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Abstract Understanding the strengths and limitations of the modeling capacity of surface flooding in
urbanized floodplains is of utmost importance as such events are becoming increasingly frequent and extreme.
In this study, we assess two computational models against laboratory observations of surface urban flooding in a
reduced‐scale physical model of idealized urban districts. Four urban layouts were considered, involving each
three inlets and three outlets as well as a combination of three‐ and four‐branch crossroads together with open
spaces. The first model (2D) solves the shallow‐water equations while the second one (3D) solves the Reynolds‐
averaged Navier‐Stokes equations. Both models accurately predict the flow depths in the inlet branches. For the
discharge partition between the outlets, deviations between the computations and laboratory observations
remain close to the experimental uncertainties (maximum 2.5 percent‐points). The velocity fields computed in
3D generally match the measured surface velocity fields. In urban layouts involving mostly a network of streets,
the depth‐averaged velocity fields computed by the 2D model agree remarkably well with those of the 3D
model, with differences not exceeding 10%, despite the presence of helicoidal flow (revealed by the 3D
computations). In configurations with large open areas, the 3D model captures generally well the trajectory and
velocity distribution of main surface flow jet and recirculations; but the 2D model does not perform as well as it
does in relatively channelized flow regions. Visual inspection of the jet trajectories computed by the 2D model
in large open areas reveals that they substantially deviate from the observations.

Plain Language Summary Advancing our modeling capacity of urban flooding is of utmost
importance for improving the design of risk reduction measures. During extreme urban flooding, complex flow
patterns develop in urban environments, involving three‐dimensional flow structures. Though, urban floods are
commonly simulated with two‐dimensional computational models. So far, no detailed comparison between flow
fields predicted by two‐ and three‐dimensional computational models were conducted and assessed against
reference data such as experimental observations for representative configurations of urban flooding. In this
study, we assess two computational models against laboratory observations of urban flooding in a reduced‐scale
physical model of an idealized district.

1. Introduction
Worldwide, rapid urbanization and more frequent extreme rainfall events increase the frequency and severity of
urban floods (Chen et al., 2015; Fang, 2016; Hettiarachchi et al., 2018), such as the disastrous events of July 2021
in Zhengzhou, China (Guo et al., 2023) and in Europe, particularly in Germany and Belgium (Bosseler
et al., 2021; Fekete & Sandholz, 2021). Urban floods cause huge economic losses and a high number of fatalities
(Kreibich et al., 2019; Lv et al., 2022). Flood risk modeling and management is thus a high priority for sustainable
urban management (Guo et al., 2021; Rosenzweig et al., 2021). The focus is set here on surface urban flooding, as
typically encountered in the case of riverine floods affecting urbanized floodplains. Urban flood flows are
particularly complex due to the multiple pathways typically present in urban environments, such as in street
networks (Luo et al., 2022). Therefore, advancing the understanding of flow processes in an urban district is of
utmost importance for improving the accuracy of management tools, such as computational models predicting
hazard and risk (Mignot and Dewals, 2022).
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Urban flow paths are generally shaped by the arrangement of obstacles, such as building blocks, in the floodplains
(Leandro et al., 2016). Since the flow aspect ratio (depth to width ratio) reaches relatively high values during
extreme events (Mignot et al., 2006; Paquier et al., 2020), shallow water flow conditions may not be prevailing
and three‐dimensional flow structures are likely to develop (Mignot et al., 2013; Rong et al., 2020). However, so
far, no detailed comparisons between flow fields predicted by two‐ (2D) and three‐dimensional (3D) computa-
tional models were conducted and assessed against reference data such as experimental observations for repre-
sentative configurations of urban flooding.

Several studies explored the 3D flow structure in single open‐channel junctions or bifurcations using detailed
laboratory experiments or 3D computational modeling.

• Weber et al. (2001) used an acoustic Doppler velocimeter (ADV) to perform velocity and turbulence mea-
surements in a laboratory model of a single 90° junction. The compiled dataset was later used for assessing
computational models. Using a commercial computational fluid dynamics (CFD) code, Chen et al. (2017)
obtained good predictions of the observed flow characteristics, with mean absolute percentage error of
respectively 5%, 10% and 18% for water surface elevation, longitudinal velocity and transverse velocity.
Based on a different commercial CFD model, Luo et al. (2018) also found a good agreement between the
experimental and the numerical results concerning the main features in the primary flow, secondary flow,
turbulent kinetic energy, and water surface variations. Both Chen et al. (2017) and Luo et al. (2018) adopted
the volume of fluid technique to track the water surface variations.

• Based on another experimental facility of a single 90° junction, Mignot et al. (2012) conducted ADV mea-
surements revealing the evolution of streamwise velocity distributions along the main channel. They tested the
same 3D CFD model as used by Chen et al. (2017), but they adopted the rigid lid approximation for defining
the water surface. Computed magnitude, size, and spatial positioning of most flow structures were well
reproduced by the computations, except for the extent of the main recirculation zone which was overestimated
in the near‐bed region.

• Mignot et al. (2013) applied particle image velocimetry (PIV) to measure horizontal velocity fields in a 90°
bifurcation model and they investigated the influence of square obstacles on flow patterns, but 3D flow
structures were not explored and only 2D computations were performed.

• Schindfessel et al. (2015) applied surface particle tracking velocimetry (PTV) and ADV to shed light on the
flow structures developing in a 90° junction with a chamfered cross‐section and a high lateral inflow (up to
95% of total inflow). Compared to the case of a lower lateral inflow, the experimental observations, combined
with large eddy simulations (LES), revealed a recirculating eddy in the upstream branch, stronger helicoidal
cells and zones of upwelling flow downstream of the flow intersection.

• Momplot et al. (2017) carried out experiments in a three‐branch bifurcation model. By combining 3D sim-
ulations and experimental visualization of streamlines using dye injection, they discovered a helix‐shaped
vertical recirculation downstream of the side branch for certain combinations of Froude number and aspect
ratio of the upstream channel.

In these studies, considerable efforts were made to explore flow surface velocity pattern or three‐dimensional
flow structures, but they are all restricted to a single junction or bifurcation. In contrast, the case of a more
comprehensive street network has not received the same attention.

Studies covering (parts of) an urban district focused mostly on analyzing water levels, discharge partition between
the streets, and in some cases the distribution of surface velocity (Dewals et al., 2023; Finaud‐Guyot et al., 2018,
2019; Li, Erpicum, et al., 2021; Li et al., 2022b; Mejia‐Morales et al., 2021; Mejía‐Morales et al., 2023; Testa
et al., 2007; Velickovic et al., 2017; Zhu et al., 2023).

• Based on a 5 m by 5 m experimental setup representing a network of 14 streets, with 49 crossroads, Finaud‐
Guyot et al. (2018) focused mostly on analyzing the discharge partition between the street branches, but the
entire surface velocity field was not mapped in 2D.

• Based on a 3D computational model, Zhu et al. (2023) investigated flood discharge intrusion into groups of
buildings of various layouts. However, the analyses were focused mostly on flow exchange and danger for
pedestrians, while details of the flow structures were not characterized.

• In a street network involving two inlet branches and three outlet branches, Mejia‐Morales et al. (2021)
experimentally analyzed the influence of flow intrusion into building blocks on flow processes. By mapping
the surface velocity obtained by large‐scale particle image velocimetry (LSPIV), they revealed large
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horizontal recirculations, which hint at the plausible presence of three‐dimensional flow structures such as
secondary currents. The same configurations were simulated by two computational models, but only in 2D and
3D flow features were not analyzed (Dewals et al., 2023).

• Li, Erpicum, et al. (2021) conducted experiments in five geometric configurations representing idealized
urban layouts. In most parts of street networks, strong similarities were found between depth‐averaged flow
velocity computed in 2D and measured surface velocity; but significant deviations between computations and
observations of the flow field were obtained downstream of contraction zones and in configurations involving
relatively large open areas (e.g., representing a square in a real urban area). These differences hint at possible
limitations of the 2D computational model, and they highlight the need for 3D modeling to disclose the reasons
for deviations between computed and measured velocities.

The present study aims at investigating urban flow patterns and structures in a part of a street network using both
2D and 3D modeling, as well as experimental observations. To complement the 2D modeling and the experi-
mental data of Li, Erpicum, et al. (2021), new 3D flow computations were performed in four geometric con-
figurations representing various urban settings, using the open‐source computational fluid dynamics model
OpenFOAM. Systematic comparisons between the outcomes of 2D and 3D simulations as well as the laboratory
observations are performed for the first time for urban flood conditions in a series of geometric layouts. The
comparisons cover inlet flow depths, partitions of outflow discharge at the outlets, as well as measured surface
velocity, depth‐averaged velocity computed in 2D, as well as depth‐averaged and surface velocity fields
computed in 3D. Three‐dimensional flow structures are revealed based on the results of the 3D simulations.

From an engineering perspective, this study contributes to informing practitioners on the need to opt for 3D
modeling depending on the type of urban topography and the flow variables of interest. It also points at which
flow variables computed by 2D models can be safely trusted in engineering practice, and which ones should be
taken with more caution because a 3D model would be more trustworthy to resolve them.

2. Methods
First, the tested urban configurations are introduced, their link with prototype‐scale urban building layouts is
discussed and the experimental facility is described (Section 2.1). The considered flooding scenarios are pre-
sented in Section 2.2. The 2D and the 3D computational models are detailed (Section 2.3).

Figure 1. (a) Geometry of urban forms. The red dashed rectangle shows the central open space where the building blocks are positioned, Lx= 0.48 m, Ly= 1.28 m. Bold
black lines sketch the domain used for numerical modeling; (b) sketch of the four tested urban configurations. In panel (b), the blue‐shaded areas correspond street B3
(referred to in Section 3.3).
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2.1. Urban Configurations and Experimental Setup

2.1.1. Urban Configurations

Four geometric configurations were considered. Each of them represents a portion of an idealized urban district
with distinct layouts of rectangular prismatic obstacles (Figure 1). In each configuration, three inlet branches and
three outlet branches are present. All street intersections have an angle of 90°. The width of all main streets,
including the inlet and outlet branches, was constant and equal to 0.2 m.

The four considered urban forms differ by the size and positioning of rectangular obstacles positioned in the
central region of the experimental model. As detailed in Figure 1b, they are labeled CE, CO, BD, and Px5. In
Configuration CE, the central region is left empty to create a large open space representing a typical square in an
urban area. Though in real‐world squares, the bottom is generally not flat, it was kept horizontal here for the sake
of simplicity. In contrast, Configuration CO involves one large rectangular obstacle covering most of the central
region, so that only a network of streets is reproduced, without large open areas. It leads to an urban layout with
two four‐branch crossroads and two three‐branch crossroads, identical to the setup used by Li et al. (2020) and Li,
Kitsikoudis, et al. (2021). In Configurations Px5 and BD, six rectangular obstacles of the same size (lx = 0.09 m,
ly = 0.36 m, Figure 1) are positioned at different locations to reproduce small streets and relatively large open
spaces surrounded by building blocks or located upstream of building blocks. More details on these layouts were
presented by Li, Erpicum, et al. (2021) and Li et al. (2022b).

Three of the four tested configurations (CE, CO and Px5) are a subsample of a set of 19 configurations studied by
Li, Erpicum, et al. (2021). These 19 configurations were obtained by systematically varying independent pa-
rameters controlling the urban building layouts: the number of streets aligned along directions x and y, as well as
the width of these streets. The configurations selected here (CE, CO and Px5) were reproduced experimentally,
whereas other configurations considered by Li, Erpicum, et al. (2021) were analyzed only by means of
computational modeling. Since, the goal of the present research is to assess the performance of 2D and 3D
computations against laboratory observations, the set of configurations was limited to those for which laboratory
observations are available. The fourth tested configuration (BD) is a variation of Configuration Px5. It was also
tested experimentally (Li et al., 2022a).

2.1.2. Link With Prototype‐Scale Configurations

The present research was entirely conducted at the laboratory‐scale: both the experiments and the computations
were performed based on dimensions corresponding to the experimental setup. Therefore, the comparisons
presented here between laboratory observations and modeling outcomes are by no means influenced by the choice
of a particular scaling procedure. Nonetheless, we provide here an interpretation of the tested urban layouts as a
reduced scale representation of real‐world configurations. The aim is solely to suggest the plausibility of the
tested urban layouts.

In real urban flooding conditions, the horizontal characteristic lengths (e.g., street width) are typically of the order
of 10–102 m. This is considerably larger than the vertical characteristic dimensions (e.g., flow depth) which range
typically between 10− 1 and 1 m (or 10 m in extreme flood conditions). Therefore, it is common to opt for a
geometrically distorted scale model laboratory studies of urban flooding at the level of a network of streets
(Arrault et al., 2016; Finaud‐Guyot et al., 2018; Güney et al., 2014; Li, Kitsikoudis, et al., 2021; Smith
et al., 2016). The vertical scale factor eV, representing the ratio of the flow depths at protype and laboratory scales,
is assigned a larger value than the value of the horizontal scale factor eH, defined as the ratio of horizontal di-
mensions at the protype and laboratory scales. Geometric distortion contributes to ensuring a higher Reynolds
number in the laboratory experiments and reducing the measurement errors in relative terms (e.g., Li et al., 2020).

Assuming a vertical scale factor eV = 5 and a horizontal scale factor eH = 50 (corresponding to a geometric
distortion ratio eH/eV of 10), the 0.2 m wide main streets in the configurations described in Subsection 2.1.1
correspond to 10 m wide streets at prototype scale (as encountered in some densely urbanized areas, as reported by
Mignot et al., 2006), whereas the 0.1 m flow depth prescribed at the outlets in the experiments (see Section 2.2)
represents an inundation depth of 0.5 m at prototype scale. This falls in a range of flow depths frequently
encountered in floodplains in case of riverine flooding. This upscaling of the experimentally tested configurations
is an example. By adjusting the values of the horizontal and vertical scale factors, our tests may also be regarded
as representative of other real‐world configurations (Li et al., 2020; Li, Kitsikoudis, et al., 2021).
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Here, since the model geometry and boundary conditions were kept the same
in the laboratory experiments and in the computations, the Reynolds number
and Froude number remain also unaltered between observations and
computations.

2.1.3. Experimental Setup

The experiments were conducted in a physical model at the Laboratory of
Engineering Hydraulics at the University of Liege in Belgium (Figure 2). It
represents the urban layouts described in Figure 1b. The width of the inlet and
outlet channels is 0.2 m, and the height of the transparent outer sidewalls is
0.3 m. In Configurations Px5 and BD, the building blocks placed in the central
part of the model are made of smooth Plexiglass plates of 0.15 m in height.

The bottom of the model is horizontal and made of smooth PVC, while the
vertical sidewalls are made of Plexiglas. The roughness height of both ma-
terials was estimated at ks = 5 10− 5 m. As discussed by Li et al. (2020)
[Section 6.1], this material can mimic various roughness heights at prototype
scale depending on the considered scale factors and flood scenarios. If a
vertical scale factor in the range of 10–100 is assumed, the corresponding
prototype‐scale roughness would be between 5 × 10− 4 m and 5 × 10− 3 m,
which seems reasonable to characterize standard materials encountered in
urban environments such as asphalt or pavements.

Three independent pipes and pumps were used to supply steady inflow
discharge to each inlet branch (labeled A, B and C in Figures 1a and 2). A

baffle wall with a honeycomb pattern was used in each inlet branch to reduce swirl and smoothen the incoming
flow. In all tests, the inflow discharge was set at the same value in each inlet. Inflow discharges were monitored by
electromagnetic flowmeters (SIMENS‐MAG 5100W) with an accuracy of 0.5% (full range [0–80] m3/h).

The flow depth at each of the three outlets (labeled 1, 2 and 3 in Figures 1a and 2) was regulated with adjustable
weirs. They were set at the same value at the three outlets.

Nine ultrasonic sensors (Microsonic: Mic+35/IU/TC) were utilized to monitor the water levels at model inlets
(green crosses in Figure 1a), model outlets (red crosses in Figure 1a) and in the discharge measurement channels.
The measurement accuracy is 1 mm and the sampling rate is 100 Hz. To alleviate the effect of small fluctuations in
the recorded signals, they were averaged over an interval of 120 s as described by Li, Erpicum, et al. (2021).

The outflow discharge through each of the three outlets was collected in separate measurement channels (straight
horizontal channels, 1.5 m long and 0.2 m wide), each equipped with a 90° triangular sharp‐crested weir at their
downstream end. The discharges were estimated by employing calibrated rating curves (Li et al., 2022a). The
calibration points and the calibrated rating curves for each of the three outlets are displayed in Figures S1a, S1c
and S1 in Supporting Information S1. The agreement between the regression and the data points is characterized
by a coefficient of determination R2 exceeding 0.99 in all cases. Figures S1b, S1d and S1f in Supporting In-
formation S1 shows that the relative error between the measured values and the values calculated with the
calibrated rating curves remains below 1% when the monitored discharge exceeds 3 m3 h− 1. To enable accurate
measurements of outflow discharges below 3 m3 h− 1, such small outflow discharges were measured in the lab by
manually monitoring the filling rate of a bucket, so that the measurement uncertainty remains below 1% irre-
spective of the value of the outflow discharge. More details on this procedure are given by Li et al. (2022a,
2022b). To ensure reproducibility of the results, all measurements were repeated twice as detailed by Li, Erpicum,
et al. (2021).

Large scale particle image velocimetry (LSPIV) was used to measure surface velocity. A commercial camera
LUMIX‐GH4 (resolution of 1,920 × 1,080 pixels, 25 frames per second) positioned 2 m above the bottom of the
laboratory model was utilized. The area of interest was covered by combining movies recorded from several
viewpoints. This enables minimizing hidden areas and increases the spatial resolution. In regions where movies
obtained from several viewpoints overlap, it was possible to show that the velocity estimates from the different
movies were consistent, as detailed by Li, Erpicum, et al. (2021) and Li et al. (2022a, 2022b).

Figure 2. Physical model of the street network, configuration CE. The letters
A–C and the numbers 1–3 denote the inlets and the outlets of the physical
model, respectively.
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Sawdust with a diameter between 1 and 3 mm was selected as seeding material. Its light color contrasting well
with the PVC bottom of the model (Figure S2 in Supporting Information S1). The sawdust was injected at the
three inlets and captured at each outlet with a basket. Each video was recorded during at least 60 s (i.e., 1,500
images), which was found sufficient to reach convergence of the results (Li, Erpicum, et al., 2021; Li et al., 2022a,
2022b). The recorded sequences were analyzed with the software Fudaa‐LSPIV (Le Coz et al., 2014; Zhu and
Lipeme Kouyi, 2019). More details about the image processing are provided in Text S1 in Supporting
Information.

A direct quantification of the uncertainties affecting LSPIV results is hardly feasible due to the spatial nature of
the analysis and the steps involved in the image processing procedure.

2.2. Flooding Scenario

For the four tested urban configurations, identical boundary conditions were prescribed in the computations and in
the laboratory experiments. At each outlet, a value of flow depth was prescribed as downstream boundary
condition, while the value of the inflow discharge was prescribed as the upstream boundary condition at each
inlet.

To simplify the definition of the considered flooding scenario, the flow depth was set at the same value at the three
outlets (1, 2 and 3), and the total inflow discharge was evenly distributed between the three inlets (A, B and C).
Therefore, a “flooding scenario” is here entirely defined by one value of downstream flow depth (h0) and one
value of inflow discharge in each street (Qin).

To determine the model boundary conditions, we followed a two‐step procedure. First, a flooding scenario was
defined at prototype scale. Second, the corresponding values of h0 and Qin were transferred to the model scale
using values of eH and eV.

At prototype scale, a value of h0 = 0.5 m was considered plausible for urban flooding conditions. Assuming a
vertical scale factor eV = 5 (Section 2.1.2) leads to h0 = 0.1 m at the model scale.

Figure 3. Observed and computed flow depths upstream of each inlet in the four tested urban configurations. Black error bars
represent the experimental accuracy (±1 mm), while the red ones reflect the standard deviation of the time series.
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In line with Li et al. (2020), Li, Erpicum, et al. (2021) and Li, Kitsikoudis, et al. (2021), a characteristic Froude
number F (− ) was introduced to determine a plausible inflow discharge. It is defined based solely on input data,
that is, the flow depth h0 (m), the inflow discharge Qin (m3/s) and the width b (m) of the main streets:

F =
Qin

b h0
̅̅̅̅̅̅̅
gh0

√ (1)

Note that this definition of the Froude number F is introduced here only for defining the flooding scenario,
observed and computed local values of the Froude number in the considered urban configurations considerably
deviate from the value of parameter F. Local values of the Froude number typically exceed unity in the vena
contracta downstream of the street intersections, as displayed in the maps of local Froude numbers computed by
Li et al. (2020) (see their Figure 3).

By setting a value for F, the inflow discharge Qin at each inlet can be determined from Equation 1. Here, the flow
was assumed relatively slow, with a characteristic Froude number F of 0.2, consistent with typical values
observed in floodplains of lowland rivers. This leads to a value of Qin = 14.26 m3/hr at model scale (corre-
sponding to 2.2 m³/s at prototype scale), and an inlet Reynolds number at model scale equal to 4 × 104.

2.3. Computational Models

2.3.1. 2D Model

The academic modeling system WOLF developed at the University of Liège was used in this study. It solves the
2D shallow‐water equations with a finite volume technique on a Cartesian grid. These equations correspond to the
Reynolds‐averaged Navier‐Stokes equations along the x and y directions, integrated over the water depth.
Considering a horizontal bottom, they write as follows (Camnasio et al., 2014; Erpicum et al., 2009):

∂hu
∂t

+
∂hu2

∂x
+

∂huv
∂y

+
∂
∂x
(
gh2

2
) =

τbx

ρ
⏟⏞⏞⏟

①

+
1
ρ

∂hτxx

∂x
+

1
ρ

∂hτxy

∂y
⏟̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅⏟

②

(2)

∂hv
∂t
+

∂huv
∂x

+
∂hv2

∂y
+

∂
∂y
(
gh2

2
) =

τby

ρ
⏟⏞⏞⏟

①

+
1
ρ

∂hτxy

∂x
+

1
ρ

∂hτyy

∂y
⏟̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅⏟

,

②

(3)

with t the time (s), u and v the depth‐averaged velocity components (m/s) along the horizontal directions x and y
(m), h the flow depth (m), ρ the water density (kg/m3) and g the gravity acceleration (m/s2). The derivatives of the
depth‐averaged viscous and turbulent stresses τxx, τxy and τyy (N/m2) are expressed using Boussinesq's assumption.
The eddy viscosity was evaluated based on a depth‐averaged k‐ε turbulence model (Camnasio et al., 2014;
Erpicum et al., 2009). The parameters involved in the k‐ε turbulence model were kept at their default values and
they were not recalibrated here. This setting of the model was successfully used to reproduce flow features in
urban flooding studies either based on the same experimental setup as here (Li, Erpicum, et al., 2021, Li, Kit-
sikoudis, et al., 2021), or with different setups (Arrault et al., 2016; Dewals et al., 2023).

The x‐ and y‐components of the bottom shear stress τbx and τby (N/m2), are estimated using the Darcy‐Weisbach
formulation with Colebrook‐White equation. The roughness height (ks) of the smooth PVC plates constituting the
experimental setup is estimated at 5 × 10− 5 m. This particular value has little influence on the computational
results, as demonstrated by Li, Erpicum, et al. (2021) for the same computational model and experimental facility
as considered here.

More details on the setting of this 2D model were presented by Li et al. (2020), Li, Erpicum, et al. (2021) and Li,
Kitsikoudis, et al. (2021). The ability of this model to simulate complex turbulent flow as well as urban flooding
was partly assessed in previous studies (Arrault et al., 2016; Bruwier et al., 2017). The computational domain was
meshed with ∼[ 8.2–10.6 ] × 104 square cells. A mesh sensitivity analysis was detailed by Li et al. (2020).

At the downstream boundaries of the computational domain (Outlets 1, 2 and 3 in Figure 1a), a constant flow
depth of 0.1 m was prescribed as a weak boundary condition on the cell interfaces. At the inlet boundaries (Inlets
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A, B and C in Figure 1a), a constant unit discharge of 0.02 m2/s in the direction normal to the boundary was
prescribed as a weak boundary condition, corresponding to an inflow discharge of 14.26 m3/hr in each of the three
inlets. The unit discharge parallel to the inlet boundaries was set to zero. At cell interfaces corresponding to solid
walls, the component of the unit discharge normal to the wall was set to zero. The discretization of the turbulent
diffusion terms and turbulence quantities at the boundaries was kept the same as described in Erpicum
et al. (2009) and Camnasio et al. (2014).

In the configurations tested here, the 2D computations generally converge toward quasi‐periodic flow fields, with
small oscillations in the computed flow parameters. This was discussed in detail by Li et al. (2020) and primarily
attributed to time‐variations of flow separation zones downstream of street intersections. The computations
properly capture these oscillations since their characteristic time is substantially longer than the numerical time
step. The scope of the present study focuses on the time‐averaged quantities. Therefore, the simulation results
were time‐averaged following the same procedure as described by Li et al. (2020).

The computational time necessary for the 2D simulations to reach a steady state varied with the studied geometric
configuration and the initial conditions. In most cases, it took about an hour on a standard desktop (4‐core
processor Intel i7‐6700K, 4 GHz).

2.3.2. 3D Model

For simulating in 3D the flow in the experimental setup, the incompressible Reynolds‐Averaged Navier‐Stokes
(RANS) equations were solved, together with a turbulent closure model based on a Boussinesq‐type eddy vis-
cosity assumption:

∇ · U = 0 (4)

∂U
∂t
+ ∇ · (UU) = − ∇P + ∇((ν + νt)∇U) (5)

with U the velocity vector (in 3D) (m/s), P the pressure (Pa), ν the fluid kinematic viscosity (m2/s) and νt the eddy
viscosity (m2/s). These equations were solved with the open‐source software OpenFOAM (v. 6.0). The adopted
solver is interFoam and the k‐ω SST turbulence closure model was used; The latter was chosen because it was
repeatedly used and validated for a broad range of engineering applications (Versteeg and Malalasekera, 2007).

Table 1
Main Characteristic of the 3D Computational Domain

Implementation OpenFOAM

Solver interFOAM

Turbulence model RANS k‐ω SST

Wall treatment Standard wall function

Discretization schemes:

Gradients Second‐order least squares

Divergence Second‐order upwind

Turbulent kinetic energy Second‐order upwind

Time derivative First‐order implicit

Multiphase model VOF

Interface capturing scheme MULES scheme

Pressure‐velocity coupling PISO scheme

Boundary conditions

Inlet flowRateInletVelocity 3.962◊10− 3 m/s (14.26 m3/hr)

Outlet pressureInletOutletVelocity

Atmosphere pressureInletOutletVelocity
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The free surface was captured thanks to the volume of fluid (VOF) method introduced by Hirt and Nichols (1981).
This method is computationally efficient, and it was commonly used and extensively validated. Detailed infor-
mation about this method can be found in Versteeg and Malalasekera (2007). A CFL restriction of 2 was imposed
which leads to an adjustable time step of the order of 0.002s. More characteristics of the model are summarized in
Table 1. The simulations were run on a structured mesh composed of [2.4–3.2] million cells built with the
blockMesh utility with uniform mesh size of 0.005 m, mesh refinement near the solid wall was not considered as
the wall function was applied.

At the three model inlets, a constant flowrate of 3.962 × 10− 3 m3/s (14.26 m3/hr) was imposed with the feature
“flowRateInletVelocity” (aligned with the inlet sidewalls, Figure S3 in Supporting Information S1); “pressur-
eInletOutletVelocitsy” was applied at each model outlets and the atmosphere.

Although the model boundary conditions are steady, the simulated results (i.e., flow depths, discharge, velocities)
show some fluctuations similarly to the case of the 2D model. Therefore, the computational results were averaged
over a period of about 20 s. As shown in Figure S4 in Supporting Information S1, this results in smoothing out
minor fluctuations, which remain small compared to the quantities of interest. A similar approach was used in
several previous studies, such as in Torres et al. (2022). The 3D simulations were performed on 48‐core computer
and take about 6 hr to simulate 120 s of physical time, which is sufficient for reaching a steady state.

3. Results and Discussion
Section 3.1 and 3.2 compare, respectively, the computed flow depths at the street inlets and the partition of
outflow discharge against experimental observations. These variables are considered as integral quantities
reflecting the cumulative effect of flow processes and losses across the urban district. In Section 3.3, similarities
and differences between computed and observed, depth‐averaged and surface velocity fields are discussed. Three‐
dimensional flow features revealed by the computations are presented in Section 3.4. Table S1 in Supporting
Information S1 summarizes the main findings.

Figure 4. Observed and computed discharge partition at each outlet for the four tested configurations. Black error bars
represent the experimental accuracy, while the red ones reflect the standard deviation of the time series (i.e., the variability in
time of the results).
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3.1. Inlet Flow Depths

The observed and computed values of flow depth at each street inlet (green crosses in Figure 1a) are displayed in
Figure 3 for the four tested configurations (values are detailed in Table S2 in Supporting Information S1).
Irrespective of the urban configuration, observed flow depths at inlets A and B are about 5% (4–5 mm) higher than
those at inlet C. Although this difference is limited in magnitude, it is accurately captured by both the 2D and the
3D models. In all cases, the difference in‐between the models as well as between computations and observations
does not exceed 1 mm, which corresponds to the accuracy of experimental measurements (represented by black
error bars of ±1 mm in Figure 3). Time variability of the results (red error bars in Figure 3) is lower than the
experimental uncertainty. Hence, as regards the prediction of inlet flow depths in the tested configurations, we

Figure 5. Surface velocity field (m/s) in the four tested urban configurations: LSPIV measurements (“vs._Exp”), surface velocity computed by the 3D model
(“Vs_Num3D”), and difference between these two quantities (%). The difference between the computed and measured velocities is normalized by a characteristic
velocity of 0.2 m/s.

Water Resources Research 10.1029/2023WR035149

LI ET AL. 10 of 22



find no significant deviation between the computations and the observations, nor between the two computational
models.

3.2. Outflow Discharge Distribution

3.2.1. Observations

While the upstream flow depths appear not affected by the layout of the urban block, the discharge partition in‐
between the street outlets varies substantially with the geometric configuration (Figure 4, values are detailed in
Table S3 in Supporting Information S1).

• The discharge distribution between the three outlets is relatively balanced in the case of Configuration CE. The
discharge share at each specific outlet does not deviate from one third by more than two to six percent‐points.

Figure 6. Depth‐averaged velocity field (m/s) in the four tested urban configurations: computed depth‐averaged velocity by the 2D model (“Vd_Num2D”) and by the 3D
model (“Vd_Num3D”), as well as difference between these two quantities (%). The difference is normalized by a characteristic velocity of 0.2 m/s.
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• In Configuration CO, about half of the total injected discharges ends up in Outlet 3. Outlet 1, which is close to
Inlet C, receives 30% and Outlet 2 only 20%. This discharge distribution favoring Outlet 3 relates to the split of
discharge induced by the north‐west corner of the urban block, which diverts a higher share of the inflow
discharge toward Street B‐3 (i.e., from Inlet B to Outlet 3). This is consistent with the velocity fields rep-
resented in Figure 6 hereafter.

• In Configuration Px5, the discharge fraction exiting through Outlet 3 is the same as in Configuration CO
(47%). Outlet 2 receives 28% of discharge and Outlet 1 only 24%. Similarly to Configuration CO, the rela-
tively high share of discharge conveyed toward Outlet 3 is linked to the effect of the obstacle positioned at the
north‐west corner of the central area.

• In Configuration BD, Outlet 1 attracts about one third of the total discharge, while Outlet 2 attracts almost 40%
and Outlet 3 less than 30%. This may be attributed to the predominantly oblique flow across the urban layout,
which is oriented from north‐west toward south‐east (close to Outlet 2), as shown in Figure 6. The 3D model
accurately captures this pattern, with differences between computed and observed values remaining below one
percent‐point. The 2D model also performs well, with differences compared to experiments of maximum two
percent‐points.

3.2.2. 2D Model Versus 3D Model

Differences between the distributions of outflow discharges predicted by the 2D and the 3D models remain small.
Indeed, the computed fractions of outflow discharge from the two numerical models differ generally by no more
than one percent‐point, which is comparable to the estimated accuracy of outflow discharge measurements at each
outlet, that is, 1% according to Li et al. (2022b). Only at Outlets 1 and 2 in Configuration CO and Outlet 1 in
Configuration BD the difference between the 2D and the 3D models reaches two percent‐points. Still, this remains
below the overall experimental mass balance error which is of the order of 2.5% of the total injected discharge Li
et al. (2022b).

3.2.3. Computations Versus Observations

Both the 2D and 3D models provide good estimates of the outflow discharge distribution.

• In Configurations Px5 and BD, the differences between computed and observed outflow discharge fractions
remains below the overall experimental mass balance error of 2.5% of the total injected discharge Li
et al. (2022b).

• In Configuration CO, deviations between 2D computations and observations also do not exceed two percent‐
points, while the 3D model underpredicts by about four percent‐points the discharge fraction at Outlet 2 and it
overpredicts by nearly three percent‐points at Outlet 1 and by one percent‐point at Outlet 3.

• In Configuration CE, both models overpredict by about four percent‐points the outflow discharge fraction at
Outlet 2, and underpredict by two (3D model) to nearly four (2D model) percent‐points at Outlet 3. This may
be attributed to a mismatch between the characteristics (size and flow velocity) of the large horizontal
recirculations computed by the models and experimentally observed, as detailed in Section 3.3 and Figure 5
hereafter.

From the comparison of the outflow discharge distributions, it is impossible to state that one of the two
computational models overperforms compared to the other one. Indeed, most deviations between computations
and observations are below or close to the experimental uncertainties, and the differences between the predictions
of the two models are systematically lower than the experimental uncertainties. Moreover, in some configura-
tions, the 2D model performs slightly better than the 3D model (Configurations CO and Px5), whereas in others
the 3D model outcomes are closer to the observations (Configurations BD and, to a lesser extent, CE). The latter
result suggests that the 3D model seems to better predict the outflow discharge distribution in urban layouts
involving relatively large open spaces (such as CE and western part of BD), while the 2D model is accurate when
the flow is well guided by the streets layouts, such as in Configuration CO.

3.3. Surface and Depth‐Averaged Flow Velocity

Figure 5 displays the surface velocity field measured in the experiments (labeled “Vs_Exp”) and computed by the
3D model (labeled “Vs_Num3D”), as well as the differences between these two quantities. The differences are
normalized by a reference velocity (0.2 m/s), defined as the mean velocity which would be observed at the street
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outlets in the hypothetical case of an outflow discharge evenly distributed between the three outlets. Figure 6
represents the depth‐averaged velocity computed by the 2D and the 3D models (labeled “Vd_Num2D” and
“Vd_Num3D”, respectively) and the difference between these two quantities, also normalized by a reference
value (0.2 m/s). The depth‐averaged velocity was evaluated from the 3D model results by averaging the velocity
fields computed at seven distinct elevations (z = 1 cm, 2 cm, 3 cm, 5 cm, 7 cm, 9 cm and at the surface above the
flat horizontal bottom) based on the trapezoidal rule. Examples of velocity profiles are displayed in Figures S8
and S9 in Supporting Information S1. Differences between computed surface and depth‐averaged velocities are
displayed in Figure 7 (see also Figure S7 in Supporting Information S1).

A qualitative appraisal of the velocity patterns, based on visual inspection of Figures 5 and 6, reveals a good match
between the computed and observed surface velocity fields, as well as between depth‐averaged velocity fields
computed in 2D and in 3D. Nonetheless, the agreement between the velocity fields varies slightly with the
considered region of the domain, that is, whether in channelized areas (streets, inlet branches) or in open areas
(i.e., central part of Configurations CE and Px5, and western part of Configuration BD).

3.3.1. Inlet Branches and Streets

In the inlet branches, the 3D model systematically underestimates the surface velocities by about 10%, irre-
spective of the urban configuration (Figure 5). In contrast, the depth‐averaged velocities computed by the 2D and
the 3D models are consistent in all inlet branches (Figure 6). From a mass balance perspective, the latter result is
consistent with the accurate estimation of inlet flow depths by the two models (Section 3.1), as well as with the
computed depth‐averaged velocity exceeding the computed surface velocity by about 10% in the inlet branches
(Figure 7).

In the contraction zones located immediately downstream of street intersections (e.g., x∼ 1.2 m in Configurations
CO and Px5), the surface velocity fields computed with the 3D model agree well with the experimental obser-
vations. In contrast, more discrepancies are found between the computed and measured surface velocities

Figure 7. Differences between surface (labeled “Vs_Num3D”) and depth‐averaged (labeled “Vd_Num3D”) velocities
computed by the 3D model (%). The difference is normalized by a characteristic velocity of 0.2 m/s.
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downstream of the vena contracta, such as in the west‐east street B3 (see blue‐shaded areas in Figure 1b) for
x > 1.2 m, in Configurations CO and Px5. The 3D model overestimates surface velocity by up to 30% of the
reference velocity (Figure 5). In the same urban configurations, despite differences between computed surface
and depth‐averaged velocities (Figure 7), the depth‐averaged velocities computed by the 2D and by the 3D model
agree very well both in the vena contracta and also further downstream, except close to the sidewalls. This is
clearly visible along street B3 in Configurations CO and Px5.

3.3.2. Open Areas

The orientation and shape of the main surface flow jets visible in Configurations CE, Px5, and BD are remarkably
well captured by the 3D model (Figure 5). Nonetheless, in Configuration CE, the surface flow velocity computed
by the 3D model at the end of the main jet (close to Outlet 2) is overestimated by up to 30% (of the reference
velocity) compared to the experimental observations. The shape of the main jet predicted by the 2D model in the
middle part of Configuration Px5 differs from the predictions of the 3D model (Figure 6). Indeed, the flow jet
computed in 3D reattaches first against the obstacles located in the southern part of the central area, and at mid‐
length, it reattaches to the obstacles located in the northern part. This behavior is visible both in the surface
velocity (Figure 5) and in the depth‐averaged velocity (Figure 6). In the 2D simulation, the jet reattaches only
along southern obstacles. This alters considerably the pattern of flow recirculations. According to the 3D com-
putations, the region in the middle of urban layout Px5 is characterized by substantial differences (of the order of
30% of the reference velocity) between surface and depth‐averaged velocities (Figure 7), as also shown in
Figure 11 hereafter.

The relative sizes and shape of experimentally observed surface flow recirculations in large open areas are
generally well reproduced by the 3D computations (Figure 5). For instance, in Configurations CE, the centroid of
the main surface flow recirculation observed experimentally and simulated by the 3D model are both positioned
close to the point of coordinates (x, y) ≈ (1.8 m, 0.9 m) (see also Figure S2 in Supporting Information S1). Still,
some discrepancies remain, such as in the central area in Configuration CE and in the western part of Config-
uration BD.

In Configuration CE, the size of the main surface recirculation is larger in the experimental observations than in
the 3D simulation (Figure 5). Surprisingly, the extent of the main recirculation in the 2D modeling results is closer
to the experimentally observed one based on surface velocity (Figure 6); but the velocity magnitude in the
recirculation is substantially smaller in the 2D results than in the experimental data and in the 3D results. A similar
difference in velocity magnitude is found for the recirculation located close to Inlets A and B in Configura-
tion BD.

In the western part of Configuration BD, the results of the two models also show small differences: the shapes of
the recirculation zones computed by the 3D model are more elongated than those computed by the 2D model
(Figure 6).

3.4. 3D Flow Features

3.4.1. Regions Downstream of Street Intersections

Examining the results of the 3D model provides valuable information on the flow structure over the flow depth,
and hence it hints at regions where a 2D flow model is more or less likely to deliver accurate predictions. Table 2
lists the locations of the cross sections whose iso‐velocities (component in the direction normal to the cross‐

Table 2
Locations of Crosswise Sections for the Four Configurations, Red‐Dashed Lines in Figure 1b

Configurations Sections x (m) y (m)

CE CE‐1, … , CE‐4 1.2, 1.4, 1.6, 1.8 [0.6–1.48]

CO CO‐1, … , CO‐5 0.95, 1.15, 1.2, 1.4, 1.6 [0.6–0.8]

Px5 Px5‐1, … , Px5‐5 1, 1.2, 1.45, 1.65, 1.9 [0.6–0.8]; [0.89–1]

BD BD‐1, … , BD‐5 0.8, 0.95, 1, 1.1, 1.2 [0.6–1.48]
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section) are exhibited hereafter, the positioning of the selected cross‐sections is also shown by red segments in
Figure 1b. The cross‐sections displayed were selected based on the flow pattern of each configuration. We first
focus on Configurations CO and Px5 to investigate 3D flow structures downstream of street intersections.

Figure 8 shows contours of iso‐velocity (along x direction) in five cross sections along Street B3 (at x= 0.95, 1.15,
1.2, 1.4, 1.6 m for Configuration CO and x = 1, 1.2, 1.45, 1.65, 1.9 m for Configuration Px5), together with the

Figure 8. Cross‐section view of computed iso‐velocity contours (velocity component normal to the cross‐section) and
secondary currents downstream of a street intersection in Configurations CO and Px5 (cross‐sections displayed by red
segments in Figure 1b, and defined in Table 1). The value in the red rectangle above each subfigure represents the scale of the
arrows).
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velocity components in the cross‐section (looking from upstream to downstream). Consistently with Figures 5
and 6, the main horizontal recirculation zone and the vena contracta are visible, respectively, on the left side and
on the right side of the cross sections displayed in Figure 8.

The separation between the vena contracta and the main horizontal recirculation zone is characterized a steep
velocity gradient along the transverse direction y (Figures 8a‐1–8c‐1; Figures 8a‐2 and 8b‐2). This pattern extends
almost uniformly over most of the flow depth, except over the lowermost 20% of the flow layer, where the zone of
separation is deviated toward the left sidewall. On the side of the vena contracta, the velocity profile remains
uniform over the flow depth. Further downstream (x > ∼1.4 m), the transverse velocity gradient is considerably
reduced, and the distribution of flow velocity normal to the cross‐section becomes almost uniform over the flow
depth (Figures 8d and 8e).

In most cases, the region of minimum flow velocity normal to the cross‐section (light area in Figure 8) extends
almost uniformly from the surface to the bottom of the flow layer. Only in the range x ∼ 1.10–1.20 m
(Figures 8b‐1, 8c‐1 and 8b‐2), this region is restricted to the upper half of the flow layer, highlighting sub-
stantial deviations from a uniform flow velocity distribution along the vertical direction.

Figure 8 also reveals the presence of secondary currents, rotating counterclockwise. The center of the helicoidal
flow is gradually shifted along the streamwise direction, from a position close to the upper right corner of the
cross‐section (Figures 8a‐1 and 8a‐2) toward a more centrally located position with x ≈ 0.73 m and y ≈ 0.04 m
(Figures 8e‐1 and 8e‐2). Such secondary currents are consistent with previous experimental findings by Yuan
et al. (2018) as well as outcomes of 3D computations by Luo et al. (2018) and Chen et al. (2017), who also
highlighted similar counter‐clockwise helicoidal motion downstream of a junction. In both configurations, the
intensity of the secondary currents tends to decrease along the main flow directions.

Figure 9. Cross‐section view of computed iso‐velocity contours (velocity component normal to the cross‐section) and secondary currents in four cross sections
(displayed by red segments in Figure 1b and defined in Table 1) in Configuration CE.
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3.4.2. Open Spaces

Figures 9–11 display a cross‐sectional view of computed iso‐values of the velocity component normal to the
cross‐sections, as well as secondary currents in Configurations CE, BD and Px5, respectively. In Configurations
CE (Figure 9) and BD (Figure 10), the flow jet is gradually shifted toward the right side of the cross‐sections (as x
is increased), consistently with Figures 5 and 6. Like in Configuration CO, the boundaries between the main jet
and the horizontal recirculation zones are characterized by steep velocity gradients, which are way stronger in the
more upstream parts of the jet (Figures 9a, 9b; Figures 10a, 10b) and they become milder further downstream
(Figures 9c, 9d; Figures 10c–10e). The shear regions between the jet and the nearby recirculating zones mostly
shows a uniform profile over the flow depth, except in the close vicinity of the bottom (Figures 9a and 10a–d).
Also in the main jet, the velocity profile remains generally uniform over the flow depth, especially in Config-
uration BD (Figures 10b–10d), while only in its most upstream part, the jet appears more widely spread close to
the bottom. At its downstream end, the jet in Configuration CE also shows a more unevenly distributed pattern
over the flow depth (Figure 9d).

In Figures 9 and 10, several regions of quasi zero‐velocity can be identified. Their positioning corresponds to the
center of horizontal flow recirculations (Figures 5 and 6). In many cases, these quasi‐null velocity regions extend
uniformly from the surface to the bottom of the flow layer. An exception is represented in Figure 9b, which shows

Figure 10. Cross‐section view of computed iso‐velocity contours (velocity component normal to the cross‐section) and secondary currents in four cross sections
(displayed by red segments in Figure 1b and defined in Table 1) in Configuration BD.

Water Resources Research 10.1029/2023WR035149

LI ET AL. 17 of 22



a current close to the bottom while the velocity in the upper part of the flow layer is close to zero (Figure 9b). In
Figure 9d, the uniform distribution over the flow depth of the quasi‐zero velocity region around (x, y) ∼ (1.8 m,
0.9 m) is clearly visible, and it was tested experimentally. A tracer with slight negative buoyancy (saturated
sawdust) was injected in this area, and it was observed to deposit on the bottom exactly at the same position as the
center of the horizontal surface recirculation captured in our LSPIV measurements (Figure S2 in Supporting
Information S1), suggesting a good match between the positioning of the quasi‐zero velocity region at the surface
and close to the bottom. Nevertheless, more detailed velocity measurements are needed to confirm the validity of
the computed flow 3D structures.

The shape of the main jet in the middle open space in Configuration Px5 differs from the jets in Configurations CE
and BD as it is embedded in‐between two rows of rectangular obstacles. As shown by the iso‐velocity contours in
Figure 11, the jet shifts from the right side to the left side of the cross‐sections as x is increased, and the flow
velocity in the jet is gradually reduced so that transverse velocity gradients also decreases with increasing values
of x. Complex flow velocity patterns develop over the flow depth, with a jet concentrated close to the free surface
for x ∼ 1.45 m (Figure 11c) and three‐dimensional recirculations (Figures 11a–11d). In the cross‐section posi-
tioned at x= 1.45 m (Figure 11c), the velocity close to the free surface in the jet area is about twice higher than the
velocity near the bottom.

Secondary currents are less visible in the open spaces in Configurations CE (Figure 9) and BD (Figure 10) than
they are in Configurations CO and Px5 (Figure 8). This may be attributed to a considerable difference in flow
aspect ratios (i.e., depth to width ratio). Indeed, in Street B3 in Configurations CO and Px5 (Figure 8), the flow
aspect ratio is close to 0.5 (flow depth ∼ 0.1 m and street width = 0.2 m), whereas the flow aspect ratio in open
spaces in Configuration BD and CE (Figures 9 and 10) is of the order of 0.1 (flow depth ∼ 0.1 m, flow
width ∼ 0.9 m).

Note that an aspect ratio of 0.5 is not common in real‐world urban flooding, except for extreme flooding in a
network of narrow streets (e.g., historical center of some European cities, as analyzed by Mignot et al., 2006). The
high aspect ratio obtained in the experiments conducted here results partly from the geometrical distortion of the

Figure 11. Cross‐section view of computed iso‐velocity contours (velocity component normal to the cross‐section) and secondary currents in four cross sections
(displayed by red segments in Figure 1b and defined in Table 1) in Configuration Px5.
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scale model (i.e., lower scale factor along the vertical direction than horizontally). Li, Erpicum, et al. (2021)
analyzed the influence of upscaling from model scale to prototype scale, hence also reducing the flow aspect ratio
(from about 0.5 to 0.05). Based on their 2D computations, they revealed that this change in aspect ratio has little
influence on the upstream flow depths and outflow discharge partition (e.g., 1% point difference). However, the
influence of the aspect ratio on 3D flow structures in urban flooding remains a question deserving further
experimental research.

Nonetheless, the 3D computational results highlight the complexity of the flow vertical structure in open spaces in
urban configurations, which makes the representation of some features of these flow fields particularly chal-
lenging with a 2D depth‐averaged model, as the jet trajectory in the horizontal plane and the horizontal recir-
culations are certainly influenced by the flow vertical structure.

3.5. Main Limitations and Research Needs

Though the considered experimental setting was selected to represent a variety of urban layouts (three‐ and four‐
branch crossroads, open spaces), they may not be representative of more complex real‐world urban areas (Dottori
et al., 2013). Therefore, the analysis of real‐world urban flood data (e.g., Paquier et al. (2020)) would be valuable
to make the conclusions of the present study more robust. One particular aspect of interest is how changes in the
flow aspect ratio and the relative roughness height between the prototype scale and the laboratory scale influence
flow processes such as the 3D flow structures. However, conducting high quality field observations is challenging
(Brown & Chanson, 2012, 2013), so such datasets remain very rare (Macchione et al., 2019). Rapidly evolving
data mining techniques, based on crowdsourced data such as amateur videos (Kankanamge et al., 2020; Le Coz
et al., 2016; Zhang et al., 2021), may unlock more widespread access to useable flow field observations at a
prototype scale.

The current laboratory observations (flow depths, discharge partition, surface velocity) remain insufficient to
comprehensively assess the reliability of the 3D flow structures predicted by 3D computations. Therefore,
additional detailed laboratory measurements of 3D flow velocity are needed to advance the validation of 3D
computational models.

Further research is needed to investigate additional processes which are not covered by the set of configurations
tested here. This includes the influence of topographic effects, such as street width, steeper terrain slopes possibly
leading to supercritical flow, and other geometric features typical of urbanized floodplains such as sidewalks
(e.g., Bazin et al., 2017) and uneven bottom elevation in open spaces. Additional topics of interest include un-
steady flooding scenarios (El Kadi Abderrezzak et al., 2009), flow exchanges between the streets and the urban
drainage system (Chang et al., 2018; Hossain Anni et al., 2020; Martins et al., 2018; Rubinato et al., 2018) or
flows entering the buildings (Mignot et al., 2020).

4. Conclusion
In this study, we compared flow depths, discharge partition and velocity fields computed with a 2D and a 3D
model against laboratory experimental data obtained in a reduced‐scale model of an urban district. Four distinct
urban layouts were considered. The experimentally measured surface velocity fields were obtained with a large‐
scale particle image velocimetry technique.

Both the 2D and the 3D models compute flow depths in the inlet branches with an accuracy comparable to the
experimental uncertainties, irrespective of the urban configuration. No significant difference was found between
the flow depths predicted by the two models at the inlets, nor between the computed depth‐averaged velocities in
the inlet branches. Though, in all configurations, the 3D model underestimates the surface velocities by about 10%
compared to the experiments.

The discharge partition between the outlets is predicted similarly by the two models, with differences between
them comparable to the experimental uncertainties. The deviations between computed and observed outflow
discharge fractions reach maximum four percent‐points. This slightly exceeds the experimental uncertainty,
which is estimated at maximum 2.5 percent‐points. In configurations involving well‐defined streets (CO, Px5),
the 2D predictions agree slightly better with the observations, while in configurations with large open areas (CE
and BD), the 3D model performs slightly better than the 2D model.
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The 3D model overestimates surface velocity downstream of the vena contracta in branches located downstream
of street intersections (Configurations CO and Px5), while the depth‐averaged velocities computed by the 2D and
the 3D models are remarkably consistent, apart from the close vicinity of the sidewalls. This suggests that the 2D
model is generally reliable for predicting flow depths and discharge partition in urban districts, as well as depth‐
averaged flow velocities in street networks, that is, in the region where the flow is mostly channelized by the
arrangement of obstacles such as rows of buildings. This finding appears to hold true despite the presence of
helicoidal flow revealed by the 3D simulations.

In relatively large open areas (Configurations CE, Px5, and BD), the 3D model captures accurately the trajectory
and velocity distribution of the main surface flow jet, except in a few localized areas (e.g., downstream end of the
jet in Configuration CE), as well as the shape of experimentally observed surface flow recirculations. Discrep-
ancies between computed and observed recirculation sizes exist but they remain limited. In contrast, the 2D model
does not perform as well as it does in relatively channelized flow regions. The velocity magnitude in the recir-
culations is generally smaller in the 2D computations than it is in the laboratory observations and in the 3D results.
In one case (middle part of Configuration Px5), even the side of jet reattachment is wrongly predicted by the 2D
model, and this considerably alters the pattern of flow recirculations.

The difference between surface and depth‐averaged velocities computed by the 3D model was examined as a
potential indicator for pointing where a 3D model is necessary instead of a 2D one. While the magnitude of the
differences between computed surface and depth‐averaged velocities remains generally below 10% of the
reference velocity, this magnitude reaches about 30% in regions located immediately downstream of street in-
tersections as well as in some large open areas prone to flow velocity stratification (e.g., middle part of
Configuration Px5). In the former case, the 2D model still performs accurately for predicting depth‐averaged
velocity, whereas it is not the case in the latter case. This hints at the fact that inspecting the deviations be-
tween surface and depth‐average velocity is not a sufficient indicator for assessing the suitability of a 2D model.

Besides the hydrodynamic features analyzed in this study, the added value of 3D modeling should also be
contemplated from the perspective of the multiple possible uses of the computed flow fields, such as modeling
transport and mixing of contaminants or floating debris, assessing the stability of pedestrians, vehicles, or urban
furniture, or modeling flood damage and monetary losses (Dottori et al., 2016; Molinari et al., 2020).

Finally, 3D modeling certainly offers new opportunities for taking full benefit of recent extremely high‐resolution
altimetry data (e.g., de Almeida et al. (2018)) and novel building information models (Rong et al., 2020), as well
as for providing inputs for visualization of flooding scenarios in 3D‐virtual environments for the sake of effective
risk communication (Zhi et al., 2020).

Data Availability Statement
The datasets for this research are available in Li et al. (2022a). Supporting Information related to this article is
available, including figures and tables.
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