external contamination that are admitted into these systems when pressures are low. Despite of the 
magnitude of the problem, there are relatively few studies that attempt to improve the hydraulic 
description of such systems. Most hydraulic solvers used to design and simulate drinking water 
systems assume that pressurized flow conditions exist at all times. However, ventilation may occur 
at points where atmospheric contact exists, violating the hypothesis of pressurized flows. An 
alternative is to use mixed flow models, which consider both free-surface and pressurized flow 
regimes in their formulation, such as EPA SWMM 5 model. While not originally conceived to 
represent drinking water systems, this work shows an application of this model to represent an IWS 
in Guatemala. The model approach was used to simulate the processes of filling, emptying and 
chlorine concentration. These results will be verified with data to be collected on-site, supporting 
future modeling practices recommendations for IWS. 
 
Palavras-Chave –Intermittent Water Systems, Hydraulic simulation, SWMM 5, Mixed flow 
models.   
 
INTRODUCTION AND OBJECTIVES 

Drinking water systems are a fundamental component of urban infrastructure and essential to 

provide an adequate standard of living to populations. Yet, according to Bivins et al (2017), 

approximately a billion people across the globe are served by Intermittent Water Systems (IWS). 

Galaitsi et al (2016) indicated various conditions that can lead a drinking water system to operate 

intermittently, and include inadequate supply of water and energy, consumer overdraft, and pipe 

breaks. Because conduits in IWS are not always filled with water, they are unable to sustain internal 

pressures that can prevent the admission of external contamination (Bautista-de los Santos et al 2019). 

The issue is worsened because most drinking water systems are not fitted with ventilation, and water 

withdrawal without adequate supply can potentially create sub-atmospheric pressures. 
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These conditions are anomalous, but the ability to anticipate the conditions, prevalence and 

areas within water systems where intermittency will occur is very relevant. This would enable a better 

insight in the system operation that could help mitigate negative pressures and unfair distribution of 

available water. A practical issue, however, is how to represent these flows using numerical models. 

Traditional water distribution analyses assume that pipes operate in pressurized flow mode, but this 

hypothesis can be violated in IWS. Thus, models for water distribution system analysis such as 

EPANET 2 (Rossman 2000), which are built with the assumption of pressurized flows, cannot be 

readily applied to represent flows in IWS. 

There is limited information on the hydraulic characteristics of IWS. Unlike water transmission 

pipelines, these systems are not fitted with air valves that enable the admission of air phase to avoid 

negative pressures. Due to negative pressures, when a consumer tries to consume water during 

intermittent operation, the water outlet admits atmospheric air into the system, providing ventilation. 

These systems are also not fitted with valves to eliminate air when water is admitted, and waterworks 

typically use fire hydrants to eliminate air. When the service is restores, consumers will typically 

notice a sputtering of air in the water outlet until the discharge normalizes. Through outlets in 

residences and other consumption locations, it is assumed that a limited degree of ventilation exists 

in IWS, and it is thus feasible that air becomes admitted through these ventilation points. 

Thus, despite of the lack of detailed information on the operational conditions in IWS, it is 

likely that air is present in IWS systems, and pressurized flows co-exists with regions where flow is 

has contact with air. This is analogous to conditions in stormwater systems and other hydraulic 

systems designed to operate in open-channel flow mode but occasionally undergo pressurization. 

Such flow conditions have been successfully represented through mixed flow models. Some mixed 

flow models rely on using separate set of equations to represent pressurized flows and free surface 

flows (Song et al. 1983; Politano et al. 2007). Other mixed flow models use the Saint-Venant 

equations (SVE) and apply conceptual models to enable the SVE to represent pressurized flows 

(Cunge and Wegner 1964; Vasconcelos et al. 2006).  

The Storm Water Management Model (SWMM 5) is a model sponsored by the US 

Environmental Protection Agency and has been undergoing development for more than 5 decades. 

SWMM was created to support the design and operation of stormwater systems, include traditional 

grey infrastructure (gutter, inlets, sewers, etc.), green infrastructure practices, and best management 

practices such as a detention/retention facilities. However, over time, its application has been 

expanded. SWMM has been used to model a headwater watersheds (Moynihan and Vasconcelos, 
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2014; Mitchell et al. 2017), as mid-sized (~20-30 km2) peri-urban watersheds (Hossain et al 2019), 

and even more complex urban hydraulic systems, as explained below.  

Comparatively with EPANET or other water distribution system models, SWMM has a more 

complex hydraulic solver engine and thus can represent mixed flows through two pressurization 

algorithms. The EXTRAN algorithm (Roesner et al. 1988) is a two-equation pressurization algorithm 

that solves the free surface flow using SVE but applies a rigid column approach for pressurized flows 

(Vasconcelos et al 2018). EXTRAN was the single option for pressurization algorithm in SWMM up 

to version 5.1.012. The subsequent versions of SWMM added the Preissmann Slot algorithm 

(Rossman, 2022) that enable the use of the Saint-Venant equations for both pressurized and free 

surface flow regimes.  

Recent research (Pachaly et al. 2021, 2022) have demonstrated that, with proper setting up of 

discretization and customized Preissmann Slot widths, SWMM can represent highly dynamic flow 

conditions in closed conduits. Nevertheless, such research have not considered the conditions of IWS, 

such as processes of filling and emptying. Campisano et al. (2018) also presented an interesting work 

in which SWMM was applied to represent the filling conditions in IWS. Yet, their work did consider 

the emptying of IWS, and applied a heuristic approach to select the spatial discretization rather than 

determine this more objectively. 

This work presents results from an ongoing investigation to determine the characteristics of a 

IWS that is being constructed in a rural residential area in Guatemala. The objectives are to determine 

how the processes of filling and emptying will take place considering the limited availability of water 

and estimated water consumption by the residents. SWMM is used as a tool to perform hydraulic 

simulations and provide insight into the operation of the IWS, including the decay of chlorine as the 

water distribution takes place. 

 

METHODOLOGY 

This section describes the key characteristics of the simulation that is performed by SWMM, 

as well as the simulation conditions that were considered in the work. The topology of the branched 

IWS is shown in Figure 1. 
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Figure 1 – General topology of the IWS that is considered in this study: (A) plan view; (B) profile of main branch. 

The system has a general alignment from north to south. The overall length of the distribution 

network is 1.8 km, and the PVC conduits have a diameter of 25 mm. The elevation difference between 

the supply reservoir and the point with lowest elevation in the main branch is about 70 m, with a 

length of 1.2 km. The pipe Manning roughness for the plastic pipes was assumed as 0.009. Three 

strategies for the discretization were used: a traditional link-node, with conduits segments with 

lengths varying from 19 meters to 116 meters, fixed junction spacing of 1.3 m, and fixed junction 

spacing of 2.6 m. The tool ReSWMM (Pachaly et al. 2020) was used to enable the artificial spatial 

discretization of the IWS. 

Given that the system is undergoing construction, there are no information on the demand 

patterns for the area, other than a local water management board will oversee the operation. Thus, 

rather than specifying demands at each delivery point, it was assumed that a head-discharge 

relationship would exist, representing a type of pressure-driven demand. Orifice-type outlets were 
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assumed to exist at each one of the 37 households that will be supplied by the system, and varying 

degrees of discharge were tested. These corresponded to a percentage of a discharge area of a orifice 

with 12.7 mm diameter and a discharge coefficient of 0.60. The considered percentages for the 

discharge area were 10%, 25%, 50% and 100% of the orifice area. Regarding the water supply for 

the system, the information used in the model based on existing information on the spring that will 

be connected to the system. The outflows provided by the spring have varied over time from 10 

L/minute up to 22 L/minutes and these were added in the upstream storage unit that served as the 

reservoir for the simulation. The estimate allocation of water per capita, for a population of 250 people 

existing in the community, varies from 57 L per capita/day up to 126 L per capita/day. Table 1 

presents the conditions that were simulate in this study, in all 24 conditions were tested in the 

simulations. 

Tabela 1 – Tempo de Retorno do nível do Lago Guaíba na Estação Fluviométrica Parque Harmonia. 

Variable Tested conditions 
Discretization Link-node, Δx=1.3 m, Δx =2.6 m 

Outflow conditions 10%, 25%, 50% and 100% of a 12.7 mm orifice 
Inflow conditions 10 L/min an 22 L/min admitted in the reservoir 

 

SWMM 5.1 calculated flows in conduits by applying a numerical solution of SVE (Rossman 

2017), which equations correspond to the conservation of mass and linear momentum. The junctions 

are solved by computing a mass balance, which will update the head in these locations, which in turn 

enables the updates for the flows in the conduits. The traditional SWMM implementation (i.e., link-

node) does not create any discretization between two junctions, which correspond to an elbow, a T-

junction, a cross junction, etc. Through the artificial discretization that was implemented with the 

help of ReSWMM, a more detailed description of the flow is possible since the flows are updated at 

more locations over time. Also, this research used a customized version of SWMM 5 model that 

introduced a narrower Preissmann slot, which has shown to present more accurate results for transient 

flows (Pachaly et al 2022). Details of the SVE implementation and other solution techniques are not 

presented for brevity. 

 

RESULTS 

Simulation of filling events 

Assuming that the proposed system will undergo a priming event, a simulation was performed 

with the conduits completely empty, and considering the inflow rate from the spring at 22 L/minutes 

(0.367 L/s). However, due to the steep profile in the system, the reservoir outflow from the 25.4-mm 
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distribution line is higher, leading to a process of reservoir emptying. As is shown in Figure 2, the 

reservoir is mostly empty slightly after 2 hours into the operation of the system, considering the 

scenario with the smallest opening (10%) of the discharge valves at the consumption points. 

Contrasting the SWMM modeling results of Figure 2 with the typical result that would be yielded by 

EPANET, the latter model would present that the junction would have been disconnected from the 

network. 

 
Figure 2 – Emptying of the supply reservoir in the water distribution system 

The process of filling of the conduits was represented by SWMM with the advance of an inflow 

front that arrives at the downstream end of the distribution between 30 minutes and 1 hour. Pressures 

are sustained in most of the distribution until the reservoir capacity is depleted, at which point the 

network initiates its emptying, as is illustrated in Figure 3. This filling process is analogous to the 

pipeline filling problem that was studied in Liou and Hunt (1996), with the difference that there are 

T-junctions in the distribution network that is not studied in the earlier study. SWMM modeling 

results does not consider the effects of air phase pressurization during the advance of the 

pressurization front. Thus formulations such as the ones presented by Izquierdo et al. (1999), 

Coronado-Hernandez (2018), and others that assume air pressurization cannot be directly comparable 

with SWMM. 
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Figure 3 – Filling front and subsequent emptying of the IWS at the main branch of the network. Letters correspond to 

different simulation times: (A) 15 minutes; (B) 30 minutes; (C) 1 hour; (D) 2 hours; (E) 4 hours. 

The permanence of water supply in each delivery node computed in the simulations, referred 

here as continuity of water supply, was mostly dependent on the relative elevation of the supplied 

junction, on the degree of opening of the discharge points (i.e., level of consumption). To a lesser 

extent, the other factors were the inflow in the upstream reservoir, which was always much smaller 

than the consumption, and the degree of spatial discretization of the model. As indicated in Figure 4, 

if a consumption point was in the lowest elevation with direct connection to the reservoir (i.e., no 

intermediate high point), the water supply was maintained through the simulation, though at a lower 

level. Other points located at higher elevations experienced, interruption in the water supply, as it 

would be anticipated. 
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Figure 4 – Continuity of water supply for selected nodes in the IWS. 

 
An alternative way to show the degree of intermittency of the water supply in this IWS is 

through the creation of a histogram with the percentage of the time in which water was supplied with 

respect to the simulation time, in this case, 12 hours. As Figure 5 indicates, 18 nodes were supplied 

continuously, with the remainder 19 nodes having intermittent supply.  

 
Figure 5 – Histogram with the percentage of the simulation time that nodes in the IWS had water supplied. 

 
As pointed above, one aspect that influenced the results was the degree of discretization. The 

kinematics of the pressurization and emptying interfaces wasn’t well described by the scenario with 
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a link-node discretization (NoD in Figure 6), whereas the results were more consistent among the 

two discretization tested (Δ𝑋𝑋=1.3 and 2.6 m). This has impacted the duration of the pressurization at  

 
Figure 6 – Effect of the modeling discretization to the simulated pressure head  

SWMM was also used to compute the decay of chlorine that is anticipated to be added in the 

reservoir at the upstream end. A simulation run was created where the initial chlorine concentration 

at the  upstream reservoir was 1.0 mg/L, and the rate of decay of a 1st order reaction was assumed to 

be 3.0/day. It was noticed much numerical instability with the use of SWMM to represent this decay 

in the pipe reaches, through the decay in the upstream reservoir was the same as an analytical solution 

of this decay. The chlorine decay simulation results for selected nodes in the IWS are presented in 

Figure 7. 

 
Figure 7 – Chlorine decay at selected points in the IWS over 6 hours of the simulation, considering a decay rate of 

3.0/day. 
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FINAL REMARKS AND NEXT STEPS 

This work presented numerical results from preliminary simulation results of a proposed water 

distribution system to be constructed in Guatemala. Given the limitations on the source of water 

supply, it is possible that the system will operate in an intermittent fashion, opening the possibility of 

periodical emptying and filling processes. This corresponds to a complex type of unsteady, two-phase 

flow hydraulic conditions that are not represented in most models that are used for the design of water 

distribution networks. Previous investigations indicates that some of the conditions anticipated in 

IWS can be represented with a mixed flow conditions built in models such as SWMM. Through 

various assumptions, this work presented simulated results of emptying and refilling, as well as 

chlorine concentration changes during the filling of the IWS. We hope that with the data collected in 

this system as it becomes operational the assumptions and hypotheses can be verified and validated, 

and with that improve the framework to perform hydraulic simulations in these types of systems. 

 

CONCLUSIONS 

The hydraulic simulation of a dendritic intermittent water network in Guatemala was carried 

out using EPA-SWMM in this paper. The model is based on a 1.8-kilometer PVC network with a 

diameter of one inch. The demands were modeled as orifices with different percentages of aperture 

in four different scenarios: 10%, 25%, 50%, and 100% of a 12.7 mm orifice. For the inflow, two 

scenarios were simulated, each supplying the reservoir at 10 L/min and 22 L/min. ReSWMM 

(Pachaly et al. 2021, 2022) was used to simulate three distinct discretization scenarios: link-node 

discretization, 2.3-meter, and 1.6-meter discretization. SWMM was utilized to simulate the infilling 

hydraulic process in conduits using several calculation methods, including the EXTRAN and the 

Preissmann Slot algorithms. 

According to the findings, the filling process takes between 30 minutes and an hour, and the 

network is pressurized until the reservoir is depleted in around two hours. The SWMM simulation 

allowed for the examination of two alternative intermittency scenarios: the first was based on 

continuity as the water elevation in a supplied connection, and the second was based on the percentage 

of time in which water was provided relative to the simulation time. Along with the simulation, about 

half of the IWN nodes had intermittent circumstances. 

The degree of discretization altered the outcomes of the SWMM simulation, with scenarios 

with discretization (Δ𝑥𝑥=2.6 m and Δ𝑥𝑥 =1.3 m) reflecting a better representation of the kinematics of 

pressurization and emptying interfaces than the link-node discretization scenario. When the chlorine 

concentration reached the pipes, numerical instability was discovered for a first-order kinetic decay. 
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Despite this, the analytical solution in the upstream reservoir yielded the same results for this kinetic. 

Finally, the findings indicated the potential for using SWMM's to model the hydraulics of IWS, 

particularly the simulation of the filling and emptying processes. Future field data collection will help 

to confirm and improve the modeling results. 
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