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ABSTRACT

A major drawback of separate sewer systems is the occurrence of illicit
connections: unintended sewer cross-connections that connect foul water outlets
from residential or industrial premises to the storm water system and/or storm
water outlets to the foul sewer system. The amount of unwanted storm water in foul
sewer systems can be significant resulting in a number of detrimental effects on the
performance of the wastewater system. Efficient removal of storm water inflows
into foul sewers requires knowledge on the exact locations of the inflows. This
paper presents a monitoring technique that can be used to localize illicit storm
water inflows into foul sewer systems: Distributed Temperature Sensing (DTS).

Data results from two monitoring campaigns in foul sewer systems in the
Netherlands and Germany show the level of detail with which in-sewer processes
can be studied. Storm water inflow can be detected as long as the temperature of
this inflow differs from the in-sewer temperatures prior to the event. Also, the in-
sewer propagation of storm water can be monitored, enabling a detailed view on
advection-dispersion and mixing processes.
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1 INTRODUCTION

In the Netherlands, nearly 25% of all households discharge wastewater through a separate sewer
system. In Germany this is the case for over 40% of households. A major drawback of separate sewer
systems is the occurrence of illicit connections: unintended sewer cross-connections that connect foul
water outlets from residential or industrial premises to the storm water system and/or storm water



outlets to the foul sewer system. The majority of these connections are caused by bad plumbing during
construction or renovation of a property or area. In this paper the focus is on storm water outlets
connected to foul sewers.

The amount of unwanted storm water in foul sewer systems can be significant. Figure 1 presents an
example for a pumping station in a foul sewer system in the Netherlands. For the considered
catchment area the theoretical domestic dry weather flow adds to roughly 10 m*h, multiplying the
number of inhabitants (= 2000) with an average wastewater production of 120 L-inh™-d™. Measured
flows, however, are much larger: during dry weather the base flow varies between 20 and 50 m*/h but
during storm events flows can be as large as 140 m*h. The large base flow can be attributed to
continuous groundwater infiltration as well as drainage systems that discharge to the foul sewer system
(which is often as intended). Flow peaks systemically coincide with storm events, leading to the
conclusion that peak flows are caused by direct inflow of storm water into the foul sewer system. In
this example the total pumped volume can be reduced by approximately 25% in case all direct inflows
of storm water into the foul sewer system are removed.

:
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Figure 1. Measured flows at a foul sewer pumping station versus theoretical dry weather flows for a
municipality in the Netherlands.

The introduction of storm water to the foul sewer system has a number of detrimental effects on the
performance of the wastewater system (DWA, 2010). Foul sewer systems are not designed to handle
large amounts of storm water which consequently may lead to local flooding or sanitary sewer
overflows. Also, pumped volumes increase resulting in larger energy consumption. Furthermore, the
dilution of wastewater with storm water has its negative effects on treatment plant capacity and
efficiencies (Langeveld, 2004).

Efficient removal of storm water inflows into foul sewers requires knowledge on the locations of the
inflows. A number of techniques are currently available to try to localize illicit connections such as
smoke injection, sound testing and dye testing (Pitt et al., 1993). The application of these techniques
can be rather labour-intensive, may require entrance onto private premises while inflows are often only
detected by chance. The objective of this paper is to present an alternative monitoring technique that
can be used to efficiently localize illicit storm water inflows into foul sewer systems: Distributed
Temperature Sensing (DTS). The detailed monitoring results of DTS with fibre-optic cables allow
quick and efficient localisation and removal of storm water inflows. In this paper the technique is
explained and two examples of DTS monitoring campaigns in the Netherlands and Germany and their
results are presented.



2 MATERIALS AND METHODS

2.1 Distributed Temperature Sensing

Fiber-optic Distributed Temperature Sensing (DTS) is a widely applied technique for e.g. industrial
process control, leakage detection in dams and hydrology (Johansson, 1997; Selker et al., 2006a, b).
The application of fiber-optic DTS in sewer systems is performed with a standard fiber-optic cable in
combination with a standalone instrument that contains a laser, sensing optoelectronics and a PC. The
fiber-optic cable is laid out at the invert of a storm drain. At one end, the cable is connected to the
computer/laser instrument that is generally stored outside the sewer system in a small container to
protect it from weather and theft, see Figure 2.
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Figure 2. Standard lay-out of the DTS monitoring technique with a fibre-optic cable at the invert of a
sewer pipe and the laser/computer instrument stored outside the sewer system (left) and picture of the
measurement site in Wuppertal (right).

For a measurement, a continuously pulsing laser light is launched into the fibre-optic cable. At many
locations along the cable each laser pulse is partially reflected by imperfections in the glass fibres. The
reflected signals are ‘read’ by the optoelectronics and interpreted by the computer software. For each
reflected signal the location of reflection can be determined using the measured travel time and known
travel speed (in optic fibres typically 2/3 of the speed of light in vacuum). The same reflected signal is
then analysed for Raman backscattering. Raman scattering produces two broadband components at
higher and lower frequencies than the main reflected signal, the so-called Stokes and anti-Stokes
emissions. The ratio of the temperature-sensitive anti-Stokes intensity to the temperature-insensitive
Rayleigh or Stokes intensities determines the temperature at the location of reflection (Lopez-Higuera,
2002). This way, each laser pulse yields temperature values at many locations along the fibre-optic
cable. The results of all pulses emitted during a certain time-span that are reflected over a certain
length along the cable are used to obtain a single temperature value for that specific time and location.
Hence, results are ‘averaged’ over typical time and space resolutions of e.g. 1 minute and 1 meter,
yielding ditto temperature data sets.

In this paper's case-studies fibre-optic cables were used carrying two glass fibres (Kaiphone
Technology, Taiwan). The glass fibres (multimode 50/125 um core/cladding diameter) are embedded
in gel to avoid direct stress on the fibres, as stress can affect the reflected laser signal. The fibres are
further protected by subsequent layers of PBT, stainless steel, kevlar, metal braiding and PE. The used
laser/computer instrument is a HALO DTS (Sensornet, London, England). Elaborate descriptions of
monitoring accuracy, temperature adaptation time of the cable, and other monitoring characteristics



can be found in Rogers (1988), Selker et al. (2006a) and Tyler et al. (2009). Practical aspects
concerning the application of DTS in sewer systems are discussed in Hoes et al. (2009). Detection
limits of the technique in relation with detailed mounting of the cable in a sewer conduit are studied in
Nienhuis et al. (accepted). Applications of the DTS technique in storm water sewers can be found in
Hoes et al. (2009); application of the DTS technique in a combined sewer is described in Schilperoort
and Clemens (2009).

2.2 Catchment areas

In this paper the application of the DTS monitoring technique in two different catchment areas is
presented: Woensdrecht in the Netherlands and Wuppertal in Germany.

2.2.1 Woensdrecht

In the municipality of Woensdrecht the DTS monitoring technique has been applied in a storm water
sewer as well as in the parallel foul water, see Figure 3 (left graph). The total cable length is 1500 m,
evenly divided over both sewer systems. The two fiber-optic cables have been monitored using the
same computer installed in a container at the north end of the considered sewer section. A 2-week
monitoring campaign (22.04.-06.05.2011) has been performed. During that time-span in-sewer
temperatures have been measured with a temporal resolution of 1 minute and a spatial resolution of 2
meters.

As the area suffered from both: water quality problems (which were suspected to be related to illegal
discharges of wastewater to the storm sewer) and an overloaded pumping station (storm water inflows
into the foul sewer), the municipality decided to monitor both systems simultaneously. Cross
referencing monitoring results from both systems helps improving diagnostics significantly.
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Figure 3. DTS monitoring set-up for Woensdrecht (left) and Wuppertal (right).

2.2.2 Wuppertal

In the framework of a city-wide project to reduce infiltration water in foul sewers carried out by the
Wuppertaler Energie und Wasser AG (Hoppe et al. 2011), the catchment of an overloaded pumping
station downstream a residential area was analyzed. The problem here was suspected to be associated
with (large) storm water inflows, but the exact locations of the inflows were unknown. Tests with



smoke injection and camera analysis showed no striking success. Therefore, fiber-optic cables have
been installed in the complete foul sewer system with the DTS computer in a container next to the
pumping station. In total, 1200 m of sewer system have been observed, divided over 3 sewer sections
of each 400 m, see Figure 3 (right graph). A 4-week monitoring campaign (17.08.-13.09.2011) has
been performed with a temporal resolution of 1 minute and a spatial resolution of 2 meters.

3 RESULTS AND DISCUSSION

Figure 4 presents DTS monitoring results in the foul sewer of Woensdrecht. The horizontal axis
represents length along the fiber-optic cable in the sewer system. In this case, monitoring results span
from cable position x = 111 m up to x = 850 m as the first hundred meter of cable was not installed in
the sewer system. The vertical axis represents a time-span of roughly 2 hours in April 2011. The figure
consists of 375 x 120 pixels (respectively 750m divided by a 2m spatial resolution and 2 hours divided
by a 1 minute temporal resolution). Each pixel presents a measured temperature value, colored
according to the color bar on the right with temperatures ranging between 14°C and 17°C. Flow
direction in the graph is from right to left (the DTS computer is positioned at the most downstream end
of the sewer section).
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Figure 4. DTS monitoring results in a foul sewer in the municipality of Woensdrecht, the Netherlands.

Between 04h00 and 04h30 temperatures between 15°C and 17°C are observed. Temperatures along the
upstream cable section are somewhat higher than the downstream section, but only minor temperatures
variations are observed. A few minutes past 04h30 a storm event occurs in the area (based on local
precipitation measurements). After a few minutes sudden temperature decreases at a number of



locations along the sewer section can be observed. At for instance cable location x = 785 m a reduction
in temperature of approximately 2°C can be seen. These are expected to be associated with the inflow
of relatively cold storm water. From this location storm water starts flowing in a downstream direction
(in the graph from right to left). At cable location x = 856 m a more delayed reaction to the storm
event can be seen: only 10 minutes after the onset of the event temperatures decrease. This is likely
caused by storm water inflows further upstream the sewer section where no fiber-optic cable has been
installed.

After approximately 30 minutes the inflow of storm water has cooled down the foul water system with
1°C to 2°C. Around 05h45 the first discharge of wastewater can be observed that is associated with a
rise in temperature.
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Figure 5. DTS monitoring results in a foul sewer in the municipality of Wuppertal, Germany.

Figure 5 presents DTS monitoring results of one of the three foul sewer sections in Wuppertal (cable 1,
see Figure 3). Again, the horizontal axis represents length along the fiber-optic cable, in this case from
cable position x = 545 m (the location of the monitoring computer) up to x = 900 m. The vertical axis
represents a time-span of roughly 1 hour in August 2011. Flow direction in the graph is again from
right to left (the DTS computer is positioned at the most downstream end of the sewer, next to the
pumping station).

Between 19h30 and 19h50 two wastewater inflows can be observed: the remnants of a discharge prior
to 19h30 around cable location x = 860 m and one large discharge at cable location x = 750 m. For the
latter, the duration of the spill can be well observed as well as the transport of the ‘warm water plume’
through the sewer pipe. Also, the loss of energy due to the mixing with other (waste)water can be
noted.



A few minutes past 19h50 a storm event occurs in the area (recorded by several local rain gauges).
Analogue to the Woensdrecht case, a reaction in terms of a temperature variation can be observed in
the foul sewer system. The direction of the temperature change however differs. In Woensdrecht a
temperature decrease could be observed whereas the Wuppertal results show a temperature increase at
various locations along the fiber-optic cable. The difference can be explained considering the
meteorological conditions during the respective monitoring periods. The Woensdrecht data results
have been collected in April on a normal spring day; the Wuppertal results, in contrast, have been
generated in August after a relatively warm summer day. During the latter day asphalt road covers had
warmed up significantly, transferring their heat to the storm water during run-off, resulting in
relatively warm storm water discharges into the foul sewer system.

For the Wuppertal case it has been noted that the locations of inflowing storm water coincide with the
exact locations of the manholes in the considered sewer sections. After careful considerations it has
been concluded that the design of manhole covers (with a large number of ventilation openings, see
Figure 6) allows storm water to enter the foul sewer system and hence contribute to the overloading of
the local pumping station.

Figure 6. Manhole covers in the Wuppertal catchment area that allow storm water to enter the foul
sewer system.

Another noteworthy feature of the DTS monitoring results in Wuppertal is the temperature variation at
cable location x = 750 m at times without precipitation and/or wastewater spills. During these time-
spans the in-sewer temperature systematically drops a few degrees Celsius compared to the upstream
sewer section. In Figure 5 this can be observed around 19h30 (prior to the large wastewater spill that
coincidentally occurs at the same location) and after 20h20 when the influence of the storm water on
in-sewer temperatures has ceased. Data results suggest that at this location a continuous inflow of
relatively cold (ground) water occurs. Visual inspection has confirmed the existence of such inflow at
this location and hence another (large) contributor to the overloading of the pumping station has been
identified.

4 CONCLUSIONS

Fiber-optic distributed temperature sensing is a powerful tool to study several in-sewer processes that
influence (wastewater) temperatures. The installation of a fiber-optic cable in a foul sewer system has
proven feasible. The use of a single instrument that performs the measurements and logs the data in an
easy accessible and safe location and that can simultaneously monitor up to several hundreds of
monitoring locations makes the DTS set-up easy to use. Moreover, the technique requires no entrance



onto private premises which offers an advantage over other searching techniques for illicit
connections.

Data from two monitoring campaigns in foul sewer systems shows the level of detail with which in-
sewer processes can be studied. Storm water inflow can be detected as long as the temperature of this
inflow differs from the in-sewer temperatures prior to the event. Temperature increases (during warm
summer days) as well as the more ‘standard’ temperature decreases have been observed. Also, the in-
sewer propagation of storm water can be monitored, enabling a detailed view on advection-dispersion
and mixing processes.
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