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Abstract

Intermittent water supply (IWS) operations frequently involve water filling and emptying 
cycles that are strongly influenced by air-water interaction. Storm Water Management Model 
(SWMM) software has been recently proposed to simulate pipe filling events in IWS systems. 
As the tool is conceived to simulate both free surface and pressurized flows, it also has the 
potential to analyse the air entrapment. However, there is no numerical model capable of 
accurately and efficiently simulating the air behaviour during these events, nor of predicting 
the locations of air pockets created during the pipe filling process. 

An experimental pipe rig was assembled to better understand the pipe filling process in terms 
of pressure variation, the propagation of the filling wave and the air entrapment locations 
under different initial conditions. The pipe rig has a classic reservoir-pipe-valve configuration. 
Different behaviours are observed in this experimental setup during the pipe filling tests. An 
entrapped air pocket is created at the high point for lower flow rates, which is not dragged 
when the pipe is full. This air pocket can go from a similarly free surface flow inside the pipe 
to a complete water filled flow, depending on the flow rate. For low flow rates, a high head loss 
is introduced due to a hydraulic jump inside the pipe. For higher flow rates, the air is dragged, 
no air is entrapped and only the local head losses from the change of direction at the high point 
are observable.  

Following the collected experimental data, SWMM is used to assess to which extent it can 
predict entrapped air pockets location and their volume. Different filling processes can occur 
and an air model should be included to simulate the tests carried out in the pipe rig. The results 
obtained show that SWMM is capable of predicting air pocket locations but not the air pocket 
volumes. Further research is necessary to improve SWMM in this context.  
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1 INTRODUCTION

Water supply is of major importance for our daily routines and activities. Water is expected to 
immediately come out of the taps whenever these are opened by the consumers, giving it the name 
of continuous water supply (CWS). This assumption is not always true outside of developed 
countries. Around 40% of the world population is supplied by a piped network that suffers from 
what is called intermittent water supply (IWS) [1]. Such supply is characterized by a distribution 
system not being pressurized 24/7, like CWS, with different degrees of reliability. Three different 
stages can be identified in IWS systems operation: pipe filling, system supply and pipe emptying.  

The system starts empty until the utility decides to open valves to start the pipe filling stage. Water 
goes into the pipe and air needs to be release through taps, tank valves and air valves. However, 
air can cause severe damage in distribution systems due to unexpected pressure variations in the 
systems resulting in supply disruptions [2]. Air can compress and expand to the point that it 
generates pressures that were not accounted for in the design stage, leading to increased pipe 
failures and higher leakage levels as observed by Christodoulou and Agathokleous [3]. During the 
filling stage, the system is prone to accumulate entrapped air pockets due to the dynamic 
behaviour of the flow, but current engineering practice doesn’t enable the description of where 
and under which circumstances air pockets get entrapped other than a rule-of-thumb based on 
the “high points”.  

When the pressure is sufficient to deliver water to the service connections, the supply stage starts 
at that location. The air that was initially in the pipe may or not become entrapped in the system 
at high points and sudden changes in slope and direction depending on the flow velocity and the 
pipe slope [4]. Another consequence of having air inside the pipes is the inherent local head losses, 
due to a reduction of the effective pipe cross section area, which are not negligible in low pressure 
system due to the high flow velocities as in IWS systems [5, 6]. Thus, air should be released in a 
controlled way so that lower head losses and pressure variations would occur. However, there is 
no model to determine air pocket location and volume during/after the pipe filling stage. 

The pipe emptying stage begins when the utility closes the connection between the supplying 
storage tank and the pipe system. Water is still delivered for a short period of time thanks to the 
reminiscences of pressure in the system and to elevation differences. During this period, air needs 
to go into the pipes to allow the water flowing out. Either air goes into the pipes by leaks and air 
valves or sub atmospheric pressures occur in the pipe (in extreme cases leading to pipe buckling). 
Sub atmospheric pressures are bad not only from the pipe perspective, since they can lead to pipe 
buckling [7], but also from the water quality perspective, since these allow for losses of untreated 
water and for contaminants intrusion into the pipe system, putting at risk the supply of safe water 
[8].  

Numerical modelling of water systems can be very useful for predicting air water behaviour 
during pipe filling and emptying processes. These can be categorized in four types of models: 
extended period simulation models in pressurized pipes (e.g. EPANET model), free surface flow 
models in open-pipes (e.g. Stormwater Management Model, SWMM), rigid water column (RWC) 
model and elastic water column model (EWC).  

Extended period simulation models are amply used for pressurized pipes simulation, providing 
accurate results as long as demands, valves and pumps settings and other boundary conditions 
are well defined. One of the main assumptions is that the pipes are pressurized 24/7 which is not 
verified in IWS systems. This assumption also does not make possible to track and detect locations 
prone to air pocket locations.  

Free surface flow models in open-pipes, like SWMM model, has also been used to analyse water 
systems but in a water drainage perspective. Nevertheless, free surface flows can be accurately 
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simulated by this model, since the model numerically solves Saint-Venant equations (Eqs. 1 and 
2) to calculate water depths:

 
(1) 

(2) 

where A is the flow cross section, Q is the water flow rate, g is the gravitational acceleration, Sf is
the friction factor, t is time and x is the length. Specifically using SWMM, the solver features two
surcharge methods to when pipes become pressurized: EXTRAN and SLOT surcharge methods. 
The former relies on mass and momentum equations for presurized pipes and the second creates 
an artificial slot on top of the pipe for the assumptions of Saint-Venant equations to remain valid. 

Rigid water column models are easy to use and to implement for single pipe systems [9]. Mass 
continuity and head loss equations are used to estimate flow rates and pressures. Though, the 
assumptions are incompatible with the existence of entrapped air pockets in the pipes and that of 
free surface flow existing during the filling process as observed by Guizani et al. [10].

Elastic water column models can be applied to pressurized and free surface flows [12, 13] and 
have been proposed to simulate pipe filling events with water column separation [14]. Accurate 
results are obtained for both situations. However, lower time steps and higher spatial 
discretization are required making these models computationally demanding and inefficient for 
the modelling of pipe networks.  

The study of air in pipes has been of interest withing the scientific community but with little 
developments in the IWS domain. Some work has been carried out to determine entrapped air 
pockets head losses [4] and breakout rates [15] in steady state flows, but such research was never 
carried for pipe filling events when the dynamic effects are more severe. Also, no hydraulic solver 
is known to accurately predict air pocket volumes and related pressure variations due to their 
existence in pipe systems, being such limitation pointed out as one of the main disadvantages of 
SWMM [16]. SWMM might be used to check the possibility of existence of entrapped air pockets 
since it simulates open channel flows. Though, since the software was originally developed for 
drainage purposes, the air pockets are not considered as soon as the cross section prone to air 
entrapment is pressurized. SWMM has already been suggested as a possible alternative to model 
IWS systems [11]. Yet, no reference was made to the air behaviour, which is of utmost importance 
in IWS.  

This paper aims at assessing to which extent SWMM can accurately predict air pockets’ location 
and volume in pipe filling events. Experimental results are collected in a laboratory setup to obtain 
pressure signals and video recordings to better understand the pipe filling process and to 
determine the air pocket volume. Collected data are compared with numerical results from 
SWMM to assess if the model can predict the air pocket location and volume.  

This paper is organised as follows: section 2 presents the pipe-rig set up and describes the 
experimental tests that were carried out as well as the conducted test procedure; section 3 
summarises the main results from the experimental tests; section 4 briefly explains the numerical 
model and presents the comparison between numerical and experimental data; and section 5 
summarizes the results, presents the main conclusions and further research topics. 

2 EXPERIMENTAL DATA COLLECTION

2.1 Experimental rig
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The experimental rig, depicted in Figure 1, is composed of a horizontal acrylic pipe with a 
horizontal length of 12.4 m and a 21 mm inner diameter. An elevated tank supplies the system 
and a pneumatically actuated ball valve with an internal diameter of 20 mm controls the pipe 
filling start at the upstream end of the pipe. A high point is installed at 5.30 m from the upstream 
valve, having a triangular shaped with a 45° slope with a rising pipe and a downwards pipe in the 
direction to the downstream end. The height of the high point is 0.30 m. An acrylic plate with a 
drilled orifice with a diameter d = 4.5 mm was installed to replicate a contraction in the flow cross 
section at the downstream end of the pipe, just before its discharge into the atmosphere. 

Figure 1. Experimental rig layout

Pressure measurements were carried out using Siemens SITRANS P pressure transducers series 
Z with a maximum measuring range of 0-2.5 m, a full scale accuracy of 0.5% and a time response 
lower than 0.1 s. Four pressure transducers were installed in the pipe: (i) the first at the upstream 
end of the valve to control the tank head and used to determine the water tank level as a boundary 
condition (PT1); (ii) the second (PT2) and the third (PT3) located before and after the system high 
point at a distance from the upstream valve of 4.7 and 6.9 m, respectively, and (iii) the fourth 
(PT4) at 10.35 m from the upstream valve. Pressure measurements were acquired at a 1 kHz 
frequency. Final steady state flow rate measurements were carried out by an Dynasonic ultrasonic 
flow meter with a full range accuracy of 1%. Video recording were carried out using a GoPro 7 
with a resolution of 2074 x 1520 pxs and a frame rate of 24 fps. 

2.2 Data collection

A number of tests was carried out to estimate the entrapped air pockets volume in the high point 
of the pipe system. Changing the water tank level and installing an orifice at the downstream end 
allowed obtaining different filling and final steady state flow rates which resulted in different air 
pocket sizes. The initial water tank levels, Hini, were 0.5 and 1.5 m and the two different orifice
sizes were tested: one without any orifice and one with the 4.5 mm orifice, corresponding to 10% 
of the pipe cross sectional area.  

Tests are carried out by starting with the pipe completely empty and the orifice to be tested at the 
downstream end of the pipe. The upstream ball valve is opened and water coming from the tank 
starts filling the pipe. Air is released from the pipe as the water front wave advances. Once the 
water front wave reaches the downstream end, a transient is generated since the orifice acts a 
blockage in the pipe. Once the final steady state is reached (after the transient dissipates), the flow 
rate is measured. When the test is completed, the pipe is flushed with compressed air to ensure 
the pipe is emptied for the next test. 
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3 EXPERIMENTAL RESULTS

Pressure head, final steady state flow rates and measured air pocket volumes are used to analyse 
the influence of boundary conditions in air pocket formation. Piezometric head, H, and resulting
steady state air pocket volume are shown in Figure 2 for the Hini = 1.5 m and for the two orifice
configurations. Video recordings are analysed to obtain the air pocket volumes, Vair at the final
steady state flow. Steady state flow rates and air pocket volumes are presented in Table 1. The 
higher the flow rate is, the lower the air pocket volume also is, since high flows can drag the air 
pockets to downstream, as observed by Pothof and Clemens [4].  

The measured pressure signal for the downstream configuration with d = 4.5 mm is presented in
Figure 2a. A small air pressurization is observed, once the valve opens at time t = 0 s. The air
pressurization is equal in all transducers, since the water that enters the system is small 
comparatively to the pipe volume. The water front wave progresses and reaches each transducer 
when the pressure signal detaches from the air pressure front the start at t = 3.8, 5.4 and 7.0 s for
PT2, PT3 and PT4, respectively. PT2 shows a much higher increase in piezometric head when 
compared to the other transducers, due to the elevation of the high point. When the wave arrives 
at the downstream end, a pressure variation is observed since the orifice behaves like a blockage 
and has an inherent local head loss. The steady state piezometric head is progressively lower in 
the transducers due to head losses. Figure 2b shows the resulting air pocket and there is a clear 
air pocket formed at the high point.  

The pressure signal for the downstream configuration with d = 21 mm in Fig 2c does not show
any air pressurization since air can be freely released at the downstream end. The water front 
wave arrives at PT2 at t = 3.7s and the pressure signal shows the same behaviour as in d = 4.5 mm
due to the high point. The wave arrives at PT3 at t = 5.2 s, sooner than in the previous configuration
since the air pressurization slightly decreases the filling flow rate, and at PT4 at t = 6.4 s. No
pressure variation is observed for this configuration and the piezometric head differences 
between transducers is much higher due to the higher flow rate presented in Table 1. Figure 2d 
shows the resulting air pocket for this orifice configuration. The air pocket is considerably smaller 
and does not create a flow similar to free surface flow on the tipping point of the high point. Even 
though this air pocket is smaller than the first one, higher head losses are observed due to the 
higher flow rate as well. Some variability is observed in the air pocket volumes from Table 1 for 
first and second test tests for the same initial conditions and for d = 4.5 mm.

Table 1. Steady state flow rate and air pocket volume for each tank water level and downstream orifice
combination

d (mm)

Hini (m)

0.5 1.5 

First test Second test First test Second test 

4.5 
Q (l/h) 118 90 204 216 

Vair (mm3) 2246 18181 472 326 

21 
Q (l/h) 672 666 1263 1232 

Vair (mm3) 0 0 0 0 
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(a) (b) 

(c) (d) 

Figure 2. Pressure signal for each orifice diameter for Hini = 1.5 m and respective air pocket for the orifice
configuration of: a, b) d = 4.5 mm and c, d) d = 21 mm

To assess the air pocket volume variability for repeatability purposes, a set of 10 tests was carried 
out for the configuration Hini = 1.5 m and d = 4.5 mm under the same initial conditions. Figure 3
shows the air pocket volume as a function of the final steady state flow rate. A large variability of 
air pocket volumes is observed with an average value of 946 mm3 and a sampling standard 
deviation of 460 mm3. However, despite the air pocket volume variability, a consistent flow 
behaviour is observed in all tests in video recordings: air pockets are always formed at the 
downwards slopping pipe, slightly after the high point and the flow rate is no capable of clearing 
the air pocket for this pipe slope. Having this air pocket volume variability, this volume cannot be 
precisely predicted for a given boundary conditions, but the air pocket location and flow 
behaviour is expected be similar. Also, air volumes are estimated based on video records of the 
tests, thus, there is always some uncertainty in their estimation, though not of the order of 
magnitude of the observed volume variation. 

Q 

Q 
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Figure 3. Repeatability analysis of entrapped air pocket volume for Hini=1.5 m and d=4.5 mm

4 SWMM MODEL

The existing SWMM software (v5.1.015) is used to estimate the entrapped air pocket volumes. 
The model consists of a storage tank at the upstream end, a single pipe simulated by means of pipe 
sections with a spatial discretization of x  = 0.2 m (to improve dynamic event’s results [17]), an
orifice at the downstream end of the pipe and a free outfall to simulate the discharge into the 
atmosphere. Pipe sections from the spatial discretization have a diameter of 0.021 m, are 
connected to manholes with surcharge depths equal to 100 m so that no node gets ponded [11]. 
Minimum surface area of the manholes is set to 1x10-5 mm2 to ensure no storage occurs in the 
manholes. EXTRAN and SLOT surcharge methods included in SWMM are tested. An additional 
function was added to SWMM source code to track and quantify air pockets’ location and volume. 

A sensitivity analysis of the spatial discretization was carried out to assess its influence on the 
simulated air pocket volume in SWMM. For that, the configuration of Hini = 0.5 m and d = 4.5 mm
was simulated in SWMM. Simulations for progressively smaller space steps, x , in the high point
region (0.3 m upwards and downwards) were carried out to determine the value that air pocket 
volume would converge to, being the remaining pipe with x =0.3 m. The spatial steps and the
corresponding time steps to ensure stable numerical results are presented in Table 2.  

Table 2. Tested spatial discretization and routing time step to assess air pocket volumes

x (mm) 200 130 100 80 66 57 50 44 40 36 33 31 29 26 

t (ms) 44 29 22 17 14 12 11 9 8 8 7 6 6 5 

Numerical results obtained for the air pocket volume for these space steps are presented in Figure 
4 for the two surcharge methods. EXTRAN surcharge method results show an increasing air 
pocket volume until x  = 0.05 m, reaching a maximum value of air volume around Vair = 25,000
mm3 (Figure 4a). SLOT surcharge method results are slightly different, varying from Vair = 20,000
and 30,000 mm3 for space step lower than 0.05 m, but still around the results range for EXTRAN 
method (Figure 4b). It should be highlighted that the space step that started providing convergent 
air pocket volume values is four times lower than the recommended by Pachaly et al. [17] ( x  =
0.2 m) to better describe pipe filling events. 
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  (a)  (b) 

Figure 4. Entrapped air pocket volume for Hini=0.5 m and d = 4.5 mm using: a) EXTRAN and b) SLOT
surcharge methods

Tested configurations were simulated in SWMM using a spatial discretization of 0.026 mm, almost 
ten times lower than the recommended. Table 3 shows the comparison between the SWMM 
results using EXTRAN surcharge method and the experimental average air pocket volume. 
Numerical results for d = 4.5 mm do not accurately reproduce experimental data. 

Table 3. Experimental vs numerical air pocket volumes for the tested conditions

d (mm)
Hini (m)

0.5 1.5 

4.5 
Experimental Vair (mm3) 10213 399 

Numerical Vair (mm3) 25000 19400 

21 
Experimental Vair (mm3) 0 0 

Numerical Vair (mm3) 0 0 

However, differences between video recordings and SWMM filling process might explain the 
difference between air pocket volumes. Figure 5 shows the numerical results from SWMM and an 
image from the video recording for Hini = 1.5 m and d = 4.5 mm. Figure 5a) presents a snapshot of
the pipe filling in SWMM graphic user interface and Figure 5b) shows the air pocket in steady state 
flow for the aforementioned tested conditions. As observed in Figure 5a), the entrapped air pocket 
in SWMM is created because the pipe at immediately downstream the high point becomes 
pressurized. A clear water flow separation occurs between the initial air volume and dowsnteram 
air volume, leading to the creation of an entrapped air pocket. Video recordings (snapshot in 
Figure 5b) show a different behaviour: the water filling wave is relatively perpendicular to the 
pipe cross section and the air pocket only reaches the high point due to air movement when a 
steady state is reached due to the pressure variations. Thus, the air pocket location is accurately 
represented in SWMM, but the calculated air volume is much higher than the observed in the 
experimental tests. Lower flow rates should be tested and an air model should be incorporated in 
SWMM in order to better describe this filling process and to better quantify the air volume 
entrapped in the pipe. 
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(a) (b) 

Figure 5. Comparison of air pocket numerically calculated and observed for the test Hini=1.5 m and d=4.5 mm
from: a) SWMM pipe filling graphic user interface on the pipe filling process, where blue line is the hydraulic

grade line and high point can be observed and b) video recordings

5 CONCLUSIONS

Air pockets can compromise the safety of pipe systems upon the occurrence of a transient event.  
Intermittent water supply systems have a strong air dynamics due to pipe filling and emptying 
processes. No water supply hydraulic solver is able to accurately describe the phenomena in IWS 
systems, since these models assume the pipes are already pressurized. SWMM has been proposed 
as an alternative, since it solves the open-channels equations allowing to simulate pipe filling and 
emptying stages. However, one of SWMM’s main disadvantages is that air pocket dynamic model 
is not a feature incorporated in the SWMM solver.  
This study concludes that, whilst SWMM seems to be able to accurately predict the air pocket 
location, it is not able to reproduce the air pocket volumes in high sloped pipes. An air model 
should be incorporated in the SWMM to better estimate the air pocket pressures and volumes. A 
spatial discretization four times smaller than the recommended in literature was shown to be 
required to obtain convergent air pocket volumes, but this still requires further research.  
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