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Abstract: This paper presents the findings of a study into how different inlet designs for stormwater
culverts increase the discharge rate. The objective of the study was to develop improved inlet designs
that could be retro-fitted to existing stormwater culvert structures in order to increase discharge
capacity and allow for changing rainfall patterns and severe weather events that are expected as a
consequence of climate change. Three different chamfer angles and a rounded corner were simulated
with the software ANSYS Fluent, each of the shapes tested in five different sizes. Rounded and 45◦

chamfers at the inlet edge performed best, significantly increasing the flow rate, though the size of
the configurations was a critical factor. Inlet angles of 30◦ and 60◦ caused greater turbulence in the
simulations than did 45◦ and the rounded corner. The best performing shape of the inlet, the rounded
corner, was tested in an experimental flume. The flume flow experiment showed that the optimal
inlet configuration, a rounded inlet (radius = 1/5 culvert width) improved the flow rate by up to 20%
under submerged inlet control conditions.

Keywords: culvert; culvert design; culvert hydraulics; culvert retrofitting; discharge capacity; inlet
optimization; ANSYS Fluent

1. Introduction

Culverts have a key function in our transport infrastructure, as their simple design allows
for safe crossings of waterways. The size and designs of culverts are calculated using discharge
estimates based on historical rainfall data and hydraulic equations that determine headwater levels.
Modern design guidelines of stormwater culverts are based on research from the 1950s and 1960s
conducted in the U.S. by French [1–6] and others [7,8]. These studies tested a variety of culvert
configurations in laboratory models, and other research investigated loss coefficients, aquatic organism
passage and culvert blockages [9–12] and informed the design guidelines used today (e.g., [13–15]).
Several factors influence the discharge capacity of a culvert, but the cross-sectional area and the inlet
configuration are the two that can be controlled the easiest with the biggest impact on water flow.
The importance and benefits of well-designed inlets were recognized in early research [16], yet modern
design guidelines have failed to adopt these benefits [17–21]. A review of the geometric influence on
hydraulic performances in rectangular culverts was completed in 2004 by Jones et al. [19]; but only a few
sizes of the inlet design were investigated, and most subsequent alterations were limited to the top bevel
and/or wingwall setups rather than to the shape of the complete opening. Since then, few publications
have discussed culvert inlets [20–24], and none have focused on discharge improvements.
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Minimum energy loss (MEL) culverts [9,25] have a streamlined design and maintain flow in
subcritical conditions. This is a more complex geometry than the one used in a normal culvert and
the unique design of every structure does not allow its transfer to already existing culverts. However,
the principle of minimizing energy losses caused by the structure itself can be transferred and could
help to deal with new challenges that the stormwater infrastructure is facing. Changes in rainfall
patterns due to global warming pose a great threat to culverts that, once installed, are expected to
function for many years [26–30]. More intense rainfall events in the future pose a threat to smaller
stream crossings where culverts are the preferred solution rather than bridges [19,31–34]. Overflows,
as a result of higher discharge rates than can be accommodated by culverts, can damage the structure,
as well as areas upstream of the culvert and reduce the overall reliability of the road and stream
crossing. To mitigate these risks, the capacity of many culverts needs to be increased, particularly
under high flow conditions. Performance improvements, such as retrofitting of sharp corners at the
inlet, would represent a more economical solution than completely replacing existing culverts with
larger pipes.

Instead of testing new ideas/modifications empirically, hydraulic simulations with numeric
computation have become a popular alternative with the advent of greater computer speeds
and storage. Computational fluid dynamics (CFD) has been used previously to solve a variety of
culvert-related research questions [11,12], but not those associated with hydraulic optimization of the inlet.

2. Methods

This study investigated four different inlet improvements for culverts to increase their
performance. Twenty-one different setups were modelled with ANSYS Fluent software [35], and the
most promising configuration was tested in an experimental flume.

2.1. Simulation Setup

Stormwater culverts were represented in two-dimensions (Figure 1), with a large rectangle
(representing the upstream water body) connected directly to the culvert. All simulations used the
same dimensions, and only the inlet corners of the culvert were changed. The flow medium was chosen
from the Fluent database as liquid water at 20 ◦C. As the impact of inlet geometries was the focus of this
investigation, a material with low friction (aluminium) was chosen as the wall material. Rectangular
corners at the inlet (inlet type: square) were used as a standard configuration and compared against
chamfered and rounded inlet improvements (Table 1). Chamfered improvements were separated into
three different angles, each with five different lengths, measured at the side that connects to the culvert.
Rounded improvements were tested using five different sizes of quadrants connected tangentially to
the inlet.
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Figure 1. Overview of the 2D simulation model; v = velocity, w = width of the culvert; the square and
round corner are examples of the applied modifications.
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Table 1. Geometry and nomenclature declaration for CFD analysis; α: angle, l: length, r: radius, w:
width of the culvert.

Inlet Type Configurations Abbreviation

square

none square

αl

chamfer
α = {30◦, 45◦, 60◦}

length = 0.05 w, 0.10 w, . . . , 0.25 w α (length)

r

round
radius = 0.05 w, 0.10 w, . . . , 0.25 w R (radius)

The entire model surface was defined as a fluid body with an inflow velocity of 0.5 m s−1 and
atmospheric conditions of zero pressure at the outlet. The meshing configurations are summarized
in Appendix A, Table A1. Unless indicated otherwise in Table A1, standard parameters were chosen.
The generated mesh was further refined and repaired with the help of ANSYS Fluent until an
orthogonal quality above 0.9 and a mesh skewness below 0.1 were achieved. All simulations were
solved as steady-state scenarios until convergence.

The k − ε model was used in all scenarios to account for turbulence. It used the Reynolds
averaged Navier–Stokes (RANS) equation, where the turbulence is modelled with mean and fluctuating
components, resulting in an equation that consists of the Navier–Stokes equation with additional
(time-averaged) Reynolds stresses: ρu′iu

′
j. Velocities and scalar quantities were decomposed into a

time averaged component (ui) and a fluctuating component (u′i). To calculate the Reynolds stresses,
Boussinesq [36] introduced the concept of eddy viscosity, where turbulence stresses are related to the
mean flow. In the k− ε model, the turbulent kinetic energy k and the isotrope dissipation rate ε [37]
are used to calculate the introduced eddy viscosity with two partial differential equations.

The k− ε model is widely used in CFD simulations, but it oversimplifies any stress as isotropic,
which is not the case in areas close to walls. These limitations result in an inability to calculate near-wall
effects correctly, such as highly-swirling or stress-driven secondary flows [38]. As the macro-geometry
effects, rather than the low-Reynolds-number effects from the viscous sublayer and the blending
region were the focus of these simulations, the k − ε model was deemed to be most appropriate.
To further mitigate the effects of these limitations, several countermeasures were adopted. Firstly,
so-called standard wall functions were used to describe fluid behaviour close to walls. Launder and
Spalding proposed this concept with multiple constants to expand the usability of the k− ε model [39].
Secondly, a low friction material and a refined grid along the points of interest were used to minimize
expected inaccuracies.

Once the simulations were completed, the streamlines, velocity fields and areas of turbulence
from each simulation were compared in order to rate the influence of each inlet configuration. A small
vena contracta is preferable: few areas with very high or very low velocities and little turbulence.
After a visual result comparison, absolute flow values were compared. The cross-sectional area where
the greatest constriction occurred was chosen as a point of interest. After identifying the distance
from the inlet to the greatest constriction in every setup, the arithmetic mean was calculated from the
collected lengths (d̄ = 0.74 m) to define the sampling point. At 0.7 m after the headwall, a flow profile
was taken from every setup to compare explicit velocity values directly.
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2.2. Experimental Setup

An experimental flume was used to test the flow improvements from the simulations. A Perspex
culvert model was placed in the centre of a 5 m-long by 0.6 m-wide channel, with the opening 20 mm
above ground. The circular culvert model (pipe length: 100 mm, inner diameter: 105 mm) was
integrated into a sheet of Perspex, resulting in a flush, rectangular inlet corner. Two different inlet
shapes were tested: a square edge with a headwall and a rounded inlet (Table 1, inlet type square and
round). A 3D printer with a fused filament fabrication process [40] was used to create the rounded inlet
modification. The 20 mm radius was approximately 20 % of the culvert size and surrounded the slightly
elevated inlet of the culvert. The depth of the flume allowed headwater heights up to 0.6 m with little
turbulence, as the water entered through a submerged overflow inlet (Figure A1). The flow rate was
controlled by a variable-speed drive and measured with a magnetic flowmeter (WaterMaster FEX100,
ABB Australia) before it entered the flume. The maximum error for this flowmeter, as determined by
the manufacturer, was <1 % for flow rates from 1 L s−1 to 20 L s−1. Headwater depth measurements
were taken with a ruler (accuracy 1 mm) five minutes after each flow rate change to ensure enough
time for the headwater levels to stabilize.

3. Results

3.1. Numerical Simulation Results

Streamlines visualize flow paths in fluids. They are tangential to the velocity vectors and depict
the vector length using various colours. Streamlines (Figure A2) were calculated from the inlet
and highlighted the constriction at the inlet caused by the vena contracta, where the cross-sectional
area of flow was at its minimum. The greater the flow constriction (vena contracta), the poorer the
performance. This is presented in Table 2 as a measure of the remaining cross-sectional area in the
culvert: the bigger the remaining flow area, the better the flow through the culvert.

Table 2. Remaining flow areas from the streamline visualization.

Size
- 0.05 w 0.10 w 0.15 w 0.20 w 0.25 w

square 0.64 - - - - -
30◦ - 0.64 0.70 0.76 0.84 0.87
45◦ - 0.65 0.70 0.84 0.87 0.88
60◦ - 0.67 0.81 0.82 0.82 0.84
round - 0.68 0.81 0.89 0.91 0.92

This shows that the performance of very small inlet configurations changes (0.05 w) was not
significantly different to that of a square inlet. With increasing size of the inlet configurations,
the observed vena contracta became smaller in each configuration (0.10 w and 0.15 w), with the
rounded and 45◦ setup utilizing a greater flow area (the entire cross-sectional area of the culvert) than
the other configurations. The round configuration utilized the greatest flow area in all sizes. The round
0.15 w size performed better than all larger (0.20 w and 0.25 w) chamfer configurations. Figure 2 is a
visual representation of the velocity distribution. The worst possible case is when the contrast between
low flow velocities and high flow velocities was greatest; in other words, the constriction of flow was
the highest, as Qin = Qout, and therefore,

∫
yin

vin dyin =
∫

yout
vout dyout. Correspondingly, a more or less

uniform transverse distribution of the flow velocity is an index of the optimality in the inlet design.
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(a) square

(b) 60◦ (0.05 w) (c) 60◦ (0.10 w) (d) 60◦ (0.15 w) (e) 60◦ (0.20 w) (f) 60◦ (0.25 w)

(g) 45◦ (0.05 w) (h) 45◦ (0.10 w) (i) 45◦ (0.15 w) (j) 45◦ (0.20 w) (k) 45◦ (0.25 w)

(l) 30◦ (0.05 w) (m) 30◦ (0.10 w) (n) 30◦ (0.15 w) (o) 30◦ (0.20 w) (p) 30◦ (0.25 w)

(q) R (0.05 w) (r) R (0.10 w) (s) R (0.15 w) (t) R (0.20 w) (u) R (0.25 w)

Figure 2. Comparison between velocity contours (b–p) for chamfered inlets with different angles and
(q–u) for rounded inlets.

Results where the difference between very high and very low velocities was least indicated greater
discharge potential as the constriction was minimal. Small changes to inlet shapes showed no real
improvement (Figure 2b,g,l,q) and performed similarly to the standard square inlet corners. The 60◦

setups (Figure 2b–f) had the highest peak velocities in the centre jet of the four different variations.
The rounded corners (Figure 2s–u) performed best, having lower peak velocities, followed by the
larger 45◦ setups (Figure 2j,k). It should be noted that the rounded inlets improved the flows noticeably
in Figure 2s with similar results in the larger configurations (Figure 2t,u).
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Turbulent kinetic energy (TKE) indicates losses in a fluid flow due to eddies caused by shear,
friction or buoyancy forces. The darker and larger the areas of TKE in Figure 3, the higher the inlet
losses. Again, as seen in Figures 2 and A2, the smallest inlet configuration changes (Figure 3b,g,l,q)
showed no significant difference from the standard (square) inlet configuration (Figure 3a). All 30◦

and 60◦ chamfer setups showed areas of energy losses behind the actual inlet, indicating eddies being
formed within the culvert caused by the inlet (Figure 3c–f,m–p). The larger 45◦ configurations had
smaller energy losses than the other chamfered inlets (Figure 3j,k), but the medium and large-sized
round inlets performed better, as there were no losses due to TKE (Figure 3s–u).

(a) square

(b) 60◦ (0.05 w) (c) 60◦ (0.10 w) (d) 60◦ (0.15 w) (e) 60◦ (0.20 w) (f) 60◦ (0.25 w)

(g) 45◦ (0.05 w) (h) 45◦ (0.10 w) (i) 45◦ (0.15 w) (j) 45◦ (0.20 w) (k) 45◦ (0.25 w)

(l) 30◦ (0.05 w) (m) 30◦ (0.10 w) (n) 30◦ (0.15 w) (o) 30◦ (0.20 w) (p) 30◦ (0.25 w)

(q) R (0.05 w) (r) R (0.10 w) (s) R (0.15 w) (t) R (0.20 w) (u) R (0.25 w)

Figure 3. Comparison for TKE (b–p) for chamfered inlets with different angles and (q–u) for rounded
inlets (all sizes in mm).



Water 2019, 11, 1414 7 of 16

The sum of TKE from every simulation is plotted in Figure 4. While the round inlets caused the
least turbulence, the 30◦ chamfered inlets showed the highest turbulence. The 45◦ chamfers followed a
clear downward trend, as did the round and 30◦ ones, but the 60◦ inlet modifications showed little
difference in total TKE. The unmodified square corner had a much higher level of total TKE with
2173 m s−2.

0.05 w 0.10 w 0.15 w 0.20 w 0.25 w
0

200

400

600

800

Size

TK
E
[m

/
s2 ]

chamfer 30◦ chamfer 45◦ chamfer 60◦ round

Figure 4. Total TKE for different inlet sizes and cases.

The visualization of streamlines, velocity fields and TKE revealed that flow improvements
depended on both shape and size, in order to be effective.

Since the vena contracta reflected the inlet configuration, the velocity distribution at the greatest
constriction was investigated. For a better visualization of velocities in 2D graphs, the vectors were
separated in their x- and y-directions. Due to a fixed velocity at the inlet, the area under each curve
was the same. An even ~x-velocity distribution with small peaks is preferable for good performance,
as there is little influence from the inlet corners (Figure 5). Ideally, all ~y-velocities should be close to
zero for the same reason (Figure 6).

Figure 5 shows a comparison of the velocity distributions in the ~x-direction for all tested scenarios.
Small changes to the inlet shape had little effect on flow performance, giving results similar to the
square configuration. Only the larger (0.15 w to 0.25 w) showed considerable improvement.

Velocities in the ~y-direction (Figure 6) supported the results shown in Figure 5. All smaller inlet
configurations with sizes from 0.05 w to 0.1 w showed opposing peaks in velocity perpendicular to
the main flow direction. Results from the 0.15 w to 0.25 w setups were similar in the round and 45◦

scenarios, but there were greater deviations in the 30◦ and 60◦ versions, indicating poorer performance.
Figure 6c showed small velocity peaks close to the culvert wall in the 0.10 w to 0.25 w setups. This
indicated that eddies and recirculation were present, as the vectors pointed in the direction of the
culvert walls. The velocity curves for the 0.15 w to 0.25 w round inlet configurations in Figure 6d,
on the other hand, showed the most favourable behaviour. Velocities perpendicular to the main flow
direction remained low throughout the culvert width and did not change their direction.
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Figure 5. ~x-velocity distribution through the culvert 0.7 m after the inlet. (a) The 60◦ chamfer, (b) 45◦

chamfer, (c) 30◦ chamfer and (d) rounded.

The largest setups improved the flow the most in all four configurations, although relatively
similar results were achieved with the medium-sized setups. The different configurations from the
medium and largest setups were compared directly (Figure 7). An expanded x-axis scale elucidates
performance differences between the setups.
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Figure 6. ~y-velocity distribution through the culvert 0.7 m after the inlet. (a) 60◦-chamfer,
(b) 45◦-chamfer, (c) 30◦-chamfer and (d) rounded.

3.2. Experimental Flume Results

Experiments in the flume were carried out to validate the results of the CFD modelling.
A small-scale culvert model was tested with two different inlet configurations, the square edge with a
straight headwall, and the 0.20 w round one. Figure 8 illustrates the different headwater levels between
square and round inlets. The results are displayed as dimensionless values with a Froude similarity
conversion according to [41]. The relative energy head is written as h/D and the non-dimensional
flow rate Q∗ is defined as Q∗ = Q

(
g× D5)−0.5.
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Figure 7. ~x and ~y-velocity distributions through the culvert 0.7 m after the inlet. (a) for 0.15 w setups
and (b) for 0.25 w setups.
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Figure 8. Results from the inlet experiments; pictures show a long exposure (t = 3s) of the flow rates at
the points α–γ in side view. The water level exiting the culvert is annotated; (α) square inlet corners at
9.3 L s−1; air entrainment causes blurred limits of the outflow; (β) round inlet corners at 9.3 L s−1; air is
entering the culvert through vortices forming at the inlet; (γ) round inlet corners at 10 L s−1; no air is
entering the culvert any more; the short pipe section is completely filled with water.
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The round inlet modifications improved the discharge capacity compared to square inlet corners
with a straight headwall. For submerged flow conditions, the flow rates increased up to 20%.

At 9.3 L s−1, the square inlet corners caused highly turbulent flow conditions and air entrainment,
reducing the discharge, while the same flow rate with rounded inlet corners showed less turbulence
and higher water levels within the pipe, i.e., less air entrainment. At a higher flow rate, 10 L s−1, the air
remaining in the pipe was displaced from within the pipe (Figure 8). At the same time, the headwater
level dropped 35 % in comparison to the square inlet. Calculating the discharge coefficient Cd for the
two different setups, from 6 L s−1 to 9.5 L s−1, showed arithmetic mean values from Cd = 0.59 for the
square inlet and Cd = 0.69 for the round inlet.

4. Discussion

Four different retrofit options for stormwater culverts were analysed with the aim of increasing
flow rates and informing future designs. The numerical simulations revealed that the larger inlet
retrofit options, with a 45◦ chamfer or rounded inlets, improved the flows the most. The length/radius
of those modifications should be at least 15 % of the total culvert width on each side. From a
hydraulic perspective, the rounded inlet was superior to chamfered inlets and gave the best overall
performance. The round, medium-sized (0.15 w) option improved the flow more than the large (0.25 w)
chamfer option.

The 45◦ chamfer retrofit might be a viable alternative to round inlet configurations because it
improved the flow more than the two other tested chamfer angles, and its straight geometry had the
advantage of requiring a less complex concrete formwork. Large (0.25 w) 45◦ chamfer retrofits achieved
nearly the same performance as the 0.15 w round corners (Figure 7). The largest (0.25 w) 30◦ and 60◦

chamfer setups caused higher velocity jets and more constriction to flow than the medium-sized round
inlets (0.15 w); therefore, these configurations would be unsuitable. The smallest size of the inlet
configurations (0.05 w) improved the flow slightly, but not to any practical extent (Figures 5 and 6).

Research by Jones et al. [19] supported these findings, although their experiments were limited
to box culverts and relatively small inlet modifications. The ≈100 mm (4 in) and ≈200 mm (8 in)
configurations were tested in 1.83 m (6 ft) openings, resulting in inlet modifications being only 5.5 %
and 11 % of the total culvert width. Our study showed that there was a further performance increase
using sizes of at least 15 % of the culvert size.

A greater improvement might have been achieved by integrating the inlet modifications into the
headwall, avoiding a setup that projects out into the flow. Instead, all configurations were added to
the headwall in order to model retrofit solutions. This setup created projecting inlets, especially at
small angles (30◦), and these inlets are among the least efficient configurations [14,20]. This is caused
by the greater turning angle the water has to follow before entering the inlet. With thin projecting
inlets, there is the potential for greater direction changes than 90◦, which is the maximum for inlets
with rectangular corners. The larger the inlet modifications, the greater the length for the change of
direction and the smaller the influence of this effect.

Flume experiments with a small-scale culvert model compared two different inlet configurations.
The experimental results, which arose from comparing a rounded inlet to that of a square corner with
a straight headwall, agreed with the simulations.

However, the experimental setup and the large scaling factor can affect the results, and although
we converted the data to non-dimensional values, the real-world applications might not achieve as
good results as the flume experiments. There are two reasons for this. The first one is that the smooth
Perspex surface and the short pipe in the experiments caused very little pipe friction losses, which
differed from actual culverts. Higher pipe losses caused by rougher materials can potentially force
culverts from inlet to outlet control. This could limit the potential of the proposed approach as the
pipe friction becomes the new limiting factor of the discharge potential. The second reason is that
scaling itself affects the hydraulic conditions and therefore the results [41–43]. The Froude similarity
conversion that we used is supposed to incorporate these scaling effects.
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The drop in headwater levels between the points β and γ (Figure 8), due to the transition from a
free surface flow in the pipe to a full flowing pipe, needs further investigation. An earlier transition
could increase the discharge capacity even further.

5. Conclusions

The experiments showed that altered inlet corners can improve the flow rates in pipes substantially.
In this regard, large rounded inlets, or 45◦ chamfers, performed best during simulations. The inlet
design is one of the restricting factors in culvert flows, so minimizing its impact facilitates higher
discharge capacities. All suggested modifications can be installed as retrofit solutions to increase flow
rates in flood-prone structures. While most of the solutions will increase the discharge capacity, round
inlet corners were found to be the most effective. The radius of the rounded corners should be at least
15 % of the culvert width. Large chamfers with 45◦ angles can also increase flow rates significantly.
Future research should investigate other chamfer angles and their impact on flow rates, as well as
determining exact loss coefficients for the proposed inlet configurations. While the suggested inlet
shapes can be applied continuously to round culvert shapes, corners found in rectangular culverts
need a transition between vertical and horizontal parts to minimize eddies. The approach presented
here offers a simple solution to the need for increasing flow rates in those existing structures that are
not capable of discharging sufficient amounts of water. Research into hydraulic inlet design has been
neglected, but the above approach advances our understanding by maximizing the potential discharge
of existing structures. This is essential research as we adapt to the consequences of climate change.
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Abbreviations

The following abbreviations are used in this manuscript:

CFD computational fluid dynamics
MEL minimum energy loss (culverts)
RANS Reynolds averaged Navier–Stokes
TKE turbulent kinetic energy
α angle
Cd discharge coefficient
D diameter
h height
l length
Q∗ non-dimensional flow rate
r radius
v velocity
w width (culvert)
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Appendix A

Appendix A.1. Methods

Table A1. Applied meshing parameters in ANSYS Fluent: summary of alterations made to the
standard setup.

Defaults

Physics preference CFD
Solver preference Fluent

Sizing

Use advanced size function On: proximity and curvature
Relevance centre Fine
Initial size seed Active assembly
Smoothing High
Span angle centre Fine
Max face size 0.05 m
Max size 0.05 m

Inflation

Scoping method Geometry selection (- -)

Type Element size
Element size 0.02 m
Behaviour Soft

2.5 m 2.5 m

0.25 m

0.25 m

Outflow

TankPumpFlowmeterInlet

Weir with integrated culvert

Figure A1. Schematic side view of the experimental flume.
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Appendix A.2. Results

(a) square

(b) 60◦ (0.05 w) (c) 60◦ (0.10 w) (d) 60◦ (0.15 w) (e) 60◦ (0.20 w) (f) 60◦ (0.25 w)

(g) 45◦ (0.05 w) (h) 45◦ (0.10 w) (i) 45◦ (0.15 w) (j) 45◦ (0.20 w) (k) 45◦ (0.25 w)

(l) 30◦ (0.05 w) (m) 30◦ (0.10 w) (n) 30◦ (0.15 w) (o) 30◦ (0.20 w) (p) 30◦ (0.25 w)

(q) R (0.05 w) (r) R (0.10 w) (s) R (0.15 w) (t) R (0.20 w) (u) R (0.25 w)

Figure A2. Streamlines with different inlet configurations: (b–p) for chamfered inlets with different
angles, (q–u) for rounded inlets (all sizes in mm).
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