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Abstract 

This study uses a physical model to quantify shallow water depths around a scaled manhole during drainage 

(surface to sewer flow exchange) conditions and through a scaled manhole. A series of tests have been 

conducted within an experimental facility over a range of steady-state (flow exchange rate) conditions. The 

datasets have been used to validate both a 2D Finite Volume Model and a 2D Finite Difference Model. The 

results show a very close agreement between experimentally observed and numerically modelled flow depths 

irrespective of the flow exchange between the surface and the sewer system. The results provide increased 

confidence on the reliability of these two numerical methods to model surface to sewer flow under different 

steady state hydraulic conditions. 
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1. Introduction 

Climate change is likely to cause shifts in the intensity of flood events, in some regions increase the exposure 

of populations to severe flooding [1]. The frequency and magnitude of urban flooding events is expected to 

increase in the future [2, 3] hence there will be more damage in terms of loss of business, livelihoods plus 

increased inconvenience for citizens [4]. These potential risks underline the importance of modelling tools to 

evaluate flow paths in urban areas and accurately evaluate risk. Existing urban drainage systems models are 

commonly modelled using numerical hydraulic models. However flood modelling is often faced with the 

concern of how to model and reproduce the hydraulic behavior of complex structures such as manholes and 

gullies which are commonly used to connect the surface system to the sewer system. These structures allow 

water to be drained from the surface to the sewer system in “normal” conditions when the sewer is not 

surcharged, or during exceptional events, they become pressurized and water may flow in the opposite direction 

(reverse flow). The flow within these systems is highly complex and is often represented using semi empirical 

methods within models. Due to a paucity of full scale data the calibration and validation of such linking 

methodologies is challenging. It is therefore important to provide a better understanding of the flow patterns 

through these structures and the consequent interaction between surface and sewer flows. 

Experimental studies investigating surface-sewer flow interaction via gullies and manholes are rare. 

However, [5] investigated the hydraulic efficiency of transverse grates within gully systems and proposed new 

mathematical expressions to define the hydraulic efficiency of gullies and manholes; [6,7,8] have investigated 

the effectiveness of the grate inlet and [9,10,11] proposed different modifications on the existing grate inlet 

design. 

Numerical studies of gullies and manholes are limited due to the lack of experimental data for 

calibration/validation as well as long computational times when simulating 3D flows [12]. However some 

studies have been conducted: [13] analysed experimental results from a surcharging jet arising from the reverse 

flow out of a manhole after the sewer system became pressurized; [14] focused on surface recirculation zones 

formed downstream of gullies; both studies have used experimental data to model flow patterns inside gullies 

and manholes using CFD. 
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There are only three experimental facilities of which we are currently aware that at the present time can 

simulate both drainage and reverse (surcharging) flows through urban drainage hydraulic structures; one is 

located at the Kyoto University [15], one is at the University of Coimbra [13, 16] and another is the 

experimental facility used for this study at the University of Sheffield [17, 18]. 

The objective of this work is to validate two alternate numerical models (Finite Volume and Finite 

Difference) against experimentally observed data in the case of surface to sewer flow exchange conditions. 

Experimental tests are conducted within a scaled facility for 10 steady state conditions in which the exchange 

rate is varied via increasing the surface flow depth. Water depths are measured at nine points on the surface. One 

of this measurement points (downstream of the manhole, 600 mm before the surface outlet – Pds in Table 1) is 

used to establish boundary conditions for the numerical model, the remaining eight measurements (around the 

manhole) are used for model validation.  

The experimental installation is presented in Section 2.1 along with the numerical models used (section 2.2, a 

2D Finite Volume Model and a 2D Finite Difference Model). Section 3 presents the numerical and experimental 

results and discussion followed by the conclusions (Section 4).  

 

2. Models 

2.1. Experimental Model 

The experimental set-up utilised is situated in the water laboratory at the University of Sheffield (UK) [15]. It 

consists of a scaled model of a pipe/urban drainage system, and a shallow free surface flume linked via a scaled 

manhole (Figure 1). The surface flume is 4 m wide by 8.2 m long with slope of 1/1000 in the longitudinal 

direction. At the downstream end of the flume the flow is controlled by an adjustable weir. The pipe is 

constructed from acrylic pipes (inner diameter = 0.075 m). Linking the surface to the pipes is one circular 

acrylic manhole with 0.240 m inner diameter and 0.480 m depth.  

The facility is equipped with a SCADA system (Supervision, Control and Data Acquisition) through 

Labview software that allows the real time operation and monitoring of flow rates, hence flow to surface and 

pipe networks can be controlled independently. A pumping system in a closed circuit supplies water within the 

entire facility. The inlet pipes of both surface and sewer system are fitted with an electronic control valve 

operated via Labview software.  

Calibrated electro-magnetic (MAG) flow meters were installed at the upstream and downstream inlet pipes of 

both the floodplain and sewer systems in order to measure the system inflow (Q1, Q3) and outflow (Q2, Q4) and 

calculate the steady state surcharge rate (Qe). Each flow meter was independently verified against a laboratory 

measurement tank. Based on these tests, the exchange rate based on the sewer flow meters (Q3 and Q4) were 

found to provide the most accurate flow readings (within 2.5% of measurement tank values in all cases). Hence 

for the tests reported here Qe is defined based on mass conservation principles and sewer flow measurements 

(Figure 1).  

𝑄𝑒  =  𝑄3 –  𝑄4                                                                  (1) 

Sixteen pressure transducers (of type GEMS series 5000) were installed to measure floodplain water depths 

at different locations on the surface and around the manhole (nine). The location of the transducers is presented 

in Figure 2. To ensure reliable depth and flow rate quantification for each test, flows were left to stabilise for 5 

minutes before flow rates and depths were recorded. Each reported depth/flow measurement is a temporal 

average of 5 minutes of recorded data after flow stabilisation such that full convergence of measured parameters 

is achieved. 

For the tests reported in this paper, there is no grate covering the manhole. This could represent the case in 

situations such as removal due to operational use [16] or projection of the grate during extreme reverse flow 

such as urban geysers [13]. 

Two different downstream surface boundary configurations were tested over a range of flow exchange flow 

rates. Conf1, a flat weir as a downstream boundary condition; Conf2, a raised weir (elevation starting point 2 

cm, with increments of 4-5 mm) as a downstream boundary condition to increase water levels on the surface and 

around the manhole. 

For each configuration flow exchange is also varied by controlling the inflow to the surface (Q1). For Conf1 

the inflow to sewer (Q3) was also varied, however it was found that the pipe flow was not sufficient to affect the 

flow exchange rate (i.e. free weir drainage conditions were observed for all Conf1 cases). Table 1 provides 

details of the experimental conditions for each test conducted. 



Table 1. Flow conditions utilized for the different experimental configurations. 
Test Q1 (m

3/s) Q3 (m
3/s) Pds (mm) Qe (m

3/s) Fr (-) Re,p (-) 

Conf1    

   

1 0.00275 0.00275 7.34 0.00047 0.216 54559 

2 0.00356 0.00275 8.22 0.00061 0.247 57042 

3 0.00415 0.00414 8.88 0.00066 0.264 81365 

4 0.00484 0.00509 9.55 0.00073 0.283 98766 

5 0.00550 0.00573 10.11 0.00075 0.303 109912 

Conf2       

6 0.00554 0.00000 20.90 0.00189 0.178 31971 

7 0.00627 0.00000 27.06 0.00502 0.137 85021 

8 0.00726 0.00000 32.68 0.00668 0.117 113294 

9 0.00790 0.00000 34.60 0.00719 0.116 121852 

10 0.00870 0.00000 39.01 0.00766 0.105 129876 

Note: Q1 = surface inflow, Q3 = sewer inflow, Pds = downstream boundary conditions, Qe = flow exchange; hsurface = water depth upstream 

manhole; Re,p = Reynolds number pipe; Re=ρvpD/μ; and Fr = Surface Froude number Fr=vs/(ghsurface)
0.5, vs = mean velocity surface. 

 

Fig. 1. Longitudinal profile of the experimental setup. 

  

Fig. 2. Location of the measurement points around the manhole (Not in scale). 

2.2. Numerical Models 

Two numerical methods had been used for the analysis, a 2D Finite Volume Model [19] and a 2D Finite 

Difference Model [20]. A mesh convergence analysis suggested the use of a convergence (depth) threshold-error 

no bigger than 10
-4

 and no less than 10
-6

. To isolate differences between the two numerical models utilized, the 

same boundary conditions have been applied. The experimental location of manhole was used to determine 

manhole meshes, Qe was used to represent inlet discharge from surface to sewer by applying the continuity 



equation. Q1 and water depth at Pds were used as upstream and downstream boundary conditions, respectively. 

At the southern and northern boundaries (lateral), a wall boundary condition was employed (reflective). 

3. Results and Discussion 

In this section, experimental and numerical datasets are analysed. Figure 3 displays plots of predicted 

numerical and measured experimental depths at P0, P1, P2, P3, P4, P5, P9, P10.  

 

  

  

  

  
  

Fig. 3. Steady state numerical (FDM and FVM) and experimental depths at selected sampling points around the manhole. 
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At each measurement location displayed, the behaviour of the experimental observations and numerical 

results are seen to be quite similar (within 1 mm) for tests conducted within Conf1. This is due to the symmetric 

and stable direction of the flow entering the manhole in a uniform way as displayed in Figure 4 (left) for tests 1-

5. For tests conducted with Conf2, 6-10, results confirm the similar trend between experimental and numerical 

results but the discrepancies are higher (1-3 mm). For these 5 cases, the downstream weir had been raised (as 

stated in section 2.1), causing an increase in water levels on the floodplain. This has initiated a higher amount of 

water entering the manhole that generated a vortex that was not symmetric and could justify the discrepancies 

due to high variations of instantaneous water depths (Figure 4, right). During the Conf2 tests, due to the same 

phenomenon, the numerical steady state was not fully reached in all cases and this justifies slightly higher 

discrepancies obtained with FVM results in comparison with FDM results for the range of tests 6-10.  

 

Conf1 – Top view (test 1) Conf2 – Top view(test 9) 

  
Conf1 – Frontal view(test 1) Conf2 – Frontal view(test 9) 

  

Fig. 4. Local floodplain to sewer interaction example for Conf1 (test 1) and Conf2 (test 9). 

4. Conclusions 

This work has explored the numerical and experimental modelling of the floodplain to sewer flow exchange 

flow. A physical model, linking a slightly inclined urban floodplain to a sewer system, was used to carry out 

measurements under steady state flow conditions. Ten steady state experiments were conducted during which 

water levels at sampling points, surrounding the manhole, were measured. A finite volume numerical model was 

tailored to produce alternative simulation results. The numerical results have been compared with the 

experiments in terms of depth around the manhole at eight sampling points. Detailed comparisons between 

experimental results and numerical ones obtained with a 2D Finite Difference Method and a 2D Finite Volume 

Method at the sampling points show very consistent agreement between the numerical and experimental water 

levels (max discrepancy 5 mm). It can therefore be concluded that the proposed 2D numerical approaches are 

able to model sewer and floodplain interaction reliably. Future work will consider the same comparison for 

different hydraulic scenarios (sewer to floodplain flow) plus a Particle Image Velocimetry system will be 

implemented within the experimental facility to provide a better quantification of streamlines and flow patterns 

and local velocities in shallow urban flood flows. 
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Notation 

D = pipe diameter (m) 

hsurface = water depth urban surface (m) 

Fr= Froude number urban surface (-) 

g = gravitational acceleration (m/s2)  

Q1= Inflow to floodplain surface (m3/s) 

Q2 = Outflow from floodplain surface (m3/s) 

Q3 = Inflow to sewer pipe (m3/s) 

Q4 = Outflow from sewer pipe (m3/s) 

Qe = Flow exchange (m3/s) 

Re,p = Reynolds number pipe (-) 

vp = velocity pipe system (m/s) 

vs = velocity urban surface (m/s) 

ρ= density (kg/m3) 

μ = dinamic viscosity (m2/s) 
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