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ABSTRACT

This case study investigates the reduced operational capacity of a pump station after
renovation in a wastewater transport system. The system includes a transition from
pressurised to gravity flow. During renovation, the overflow weir managing this transition
was replaced by an automatic air valve. Field measurements, hydraulic analysis and review
of the renovation process identified multiple contributing factors across different project
phases. Although the transition section received considerable attention during renovation
and was analysed using 1D hydraulic modelling, it was not properly implemented. This
study highlights the importance of integrating hydraulics throughout all project phases to
ensure effective field implementation.

1 INTRODUCTION

This case study considers a wastewater transport system with a flow regime involving both
dry weather flow (DWF) and wet weather flow (WWF), with the analysis focusing on
WWF conditions. The system includes two pumping stations, namely, Pumping Station
West (PSW) and Pumping Station South (PSS). Both pumping stations are connected to
the same pressurised pipeline that transports wastewater over varying terrain to the
treatment plant. There is a transition from pressurised to gravity flow transport for the latter
stretch towards the wastewater treatment plant.

During a renovation process in the period 2018-2020, mainly required due to the
deterioration of pipelines and structures by hydrogen sulfide (H2S), several modifications
to the system were made. The reasoning behind some of the design choices made at the
time is no longer available. However, it is known that certain decisions were influenced by
limited accessibility to some parts of the system, which constrained the possible design
options and maintenance possibilities after renovation.

The renovation works consisted of replacing a large section of the asbestos cement (AC)
gravity mains with a high density polyethylene (HDPE) pipe and replacing the overflow



weir at the pressurised/gravity flow transition point with a direct pipe connection and an
automatic air valve (both release and admission of air). After renovation, PSS was no
longer able to meet its discharge capacity during WWF conditions, resulting in combined
sewer overflows (CSO’s). This paper presents findings from hydraulic modelling and site
measurements to identify the cause of the capacity loss during WWF conditions.

This paper is structured as follows: Section 2 provides a description of the system layout
and the modifications during renovation. The analysis methodology is presented in Section
3, together with the relevant literature. Section 4 presents the analysis and Section 5
provides practical insights and the lessons learned from such projects. Finally, Section 6
summarizes the key findings and conclusions.

2 SYSTEM DESCRIPTION

2.1. System layout

PSW pumps the wastewater through a pressurised pipeline over a distance of 4.6 km to the
highest point of the system with an elevation gain of 23 meters. At this location, a weir
with an edge level of +33.5 m NAP previously existed, but it has been replaced by a direct
pipe connection and an automatic air valve in the current situation (see Figure 1). PSS
connects halfway the pressurised pipeline. The gravity flow pipeline extends for 5.8 km,
contains no air valves, and ends at the receiving basin of the treatment plant at an elevation
of 1.95 m Normal Amsterdam Level (NAP).

The main characteristics of the system (during WWF) that are relevant for the study
performed are as follows. The WWF design flows are 450 m*h for PSW and 80 m*h for
PSS. Both pump stations have duty/standby pump configurations. During WWEF, PSW
operates in a duty/standby arrangement (one duty pump and one standby pump; 1+1) while
PSS operates using both pumps in duty (two duty pumps, no standby; 2+0). The pressurised
pipeline is a DN450 asbestos cement (AC) pipe with a stretch of about 150 m constructed
as DN300 to pass underneath a small waterway. The gravity flow stretch consisted of a
mixture of different pipe materials and pipe sizes; about 0.6 km DN 500 AC pipeline and
0.8 km DN350 AC pipe (both replaced by a 350 mm inner diameter HDPE pipe during
renovation), 1.6 km DN350 AC, 150 m DN500 AC, 150 m HDPE (inner diameter 430
mm) and the remaining DN450 AC. The pipeline profile is shown in Figure 10. The
original weir had an edge level of +33.5 m NAP and a width of 80 cm. The hydraulic
specifications of the air valve, which replaced the weir, are not available. However, the
valve was marketed as a solution to remove air from wastewater transport systems.

2.2. System renovation
The system's renovation process consisted of two main activities:

i. The first 1.4 km of the AC gravity flow pipeline, consisting partly of DN500 and
partly of DN350, was replaced by DN400 HDPE pipes with an internal diameter
of 352.6 mm.

il. The overflow weir, at the local high point, was replaced with an automatic air
valve characterized by a 5-8 mm opening vent nozzle allowing for both air
release and admission, see Figure 2. The air valve was installed approximately
at the same location as the original overflow weir, which is located in the
concrete box, as shown in Figure 2. The air valve is located on a pipeline with



an estimated invert level of +33 m NAP. The connections to the existing
pressurised and gravity mains and the pipe routed around the existing structure
were constructed on-site based on local terrain conditions.
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Figure 1: Schematic of the wastewater transport system (see Figure 4 for the
pipeline profile). The blue square marks the highest elevation point in the system,
where the original overflow weir was located and later replaced by an air valve.
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Figure 2: Air valve as installed after renovation. A horizontal pipeline is connected
to the valve for rerouting around the old weir.

3 METHODOLOGY

This section outlines the approach used to investigate the capacity loss of PSS during WWF
as observed after the renovation. The methodology is divided into three subsections:
Section 3.1 presents the hydraulic modelling used to assess the system behaviour under
different configurations; Section 3.2 describes the field measurements carried out to
validate the model and identify operational issues; and Section 3.3 introduces the
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assessment of air transport in pressurised and gravity flow systems to evaluate the risk of
air entrapment and its impact on system performance. The inclusion of this subsection was
motivated by the findings from the hydraulic modelling and field measurements.

3.1. Hydraulic modelling

Although 1D hydraulic modelling was performed prior to the renovation process, new
hydraulic models were built after the renovation process to assess the capacity problem as
new information regarding the system layout became available. The 1D hydraulic models
for both the current system layout (with air valve and replaced pipes) and the original
system layout (with overflow weir) were built in WANDA. WANDA is a validated
commercial one-dimensional hydraulic modelling software package used to perform
steady-state and transient analyses of pipeline systems (1,2).

A schematic representation of the hydraulic model is shown in Figure 3. Due to the absence
of air flow characteristics for the air valve, it was assumed that the air flow capacity of the
air valve was sufficient to ensure atmospheric pressure at the location of the valve and the
transition point could be modelled as a weir. The model was used primarily for qualitative
comparison and did not account for air—water interactions associated with the valve and
hydraulic jumps in the pipeline. Nevertheless, the gravity flow pipeline section
immediately downstream of the transition point was modelled as a free surface flow
conduit, allowing the model to account for both completely filled and partially filled
pipeline conditions (2). Models representing the system before and after renovation were
used to obtain insight into the hydraulic behaviour of the system, such as working points
of the pumps, capacity of both the gravity and pressurised parts of the system and expected
hydraulic grade lines.

Transition from
pressurised flow
to gravity flow
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H: 11.5 (m AD)

il H:15.5(mAD)

Pumping Station South (PSS)

Figure 3: Simplified WANDA model of the system post renovation, where each pipe
in this schematization represents a group of pipes with different diameters and
profiles in the detailed WANDA model used for the analysis.

3.2. Field measurements
SCADA data from both PSW and PSS were used to validate the modelling assumptions
and to identify the cause of the reduced capacity observed after the system modifications.



The sample frequency of this data is approximately 0.01 Hz. Due to this low frequency,
WWEF periods with longer constant flows were selected from the data set to analyse the
system’s behaviour. The dataset collected consisted of pressure, flow and pump speed
readings at both pumping stations.

An initial analysis of the pressure readings of the system with both pumping stations out
of operation against expected pressure values based on pipeline elevations and expected
water levels revealed a malfunctioning pressure sensor at PSS. The sensor was replaced
and recalibrated. After recalibration, the measured static pressures aligned with the
expected values, with an accuracy of +1 m, as shown in Figure 4. The measured static
pressures corresponded to approximately 32 meters of head, while the head from the
highest local point is 33 m.
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Figure 4: Head from field measurements, referenced to the head from the highest
local point (air valve location)

3.3. Air entrainment and air transport in pipeline systems

Entrapped air bubbles cause increased head losses, reduced pumping capacity and unstable
operation. This problem is commonly encountered in wastewater mains, which are
generally designed to transport sewage and not a gas-liquid mixture (3). The additional
head loss due to an air bubble in the system is equal to the level of the gas volume entrapped
within the pipeline, as illustrated in Figure 5.

Different factors determine whether air could be entrapped in a pipeline system and
whether, once entrapped, it will be transported. Air transport occurs easily in horizontal or
upward sloping pipelines (4). In downward sloping pipelines, the possibility of air and gas
transport depends on both the flow number and the hydraulic grade line. The hydraulic
grade line should be steeper than the downward slope and the flow number (F) should be
sufficiently high (3.,5).

The flow number (F), which expresses the ability of the gas bubbles to be transported out
of the system, is defined as:

_ v

_\/ﬁ’

where v is the superficial flow velocity (m/s) calculated as the volumetric flow rate divided
by the total pipe cross-sectional area, g is the gravitational acceleration (m/s?) and D is the
inner diameter of the pipe (m). Gas transport depends on the exact downward slope, but in
general, partial gas transport starts for F > 0.6. For 0.6 <F < 0.9, air removal occurs at a



slow rate which can cause gas pockets to remain in the system for prolonged periods (5).
Full gas bubble transport will take place at F > 0.9. At flow numbers below 0.6 air bubbles
are unlikely to be carried away.
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Figure 5: Definition sketch of gas pocket influence on the hydraulic grade line (5),
where AH g represents the frictional head loss, AH represents the head loss
caused by gas accumulation, v represents the water velocity, y and p represent the
local water depth and local pressure, respectively, and z represents the elevation
above the reference plane.

The configuration (placement) and performance of air valves play a critical role in the
occurrence of air entrapment in the system (3,6). Whether air could be entrapped in a
system is mainly determined by the layout of the transition point from pressurised flow to
gravity flow. In the case of the original overflow weir, the ventilation point was clearly
defined, whereas in the current situation, a much smaller air valve takes over the ventilation
function.

The capacity of an air valve must be sufficient for the expected volume of air release.
Undersized valves, or valves not intended for wastewater systems, can fail to discharge
entrapped air effectively. Most air valves are designed and tested for clean water
applications, and their performance in wastewater transport is uncertain. Wastewater
contains grease and floating parts waste that may clog or impair its functionality and
therefore require frequent (manual) cleaning (7,8).

Tukker et al. (7) emphasizes that air valves must be placed at the highest point upstream
of descending sections to capture and release entrained air. If air valves are installed
downstream of a peak or on a horizontal section of the pipeline, air bubbles will not be
captured by the valve and will accumulate further along the pipeline, where removal is
more difficult. Moreover, the authors explain that according to Wickenhéuser (9) the
effectiveness of air valves depends on the branch geometry. The branch diameter at which
the valve is installed must be at least 0.5D, where D is the diameter of the pipeline at the
main branch. Otherwise, the likelihood of air bubbles bypassing the air valve and being
transported downstream increases significantly (see Figure 6).



Figure 6: Geometric requirements of a T-branch connection to an air valve (7)

Hager (10) demonstrated that the amount of air in a pipe connected to a clearly defined
edge/weir is primarily governed by the flow number. Figure 7 illustrates the outflow
conditions for different flow numbers, showing how air bubble formation depends on this
parameter. At low flow numbers (e.g., F = 0.602, Figure 7f), an elongated air cavity
develops and extends upstream, while at higher flow numbers (Figure 7a) the pipe becomes
fully filled with water, preventing air from flowing back toward the inlet. These findings
indicate that at high flow numbers, air is pushed downstream and expelled from the pipe,
whereas at low flow numbers, air can move upstream and remain entrapped within the
system. In systems equipped with an air valve, its location relative to the flow regime is
therefore critical, as it determines whether air will be effectively vented or remain trapped
on either side of the air valve (6,7,11).
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Figure 7: Air cavity formation in a horizontal pipeline for flow numbers of (a) 1.16;
(b) 0.794; (c) 0.700; (d) 0.641; (e) 0.628; (f ) 0.602. The x-ais represents the pipe
length normalized by the pipe diameter (10).



Once gas becomes entrapped in a downward sloping pipeline, a certain time is required
before it can be transported out of the system. To estimate this removal time, the gas-
discharge model proposed by Pothof & Clemens (12) was used. This model was validated
for downward sloping reaches with a maximum L/D = 209, where L is the slope length or
length of the main pipeline and D is the internal pipe diameter. The model is implemented
in an excel file (13) that computes the expected removal time of entrapped gas based on
the gas volume present in the pipeline and is included in the CAPWAT handbook (7). The
duration of this removal process depends on several parameters, including pipe geometry,
wall roughness, inclination, fluid properties, gas pocket length, and the flow number. It
also depends on the surface tension of the fluid, which has a high impact on the size of the
gas bubble and its transport. In this study, a surface tension value of 0.055 N/m was adopted
(14), representative of typical wastewater conditions, which can range between 0.035 and
0.072 N/m (3,15).

4 RESULTS AND ANALYSIS

4.1. Expected behaviour of PSS

The system characteristic curves for PSS with the original configuration (overflow weir,
orange line) and the new configuration (air valve, black line), as produced by WANDA,
are shown in Figure 8 during WWF conditions. The figure represents the conditions where
PSW is discharging at its design capacity of 450 m3/h with a typical wall roughness for
sewer systems of 0.25 mm for the pressurised pipelines and 1 mm for the gravity flow
pipelines. Replacing the overflow weir in the model with an air valve resulted in a static
head reduction of approximately 0.5 meters, which indicates that, as long as the air valve
functions correctly, the elevation of the valve is not the reason behind the reduced capacity
in the system.

However, the capacity of the gravity flow section is reduced during the renovation, as
demonstrated by the shift in the transition point from gravity-driven to fully pressurised
flow for the part of the system intended to be gravity flow in Figure 8. This transition is
indicated by a change in the gradient of the system characteristic curve. This reduction in
total system capacity is caused by the replacement of the AC pipeline segment with an
HDPE pipe with a smaller inner diameter. Next to the system characteristic curves, the
pump curves of PSS for operation with both 1 and 2 pumps at full speed are shown. The
resulting duty points of the pump show that both before and after renovation, PSS should
be able to meet its required capacity of 80 m3/h during WWF. Furthermore, the figure
shows that the operating point for PSS in the modified system is located close to the
gravity-to-pressurised flow transition, indicating a sensitivity of PSS to small variations in
pipe roughness, operating conditions, operation of PSW and uncertainties in the model or
data. Discrepancies were also observed between modelled and actual performance. In the
original configuration, for example, PSS achieved the targeted 80 m*h discharge in
practice with 1 pump operation, even though the model predicted a slightly lower capacity.
Although it is unknown whether PSW indeed discharged as much as 450 m%h in the
original situation.
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Figure 8: System characteristic PSS for the old (orange line) and current situation
(black line) with PSW discharging 450 m3/h, assuming a wall roughness of 0.25 mm
(pressure pipe) and 1 mm (gravity flow pipe). Pump characteristics are shown as a
blue dash-dotted line for single pump operation and a green dotted line for two
pump operation.

4.2. Field measurements

Field measurements confirmed that the pressure sensor at PSS was initially
malfunctioning. After replacement and recalibration of a new sensor, pressure readings
matched the theoretical expectations with an error margin of approximately 1 m.
Operational adjustments were implemented such that PSS would no longer operate during
WWF conditions to prevent simultaneous operation of PSW and PSS under high-pressure
conditions. These changes reduced the frequency of manual system resets at PSS, which
previously occurred when the pressure exceeded the threshold triggering pump trip. This
resulted in both more frequent and longer CSO’s during heavy rainfall, but also resulted in
a dataset that allowed for a better understanding of the hydraulic behaviour of the system.

PSW operated alone during rainfall events, which made it possible to assess the system’s
behaviour without the influence of PSS. Analysis of PSW’s behaviour showed capacity
limitations that varied with rainfall intensity. In a relatively short rain event (4.5 hours),
PSW saw an increase in discharge from 380 m’/h to approximately 390 m’/h while
continuously running at maximum pump speed. During a longer rain event (16.5 hours),
PSW’s discharge increased from 380 to 450 m?h, achieving the desired discharge
operating capacity (Figure 9). During both rain events, the pressure at both pumping
stations decreased over time with a decrease from 3.3 barg to 2.8 barg at PSW during the
long rain event. The combination of increased discharge and decreased pressure at PSW at
constant pump speed indicates a reduction in hydraulic resistance over the rainfall period.

The reduction in system resistance over the span of a rain period is further supported by
the obtained hydraulic gradients from the pressure measurements at both PSW and PSS
(Figure 10). The figure shows that the system resistance is elevated prior to the start of a
rainfall period but gradually decreases during extended pumping. At the beginning of the
rainfall event, the hydraulic head at PSW (green triangle) was 46.8 m which dropped to
452 m (purple circle) after 4.5 hours of continuous pumping. After 16.5 hours of
continuous pumping, the additional resistance in the system had dissipated, and the



hydraulic head at PSW decreased to 41.7 m (blue diamond), which lies within 1 m (the
measurement accuracy) of the model predictions (black line).
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Figure 9: Flow rate and measured pressures for PSW for a 4.5 hour WWF period
and a 16.5 hour WWF period in January 2025

50
458
40 $
35
2 30
E
3 20
15
10
5
0
5
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
X-distance (m)

Head (Wanda) Profile 4 Observations (Time = Oh)
® Observations (Time = 4.5h) + Observations (Time = 16.5h)

Figure 10: Hydraulic gradients based on the pressure field measurements compared
to results from WANDA. The head data points shown are for the case where PSW is
operating at full pump speed while PSS is not operating. The data points at 0 m
correspond to PSW, while the points at 2300 m correspond to PSS.

4.3. Analysis of additional system resistance

Figure 10 shows that PSW has to deliver an additional head of 5 to 6 m, equivalent to
approximately 15 m lift of the hydraulic grade line downstream of the air valve in
comparison to the black line shown in Figure 10, at a typical roughness value of 1 mm.
Common sources of additional resistance in such systems are fouling of the pipelines or
the presence of gas bubbles. Fouling seems unlikely to be the main cause as the entire
hydraulic gradient in the pressurised part is elevated and the amount of fouling required to
produce the observed additional resistance would be extremely high. Moreover, the
resistance in the system changes over time which is not a common sign of fouling.
Therefore, the presence of gas bubbles seems to be the most likely cause and is further
investigated in this section.

The risk of air entrapment in the system was assessed by calculating the flow numbers for
various pipe diameters present in the system at flow rates of 380 m3h and 450 m*h
occurring during a rainfall event. Different sections of the pipeline are highlighted in
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Figure 11 in accordance with the calculated flow numbers (represented by F<0.6,
0.6<F<0.9, and F>0.9). In the pressurised part of the system (first 4.5 km), most of the
pipeline is inclined upward and air transport is not an issue. A short section of the
pressurised pipeline slopes downward increasing the risk of air entrapment but the flow
number at that section exceeds 0.9 due to its smaller pipe diameter, ensuring sufficient air
transport. Downstream the transition point, the pipeline slopes downward with angles
assumed to vary up to 10° and an average angle of 1°. In this section, the water buoyancy
acts against the flow such that air transport becomes more dependent on the flow number.
Since the flow number in this section ranges between 0.6 (380 m3/h) and 0.9 (450 m3/h),
the drop of the flow number below 0.7 at some locations of the pipeline section will result
in slow air removal. Full gas transport requires flow numbers between 0.7 and 0.9,
depending on the slope angle. This implies that if air becomes entrapped in the first 1 to 2
km of the downward sloping gravity-flow pipelines, only partial transport of the gas bubble
will occur.
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Figure 11: Calculated flow numbers in the system for a discharge ranging between
380 m3/h and 450 m’/h (red <0.6; yellow 0.6-0.9; green >0.9).

To determine whether air could be entrapped, the transition point from pressurised flow to
gravity flow is further examined. As explained in the methodology, the configuration
(placement) and performance are critical for the functioning of an air valve. The connecting
T-branch does not deviate significantly from the design recommendations shown in Figure
6. It is therefore likely that most air could reach the air valve and thus be released given
that the air valve is clean. However, it could not be assessed whether the air valve’s
capacity is sufficient to release the air from the gravity flow part at the start of a rain event
as specifications of the air valve are not available. The air valve itself is designed for
wastewater applications. However, in this case, it was installed on top of a 1 m vertical
pipe section to elevate the valve (Figure 2) which makes that section prone to dirt
accumulation. As the system owner has almost no access possibilities to the air valve
location, regular maintenance is not performed. It is therefore likely that the valve is
clogged, as it is well known that air valves used in wastewater applications need regular
cleaning (6,7).

As long as the gravity flow part is aerated, the pipe downstream of the air valve will act as
another edge defining a new transition point in the system. The flow patterns in this
horizontal section of the pipeline and thus around the air valve are determined by the Flow
number as explained in Section 3.3. In this horizontal part, a flow number of 0.4 occurs
during rain events, which means that air is present in the horizontal pipeline (see Figure
7f) and air to be released from the gravity-flow part could reach the air valve. However,
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Figure 2 shows that just downstream of the air valve location, there is again a horizontal
pipeline stretch constructed before the real downward slope starts. As a result, the bend
downstream of this second horizontal stretch will become the primary transition point to
gravity flow and the location where air is most likely to accumulate. This section of the
pipeline has a smaller diameter which results in a Flow number of 0.6 to 0.7 during rain
events. Consequently, this second horizontal section will thus be filled with water (see
Figure 7a-c) trapping the air pocket in the gravity mains and will hence require a long
period of time to be transported downstream.

The removal time of a gas pocket strongly depends on the volume of gas entrapped in a
pipeline, the length of the pipe, the flow number, the wall roughness and the surface tension
of the fluid. A rough estimate of the time required to remove the air bubble can be obtained
using the method introduced in Section 3.3. The assumed input values for the calculation
are listed in Table 1 and the results are shown in Figure 12 for different flow numbers. At
intermediate flow numbers (F = 0.63-0.72) occurring just downstream of the air valve,
removal times are estimated to range between 2 and 5 hours. This is shorter than the
observation from the field measurements, where approximately 16.5 hours were required
to remove the additional resistance from the system. The uncertainty in the parameters
used to estimate the air removal time makes it challenging to accurately predict the time
for the removal of the air bubble in practice. For instance, assuming cleaner water (with
higher surface tension) or a lower flow number would result in a removal time closer to
the 16.5 hours observed in the field. However, neither assumption is valid for this case. In
addition, the pipeline dimensions exceed the model’s validated range of L/D <209, which
may also limit the accuracy of the predicted removal time. These factors contribute to the
overall uncertainty in estimating the gas-removal time in this system. Nevertheless, both
the field observations and the model calculations show removal times in the order of
several hours, indicating that the air pocket removal process for this system is very slow.

Table 1: Input values used to obtain Figure 12. The values are used for calculating
gas pocket removal times based on the pipe geometry downstream of the air valve.
The inclined pipeline length having entrapped gas is assumed to be 1500 m.

Parameter Value Unit
Wall roughness 1.0 mm
Pipe inner diameter 350 mm
Angle of inclination 1 degrees
Length of inclined pipe | 1500 m
Water density 1000 kg/m?
Kinematic viscosity 1.0 x 10° | m?*/s
Surface tension 0.055 N/m
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Figure 12: Removal time of gas pockets from a pipeline for different flow numbers.
The x-axis shows the relative gas pocket length (Ls/L), where Ly is the gas pocket
length and L is the length of the inclined pipe section.

5 GENERAL INSIGHTS ON THE DESIGN PROCESS

This case study demonstrates that a proper understanding of the system hydraulics,
achieved through hydraulic modelling, field measurements and manual analysis, is
essential for such projects. Additionally, it is equally important to critically assess and
validate the obtained data and findings. Greater reliability is achieved by combining model
outputs, field measurements, and manual calculations. In this study, manual checks
identified a faulty pressure sensor, field measurements quantified model inaccuracies, and
the model provided insight into expected system behaviour under varying conditions.
These approaches complement one another and together provide a robust evaluation of
system functionality.

Numerical modelling initially showed that replacing the overflow weir with an air valve in
this system should not have a significant impact on the hydraulic capacity. The computed
system characteristics for both configurations show similar behaviour with both pumping
stations able to reach their design capacity. In principle, the modifications should therefore
enable both pumping stations to achieve their required discharges.

In practice, however, discrepancies arose between modelled and observed performance,
most likely caused by air entrapment in the system. Wastewater transport systems are
typically assessed with 1D numerical models. To assess a certain modification in a 1-D
model, assumptions regarding hydraulic functioning are often (unconsciously) made. For
a hydraulic modeller, these assumptions are logical, but even the modellers are not always
aware of what these assumptions imply for the implementation of a certain modification.
The analysis performed showed that the air valve was installed at the correct location (the
transition point). However, the actual as-built situation resulted in a second horizontal
pipeline stretch around the transition point. As a result of this second horizontal pipeline
stretch, the originally selected position of the air valve became ineffective. In other words,
the valve should have been installed downstream of this second horizontal section, at the
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point where the pipeline begins to slope downward because that is where the gas pocket is
located.

This shows that at an initial design stage, a solution may seem suitable, as detailed pipeline
profiles are often not yet available during the design phase or may change during
construction. However, a detailed examination of the proposed solution and the anticipated
installation procedure in the field would have indicated that the valve would not function
in practice. This highlights the importance of verifying design assumptions against the field
conditions and ensuring that the hydraulic modeller is aware of the actual system dynamics,
including hydraulic effects not reflected by the 1D model results. Solutions that appear
suitable in 1-D modelling may not function as intended once implemented in the field.

In this renovation project, the system owner was well aware that the renovation process
would be challenging because the transition point was located on someone else’s property,
which they could not access without permission. Therefore, additional effort was put into
the renovation process, allowing for sufficient time for design and involving all parties at
an early stage. Despite all efforts, the resulting system did not function properly. The
authors have observed similar issues in other projects in the Dutch wastewater industry
and the following issues appear to be recurring:

e Very limited or no people with hydraulic expertise are involved in the design
phase. Usually, civil, mechanical and electrical engineers are involved in the
main project team. Hydraulic studies are often outsourced to third parties with a
limited scope of work, so a hydraulic engineer is not part of the main project
team, and people are not aware of the hydraulic consequences of design
decisions.

e  Consequences of design decisions made are not documented and disseminated
in the organisation as (renovation) project teams and daily
operation/maintenance function as separate entities with limited interactions
(16,17).

e  Hydraulics modellers have limited knowledge about construction methods and
are thus not aware of the challenges faced during construction.

e Due to uncertainties in the design phase, some construction details may be left
to be decided on-site during construction (18). For the case discussed in this
paper, the final design of the pipeline route around the existing weir structure,
among others, was determined in the field. The contractors are generally not
aware of the hydraulic consequences of their choices and thus of the functioning
of the system. As such, the as-built system should be verified with the design
team (including a hydraulic engineer).

e  The scope of outsourced design work is often very specific, which can result in
a lack of a general overview of the hydraulic consequences of design decisions.

e  Models are only as accurate as the data and assumptions used (19) and field
instruments can provide misleading results if not properly calibrated. Moreover,
people tend to forget to question model results and measurements before using
them to support decisions. In this case, the project team was not sufficiently
aware of uncertainties in the initial design assessment, such as the influence of
the exact pipe diameters of the HDPE replacements for the AC pipelines (20).

A recurring topic in this list is the availability of hydraulic expertise in different project
phases. In contrast to civil, mechanical and electrical expertise, this is not always
considered as a key part of all project phases. The addition of hydraulic expertise in all
project phases and encouraging the dialogue between different disciplines would improve

14



the success rate of (renovation) projects by ensuring that hydraulic designs are effectively
implemented in the field

6 CONCLUSION:

This study investigated a reduced pumping capacity in a wastewater transport system
following a renovation. During the renovation, the overflow weir was replaced with an air
valve and the asbestos cement pipes were partially replaced with HDPE pipes. Hydraulic
modelling indicated that, in principle, the modifications should have preserved the original
system functionality, with Pumping Station South expected to reach its design discharge.
However, field measurements revealed discrepancies between model results and actual
performance.

Field inspections showed discrepancies between the design assumptions and the as-built
configuration, particularly downstream of the air valve, where a horizontal pipeline was
added to reroute around the existing weir structure. Combined with the lack of
maintenance, this increased the risk of the system malfunctioning. Hydraulic analysis and
measurement data showed that additional resistance due to air entrapment exists in the
system and only reduces after extended pumping periods, causing the capacity loss of one
of the pumping stations.

A further analysis demonstrated that the loss of capacity was not directly caused by the
pipe replacement or the substitution of the weir with an air valve, but by a trapped gas
pocket, which was not an issue in the original system. This issue was not identified during
the design phase due to a combination of factors: determining the final pipeline route
downstream of the air valve based on local site conditions during construction, failing to
incorporate design consequences into the organisation’s maintenance protocol, and
ignoring the sensitivity of the system performance to the gravity — pressurised flow
transition under the new configuration.

In summary, the findings emphasize the importance of integrating hydraulics throughout
all project phases. The importance of hydraulic expertise does not end with the design
phase; it should also be critically applied during implementation and operation to ensure
that proposed solutions are appropriate for the specific system and remain effective in the
long term. Moreover, it is important to facilitate the dialogue between different disciplines
involved throughout all project phases as they are generally not aware of each other’s
challenges.

15



10.

11.

12.

13.

REFERENCES
Tukker M. Wanda validation summary. Delft, Netherlands: Deltares; 2012.

Deltares. Wanda 4.7 user manual [Internet]. Delft, Netherlands: Deltares; 2025.
Available from: https://deltares-wanda-core.readthedocs-hosted.com/en/latest/

Lubbers CL. On gas pockets in wastewater pressure mains and their effect on
hydraulic performance. Amsterdam, Netherlands: IOS Press; 2007.

Wickenhéuser M, Kriewitz C. Air-Water Flow in Downward Inclined Large Pipes.
In Vancouver: IAHR; 2009.

Pothof IWM. Co-current air-water flow in downward sloping pipes: transport of
capacity reducing gas pockets in wastewater mains. S.1.: TU Delft; 2011.

Ramezani L, Karney B, Malekpour A. The Challenge of Air Valves: A Selective
Critical  Literature Review. J Water Resour Plan Manag. 2015
Oct;141(10):04015017.

Tukker M, Kooij K, Pothof I, editors. Hydraulic design and management of
wastewater transport systems. London: IWA Publishing; 2016. 76 p.

Nieuwenhuis E, Post J, Duinmeijer A, Langeveld J, Clemens F. Statistical modelling
of Fat, Oil and Grease (FOG) deposits in wastewater pump sumps. Water Res. 2018
May;135:155-67.

Wickenhduser M. Zweiphasenstromung in Entliiftungssystemen von Druckstollen.
Ziirich: Versuchanstalt fiir Wasserbau, Hydrologie und Glaziologie (VAW), ETH
Ziirich; 2008. Report No.: Mitteilungen 205.

Hager WH. Cavity outflow from a nearly horizontal pipe. Int J Multiph Flow. 1999
Mar;25(2):349-64.

Lubbers CL, Clemens F. Air and gas pockets in sewerage pressure mains. Water Sci
Technol. 2005 Aug 1;52(3):37-44.

Pothof IWM, Clemens FHLR. Experimental study of air—water flow in downward
sloping pipes. Int J Multiph Flow. 2011 Apr;37(3):278-92.

Deltares.  Analysetool gastransport [Internet]. 2010. Available from:
https://publicwiki.deltares.nl/spaces/CAPW AT/pages/4522016/Handboek+Hydrauli
sch+Ontwerp+en+Beheer+Afvalwaterpersleidingen

Sridhar MKC, Rami Reddy C. Surface tension of polluted waters and treated
wastewater. Environ Pollut Ser B Chem Phys. 1984 Jan;7(1):49—-69.

16



15.

16.

17.

18.

19.

20.

Schuit T, Pothof I, Clemens F. Gas transport in pressurized sewerage mains: Results
of industrial scale test rig experiments. In Vancouver: IAHR; 2009.

Wang R, Samarasinghe DAS, Skelton L, Rotimi JOB. A Study of Design Change
Management for Infrastructure Development Projects in New Zealand. Buildings.
2022 Sept 19;12(9):1486.

van den Berg J. CAPWAT Community of Practice bestaat 20 jaar. PompNL. 2023
Dec;16-7.

Voorendt MZ. The ‘Delft design method’ for hydraulic engineers: technical report.
Delft: TU Delft, Department Hydraulic Engineering; 2015.

Slijkhuis KAH, van Gelder PHAJM, Vrijling HK, Vrouwenvelder ACWM. On the
lack of information in hydraulic engineering models. 1999; Available from:
https://www.researchgate.net/publication/247042316_On_the lack of information

_in_hydraulic_engineering_models

Post VEA, Von Asmuth JR. Review: Hydraulic head measurements—new
technologies, classic pitfalls. Hydrogeol J. 2013 June;21(4):737-50.

17



