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A B S T R A C T  

Due to the increased frequency and magnitude of urban flooding events, there is a pressing need to improve the 
accuracy of numerical tools to better assess the hydraulic performance of new drainage systems. Nowadays, such 
models are inherently challenging to verify due to the difficulty of acquiring reliable data during the flood event, 
meaning that most models are calibrated using only an estimated measure of the extent of flooding. To address 
this gap, this study investigated flooding scenarios using an experimental scale facility of an urban street and 
manhole network, delivering a novel data-set in terms of the scale of the facility used. Several hydraulic con-
ditions are investigated within a variety of street configurations incorporating parking slots, cars on the road and 
various locations of the manhole within the street. This enabled the quantification of flow exchange during 
hypothetical flood events for multiple cases, as well as the characterisation of energy losses, a crucial parameter 
that is often a source of uncertainty within numerical modelling tools. Furthermore, the experimental system was 
equipped with an injection system to replicate the transport of pollutants during flooding events, and this 
enabled the estimation of the exchange of soluble pollutants between the minor and major systems for each 
flooding scenario. Results obtained have confirmed the applicability of the orifice equation for the estimation of 
flow exchange between the two systems, showing that i) the discharge coefficients obtained (0.126–0.138)
decrease as the width of the street/channel becomes narrower, ii) the surface energy loss coefficient was un-
affected by all street configurations tested, iii) all tested geometries displayed significant pollutant exchange 
from the sewer to the street, in the range of 28–39%, demonstrating that situating the manhole closer to the edge 
of the street increased the mass of pollutants being exchanged to the surface and the presence of parking spaces 
alone did not appear to affect the mass of pollutant exchanged. These results have provided a novel series of 
datasets (including flowrates, flow exchange, energy losses and discharge coefficients) that could be used to 
calibrate and validate numerical models and be utilised as a benchmark.   

1. Introduction which has increased the occurrence of flooding (Bates et al. 2008; 
Rubinato et al., 2019; Ostad-Ali-Askari et al., 2019). For example, it is 

Flooding events in urban areas are known to have hugely detrimental predicted that there will be a 2–28% rise in the UK’s winter precipitation 
effects on society by the resultant damage to infrastructure and prop- by 2050 (Arnell et al. 2015).
erties, as well as posing a threat to the wellbeing of the people residing in Furthermore, the process of urbanisation makes new developments 
the area (Chang, 2016; Hou et al., 2019). Global warming has led to increasingly susceptible to flooding (Zevenbergen et al. 2008; Rubinato 
deviations from the earth’s natural hydrological cycle, as it has caused et al., 2020a) due to the increasing number of impermeable surfaces 
widespread melting of the earth’s icecaps and increased the water (Swan 2010) and as population growth continues, the number of people 
vapour content in the atmosphere. The rise in temperature has led to at risk from urban flooding will only rise, with an increase of 900,000 
changes in precipitation patterns, resulting in more intense rainfall more people expected to be at risk in the UK by 2050 (Houston et al. 
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2011). To aggravate the current situation, many of the urban drainage 
systems used are not able to perform effectively, with the flow capacity 
of storm sewers being limited as they were not originally designed to 
accommodate for the increasing levels of flow caused by urbanisation in 
comparison to the times when the drainage systems were built (Ofwat 
2011). This is particularly prevalent in historic cities where combined 
sewer systems are still in use (Aronica and Lanza 2005).

Exposure to contaminants is a risk to health that can be associated 
with urban floodwater, depending on the source of the water (de Man 
et al. 2013; Shucksmith et al., 2018). Contaminants are released into 
wastewater due to agricultural processes and the waste that is produced 
by industries and the population (Deblonde et al., 2011). This results in 
surface runoff and sewage overflow transporting waterborne pathogens 
into the surface water during flood events which is sourced from con-
taminants including faecal matter, both from humans and animals 
(Schets et al. 2008). Among these contaminants are bacteria such as E. 
coli (Marsalek and Rochfort 2010) and antibiotic resistant bacteria 
which are found to have adverse health effects (Kim and Aga 2007; 
Arnone and Perdeck Walling, 2007; Rossi et al. 2004; Blanchoud et al. 
2007; Sales-Ortells et al., 2015).

Flood modelling tools are increasingly necessary for predicting 
possible hydraulic behaviours in the event of a flood and are essential for 
a variety of purposes such as sewer system re-design, damage assess-
ment, hazard maps and real time management applications. From the 
data generated by flood modelling along with consideration of eco-
nomic, social, and environmental factors (Gallegos et al., 2009), pre-
ventative measures can be put in place to reduce the impacts of flooding 
accordingly. Djordjevic et al. (2013), first introduced a dual drainage 
model that explained all the steps needed to assess flood hazard. To date, 
state-of-the-art dual drainage models couple 1D sewer network flow 
models to 2D floodplain models (Lee et al., 2013) using orifice and weir 
equations to estimate the flow exchange between the two systems as a 
function of relative hydraulic head in the sewer and the surface 
(Djordjević et al., 2005). Furthermore, geometrical features such as pipe 
expansion, contraction as well as hydraulic conditions, supercritical or 
subcritical, can alter the energy losses inside manholes, and the effect of 
shallow water running over streets on surcharging manholes is also yet 
to be fully investigated (Mignot et al., 2019; Costabile et al., 2020).
Therefore, not being able to accurately represent sub/surface flow ex-
change as well as energy losses can be considered as a potential source of 
uncertainty leading to errors and inaccurate predictions. To calibrate 
and validate these tools, modellers rely on footage obtained from CCTV 
cameras during flood events, as it is not safe for operators to record the 
events themselves in person during a flood (Tsubaki, Fujita and Tsut-
sumi 2010). This makes it extremely challenging to provide databases 
for these models, reducing the reliability of the results produced 
(Hammond et al. 2013). To support the calibration of numerical tools 
studies have been recently conducted to investigate the interactions 
between surface flows and sewer systems (Rubinato et al. 2013; Rubi-
nato et al., 2017; Lee et al. 2015; Chen et al. 2016; Noh et al. 2016; Jang 
et al. 2018; Chang et al. 2018; Fraga et al., 2015; Gómez et al. 2013; 
G´ omez et al. 2013; Lopes omez et al. 2016; Saldarriaga et al. 2017; G´
et al. 2015; Martins et al. 2017; Rubinato et al. 2017; Beg et al., 2018; 
Beg et al. 2019, Rubinato et al. 2018a; Rubinato et al., 2018b; Martins 
et al. 2018; Kemper and Schlenkhoff 2019; Gómez et al. 2019; Tellez- 
Alvarez et al., 2020; Chibane et al., 2021; Golian et al., 2020). The 
studies available in literature have been conducted to test different flow 
exchange scenarios or surface flood extent, however they all replicate 
specific conditions, such as inlet conditions, open manholes (Lopes et al., 
2015; Martins et al., 2014), or disconnected systems. Additionally, other 
researchers (Bazin et al., 2014) have also tested manholes in series 
however the scale of the model adopted and the consequent flows tested 
were limited to a narrow range of hydraulic conditions with Reynolds 
Number not always suitable for flooding conditions. 

Many parameters have been found to affect energy losses in man-
holes, such as the depth ratio between up and down stream pipes (Hsu 

et al., 1998), hydraulic conditions in different branches (Del Giudice 
et al., 2000), bed discordance within the manhole junction (Biron et al., 
1996), the presence of external pipes linking laterally to the manhole 
(Ramamurthy and Zhu 1997; Zhao et al., 2006). However, energy losses 
in manholes during sewer to surface surcharge events have only been 
previously investigated within the same facility used in this study, for 
different hydraulic conditions and geometrical setup (Rubinato et al., 
2018b). Despite all the progress made within this field, there remains a 
lack of validation of linking equations and a gap in the estimation of 
energy losses associated with surcharging manholes connected with 
various street profiles (Bruwier et al, 2020).

Additionally, water escaping from manholes during flooding events 
is often polluted and can contain sediments, which are transported 
across urban areas and are a source of health risk. Although the presence 
of contaminants such as these in surface flows is well known (Naves 
et al., 2020), there is still a lack of research into the extent of the ex-
change of pollutants during flood events between drainage networks and 
surface flows (Beg et al. 2020). This includes the quantification of the 
exchange and its spreading, despite some progress made in the field to 
optimise measuring techniques (Nichols and Rubinato, 2016; Rojas 
Arques et al., 2018). Nevertheless recent attempts have been made to 
include health risk assessment within urban flood models based on a 
prediction of wastewater concentration within surface flood waters 
(Mark et al., 2018). Current modelling approaches to determine how 
wastewater concentrations vary spatially and temporally relative to 
sewer surcharge events are based on the solution of the Advection 
Diffusion Equation (ADE). The ADE was originally developed by Taylor
(1954) for turbulent pipe flow, although it is now commonly applied 
within a range of water quality applications including surface waters 
and urban drainage networks. To implement an accurate use of the 2D 
ADE it is fundamental to understand both the local 2D velocity fields as 
well as the turbulent diffusion coefficients. On top of this information, 
which is needed nowadays, there is a current lack of data on the flow 
exchange between sewer systems and urban surfaces. This is important 
as the risk of infection can be dependent on a pathogen’s concentration 
in the water (Hofstra 2011). Gaining a better understanding of the po-
tential quantities of these pollutants that are being transported into 
surface flows will aid in making informed decisions. These decisions can 
be on things such as what further measures need to be taken in sewage 
treatment facilities, as well as altering the designs of future sewage 
systems to mitigate against these risks (Mostafa et al., 2016).

The primary aim of this research is to quantify and provide a better 
understanding of flow exchange between sewers and urban surfaces to 
improve flood modelling. Nowadays it is important to demonstrate the 
theoretical capability of the current modelling types available via robust 
experimental validation, as this provides confidence in future numerical 
studies that investigate surface to sewer exchange flow. Therefore, we 
strongly believe that the results provided could be an essential source for 
numerical modellers across the world to be used to calibrate and vali-
date numerical tools. Furthermore, the applicability of the orifice 
equation was tested for these complex configurations and the tests 
conducted were analysed to study the effects that the geometry of a 
street can have on i) the flow exchange estimation between a sewer and 
a hypothetical surface, ii) the energy losses inside a surcharging
manhole during urban flooding events and iii) the transport of soluble 
pollutants between the two systems. 

2. Experimental model 

To address the gaps identified in various literature, an experimental 
campaign was conducted using a physical model, constructed and situ-
ated at the University of Sheffield (Rubinato, 2015). This model consists 
of a linked sewer-surface system at a scale of 1:6, as shown in Fig. 1, and 
has previously been used to compare InfoWorks results to experimental 
data (Rubinato et al., 2013) as well as to provide a better understanding 
of urban flooding phenomena (Beg et al. 2020; Rubinato et al. 2017; 
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Martins et al. 2018; Rubinato et al., 2018a,b; and Martins et al. 2017; 
Lopes et al., 2014; Beg et al., 2018). The model, constructed with clear 
acrylic (75 mm internal diameter), replicates a sewer pipe system which 
is connected to a hypothetical urban surface by a manhole (240 mm 
diameter). The surface (6.6 m long and 1.180 m wide) is also made of 
acrylic (Manning’s n = 0.009 sm 1/3) and it is inclined at a slope of 
0.001 m/m. At full scale, these dimensions would be an acceptable and 
common design for a UK urban drainage system (Defra 2011). Tests 
were carried out on the 5 different street profile configurations shown in 
Fig. 2 (and Fig. A1 in Appendix A), in order to determine how differing 
geometries affect the exchange of flow and pollutants between the sewer 
and the surface during flooding conditions. 

The applicability of the orifice equation commonly used to quantify 
the flow exchange between the major and minor systems, along with the 
corresponding range of discharge coefficients under steady state flow 
conditions, was obtained via a series of tests that have been conducted 
using the experimental facility described. The inflows to the pipe were 
varied to generate increasing surcharge into the street via a single 
manhole, therefore simulating conditions where the hydraulic head in 
the sewer system was greater than the surface flow depth. 

The flow within the system was measured using electromagnetic 
flow meters, which were situated at the inlets of both the surface (QInF)
and the sewer (QInS), while there was another located at the sewer outlet 
(QOutS). Steady flows into the sewer and onto the surface were controlled 
using a butterfly flow control valve, which was controlled by Labview™ 
software along with the electromagnetic flowmeters and pressure sen-
sors (Rubinato, 2015). The accuracy of the flowmeters has been vali-
dated using volumetric discharge readings using the laboratory
measurement tank. Flows were able to be set and entered the model via 
both the sewer inlet and the floodplain inlet (4.30 l/s for all cases kept 
steady), with the flow exchange occurring within the manhole structure 
replicating typical flooding scenarios. To obtain temporally averaged 
values, the data was collected over a period of 5 min after the flow had 
been allowed to stabilise (5 mins, measurement rate 2 Hz). 

To simulate the transport of solutes, Rhodamine WT, a neutrally 
buoyant fluorescent dye, was injected into the inflowing sewer pipe 
(Shucksmith et al., 2018). The concentration of the dye was measured by 
two Cyclops-7F™ fluorimeters (cyclops 1 and 2 in Fig. 1) which were 
located before and after the manhole, respectively. This was done to 
assess the solute exchange under different flow conditions for dissimilar 
street profiles on the hypothetical urban streets. The dye was released 
into the system in pulses (15 s) and was injected at a distance greater 
than 10D from the manhole (D being the diameter of the sewer pipe) to 
guarantee the full mixing of the pollutant within the water and provide 
an accurate measurement of its concentration before and after the 
manhole (Gotfredsen et al., 2020; Rutherford, 1994). For this experi-
ment, dye of concentration 10 3 mg/L was fed into a constant head tank 
(see image below), from where injections into the sewer pipe were 

controlled by a manual open/close valve. For each test conducted, the 
measurements were continuous and the electrical sensor output was 
converted into a concentration using experimentally predetermined 
calibration equations (Beg et al., 2020).

Pressure was measured at various location within the sewer and the 
surface by using GEMS pressure transducers, fitted within the pipe invert 
and the bed of the hypothetical surface. Transducers were calibrated 
such that transducer output signal (mA) can be directly related to gauge 
pressure. This step was completed using a pointer gauge with an aver-
aged recorded error between measured values and defined calibration 
relationships. Psewer (accuracy ± 0.72 mm within the water depth of 
0–600 mm) and Psurface (±0.109 mm within the water depth of 0–100 
mm) were located 350 mm and 460 mm respectively from the centre of 
the manhole (Fig. A2 in Appendix A). This equipment was calibrated so 
that the electrical output signal (mA) could be directly related to gauge 
pressure (Rubinato et al., 2017). All pressure transducers were linked to 
Labview software such that the readings from the facility instrumenta-
tion were logged against time. 

2.1. Method for analysis of results 

2.1.1. Estimation flow exchange 
To determine the quantity of the flow from the sewer that reaches the 

surface, the mean exchange rate through the manhole was calculated as 
follows: 

Qe = QInS QO tS (1) 

where Qe = Mean steady state flow exchange rate through the manhole 
(m3/s), QInS = Inflow of water into the sewer (m3/s), QOutS = Outflow of 
water from the sewer (m3/s). The instrument errors of the tests were 
calculated to determine the accuracy of the flow exchange results, 
providing minimum and maximum values for the flow exchange. 

ξf = (QInS QO tS) 
Qe (2)
QInS 

where ξf is the instrument error (l/s). 

2.1.2. Estimation of discharge coefficients 
The orifice equation is the most typical approach used to quantify the 

flow exchange from the sewer to the surface when the total head in the 
sewer pipe is more than that of the surface flow (Rubinato et al., 2017).
The corresponding discharge can be calculated as follows: 

1 1 
2Qe = CiAM (2g)2 [hp (hs + Zcrest )] (3) 

where Qe = Mean steady state flow exchange rate through the manhole 
(m3/s); Ci = Discharge coefficient; AM = Manhole area (0.045 m2); g = 
Acceleration due to gravity (9.81 m/s2); hp = Flow depth above the 

Fig. 1. Linked sewer/surface scaled experimental model (Beg et al., 2020). 
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Fig. 2. View from downstream of the 5 configuration tested.  

surface elevation (m); hs = Surface elevation (m); Zcrest = Height dif-
ference from the invert of the pipe system to the surface level (m), 
respectively.

By rearranging this equation, it is possible to estimate the values of 
the discharge coefficients that could be used for the calibration and 
validation of numerical tools for the experimental scenarios tested 
within this study. Thus, the discharge coefficient can be calculated as 
follows: 

Ci = 
Qe (4)1 1 

2AM (2g)2 [hp (hs + Zcrest )] 

2.1.3. Characterisation of energy losses inside the manhole 
A sewer system overflows when it has reached its maximum capac-

ity. Therefore, there is a flow exchange between the sewers and the 
floodplain. According to Rubinato et al., (2018b), if the pipe inflow 
meets steady flow conditions, the energy balance equation over the 
control volume can be written as follows: 

ρg(H1 QInS) = ρg(H  QO tS + H2 Qe + ΔHQInS) (5) 

where ρ is the density of water (kg/m3), g is the gravitational acceler-
ation (m/s2), H1, H2 and H3 are the hydraulic heads of the upstream pipe 
flow, surface flow and downstream pipe flow, respectively (m). By 
rearranging Eq. (5), it is possible to describe the total energy loss during 
surcharged conditions inside a manhole as follows: 

Q  QeΔH = H1 (H  + H2 ) (6)
Q1 Q1 

By virtue of the pipe flow being pressurized, the hydraulics heads can 
be written as follows: 

 12 P1H1 = + + z1 (7)
2g ρg 

where u1 is the mean flow velocity at the reference point 1 in the units of 
(m/s), P1/ρg is the pressure head at the reference point 1 (m) and z1 is 
the flow elevation above datum at each reference point (m). With both 
the inlet and outlet pipes pressurized and the assumption that frictional 
losses are negligible over the control volume (Ramamurthy et al., 1988; 
Pfister and Gisonni 2014; Zhao et al., 2006, Zhao et al., 2008), the 
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energy loss coefficients associated to the stream of flow that runs 
through the manhole (K13), to the overflow into the urban surface (K12)
and the total coefficient (Ktot) can be describe as follows: 

H1 H K1  = 2 InS 
2g 

H1 H2K12 = 2 InS 
2g 

ΔH
Ktot =  InS 

2 

2g 

(8) 

(9) 

(10) 

2.1.4. Quantification of pollutant exchange 
The amount of the fluorescent dye (replicating soluble pollutants) 

that left the manhole structure and entered the floodplain was measured 
by comparing the concentration in the sewer flow upstream of the 
manhole and that of the sewer pipe downstream of the manhole. The 
reduction in concentration of the solute between the inflow and the 
outflow allowed for the quantification of the amount of solute that 
reached the floodplain. 

dMm 
= MPIQInS MPOQO tS (11)

dt 

where dMm = Rate of change of the solute’s mass within the manhole dt 
structure (mg/s); MPI= Solute mass flow rate entering the manhole 
structure from the inflowing pipe (mg/s); MPO = Solute mass flow rate 
leaving the manhole structure through the outflowing pipe (mg/s). 

2.1.5. Reynolds numbers 
To enable the upscaling of the flow conditions tested within the 

sewer system, Reynolds numbers for the pipe flows were calculated as 
follows. 

Re = 
 D 

(12) 

where Re = Reynolds number; u = Velocity of fluid (m/s); D = Diameter 
of pipe (m); v = Kinematic viscosity of water (m2/s). The Reynolds 
values calculated were used to classify the turbulence of the pipe flow 
within the typical ranges: Laminar flow (Re < 2000); Transitional flow 
(2000 < Re< 4000) and Turbulent flow (4000 < Re). 

Table 1 

2.1.6. Froude number 
Similarly, Froude numbers for the surface flows were estimated to 

determine whether the flow on the hypothetical streets were sub-critical 
or super-critical at different locations along the surface. To do this, the 
following equation was used. 

 
Fr = (13)

√gy 

where Fr = Froude number (/); u = Velocity of flow (m/s); g = accel-
eration due to gravity (9.81 m/s2); y = flow depth (m). Based on the 
Froude numbers the surface flow could be classified as either sub-critical 
(Fr < 1) or supercritical (Fr > 1). 

3. Results and discussion 

This section presents the measured flow exchange and hydraulic 
head values for each test conducted within the experimental facility. 

3.1. Calibration of linking equations 

The hydraulic conditions are displayed in Table 1 and to enable the 
up-scaling of the results obtained (Rubinato et al., 2020b), a series of 
non-dimensional parameters (Resewer, Remanhole, Frsurface) are included. 
The calculated instrument error margins in Table 1 show minimal po-
tential error in the flow exchange values, confirming the accuracy of the 
physical model and the equipment used. 

The maximum inflow rate for the surface (Q1) was ≈4.50 l/s, while 
for the sewer (Q3) system it was ≈10 (l/s). Based on a geometrical scale 
of 1 to 6, this flow rate for the sewer system corresponds to approxi-
mately 65 (l/s) in a full scale pipe system based on Reynolds similitude 
(0.45 m the diameter of the real site manhole). The velocities on the 
surface were quantified to be between 0.09 and 0.17 (m/s) for the tests 
reported here, with flow depths between 20 mm and 30 mm. The surface 
flow Froude numbers were in the range 0.179–0.356, and were hence 
sub-critical. Based on the Froude numbers’ similitude, this corresponds 
to a real scaled velocity range of 0.225 and 0.425 (m/s) in urban areas. 
These values are within the range that might be expected for a shallow 
water running over an urban surface during a flood event, and is similar 
to the range used by (Djordjevic et al. 2013) for the physical modelling 
of gully performance during flood events. 

Table 2 shows the calculated mean discharge coefficients Ci for each 
of the surface configurations tested and the 3 different overflow 

Experimental measured data including flow exchange Qe (l/s), flow exchange variation (l/s), surface flow depth hs (m), pipe network head hp (m) and calculated non- 
dimensional parameters inclusive of surface Froude number Frsurface, scaled flow depth hs/DM, Reynolds number in both pipe Repipe and manhole Remanhole obtained 
using Equation (12). 

Surface Geometry Q3 Q4 sewer Qe (flow Flow Surface Pipe Surface Scaled Pipe Reynolds Manhole 
sewer outlet (l/ exchange l/ exchange flow depth network Froude flow depth number Reynolds
inlet (l/ s) s) variation ξf hs (m) head hp (m) number (/) hs/Dm (m) Resewer(/) number 
s) (l/s) Remanhole(/) 

1. Rectangular 8.49 6.04 2.46 5.302E-05 0.0236 0.540 0.322 0.098 144,198 13,029
Street 9.28 6.24 3.04 6.796E-05 0.0256 0.549 0.285 0.107 157,545 16,149

9.83 6.61 3.22 9.038E-05 0.0263 0.555 0.274 0.110 166,915 17,087 
2. Parking on one 8.50 6.07 2.43 4.956E-05 0.0221 0.539 0.356 0.092 144,247 12,879

side 9.28 6.48 2.80 4.700E-05 0.0230 0.547 0.334 0.096 157,553 14,875
9.82 6.57 3.24 6.605E-04 0.0244 0.554 0.307 0.102 166,632 17,193 

3. Parking on both 8.52 6.03 2.49 4.862E-05 0.0225 0.539 0.275 0.094 144,646 13,233
sides 9.27 6.30 2.97 1.155E-04 0.0237 0.548 0.254 0.099 157,291 15,740 

9.79 6.56 3.23 7.220E-05 0.0244 0.554 0.244 0.102 166,276 17,157
4. Cars and 8.47 6.11 2.36 5.073E-05 0.0283 0.543 0.195 0.118 143,802 12,544

parking on both 9.23 6.21 3.02 1.076E-04 0.0296 0.552 0.182 0.123 156,749 16,022 
sides 9.77 6.52 3.25 9.081E-05 0.0299 0.558 0.179 0.125 165,819 17,229

5. Parking both 8.52 6.05 2.43 5.488E-05 0.0204 0.535 0.328 0.085 144,560 12,868
sides/ manhole 9.29 6.44 2.86 5.745E-05 0.0215 0.544 0.304 0.089 157,792 15,151 
on one side  9.82 6.44 3.38 1.104E-04 0.0225 0.552 0.282 0.094 166,685 17,947 
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Table 2 
Qe error margins and correlation.  

Surface Geometry Qe,min (m3/s) Qex (m3/s) Qe,max (m3/s) Ci Trendline equation R2value 

Conf. 1. Rectangular Street  0.002403 
0.002976 

0.002456 
0.003044 

0.002509 
0.003112 

0.063 
0.071 

y = 0.3825x 0.0026 0.9122 

0.003130 0.003221 0.003311 0.071 
Conf. 2. Parking on one side  0.002378 

0.002757 
0.002428 
0.002804 

0.002477 
0.002851 

0.062 
0.065 

y = 0.4066x 0.0031 0.9981 

0.003175 0.003241 0.003307 0.071 
Conf. 3. Parking on both sides  0.002446 

0.002851 
0.002494 
0.002967 

0.002543 
0.003083 

0.063 
0.069 

y = 0.3699x 0.0025 0.9749 

0.003162 0.003234 0.003306 0.071 
Conf. 4. Cars and parking on both sides  0.002314 

0.002912 
0.002365 
0.00302 

0.002415 
0.003128 

0.062 
0.071 

y = 0.4415x 0.0035 0.9274 

0.003157 0.003248 0.003338 0.072 
Conf. 5. Parking both sides/ manhole on one side  0.002371 

0.002798 
0.002426 
0.002856 

0.002408 
0.002913 

0.063 
0.067 

y = 0.4787x – 0.0041 0.9966 

0.003273 0.003383 0.003493 0.074 

conditions. The results show that as the sewer inflow increases, the rate 
of flow exchange becomes greater for all 5 street geometries. The 
greatest rate of flow exchange change was recorded when the manhole 
was situated closer to the side of the road at the highest sewer inflow. 

Fig. 3 displays relationships between flow exchange Qe and the 
orifice equation applied, incorporating results existing in literature 
((Rubinato et al. 2017) carried out using the same experimental model 
with a much wider and clear surface geometry, width 4 m, no street 
profiles replicated).. 

It can also be seen that the flow exchange – orifice value relationships 
for each of the geometries fall within a similar range. The graph shows a 
clear relationship between the width of the surface flow channel and the 
orifice value. The linear regression lines of both sets of data have similar 
gradients, while the results from Rubinato et al. (2017) have dissimilar 
orifice values within the same range of flow exchange. The strength in 
the correlation of these values suggests that the linear regression model 
can be used to estimate the flow conditions for similar geometries. 

The resultant discharge coefficients from Rubinato et al. (2017) were 
in the range of 0.160–0.174, while for a similar range of flow exchange 

Fig. 3. Qe vs Orifice equation to determine Ci (compared to previous studies 
Rubinato et al., 2017). 

used in this study, the range found in these tests is 0.126–0.138. Despite 
this, the gradient of the linear regression model for the previous study is 
very similar to those derived from this experiment, showing there is a 
clear relationship between the width of the surface and the resulting 
discharge coefficient considering the differences estimated. As the width 
of the channel decreases, the corresponding discharge coefficient 
decreases. 

As shown in the discharge coefficient and orifice value section, the 
flow exchange rate Qe and the orifice value for each configuration show 
a linear relationship as the flow rate increases, with the same trend being 
shown in the previous study by Rubinato et al. (2017) using a wider 
channel width (4 m instead of 1.180 m). Each of the linear regression 
models having an R2 value greater than 0.96 also supports the accuracy 
of the trendlines created. This pattern suggests that the linear trendline 
equations, for example the ones presented in Table 3, for different street 
geometries, could potentially be used to predict the flow exchange from 
the sewers based on the orifice value that is observed. Further testing at 
a wider range of flow exchange values would be required to confirm 
whether the relationship remains linear as the values increase/decrease. 
Although, the linear pattern shown by the results of Rubinato et al. 
(2017) across a much wider Qe range indicates that the geometries from 
this study would likely show the same behaviours. 

Although each of the trendlines are specific to the individual config-
urations, all 5 of the equations found in this study show very similar 
gradients and close x-axis intercept values. This indicates that the re-
lationships shown in this study can be used to estimate the flow exchange 
of different street types of similar width, given that they have the same 

Table 3 
Qe and orifice value correlation.  

Surface Geometry Qe (m3/s) Orifice 
Value (m3/s) 

Trendline 
equation 

R2value 

Conf. 1. Rectangular 
Street 

0.002456 
0.003044 
0.003221 

0.039062 
0.042792 
0.045286 

y = 0.1256x – 
0.0024 

0.9656 

Conf. 2. Parking on one 
side 

0.002428 
0.002804 
0.003241 

0.039309 
0.042955 
0.045461 

y = 0.1301x – 
0.0027 

0.9778 

Conf. 3. Parking on both 
sides 

0.002494 
0.002967 

0.039372 
0.043050 

y = 0.1211x – 
0.0023 

0.9980 

Conf. 4. Cars and 
parking on both sides  

Conf. 5. Parking both 
sides/ manhole on one 
side 

0.003234 
0.002365 
0.00302 
0.003248 
0.002426 
0.002856 
0.003383 

0.045511 
0.038416 
0.042413 
0.044950 
0.038497 
0.042493 
0.045591 

y = 0.1377x – 
0.0029 

y = 0.1337x – 
0.0028 

0.9793 

0.9829 
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sewer and manhole dimensions. To do the same for streets with other 
sewer arrangements, further experimentation such as this study, would 
need to be carried out using physical models of these alternative sewer 
systems. It would also be beneficial to do this so that the magnitude of the 
effects caused by the sewer arrangement can be compared too. 

3.1.1. Variations in surface velocity 
At the position Psurface upstream of the manhole, the Froude numbers 

of each geometry showed less variability and were all subcritical. 
Although, the values obtained for geometry 4 were noticeably lower 
within the range of 0.179–0.195, while the other geometries showed 
similar numbers between 0.244 and 0.356. The cause of this is the ve-
locity of the surface flow, which is greatly reduced in comparison to 
configurations 1–3 in particular. 

The velocity was calculated downstream of the manhole once the 
overflow and the surface flow were combined to make the most accurate 
representation of the surface velocity downstream of the manhole. The 
reason for this being that the flow is restored to its normal sub-critical 
conditions at this point and is no longer subject to the effects of the 
surcharge which causes a hydraulic jump in the region surrounding the 
manhole. From the results obtained, it can be noted that the presence of 
parking spaces, cars on the road, and the position of the manhole all 
have an effect in reducing the surface flow velocity. The effects of 
parking spaces are demonstrated by the reduction of velocity from the 
rectangular street which was 0.204–0.209 m/s, to the range of 
0.181–0.193 m/s for both geometries 2 and 3. As the velocities are in the 
same range whether there is parking on one side or both sides of the 
street, it suggests that this has minimal effect on the surface flow. 

The presence of cars on the street appears to have the greatest effect 
on the velocity, as there is a significant reduction to 0.134–0.146 m/s 
between configurations 3 and 4, which had identical parking slots. A 

reason for this could be the position of the manhole, as it was positioned 
at the centre of the street for configuration 4. Consequently, the cars 
were located closer to the centreline of the manhole (where measure-
ment points were situated) than the parking slots were, having greater 
influence on the measurements. 

When the manhole was positioned near the side of the street there 
was also an observed velocity reduction to the range of 0.15–0.161 m/s, 
although it was not as great of an increase as the one seen for geometry 
4. As the number and size of the parking slots on either side was altered 
from that of configuration 4, they could have caused additional affects to 
the velocity. However, to determine if this was true and to confirm that 
cars being present on the street has a greater effect on the velocity, 
additional tests would be required. This could be done by placing the 
manhole on one side with identical parking arrangements to directly 
compare them, or to assess different sizes, numbers and arrangements of 
parking slots when the manhole is central to first identify how strong 
their influence is. 

The Froude numbers calculated downstream from the manhole along 
the surface show that the most significant difference between the Froude 
numbers of each geometry occurs at the position that is 510 mm from 
the centre point of the manhole. At this position, the Froude numbers for 
geometries 1–4 are supercritical whereas geometry 5 provides sub- 
critical values. This shows a clear influence from the position of the 
manhole on the criticality of the surface flow, likely due to the inter-
action between the flow in proximity of the surcharging manhole with 
the curb of the model. 

3.2. Characterisation of energy losses 

Fig. 4 displays the experimentally determined hydraulic heads losses 
(H1-H3), (H1-H2) and ΔH plotted against sewer inflow velocity head 

Fig. 4. Experimentally determined hydraulic head losses ΔH13, ΔH12, ΔH against velocity head components calculated.  
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Table 4 
Energy loss coefficients calculated for each test.  

Surface Geometry K13 K12 KTot 

Conf. 1. Rectangular Street 0.653 (R2 = 0.991) 1.315 (R2 = 0.997) 0.864 (R2 = 0.998)
Conf. 2. Parking on one side 0.646 (R2 = 0.996) 1.308 (R2 = 0.997) 0.815 (R2 = 0.995)
Conf. 3. Parking on both sides 0.649 (R2 = 0.991) 1.311 (R2 = 0.997) 0.859 (R2 = 0.998)
Conf. 4. Cars and parking on both sides 0.654 (R2 = 0.999) 1.332 (R2 = 0.995) 0.869 (R2 = 0.987)
Conf. 5. Parking both sides/ manhole on one side 0.641 (R2 = 0.994) 1.296 (R2 = 0.999) 0.849 (R2 = 0.986) 

(u1
2/2g) components for the tests conducted in surcharging conditions. 

It is possible to observe a clear linear relationship between head loss and 
velocity head of the sewer inflow. By considering the slope of the 
regression lines fitted to the experimental data, head loss coefficients (K) 
were determined. These coefficients and their confidence limits (R2 > 
0.986 for all the cases) are given in Table 4. 

The results obtained are in line with what is available in literature 
(Rubinato et al., 2018a,b), confirming that for all the cases, the energy 
loss coefficient linked with the flow exchange (K12) is higher than the 
energy loss coefficient associated with the flow through the sewer (K13)
demonstrating that higher energy losses are generated inside the 
manhole during surcharging conditions. 

Furthermore, it is important to highlight that the trends observed are 
very similar for all the configurations tested. This means that parking 
slots and the presence of cars are actually providing a negligible effect 
on the energy losses linked with the overflow inside the manhole. 
However, it is essential to note that the configuration which creates the 
more substantial change is configuration 5, with parking on both sides 
and the manhole on one side, where K12 was calculated to be 1.296 
(minimum value obtained). 

3.3. Quantification of pollutant exchange 

For each of the 5 geometries, 6–7 tests took place at 3 different rates 
of flow exchange. The number, length, and time of pollutant injections 
varied to investigate the effects this had on the percentage of the 
pollutant that is exchanged to the surface. 

Tables 5–9 in Appendix B present the percentage of the pollutant 
entering the sewer inflow pipe that was exchanged to the surface flow on 
each of the surface geometries at varying flow exchange rates. The data 
is summarised in Fig. 5. 

With exception to the rectangular street geometry, all the other 
configurations show a linear increase in the percentage of the pollutant 
exchanged as the flow exchange becomes larger, but it is also important 
to acknowledge that for cars/parking on one side, parking on one side 
and parking/manhole on one side there may be a possibility of an 
exponential trend. This requires verification, needing higher concen-
trations of pollutant to be injected and additional hydraulic conditions 
to be tested. The exchange values for configuration 5 and the percentage 
pollutant exchanged at the highest flow exchange rate for configuration 
4 are significantly larger than the results shown from the other tests, 
indicating that there is a link between the presence of obstructions 
around the manhole and the quantity of pollutant that is exchanged. The 
variations in the number, time and length of the pollutant injection 
pulses did not appear to affect the percentage of pollutant present in the 
sewer that was transported to the surface, as there are no distinct vari-
ations between the percentages calculated under different pulse condi-
tions. This is likely due to the flow conditions being steady state, 
meaning there were no variations in the flow conditions between pulse 
injections.

The pollutant exchange results show that for all the surface geome-
tries a relatively large proportion of the pollutant mass was transported 

Fig. 5. Qe vs Average pollutant exchange %.  

to the surface (28–39% - Fig. 5). Being able to quantify the percentage of 
pollutant reaching the surface is an important step in assessing the level 
of risk associated with the concentration of individual pollutants present 
in real sewer systems. Using data such as this, samples can be taken of a 
sewer’s effluent for testing so to measure the concentration of the pol-
lutants found in the samples. Combining the pollutant concentrations, 
the percentage of the pollutant discharge and the flow exchange data, 
the mass of individual pollutants reaching the surface can be estimated 
so that their levels can be monitored as to whether they exceed 
acceptable levels. Doing so will help indicate whether actions need to be 
taken to treat the contamination. 

The results of the various soluble pollutant tests identify that a 
significantly greater percentage of the pollutant was exchanged to the 
surface when the manhole was located closer to the edge of the model 
street. One reason for this could be due to the decreased surface velocity 
compared to configurations 1–3 where there similarly are not any ob-
structions on the road. The likely cause of the decreased flow velocity is 
the frictional forces acting on the water at the edge of the channel, which 
for configuration 5 is far closer to the centreline of the manhole where 
the velocity was measured. Another noticeable value in the results is that 
the percentage of pollutant exchanged increased largely for configura-
tion 4 when the flow exchange value reached 0.003248 m3/s. A possible 
reason for this is the presence of cars on the street. However, this theory 
is not supported when the flow exchange for configuration 4 is lower, as 
it produced similar percentages of the pollutant being exchanged as 
geometries 1–3 within that flow range. 
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The key difference shown is the substantial decrease in surface ve-
locity for geometries 4 and 5 which are within the range of 0.134–0.161 
m/s, from those shown for geometries 1–3 between 0.181 and 0.209 m/ 
s. The decrease in surface velocity could allow more flow exchange 
between surface and manhole, creating hydraulic conditions that could 
lead to an expansion of the hydraulic jump region when the flow exits 
the manhole and passes from subcritical to supercritical. 

Geometries 2–5 all show a continuing increase in pollutant exchange 
as the flow exchange rate increases. The rectangular street is the one 
exception to this, as when Qe increases from 0.003044 to 0.003221 m3/
s, the percentage of pollutant exchanged decreases from 32.54 to 
32.40%. Although this is not a large decrease, it is a deviation from the 
patterns shown by other surface arrangements which is noteworthy. The 
key difference in the results for geometry 1 is that its surface velocity is 
by far the highest. However, there is a slight decrease in velocity be-
tween the 2 highest exchange rates corresponding with the pollutant 
exchange decrease. To determine whether the rectangular street would 
continue to deviate from the patterns displayed by the other geometries, 
further tests at higher flow exchange rates would need to be carried out. 

Additionally, the flows observed in the sewer pipes and manhole 
during the experimental tests showed high turbulence, meaning that the 
movement of particles within the flow was very erratic. The turbulence 
shown in the sewer network is likely a contributing factor to the slight 
variation in pollutant exchange percentages between tests carried out at 
the same inflow and pollutant injection times/numbers, despite the flow 
conditions being similar. The random nature of the particle movement 
could have affected the quantity of the pollutant that left the pipe flow 
and entered the manhole. The same principal can be applied within the 
manhole structure, as the turbulence may have affected the quantity that 
was discharged to the surface and the quantity retained in the manhole 
that later re-entered the sewer. The effect of the turbulence would have 
been lesser in the manhole, as the Reynolds numbers for the manhole 
were much lower than those of the sewer pipes. 

Finally, the similarities in the percentages exchanged for geometries 
1–3 suggest that the presence of parking spaces had no noticeable effect 
on pollutant exchange to the surface when the manhole was positioned 
at the centre of the street. This is despite the parking spaces causing a 
reduction in the surface flow velocity. 

3.4. Limitations and suggested future research 

3.4.1. Unsteady flow states 
All tests analysed in this study were carried out under steady state 

flow conditions, meaning the flow rates entering the sewer and the 
manhole remained constant. These are idealised conditions, as in reality 
it is unlikely that the flow in the sewer, or on the surface for that matter, 
will remain constant due to variance in factors such as rain intensity and 
sudden surges of water into the system. The use of steady conditions is 
beneficial for observing the effects of the surface geometry more clearly, 
both regarding flow exchange and pollutant exchange, as there are fewer 
contributing variables. Now that the preliminary effects of the manhole 
location, parking slots and presence of cars are known, unsteady state 
conditions will be implemented to better imitate real scenarios that 
would occur in the event of a flood. Moreover, the transport of pollutants 
in-between the surface and sewer systems are particularly affected by 
the surrounding soil and aquifer strata. Ignoring the effects of aquifers 
and other urban underground infrastructure partly explains the linear 
increasing trend of pollutant exchange and the hypothetical exchange 
rate of 28–39%. Therefore, the experimental model will be adjusted to 
account for the complex nature of dynamic hydraulic processes among 
surface - subsurface - urban infrastructure - hydrogeology - groundwater 

systems.
These steady state flow conditions explain why consistent percent-

ages of the pollutant were exchanged to the surface despite the number 
and length of solute impulses changing. If the same tests were undergone 
using unsteady conditions, it would be expected that the solute exchange 
percentages would be more varied. This would be most apparent when 
the pollutant injection patterns vary, but would even be observed under 
identical injection quantities, lengths, and times between tests as there is 
no guarantee that the flow conditions will be the same upon the point of 
injection. Unsteady flow hydrographs based on real rainfall events could 
be downscaled and simulated within the experimental facility for a more 
complex scenario (Rubinato 2015). 

3.4.2. Effects of manhole covers 
Another characteristic of typical streets which was not included in 

this study was the presence of manhole covers, assumed to have been 
removed during the worst case scenario of being lifted due to the 
flooding of the manhole itself. The effects of different manhole covers on 
flow exchange into the sewer system from the surface (without water 
entering the sewer inflow pipe) and the surface velocity in the vicinity of 
the manhole has been investigated using the same physical model as this 
study by Martins et al. (2018). A similar method to this could be applied 
to the model with the manhole surcharging to investigate how the covers 
may influence the flow exchange to the surface and the percentage of the 
pollutant which is discharged in comparison to this study, linking the 
velocity profiles within the quantity of flow exchange (Kesserwani et al., 
2015). Furthermore, having completed these initial tests and gained 
information regarding the influence of street profiles, more complex 
scenarios involving manholes in series/parallel should be considered for 
a more realistic replication of storm catchment basins. 

3.4.3. Location of the manhole, roughness and slopes 
Within this experimental campaign, the manhole was located at two 

different positions. However, it is essential to conduct further studies to 
verify the impact that various locations may have on the flow exchange 
between sewers and urban surfaces. This is significant because different 
countries have dissimilar guidelines, and sometimes environmental 
constraints determine the specific locations of the manholes. Further-
more, manholes in series as previously mentioned could produce novel 
sets of data which could increase the complexity of this experimental 
model and test even further the performance of numerical models in 
assessing and predicting flow exchange between minor and major sys-
tems. Future work should investigate the effects of different lid and 
cover designs on the scale and nature of flow exchange, surface to sewer 
interaction flows during super-critical surface flows and/or very low 
flow depths as well as the behaviours shown under more complex two 
phase air/water flows which have not been investigated by the tests 
conducted here. 

Finally, for this study the roughness used was 0.009 sm 1/3, how-
ever, different values may have implications for relative head calcula-
tions at these interaction nodes. Future studies will include different 
rough surfaces that will be created from sand paper, perforated sheet 
and woven wire mesh. 

3.4.4. Limitations with availability of comparable data 
Whilst this was a driving factor in undergoing this study due to the 

necessity of obtaining data, it is also a hinderance to the validity of the 
findings.

Though there is nothing to suggest that the results presented in this 
report are not an accurate representation of real flooding scenarios, it is 
beneficial to be able to compare the results to similar studies so that 
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comparisons can be made and inspiration for further research can be 
taken to broaden the available spectrum of knowledge. 

As previously mentioned in this paper, there is currently a scarcity of 
data within the field of quantifying flow exchange and solute exchange 
from sewer to surface during flooding events in urban areas. One of the 
principal purposes of this study was to provide a better understanding of 
these situations, delivering novel experimental datasets to be used for 
calibration and validation of numerical models. By enhancing the ac-
curacy of existing and new numerical models, it will then be possible to 
inform local authorities to select design decisions for streets and sewer 
systems to minimise the risk of water (and associated pollutant) 
discharge when flooding occurs. The results show that both the highest 
observed flow exchange and pollutant exchange rate occurred when the 
manhole was placed towards one side of the street. If designs were to be 
purely based on these values, then it would indicate that the sewer and 
manhole systems should be constructed at the centre of the street. Yet, 
this would not take into consideration the practicality of the manhole 
location regarding factors such as the disruptions that would be caused 
by maintenance. Hence, the relative parties would need to assess these 
different aspects when coming to a design decision. 

4. Conclusions 

Due to the predicted climate changes and the consequent increase in 
the frequency and magnitude of rainfall events, there is a strong ne-
cessity to calibrate and validate numerical tools for a more accurate 
assessment of the hydraulic performance of drainage systems. However, 
due to the paucity of field data, this study was conducted to replicate 
urban flooding scenarios to provide novel datasets including flow ex-
change between a sewer system and a hypothetical urban surface to 
enable the calibration and validation of numerical models, as well as a 
better understanding of the relationship between overflow from man-
holes and the interference with multiple street profiles. Clear relation-
ships between the street geometries and their corresponding flow 
exchange rates and discharge coefficients have been established. The 
effects on energy losses, the mass of soluble pollutant exchange caused 
by surface geometry, and both the sewer and surface flow conditions 
were also determined. 

After assessing the various contributing factors to the solute and flow 
exchange results as well as considering the different flow condition for 
the pipes and surface channel, the key points to be taken from this study 
can be summarised as follows:  

• The Qe and corresponding orifice equation values show similar 
positive linear relationships within the same range, confirming the 
validation and application of this method to estimate the flow ex-
change during flooding conditions (Ci identified within the range 
0.126–0.138). 

• Through comparison with previous studies (Rubinato et al., 2017),
the discharge coefficient decreases as the width of the street/channel 
becomes narrower.  

• Tests showed that the sewer to surface energy loss coefficient was 
unaffected by all street configurations tested, suggesting that it is 
independent of the street layout  

• All tested geometries displayed significant pollutant exchange from 
the sewer to the street, in the range of 28–39%. 

• Situating the manhole closer to the edge of the street increased the 
mass of pollutants being exchanged to the surface.  

• The presence of parking spaces alone did not appear to affect the 
mass of pollutant exchanged. 

The results found are significant as they have the potential to be used 
for calibrating existing and new numerical models. This will enable the 
effects of other street geometries and conditions on the flow and 
pollutant exchange. Doing so will be important for enhancing the 
currently limited ability to quantify the exchanges occurring in existing 
sewer systems due to flood events. The present study shows that situ-
ating the manhole closer to the edge of the street increased the transport 
of pollutant to the surface. Therefore, other experiments with different 
manhole locations as well as flow conditions (higher Froude numbers) 
and more complex drain outlets that may disturb the flow pattern above 
the outlet are necessary. Municipalities could use the outcomes of this 
paper to either draw some new plans for the implementation of new 
drainage systems, however, the full experimental data sets provided by 
these experiments could help to validate detailed CFD and numerical 
models that are used to predict future scenarios and different flooding 
conditions. 

As more research into quantifying flow and pollutant exchange be-
comes available, better estimates will be made by relevant authorities as 
to how severe the impacts of individual flood events could have been to 
the environment. This would be considered in addition to the physical 
damage to property and infrastructure which can already be deter-
mined, giving a greater perspective of the overall impacts of flooding. 
Combining these two methods of assessment would aid in the decision 
making associated with design methods and the appropriate actions to 
take as a result of individual flood events. 
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Fig. A1. The 5 configuration tested. (a) Rectangular street – Configuration 1, (b) Street with parking slots on both sides – Configuration 2; (c) Street with parking 
slots on one side – Configuration 3; (d) Street with cars and parking slots on both sides – Configuration 4; (e) Street with a parking slot on both sides and the manhole 
on one side – Configuration 5. 
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Fig. A1. (continued). 
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Fig. A1. (continued). 

Fig. A2. Location of the pressure sensors within the sewer and the surface.  
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Appendix B  

Table 5 
Rectangular street pollutant exchange results.  

Test ID Qe(m
3/s) Mass into sewer (mg/s) Mass out of sewer (mg/s) Mass Exchanged (mg/s) Percentage exchanged Average percentage exchanged 

1 0.002456 0.0143 0.0101 0.0042 29.25 29.01 
2 0.0131 0.0093 0.0038 29.15 
3 0.0128 0.0091 0.0037 28.95 
4 0.0267 0.0190 0.0077 28.93 
5 0.0256 0.0182 0.0074 28.95 
6 0.0268 0.0191 0.0077 28.81 
9 0.003044 0.0133 0.0090 0.0043 32.69 32.54 
10 0.0128 0.0086 0.0042 32.70 
11 0.0195 0.0132 0.0063 32.44 
12 0.0263 0.0177 0.0085 32.44 
13 0.0251 0.0170 0.0081 32.31 
14 0.0242 0.0163 0.0079 32.62 
17 0.003221 0.0137 0.0092 0.0044 32.34 32.40 
18 0.0134 0.0090 0.0043 32.54 
19 0.0124 0.0084 0.0040 32.34 
20 0.0242 0.0163 0.0078 32.39 
21 0.0236 0.0160 0.0076 32.24 
22 0.0249 0.0168 0.0081 32.45 
23 0.0292 0.0197 0.0095 32.48 

Table 6 
Parking on one side pollutant exchange results.  

Test ID Qe(m
3/s) Mass into sewer (mg/s) Mass out of sewer (mg/s) Mass Exchanged (mg/s) Percentage exchanged Average percentage exchanged 

26 0.002428 0.0149 0.0105 0.0043 29.17 29.13 
27 0.0148 0.0106 0.0043 28.92 
28 0.0139 0.0099 0.0040 29.03 
29 0.0286 0.0203 0.0083 28.90 
30 0.0289 0.0204 0.0085 29.27 
31 0.0296 0.0209 0.0087 29.50 
32 0.0277 0.0196 0.0081 29.16 
36 0.002804 0.0136 0.0095 0.0041 30.00 30.26 
37 0.0141 0.0098 0.0043 30.51 
38 0.0139 0.0097 0.0042 30.25 
39 0.0269 0.0187 0.0082 30.35 
40 0.0264 0.0184 0.0080 30.36 
41 0.0263 0.0184 0.0079 30.11 
44 0.003241 0.0136 0.0091 0.0045 33.12 33.12 
45 0.0133 0.0089 0.0044 33.07 
46 0.0128 0.0086 0.0043 33.21 
47 0.0299 0.0200 0.0099 33.11 
48 0.0255 0.0171 0.0084 32.99 
49 0.0263 0.0176 0.0087 32.97 
50 0.0252 0.0168 0.0084 33.36 

Table 7 
Parking on both sides pollutant exchange results.  

Test ID Qe(m
3/s) Mass into sewer (mg/s) Mass out of sewer (mg/s) Mass Exchanged (mg/s) Percentage exchanged Average percentage exchanged 

53 0.002494 0.0132 0.0092 0.0039 29.80 29.94 
54 0.0131 0.0091 0.0039 30.22 
55 0.0141 0.0099 0.0042 29.72 
56 0.0273 0.0191 0.0082 30.10 
57 0.0265 0.0186 0.0079 29.82 
58 0.0258 0.0181 0.0077 29.96 
61 0.002967 0.0137 0.0093 0.0044 32.19 32.42 
62 0.0135 0.0091 0.0044 32.68 
63 0.0128 0.0087 0.0041 32.24 
64 0.0255 0.0173 0.0082 32.29 
65 0.0261 0.0175 0.0085 32.71 
66 0.0266 0.0180 0.0086 32.40 
69 0.003234 0.0138 0.0092 0.0046 33.28 33.30 
70 0.0130 0.0087 0.0044 33.39 
71 0.0134 0.0089 0.0045 33.31 
72 0.0277 0.0185 0.0092 33.14 
73 0.0263 0.0175 0.0088 33.40 
74 0.0260 0.0174 0.0087 33.28 
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Table 8 
Rectangular street pollutant exchange results Cars + parking on both sides pollutant exchange results.  

Test ID Qe(m
3/s) Mass into sewer (mg/s) Mass out of sewer (mg/s) Mass Exchanged (mg/s) Percentage exchanged Average percentage exchanged 

77 0.002365 0.0152 0.0108 0.0044 28.87 28.70 
78 0.0153 0.0109 0.0044 28.71 
79 0.0153 0.0109 0.0044 28.79 
80 
81 

0.0311 
0.0289 

0.0221 
0.0205 

0.0090 
0.0083 

28,92
28.90 

82 0.0278 0.0198 0.0080 28.72 
83 0.0894 0.0643 0.0251 28.03 
86 0.00302 0.0142 0.0095 0.0047 33.06 30.92 
87 0.0142 0.0095 0.0047 33.00 
88 0.0139 0.0093 0.0046 32.96 
89 0.0273 0.0183 0.0090 33.12 
90 0.0272 0.0181 0.0090 33.23 
91 0.0286 0.0191 0.0095 33.26 
92 0.0838 0.0512 0.0275 32.79 
95 0.003248 0.0146 0.0097 0.0049 33.66 36.96 
96 0.0139 0.0086 0.0052 37.64 
97 0.0144 0.0090 0.0054 37.70 
98 0.0272 0.0170 0.0102 37.53 
99 0.0281 0.0175 0.0106 37.72 
100 0.0271 0.0169 0.0102 37.49 
101 0.0814 0.0512 0.0302 37.08 

Table 9 
Parking + manhole on one side pollutant exchange results.  

Test ID Qe(m
3/s) Mass into sewer (mg/s) Mass out of sewer (mg/s) Mass Exchanged (mg/s) Percentage exchanged Average percentage exchanged 

132 0.002426 0.0130 0.0086 0.0044 33.57 33.68 
133 0.0141 0.0093 0.0048 33.90 
134 0.0138 0.0092 0.0047 33.85 
135 0.0263 0.0174 0.0089 33.89 
136 0.0266 0.0176 0.0090 33.70 
137 0.0284 0.0188 0.0096 33.79 
138 0.0813 0.0544 0.0269 33.08 
141 0.002856 0.0133 0.0086 0.0046 35.00 35.13 
142 0.0128 0.0082 0.0045 35.57 
143 0.0122 0.0080 0.0043 35.02 
144 0.0251 0.0162 0.0089 35.29 
145 0.0247 0.0160 0.0087 35.32 
146 0.0252 0.0163 0.0089 35.21 
147 0.0763 0.0500 0.0263 34.53 
150 0.003383 0.0130 0.0080 0.0050 38.62 38.44 
151 0.0128 0.0078 0.0050 38.75 
152 0.0133 0.0082 0.0051 38.14 
153 0.0252 0.0155 0.0097 38.48 
154 0.0247 0.0152 0.0095 38.58 
155 0.0248 0.0152 0.0096 38.61 
156 0.0754 0.0468 0.0286 37.91 
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