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ABSTRACT

Understanding the transport of soluble contamination in urban floodwater is an important
aspect of public health risk assessment. However due to significant measurement complexity,
there is a current lack of datasets to elucidate the associated relevant flow pathways, local veloc-
ity fields and turbulent diffusion processes. This paper evaluates three alternate experimental
methodologies to quantify 2D contaminant transport at scales typical of shallow urban flood-
water. It further provides a new open access dataset describing transport processes from an
experimental scale model of floodwater under sewer surcharge conditions, featuring different
geometrical and hydraulic configurations. Results show broad agreement between the differ-
ent experimental techniques, with small but notable differences associated with measurement
and experimental limitations. Results and datasets also demonstrate the considerable influ-
ence of hydraulic and geometrical complexity on transport processes, and sensitivity of the
concentration levels in model street networks to heterogeneous flow pathways and velocity
gradients.
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1. Introduction

The removal and modification of permeable surfaces

caused by rapid urbanization in many parts of the

world has increased the volume of storm water enter-

ing drainage and sewer networks during rainfall events.

Further, with changing global climates, some regions

face prolonged and intensive rainfall at unprecedented

scales (Daksiya et al., 2021). Incidents of localized sewer

and urban surface water flooding are therefore becom-

ing more commonplace in many regions (National

Infrastructure Commission, 2022). During such events,

drainage systems are susceptible to surcharge, which

leads to interactions between overland flow and sewer

networks. Surcharging sewers are hazardous, not only

due to the increased water levels and velocities, but also

because of the harmful contaminants carried by sewer

flows (Jimoh & Abolfathi, 2022). Sewer sediments

have been known to contain toxic hydrocarbons, along

with carcinogenic and mutagenic heavy metals (Chen

et al., 2022). Other harmful contaminants include sus-

pended and/or dissolved material and solids, nutrients

and organic matter including phosphorus and nitro-

gen, toxic contaminants and disease-causing micro-

organisms and pathogens (Addison-Atkinson et al.,

2022). Due to the complexity of mobilization, trans-

port and transformation processes of these diverse

contaminants, a comprehensive understanding of the

health risks of urban flood events is currently lacking.

Small scale urban floods caused by localized high inten-

sity rainfall events may occur relatively frequently in

future (de Almeida et al., 2018; National Infrastruc-

ture Commission, 2022), hence there is an ongoing

need to understand contaminant transport processes

under which floodwater remains relatively shallow and

is relatively likely to come into contact with local res-

idents. Whilst the study of pollutant transport is also

relevant in other context featuring low flow depths (i.e.

sheet flow on hillslopes, Dahlke et al., 2012), this study

focuses on urban flood contexts in which the source of

contamination is a surcharging drainage network.

Dual drainage flood models are commonly used

numerical tools to evaluate the risk of flooding in

urban areas based on topographic models and asset

information (Pender, 2006). Modelling tools are also

available which consider the transport of soluble and

particulate materials within sewer/drainage networks

(e.g. Mannina & Viviani, 2010), although the predic-

tive uncertainty of these approaches is often significant

(Tscheikner-Gratl et al., 2019). Within surface flood

flows, current challenges include the accurate deter-

mination of surface flow pathways at low flow depths,

which can be significantly influenced by micro-urban
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features, such as roads, kerbs, parked vehicles and the

condition and design of drainage inlets (Abily et al.,

2016; de Almeida et al., 2018). Gathering appropri-

ate spatial–temporal resolution datasets of flood depths

and flow velocities for model calibration and validation

is therefore important to improve confidence in model

predictions (Teng et al., 2017). More recently, mod-

elling tools have been further developed to describe

the transport of potential contaminants within flood

water for health risk assessment (Mark et al., 2018;

Sämann et al., 2019). However, contaminant concen-

trations within floodwater are sensitive to a number

of additional processes such as turbulent diffusion,

velocity shear and contaminant transformation dynam-

ics. Furthermore, datasets describing these processes

at scales appropriate to shallow urban floodwater are

scarce (Mignot et al., 2023).Whilst the science of trans-

port processes in open-channel flows is well estab-

lished (Rutherford, 1994), characteristic depths (and

turbulent length scales), velocity profiles, and contam-

inant source characteristics (e.g. surcharging drainage

systems vs river banks discharges) are expected to

differ considerably in shallow, highly heterogeneous

urban flood conditions. In particular very few studies

have considered the effects of typical street geometries,

although the presence of obstructions and variations in

flowpathways on contaminant transport in a fully inun-

dated flooded street has recently been experimentally

quantified (Fagour et al., 2024).

The use of experimental facilities and water lab-

oratories to collect high resolution datasets is com-

mon to gain understanding of physical processes and

to validate and compare modelling techniques (Ghos-

tine et al., 2009; Martins et al., 2017; Mignot et al.,

2008; Moodi et al., 2024). For practical reasons, labo-

ratory studies commonly utilize inert tracers to study

the transport of contaminants in urban drainage net-

works and hydraulic structures (e.g. Fagour et al., 2024;

Guymer et al., 2005), with techniques such as punc-

tual conductimetry or laser induced fluorescence (LIF)

available to characterize 3D mixing processes at these

scales. Some studies (Beg et al., 2020; Jimoh & Abol-

fathi, 2022) have also focused on the transport of sol-

uble contaminants through interaction nodes such as

manholes during flood conditions, and interactions

with surface flows. Beg et al. (2020) validated a CFD

model describing the pipe/surface contaminant flux

within a surcharging manhole utilizing measurements

from a physical scale model. Rubinato et al. (2022)

qualitatively considered the effects of contaminant dis-

persion from a floodedmanhole linked to several street

configurations based on the advection and mixing of

a visible dye. Fagour et al. (2024) injected contami-

nants at different locations of a highly simplified, fully

inundated, scaled flooded street network andmeasured

the spatial distribution of scalar fluxes throughout the

streets. The results from these authors highlight the

significance of urban geometrical configurations on

dispersion processes. However, quantitative characteri-

zation of transport within conditions approximated to

shallow surface flood water is highly challenging due

to the complex 2D flow field, characteristic low flow

depths, as well as the relatively large experimental scales

required (Mignot et al., 2023). In such cases, point

measurements of solute concentrations using intrusive

probes (based on measuring conductivity or fluores-

cence) are often impractical when aiming to charac-

terize the contaminant variability (temporally and spa-

tially), as discussed by Riviere et al. (2024). Optical

techniques utilizing cameras and coloured/fluorescent

tracer are potentially capable of providing instanta-

neous characterization of 2D contaminant concentra-

tions which are appropriate for shallow urban floodwa-

ter and drainage exceedance events. However, they nor-

mally require carefully controlled illumination which

is difficult to achieve for large experimental areas, and

processing and quality control of these techniques is

also often challenging (Arques et al., 2018 Carmer

et al., 2009;). Thermal cameras have been used in some

applications to quantify 2D transport (utilizing hot

water as a tracer) but this methodology is limited by

the need to maintain a minimum temperature differ-

ence between the tracer injection and the background

flow, which may generate additional flow complexi-

ties due to convection effects. In this case the tracer is

also non-conservative due to heat dissipation (Andrews

et al., 2011; Cardenas et al., 2011). There is therefore

a requirement to both better understand contaminant

transport processes in flows of high flowwidth to depth

ratios typical of shallow flood conditions, and further

to develop and test practical but robust experimen-

tal methodologies to quantify transport processes in

systems with varying geometrical and hydraulic char-

acteristics.

In this study, we aim to utilize a scale model

laboratory facility to experimentally investigate the

transport dynamics of soluble contaminants ema-

nating from a surcharging manhole within shallow

urban flood conditions at realistic street scale ratios,

examining the influence of varying surface geome-

tries and hydraulic conditions on contaminant dis-

persion. We consider and evaluate three currently

available alternate measurement techniques (intrusive

pointwise measurement using conductivity probes, 2D

surface thermal measurement using hot water as a

tracer, and 2D colorimetry using visible dye as a

tracer) aimed at characterizing the spatial and tem-

poral spread of solutes in laboratory conditions. Fur-

thermore, we contribute to research by generating an

openly accessible dataset derived from our experi-

mental observations, facilitating the development and

validation of numerical models aimed at enhancing

our understanding of contaminant transport in urban

floodwater.
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Figure 1. Experimental setup (side view).

2. Methodology

2.1. Experimental setup

All physical experiments were conducted at the Uni-

versity of Sheffield utilizing an experimental facility

designed to consider the interaction of piped sewer

and shallow surface flows via a 1:6 geometrically scaled

manhole (Rubinato et al., 2017). The surface has a full

width of 4000mm, overall length of 8000mm and slope

of 1:1000. The sewer network (no slope) is character-

ized by 75mm inner diameter pipework. The sewer

pipe system is linked to the surface via a single verti-

cal in-line circular manhole of 240mm inner diameter,

with a reduced fixed circular top opening of 180mm

diameter. Total inflows to the surface and sewer systems

are controlled independently via upstream automated

valves and quantified using electro-magnetic (MAG)

flow meters. The flow enters the surface model via an

inlet tank spilling over a full surface width sharp crested

weir (Figure 1). For the tests described here the pipe

downstream of themanhole was fully blocked such that

the full sewer inflow was directed to the surface via the

manhole (Qe). This generated a steady sewer surcharge

condition in all test cases, with significant localized

hydraulic complexity in the vicinity of themanhole (e.g.

see Martins et al., 2017).

For the work described here, the urban surface

was modified to represent different potential geomet-

rical configurations of obstructions of urban streets or

avenues within high width to depth aspect ratio flows

(ranging from approximately 50:1 to 120:1). Whilst

these configurations are not specifically representa-

tive of the full complexity of urban topography that

may be found in street networks, they were designed

to recreate shallow urban flood/exceedance condi-

tions and approximate characteristic ratioswithin street

networks and to explore the hydraulic complexities

introduced by the common occurrence of obstruc-

tions and heterogeneous flow pathways. This was

achieved by the use of premade rectangular barriers (of

height > water depth) that could be rapidly installed

and reoriented in various locations on the surface by use

of a vacuum system to prevent any block displacement

(Rubinato et al., 2022). The layout of the three config-

urations (termed Q, O and M series) used in this work

is presented in Figure 2. In all layout cases, side barri-

ers were used to narrow the effective flow width of the

street/surface from 4000mm to 1200mm.

To monitor hydrostatic pressure within the experi-

mental facility, pressure transducers (Gems series 5000,

Plainville, Connecticut, USA) were installed within the

bed of the surface model. These measurements were

used to quantify the flowdepth on the surface at various

positions (S1−9). The locations of all surface pressure

transducers relative to themanhole centre are presented

in Table 1. Flow and depth data presented in this work

represent a temporal mean of at least 180 s of data, col-

lected in steady flow conditions after the flow had fully

stabilized (after ∼5 min for the Q series and 15 min

for the other geometries). Further details of calibration

procedures for flowmeters and pressure sensors can be

found in Rubinato (2015).

2.2. Surface velocity

A LSPIV (large-scale particle image velocimetry) sys-

tem based on the use of twoGoPro (SanMateo, Califor-

nia,USA)Hero5Black cameraswas used to evaluate the

2D free-surface velocity field within the model street.

This system has previously been developed to consider

velocity fields around manhole structures in drainage

conditions (Arques et al., 2018; Martins et al., 2018).

The first camerawas positioned directly above theman-

hole (centred at x,y = 0,0mm), while the second was
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Figure 2. Three surface geometries (to view, not to scale), 1 (Top) - straight street (‘Q series’), 2 (Middle) - obstacle (‘O series’), 3
(Bottom) - alternate obstacles (‘M series’), including positions of manhole (centre @ x,y = 0) and transects. Hatched and shaded
areas indicate a flow obstruction.

Table 1. Position of depth measurements relative to manhole centre (x,y = 0,0).

S1 S2 S3 S4 S5 S6 S7 S8 S9

Streamwise, x (mm) −715 −490 −215 0 220 520 1020 3520 5610
Spanwise, y (mm) 0 0 0 −200 0 0 0 0 0

placed along the system centreline 2.3 m downstream

(at x,y = 2300,0mm). Both cameras were positioned

1.65 m above the surface bed. The GoPro cameras

enable selection of image and temporal resolutions; in

this case a fixed image resolution of 1440× 1920 pixel

(along the streamwise and lateral directions, respec-

tively), a focal length of 14mm and an acquisition

frequency of 30 Hz were used. Considering the geom-

etry and cameras characteristics, each camera’s field

of view (FOV) was 3.2× 4.3 m along the streamwise

and lateral directions, respectively, with a spatial res-

olution of 2mm/pixel. To permit the stitching of the

two cameras’ images to allow the spatially continu-

ous observation of the flow field, an overlap of 0.9 m

between the FOV of the two cameras was imposed. The

resulting combined FOV became 5.5× 4.3 m. LSPIV

calibration consisted of laying out a checkerboard in

the test region and collecting a short video with both

cameras. Markers were positioned in the middle of the

overlapping field of view to verify the common spatial

referencing of the two cameras. As the GoPro cameras

contain a fisheye lens, the calibration videos were ini-

tially processed to remove the barrelling effect due to

the lens. Images extracted from the videos were de-

warped using a third order geometrical transformation

for both cameras based on the checkerboard pattern.

The images were then stitched together considering the

markers positioned in the overlapping zone. The tem-

poral alignment of the two cameras was conducted by

employing a LED with a series of intermittent lights

with a time resolution of 1 ms. This LED was placed in

the overlapping FOV of the cameras at the beginning

of each acquisition. Recordings were then aligned such

that the same LED time was shown in aligned frames

from both cameras. Further details of the calibration

and stitching procedures can be found in Arques et al.
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(2018). LSPIV tests for each experimental case were

conducted by sprinkling 3mm diameter black floating

polyester particles (density = 700 kg m–3) onto the

flowing free surface. The LSPIV images, once spatially

processed using the aforementioned procedure, were

then evaluated using PIVlab (https://www.pivlab.de/

or https://github.com/Shrediquette/PIVlab), an open-

source particle image velocimetry (PIV) software. In

this suite, an image pre-processing was performed to

increase the images’ contrast and highlight the buoy-

ant tracers, and a mask applied over the position of the

geometrical obstructions. PIV analysis was performed

on these images. The resulting quantified free-surface

velocity field has spatial resolution of 16mm. Spurious

velocity vectors were discarded by applying a spatial

median filter. Processed datasets for each test case are

in the form of a time series at each position (x,y,t). In

addition to the characterization of the 2Dhydrodynam-

ics, the overall surface flow rate (QinF) during each test

case was derived from the integration of the temporal

mean surface flow velocity over the cross section while

assuming a ratio equal to 0.86 between themean depth-

averaged velocity and the mean surface velocity (Biggs

et al., 2023). Resulting values are presented in Table 2.

2.3. Methodologies for quantification of the

transport of tracers

To mimic the spread of contamination from a sur-

charging sewer network in shallow surface flood flows,

different types of tracers were used as a surrogate for

soluble contaminants present in the sewer pipe flow.

Tracers were introduced into the pipe system 9.47 m

upstreamof themanhole at a steady rate (injection loca-

tion was upstream of the flowmeter). As the sewer flow

surcharged from themanhole andmixed with the over-

land flow on the surface, the 2D spatial evolution of

the tracer was quantified using three different experi-

mental methods. In all experimental cases the flow was

left to fully stabilize before tracer was introduced to the

pipe (see aforementionedwaiting times). Previouswork

(Beg et al., 2020), indicated that the injection location

distance upstream was sufficient to ensure well-mixed

conditions in the pipe network prior to reaching the

manhole structure. Due to the low surface flow depths

(< 25mm) and the vertical momentum introduced by

the sewer surcharge, it was also assumed that the tracer

is rapidly well mixed over the flow depth. Hence the

different methodologies used herein are based on the

2D characterization of depth averaged or surface mea-

surement of tracer and its evolution in space (down-

stream and transversally) and time (depending on the

technique used) within the surface flow.

A total of six experiments utilizing three differ-

ent surface geometrical configurations were completed,

with LSPIV, flow, water depth and contaminant trans-

port data (using the colorimetry and thermal camera Ta
b
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methods; see below). Three of these tests were also

conducted using a point based conductivity approach

for the characterization of contaminant transport,

which was used to evaluate the relative performance of

the different experimental techniques described below.

Table 2 provides details of all the tests conducted and

the measurement techniques used for each case.

2.3.1. Salt tracer/conductivity measurement

In a first set of experiments, a solution of high salt

concentration was used as a tracer which increases

the conductivity of the manhole outflow water com-

pared to the surface inflow water. The conductivity

was then measured at different discrete locations in

the surface flow, using four conductivity probes (by

Endress+Hauser). As the conductivity vs salt concen-

tration relation is linear (see Fagour et al., 2022), the

calibration curves relating the water conductivity to the

manhole outflow concentration can be evaluated based

on conductivity measurements of the surface inflow

(clear water) and manhole outflow (highest concentra-

tion). Given the low flow depths, the elevation of each

probe had to be adjusted to keep it immersed under-

neath the free surface and at a distance larger than

10mm from the bed. The measurement campaign con-

sidered the evaluation of three transects downstream of

the manhole within the surface flow at X1 = 1000mm,

X2 = 1820mmandX3 = 2640mm (Figures 2, 4). Due

to the discrete nature of the measurement technique,

it was not possible to capture the simultaneous spatial

and temporal evolution of tracer as it emerges from the

manhole. Hence all conductivity measurements were

taken in fully evolved (i.e. steady) tracer conditions. To

this end conductivity measurements were left to stabi-

lize before recording at a frequency of 1 Hz and results

are a temporal average over 100 s.

2.3.2. Heat tracer/thermal camerameasurement

In a second set of experiments, the pipe flowwas heated

by adding a limited discharge of hot water (at 60°C) in

the tracer inlet (Figure 1). This resulted inmanhole sur-

charge (Qe) temperatures between 19.2 and 19.9°C rel-

ative to the street inflow (i.e. background) temperature

of 18.3°C. This limited temperature difference between

both flows is considered to have a minimal effect on the

relative water densities but allows the 2D characteriza-

tion of the transport of the surcharging overflow when

flowing in the street using a thermal camera (Xenics

Gobi+ 640 GigE, Leuven, Belgium). The thermal cam-

era was located 2m above the bed near the downstream

end of the flume, looking down at the free surface

towards the manhole further upstream.

For each flow configuration, the surcharging and

surface flows were first established with cold water in

the manhole. Then, the hot temperature inlet was sud-

denly added and the 2D field of surface temperature

over the whole domain was registered at a frequency of

3 Hz and a spatial resolution that depends mainly on

the streamwise position: due to the camera angle, the

spatial resolution is higher in the downstream part than

the upstream part of the street. Measurements were

conducted from the moment of tracer emergence from

the manhole until the temporal evolution of the ther-

mal image became negligible (i.e. fully evolved/steady

mixing regime). As for all optical 2Dmethods, the ther-

mal camera measurement requires the images to be

orthorectified to the Cartesian axis system presented

above. This was subsequently performed by placing 40

resistors at known 2D locations and at an elevation

above the bed equal to the water depth and recording

the pixel location corresponding to these hot points on

the images (without moving the camera).

2.3.3. Dye tracer/optical camera colorimetry

measurement

The third methodology is based on the introduction of

a visible dye (Rhodamine WT) as a tracer in the sewer

pipe flow. The overhead camera system (as used in the

LSPIV tests) was used to measure the 2D light inten-

sity and derive relative depth averaged concentration at

each 2Dposition. Thismethodologywas originally pre-

sented inArques et al. (2018) for flows in a conventional

laboratory flume. Further to the de-warping and stitch-

ing procedure, a colour-based calibration was required

to link image green intensities to the dye concentrations

at each spatial location. Ten different uniform dye con-

centrations were produced in the facility at three differ-

ent depths under controlled lightning. These conditions

were imaged to produce a specific set of calibration

curves according to the observed (fixed) water depth.

A third order regression was performed on the image

green intensities for the given concentrations, allowing

to have a calibration curve specific for each pixel. As

the colour calibration procedure was performed with

still water while tests were affected by surface waves, to

mitigate the presence of outliers due to the surface agi-

tation, the spatial resolution was reduced from 2mm

to 10mm per pixel. The resulting 10× 10mm squares

consisted of the average of the green intensities over that

area. For each test the calibration curves were applied

to the videos to obtain the resulting instantaneous dye

concentrations at each timestep. In most cases the pres-

ence of surface waves interacted with lighting hence

some regions along the test area borders and at differ-

ent transects were affected by flickering. A seven-frame

time filter and a 50× 50mm spatial median filter were

applied to these regions to reduce the influence of the

lighting. Similar to the heat camera tests, the 2D images

were captured from the period of ejection from the

manhole, however due to the need to capture and dis-

pose of the dyed water on exit from the flume in tank of

limited capacity, in some cases (O and M series tests)

the fully evolved/steady mixing conditions were not

reached.
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Figure 3. Streamwise (left) and spanwise (right) time-averaged surface velocity for Q3 (top), O3 (middle) and M3 (bottom) experi-
mental cases based on LSPIV. White regions indicate areas where data is not available or removed due to filtering, red circles indicate
inner and outer manhole circumference.

3. Results

Full datasets and results for all test cases are available

to download at the Zenodo open access project site

(see Muraro et al., 2025). In this section a limited sub-

set of results is presented, with the aim of evaluating

the relative agreement between the experimental meth-

ods and providing a general description of the hydro-

dynamics and contaminant transport mechanisms in

shallow flood flows affected by sewer surcharge with

complex street geometries. Sewer overflow transport

results are presented fromboth evolving conditions (i.e.

the tracer is emerging from the manhole through the

surface flow so that temporal tracer concentration is

non-stationary), and steady/fully evolved (conditions

in which the temporal mean of the tracer data has

become stationary at all positions).

3.1. Velocity fields and depth profiles

Example mean LSPIV 2D surface velocity data is pre-

sented in Figure 3 for each geometrical configuration

case to elucidate the overall (steady-state) flow regime.

Figure 4 presents velocity vector maps of the time-

averaged velocity field. Figures 3 and 4 illustrate the

considerable influence of the manhole surcharge. In

the case of Q3 (where Qe > 2.5 QinF), the manhole

surcharge flow strongly displaces the surface inflow,

generating strong outwards streamwise and spanwise

velocities around the manhole, as the incoming surface

flow is held upstream of the manhole and deflected to

the edges of the street width. Downstream of the man-

hole, the flow is uneven, with a bimodal distribution of

streamwise velocities (i.e. with higher velocity towards

the side of the channels). Hence the overall flow struc-

ture is analogous to a shear layer between the sewer

efflux flow and surface inflow dominated regions. Fur-

ther examination of LSPIV data from cases Q1 and Q2

show that the shear layer position is governed by the

magnitude of the sewer surcharge (this is not displayed

here but can be also observed in section 3.2). Further

downstream, lateral velocities show a very small overall

movement of mass back from the edges into the cen-

tre. As expected flow depths (Table 2) in the vicinity of

the manhole (S1−6) for all cases are dominated by the

complexity of the local surcharge, whilst depths mea-

sured well (>1 m) downstream of the manhole (S7−9)

in straight configurations show that the overall flow

velocity is slightly accelerating inmost cases, exhibiting

a drawdown profile toward the flume end weir. Mea-

surements of flow depth downstream of the manhole

in O and M series tests are inhibited by the presence of

obstructions.

As expected, flow cases featuring obstructions

exhibit further hydraulic complexity around obstacles,

including local accelerations through narrow sections,

and recirculation zones behind obstructions. Under the

M3 case, the flow exhibits higher depths overall, and the

flow recirculates upstream of the manhole to a greater

extent than in the cases without obstructions, with sig-

nificantly lower mean velocities (however this case is

also under significantly lower inflows).
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Figure 4. Vector maps of the time-averaged velocity field for Q3 (top), O3 (middle) and M3 (bottom) experimental cases based on
LSPIV. To facilitate visualization, one vector every five is displayed.White regions indicate areaswhere data is not available or removed
due to filtering, red circles indicate inner and outer manhole circumference.

3.2. Comparison of tracermeasurement

techniques in a straight street (steady/fully

evolved tracer conditions)

Figure 5 presents direct comparison of the spatial distri-

bution of temporally-averaged tracer concentration at

three transects downstream of themanhole within fully

evolved flow and tracer conditions using the threemea-

surement techniques. Results are presented for three

different hydraulic conditions, under the straight street

configuration (Q series). Due to the different charac-

teristic tracers used, normalized results are presented,

with the range representing the difference between the

concentration of the surface inflow (0) and the man-

hole surcharge (1, based on the measured concentra-

tion immediately downstream of the manhole). For

the Q3 flow condition, the three techniques provide

very similar transects at all the measurement locations

downstream of the manhole, with a slightly higher lev-

els of experimental noise from the heat/thermal mea-

surement based technique. For the lower flow rates,

some variations between the techniques are observed,

with the heat/thermal and salt/conductivity measure-

ments being in generally closer agreement for the Q2

flow condition at X2 and X3, and the dye/camera

based technique resulting in a slightly wider spread

of solute. Results for Q1 are more mixed, with the

salt/conductivity being in closer agreement to the

dye/camera concentrations on one side of the plume,

and closer to the heat/thermal measurement on the

other side of the plume. Overall, in the Q1 condition,

the dye/camera reports the highest transverse mixing

of tracer, followed by the salt/conductivity, with the

heat/thermal technique resulting in the lowest spread.

It should be noted that due to practical limitations

each of these techniques were tested independently
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Figure 5. Comparison of measurement techniques (conductivity/thermal/colorimetry) at three transects: X1 = 1000 mm (left
column), X2 = 1820mm (centre column), X3 = 2640 mm (right column), relative to the manhole centre downstream of sur-
charging manhole for Q1 (top), Q2 (middle) and Q3 (bottom) flow configurations. Temporal average of normalized values in fully
evolved/steady flow and tracer conditions.

(i.e. the flume was reset betweenmeasurements), hence

given the sensitivity ofmixing processes to variations in

velocity fields, it is likely that some deviation is caused

by small variations in experimental conditions (temper-

ature, flow valve opening, side wall positions) between

tests.

Figure 6 presents the normalized 2D spatial distri-

bution of temporally averaged tracer measured using

the thermal and colorimetry methods (which both per-

mit visualization of the entire 2D plume) within fully

evolved conditions. Results are presented for three dif-

ferent hydraulic conditions, under the straight street

configuration (Q series). Downstream of the manhole

the 2D visualizations largely concur with the analysis

of the transects. The highest flow rate (Q3) exhibits

the highest similarity between the two techniques, with

minimal transverse mixing of the dye downstream of

the influence of the manhole, and minimal concentra-

tion gradients within the central region of the plume

at x ≈ > 100mm and –200mm < y < 200mm. For

the lower flow rates (Q1 andQ2) the heat/thermalmea-

surements suggest a slight transverse narrowing of the

plume beyond approximately x = 1500mm, with the

reported plume width remaining approximately con-

stant when using the dye/camera based technique. This

effect may be due to net advection from the flume

edges into the channel centre, downstream of the influ-

ence of the initial momentum from the manhole sur-

charge (see Figure 3), or a technique-specific issue such

as cooling of the tracer at the plume edge. The local

area in and around the manhole also appears differ-

ently under the two techniques. For the Q3 case, con-

centrations in the upstream vicinity of the manhole

appear high (>1); this may also be due to local areas

of high flow depth disturbance around the manhole

due to the localized effect of the sewer surcharge

under high Qe values (as this method is sensitive to

flow depth), or alternately localized intermittent light

reflections caused by complex surface flow patterns

in this area.

3.3. Temporal evolution of tracer around a central

obstruction (thermal and colorimetry techniques)

Figure 7 presents normalized instantaneous 2D spa-

tial distribution of tracer at three time points relative

to the first emergence of tracer from the manhole (i.e.

t = 0), measured using the thermal and colorimetry

techniques for case O3. Considering that tracer tests

are conducted independently, comparison of colorime-

try and thermal techniques show a very good agree-

ment in terms of overall spatial extent of the tracers at

the three time points. Some differences are observed

in terms of concentration gradients upstream of the

obstruction and around the manhole as the simulation

progresses. At t = 40 s the colorimetry technique sug-

gests more uniform distribution of tracer within the

central plume, and sharper concentration gradients at

plume edges than the thermal technique. This effect

may potentially be a function of local cooling effects

of the thermal tracer or differences between the depth

averaged (measured using the colorimetry technique)

and surface concentrations (measured with the ther-

mal camera). It is also noted that for the dye-based

techniques some local regions suffer from influence of

direct lighting reflections (e.g. around y = −400 and
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Figure 6. Normalized temporally averaged 2D spatial distribution of tracer in straight street configuration in fully evolved tracer
conditions using thermal (left) and colorimetry (right) techniques over three hydraulic conditions (Q1, Q2 and Q3 on top, middle and
bottom, respectively).

Figure 7. Instantaneous 2D spatial distribution of tracer at times relative to first tracer emergence in the presence of a central
obstruction (O3 case) using thermal (left) and colorimetry (right) techniques (normalized relative to measurement at manhole out-
flow). Images represent the concentration distribution after 10, 20 and 40 s (top, middle and bottom, respectively) from the initial
emergence.

+400) resulting in deviations of ∼10%. Both tech-

niques demonstrate the considerable complexity of the

flow andmixing processes behind the local obstruction,

in which the formation of eddy structures causes con-

siderable heterogeneity in concentrations which persist

40 s after contaminant surcharge.

3.4. Temporal evolution of tracer through an

alternate obstacle arrangement (thermal and

colorimetry techniques)

Figure 8 presents normalized instantaneous 2D spa-

tial distribution of tracer concentration at three time
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Figure 8. Instantaneous 2D spatial distribution of tracer at times relative to first tracer emergence in the presence of alternate obsta-
cles (M3 case) using thermal (left) and colorimetry (right) techniques (normalized relative to measurement at manhole). Images
represent the concentration distribution after 20, 40 and 80 s (top, middle and bottom, respectively) from the initial emergence.

points relative to the first emergence of tracer from

the manhole (i.e. t = 0), measured using the thermal

and colorimetry techniques for case M3. Similarly to

the single obstacle case (O3), the temporal evolution

of tracer through the alternate obstacle arrangement

shows a general good agreement in terms of overall spa-

tial extent at the three time points. Observable differ-

ences in the two techniques are associated with relative

concentration magnitudes in the vicinity of the man-

hole upstream of the first obstruction, with the thermal

technique reporting similar concentrations upstream

and downstream and the dye-based technique report-

ing more trapping of the tracer and persistently higher

concentrations upstream of the manhole potentially

due to local recirculation and lower/negative veloci-

ties in this region (Figure 3). Similarly to the previ-

ous case (O3), differences may be caused by differen-

tial cooling of the thermal tracer at longer timescales

due to local thermal gradients or surface vs depth

averaged differences. From both Figures 7 and 8,

notable features include narrow concentrated plumes

within regions of accelerated flow between side walls,

obstacles and recirculation zones. Around recirculation

zones there is considerable heterogeneity in contami-

nant concentrations with low pollution zones persist-

ing well beyond 80 s after tracer surcharge from the

manhole.

4. Discussion

This paper has considered the use of three alternate lab-

oratory measurement techniques to evaluate the spread

of tracer in flows with characteristics similar to shal-

low urban flood conditions, i.e. shallow depths, high

aspect ratios, heterogeneous flow fields, with contami-

nants emerging from surcharging of an urban drainage

with varying degrees of efflux andmomentum. In terms

of practical considerations, point measurements using

conductivity probes are relatively low cost, require

high levels of tracer if the number of measurement

points increases, and provide robust measurements

with minimal/straightforward calibration and process-

ing requirements. Key disadvantages are associated

with the nature of point measurement techniques, i.e.

the impractically of characterizing the simultaneous

spatial and temporal evolution of tracer over a large

measurement using a limited number of pointmeasure-

ments. Moreover, the measurement duration is directly

proportional to the number of measurement points

(including the requirement to relocate probes to differ-

ent measurement positions). In contrast, the utilization

of colorimetry allows an excellent understanding of the

spread of soluble tracer in 2D and in temporally evolv-

ing conditions. However, limitations of this technique

are associated with the need to provide controlled and

constant lighting conditions. In practice this is very dif-

ficult to achieve over a large measurement area so that,

in limited regions of the flow field, errors can be caused

by direct light reflection on thewater surface (providing

a noisy optical signal). Further, due to the depth sensi-

tivity of the technique, the calibration requirements are

quite onerous (with calibration relationships required

at multiple flow depths) and further errors can be con-

sidered when charactering flows with rapidly varying
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depths (i.e. in this case the hydraulically complex region

close to the manhole which features rapid changes in

depth and velocity). For this technique relatively high

concentrations of tracer are needed to provide suffi-

cient contrast, and a high level of care must be taken

over data processing and filtering. For both the con-

ductivity and colorimetry methods, the water seeded

with salt or dye cannot be reused by the experimental

device (Riviere et al., 2024) and must be disposed of.

Thermal measurements provide a rapid 2D view of the

flow field, and as the reading is not depth sensitive, cal-

ibration is relatively easily achieved. Orthorectification

of the images can be achieved using an array of well-

located resistors. One major advantage is that the water

can be reused, as long as the warmed water used in the

experiment has time to cool downwithin the laboratory

sump. Nevertheless, the thermal cameras remain more

expensive than the optical cameras (the thermal camera

used herein costs about 10,000e vs 400e for each opti-

cal camera), and limitations can arise in very large-scale

experimental flumes and at longer timescales due to the

non-conservative tracer, i.e. where thermal exchanges

with the surrounding atmosphere are no-longer negli-

gible. Furthermore, it is important to note that while the

colorimetry provides a depth-averaged concentration

data, the thermal camera provides 2D maps of the sur-

face temperature. Future studies of transport processes

in flows with similar characteristics should recognize

that differences in 2D measurement techniques are

non-trivial; however, even considering inherent limita-

tions and associated uncertainties these methods pro-

vide valuable insights into contaminant transport pro-

cesses in the challenging context of shallow floodwater

and are in broad agreement regarding overall spatial

extents of contaminants.

It is anticipated that datasets provided by this study

will be of value to modelling groups for validation of

numerical approaches for the simulation of contam-

inant transport processes in urban flood conditions

(Mignot et al., 2023), as to the best of the authors

knowledge no equivalently detailed datasets are cur-

rently available. This will enable an increased confi-

dence in modelling of and risk assessment of water-

borne public health risks during floods (Addison-

Atkinson et al., 2022). Whilst overall measurement

limitations should be recognized when calibrating and

validating numerical models, the overall impacts of

measurement uncertainty may be considered minor

when considering the overall context of localized urban

flood risk, whereby othermodelling uncertainties (such

as urban hydrology or topography) may be very

significant.

The description and modelling of local flow depths

around the manhole using the same physical model

under similar surcharging conditions have previously

been explored in Martins et al. (2017) and Moodi et al.

(2024) and therefore will not be covered in further

detail here. In terms of contaminant transport process,

results here demonstrate significant variation due to

the complexity of the local hydraulic processes. Trans-

port processes in free surface flows are characterized

by turbulent diffusion and advection processes (Ruther-

ford, 1994); however, in this case turbulent eddies

which drive diffusion are expected to be limited by

low flow depth and flow roughness conditions, and

transport processes are hence largely advection domi-

nated. This can be observed in the straight street cases,

where downstream of the manhole there is very lim-

ited/negligible transverse spreading of tracer over the

mixing layer, with overall plume width, transverse con-

centration gradients and peak concentrations largely

unvarying in the region 500mm < x < 2700mm. In

these cases, it is suggested that small local advection

towards the channel centreline in the transverse direc-

tion acts to counter any turbulent diffusion effects in

spreading the plume.

In all cases considered here, the initial influence of

the manhole surcharge and the local momentum of the

flow field has a significant impact on the distribution of

tracer, and hence characterization of both the mass and

momentum exchange from surcharging flows is likely

to be important when understanding the distribution

of contaminants in urban floods with similar hydraulic

characteristics. The strength of the surcharge is also

significant in understanding position of the down-

stream interface/shear layer between the sewer efflux

and surface inflows as well as the contaminant spread

upstream of themanhole. In this upstream region nega-

tive streamwise velocities from the surcharge flow cause

the advection of tracer against the primary direction of

the surface inflow. This effect is negligible in the case of

Q1, but becomes more significant as the surcharge flow

is increased (Q2 and Q3).

As anticipated, the transport of contaminants is

highly sensitive to the variations in local flow pathways

and velocity fields, which can be significantly influ-

enced by small or larger scale urban furniture (trees,

kiosk, bus-stops, parked cars, etc.). The presence of

these features forms local separation and recirculation

zones, for example in the region immediately behind

the obstructions in the O and M series cases, as well

as adjacent to the first obstruction in the M series case

(around 1300 < x < 1800, −120 < y < 120mm). As

transport is dominated by mean flow advection, strong

concentration gradients persist over these regions well

beyond the timescales required for complete mixing

within the main flow field. The effect of downstream

obstructions in providing additional flow resistance is

also significant in terms of overall increased flowdepths

and increasing the presence of slow recirculation zones

upstream of the manhole. For example, in the case of

M3, the scalar velocities upstream of the manhole are

very small (absolute values < 0.05 m s–1) over a large

area (throughout the region x < 0). At long timescales
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(≈ 140 s after surcharge) the sewer efflux and diffu-

sion processes cause the tracer spread upstream to the

measurement boundary (x = −700mm) around the

central flow region (−400 < ≈ y ≈ < 400), with the

mean advection from the surface inflow only dominat-

ing the sewer efflux and diffusion processes towards the

channel edges. Based on these results it is considered

that modelling of contaminant fate in urban flood con-

ditions is therefore likely to be highly sensitive to the

faithful representation of flow fields around such urban

features, requiring detailed modelling approaches and

high resolution urban geometry data to achieve accu-

rate results (Mignot et al., 2013).

It should be noted that the experimental conditions

simulated in this work represent a limited subset of

the range of potential flow conditions and contami-

nant characteristics likely to be encountered in urban

flood conditions (Fagour et al., 2024). Further work

may consider unsteady conditions, more complex flow

structures (e.g. through street junctions) and deeper

flood events with more significant vertical velocity

and concentration gradients. Besides, work to date

has focused on conservative neutrally buoyant trac-

ers; however, contaminants may be positively or neg-

atively buoyant, and can travel as sediments (Genouel

et al., 2024). Finally, the longer term transport and

survival/persistence of pathogens and contaminants of

concern in urban soils and other surfaces require more

detailed investigation.

5. Conclusions

The research presented in this study provides an exam-

ination of the transport of soluble contaminants in

shallow urban floodwaters from a sewer surcharge uti-

lizing an experimental scalemodel. The findings under-

score the intricate interplay between hydraulic dynam-

ics, street geometry and flow conditions which col-

lectively govern the transport and dispersion of con-

taminants. By systematically evaluating three distinct

measurement techniques – conductivity probes, ther-

mal imaging and colorimetric analysis – the study

highlights the relative advantages and limitations of

each method in accurately capturing the 2D contam-

inant transport in dynamic shallow urban flooding

scenarios.

Results demonstrate that contaminant transport is

advection dominated and significantly affected by local-

ized flowvariations, initial surcharge/effluxmomentum

effects and the presence of obstructions, which alter

velocity pathways and introduce complex recirculation

zones. The study confirms that high-resolution data,

such as that obtained from colorimetry and thermal

imaging, offers a nuanced understanding of spatial and

temporal solute distribution, a critical factor for model

calibration in urban flood risk assessments. Although

conductivity probes offer robustness and low calibra-

tion requirements, the approach is fundamentally lim-

ited in spatial scope and ability to characterize evolving

(non-steady) conditions. The 2D data from thermal

and colorimetric methods is instrumental in illustrat-

ing the effects of flow obstacles, channel narrowing, and

efflux momentum from sewer outflows. It should how-

ever be noted that thermal imaging is relatively costly

and sensitive to environmental thermal exchanges, col-

orimetry requires controlled lighting and significant

calibration effort, and can be susceptible to localized

errors due to lighting reflections. It has been shownhere

that although in broad agreement, differences between

experimental techniques are non-negligible in terms

of characterizing specific local concentrations. These

findings emphasize the importance of choosing mea-

surement techniques tailored to specific hydrodynamic

conditions and contaminant characteristics in urban

flood flows, and the awareness or measurement limi-

tations.

This research contributes a novel open-access

dataset (Muraro et al., 2025) that enables the val-

idation of operational numerical models, enhanc-

ing predictive capabilities and facilitating the accu-

rate assessment of public health risks associated with

waterborne contaminants in flood-prone urban areas.

Future studies could build on this work by exploring

the influence of varied contaminant densities, multi-

directional flow structures, and complex urban fea-

tures such as street intersections, flow intrusion into

built-up or widely open areas. Additionally, investigat-

ing non-conservative tracers could further inform the

modelling of contaminant persistence and biohazard

distribution.

Acknowledgements

This work was funded by Co-UD labs (https://co-udlabs.eu/)
and has received funding from the European Union’s Hori-
zon 2020 research and innovation programme under grant
agreement No 101008626. The authors would also like to
thank Christopher Green for technical laboratory support
and Katherine Parkinson for her assistance in drafting tech-
nical figures.

Disclosure statement

Nopotential conflict of interest was reported by the author(s).

Funding

This work was supported by H2020 Research Infras-

tructures [grant number 101008626].

Notation

Fr Froude number (of combined surface flow) (–)

Qe flow in sewer pipe, exchanged to surface flowvia

manhole (surcharge/efflux flow). (l s–1)
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QinF surface inflow, upstream of manhole (l s–1)

Qtot total flow (surface and sewer flow) (l s–1)

Re Reynolds number (of surcharge flow) (–)

S1−9 local flow depth at measurement position

S (mm)

t time (s)

x,y Cartesian coordinates, manhole centred at

x,y = 0,0 (mm)

�p Pipe diameter (mm)

�lid Lid opening diameter (mm)

�m Manhole diameter (mm)
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