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Abstract: Conventional triangular weirs have been originally developed to measure, divert, and
control surface water. However, a special application of these weirs, such as for low flow measurements
in full-scale monitoring of Green Infrastructure (GI), is not well investigated. Available head-discharge
relationships for triangular sharp-crested weirs are only valid under a free-flow regime. Literature
focusing on the V-notch weir usage for GI assessment suggests that it is necessary to calibrate the
head-discharge relationship before its use. This study focuses on understanding the effects of site
constraints on the measurement performance of a V-notch weir at low flow rates, and the validity
of equations derived for similar applications that can be found in the literature. The variation of
discharge coefficient in various flow regimes was investigated experimentally based on calibration
runs covering flow rates between 0.054 l/s and 7 l/s. The results show that for 30◦ and 45◦ V-notch
weirs, three flow regimes can be identified. It was observed that literature equations to calculate
the discharge coefficient are valid for partially-contracted triangular weirs only at heads greater
than vertex distance from the channel. However, for low flows that are expected to occur when
estimating the full-scale performance of GI, the equations available from the literature for similar
site conditions underestimated the flow rate between 85% and 17%. This emphasises the need for
accurate calibration of a V-notch device under the site conditions to achieve the necessary level of
accuracy in GI performance estimation. The procedure outlined in this work can be easily replicated
to determine the optimal monitoring system configuration. Alternatively, if the site conditions
would match those described in this study, the computed discharge using the proposed relations,
in combination with the general V-notch weir equation, provides a significant improvement in the
accuracy of measurements, expands the head applicability range of V-notch weirs, and enables better
understanding of GI performance at the full scale.
Keywords: green infrastructure; full-scale performance; triangular weir; V-notch weir; head-discharge
relationship; low flow rate; urban drainage

1. Introduction
Most of the urban areas in the world are drained through an old combined sewerage system
constructed more than 50 years ago, with some water infrastructure being more than 100 years old,
such as the combined sewerage system draining central London [1]. This type of system proved to
be adequate in the past; however, due to the more rapid urbanisation in the last few decades and
greater interest in managing stormwater flows to maintain environmental quality [2], the standards
of performance expected to be delivered by the conventional drainage systems have become much
higher than when they were first built [3]. Contemporary surface water management systems need to
simultaneously deliver flood risk control, pollution control and dynamic urban area enhancements [4].
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To meet the quality of life expectations of citizens and to cope with climate change and urban growth
pressures, new interventions in the drainage systems are being implemented. Such interventions are
based on maximising the opportunities and benefits that can be obtained from mimicking the natural
drainage processes of an area [5].
Green Infrastructure (GI) technologies have gained popularity as a cost-effective and multi-beneficial
alternative to stormwater management in new developments [6]. However, to achieve the level of
water storage comparable to pipe systems, GI have to be implemented at a wider scale by retrofitting
existing urban environments through cross-sectoral partnerships [7]. To enable that, it is necessary
to assess the full-scale performance of GI retrofits, for which the data are very scarce due to resource
limitation and the amount of effort needed to set a monitoring campaign [8,9]. Another limitation
related to the hydrological monitoring programs of GI components is site constraints, for which
conventional monitoring instruments become inapplicable [10].
To address the need of decision makers for the full-scale performance evaluation of GI to promote
their uptake, the aim of this study is to highlight the importance of calibrating the hydrological monitoring
devices whenever deployed in site-specific applications to evaluate the full-scale performance of GI
technologies retrofitted into existing highly congested urban areas.
2. Materials and Methods
2.1. GI Monitoring: State of the Art
The number of literature studies that focused on the successful full-scale monitoring of GI
technologies is rather limited. By evaluating 25 selected publications, it was possible to classify GI
monitoring programs into three clusters (Table 1) according to the type of monitoring method used.
Table 1. Summary of literature case studies involving full-scale Green Infrastructure (GI)
hydrological monitoring.
Monitoring Type

Rating curve of hydraulic
control structure

Monitoring Instrument

GI Technology

Project Type
(Retrofit/New
Development)

Reference

Pressure transducer +
V-notch weir (30◦ )

Bioretention Cell

Retrofit

[11]

Pressure transducer +
V-notch weir (30◦ )

Permeable Pavement,
Porous Concrete

Retrofit

[12]

Bubbler sampler + Flume

Bioretention Cell

Retrofit

[13]

Bubbler sampler +
Palmer-Bowlus flume

Swale, Rain Garden,
Permeable Pavement,
Bioretention Cell

Retrofit

[14]

Bubbler sampler + V-notch
weir (120◦ )

Bioretention Cell

Retrofit

[15]

Pressure transducer +
V-notch weir (30◦ , 45◦
and 60◦ )

Bioretention Cell

Retrofit

[16]

Pressure transducer +
V-notch weir

Rain Garden

Retrofit

[17]

Bubbler sampler +
Thel-Mar weir

Bioretention Cell, Sand
Filter, Gravel Wetland,
Street Tree, Porous Asphalt

Retrofit

[18]

Bubbler sampler +
Thel-Mar weir

Bioretention Cell

Retrofit

[19]

Bubbler sampler +
Compound
V-notch/Rectangular Weir

Wetland

Retrofit

[20]
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Table 1. Cont.
Monitoring Type

Rating curve of hydraulic
control structure

Rating curve of hydraulic
control structure
Flow meter

Flow meter

Rating Curve determined
by models

Monitoring Instrument

GI Technology

Project Type
(Retrofit/New
Development)

Reference

Bubbler sampler + V-notch
weir (120◦ )

Pervious Concrete,
Bioretention Cell

Retrofit

[21]

Pressure transducer +
Thel-Mar weir + PalmerBowlus Flume

Bioretention Cell, Porous
Pavement

Retrofit

[22]

Pressure transducer +
V-notch weir (90◦ )

Swale, Infiltration Pond

Site 1:
RetrofitSite 2:
New
Development

[23]

Bubbler sampler + V-notch
weir (30◦ )

Bioretention Cell,
Detention Pond, Swale,
Infiltration Trench

New
Development

[24]

Pressure transducer +
V-notch weir (45◦ and 60◦ )

Bioretention Cell

Retrofit

[25]

Pressure transducer +
V-notch weir (90◦ )

Bioretention Cell

Retrofit

[26]

Bubbler sampler + V-notch
weir (30◦ )

Permeable Pavement,
Biofiltration

Retrofit

[27]

Pressure transducer +
V-notch weir (30◦ , and 60◦ )

Permeable Pavement

Retrofit

[28]

Bubbler sampler + V-notch
weir (90◦ )and Flowmeter

Bioretention Cell

Retrofit

[29]

Pressure transducer +
Doppler ultrasonic velocity
sensor

Bioretention Cell, Rain
Garden

Retrofit

[30]

Flowmeter

Permeable Pavement

New
Development

[31]

Clamp-on ultrasonic
flowmeter

Permeable Pavement

Retrofit

[32]

Pressure transducer +
Manning’s equation

Rain Garden, Green Roof,
Permeable Pavement,
Bioswale, Detention Pond

New
Development

[33]

Pressure transducer +
HEC-RAS

Green Roof, Permeable
Pavement, Swale

New
Development

[34]

Pressure transducer

Bioretention Cell

Retrofit

[35]

The V-notch weir was used in 14 out of the 19 case studies that implemented rating curves of
hydraulic control structures to calculate the outflow from GI devices. Flow meters were not commonly
used in such application due to the low range of the outflow rate that falls outside the performance
polygons of common flowmeters, which impacts the accuracy of measurements [26]. Developing
models to determine the outflow rating curve was commonly used on large scale projects, but this
method requires more expertise and data to calibrate and validate the model.
LeFevre et al. [33] evaluated different flow measuring techniques for the application in GI
performance monitoring where they found that the depth measurement associated with a rating
curve is the best method to apply. However, in most cases, manufacturer rating curves of weirs
and flumes were used without checking their validity for the conditions of the project where they
have been implemented. Only two out of the 25 studies listed in Table 1 calibrated the apparatus
before use. Collins et al. [12] calibrated a 30◦ V-notch weir, where they found that the rating curve
determined (Flow range: 0.023 l/s to 6.536 l/s) was significantly different from the standard rating curve
at head values less than 60 mm, so they used their rating curve for the GI performance assessment
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at such low heads. In another study, Cording et al. [26] had to customise and calibrate a weir box
to measure small flow rates out of a bioretention cell. Therefore, in any site-specific application of
measuring instruments, such as in GI retrofit projects, it is highly important to check the calibration of
the prospective equipment before its use.
2.2. Weir Design for GI Full-Scale Performance Assessment
Weirs have long been known for their adequacy to measure, divert and control the flow in open
channels [36]. Characterisation of the water flow over weirs can be found in many studies in the
literature, such as Kindsvater and Carter [37], Ackers et al. [38], Bos [39], Montes [40], Finnemore and
Franzini [41], and Chanson [36]. Regarding the specifications and installation guidelines of weirs
for flow measurement, thorough and full explanation can be found in international standards, such
as the British Standards Institution [42], the International Organization for Standardization [43], the
American Society for Testing Materials [44], and the United States Bureau of Reclamation [45].
The V-notch or triangular sharp-crested weir is one of the most suitable flow measurement
devices, especially when accurate measurements of low flow rates are needed [46,47]. Its accuracy
generally improves as the difference between head loss values for given flows increases. Hence, sharper
V-notch angles result in more accurate measurements of a flow rate. However, as demonstrated by
Aydin et al. [47], the V-notch weir is not the best option when measuring extremely low flow rates. The
silt weir was found to be more sensitive to flow changes than V-notch weir [47], but it is not suitable
for application in GI performance assessment due to its narrow weir width, which increases the risk of
blocking and limits the maximum discharge that can be measured. Therefore, in this study the V-notch
sharp-crested weir is considered to be the best option to monitor outflows from GI over a wide range
of discharges.
Flow equations for sharp-crested weirs are derived from mathematical integration of element
flow strips over the nappe [39]. For triangular weirs, the flow equation is as follows [48]:
Q=

 
p
5
8
θ
× Cd × 2g × tan
× h2
15
2

(1)

where Q is the discharge (m3 /s); Cd is the discharge coefficient; g is the gravitational acceleration,
9.81 m/s2 ; θ is the notch angle (degrees); and h is the head over the weir (m). In this equation, the
discharge coefficient (Cd ) accounts for the geometric, viscosity, and surface tension effects. The latter
two become negligible at high head values or for fully contracted V-notch weirs (i.e., when the approach
channel bed and sides are sufficiently far from the edges of the V-notch); therefore, Cd becomes only
dependent on the notch angle. However, for h values less than 60 mm [49] or when the V-notch weir is
partially contracted, Cd is not constant. Zhang et al. [50] listed some of the classical formulas used to
determine Cd and their limitations; they also stated that for clinging flow conditions, such formulas
become inapplicable. Although the V-notch sharp-crested weir is often recommended in low flow
measurement [50], Kumar et al. [51] showed that even this type of weir may suffer from clinging flow
at low heads. The behaviour of sharp-crested weirs at low heads was extensively investigated by
Zhang et al. [50], Crookstone and Tullis [52], Swamee et al. [53], and Bagheri et al. [54]. They found
that the effects of surface tension and fluid viscosity on the weir performance at low heads can be
compensated by correcting the head measurement or the discharge coefficient.
Lenz [55] proposed Cd values for V-notch weirs ranging from 0.577 to 0.617, where he found that
the discharge coefficient depends mainly on the notch angle. Other studies discussed in BSI 380: Part
4A [56] and ISO/TC 113/GT2 [57] considered the effects of viscosity and surface tension on Cd values of
90◦ V-notch weirs. They found that Cd can be expressed as a function of the head over the weir divided
by the distance from the bottom of the channel to the notch vertex (h/P).
The Reynolds number (R) is a measure of the relative influence of fluid viscosity expressed as
ρ
R = V × L × µ , in which V is the fluid velocity, L is a length, ρ is the mass density and µ is the dynamic
viscosity. The Weber number (W) is a measure of the relative influence of surface tension expressed as
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√ p
W = V × L/ σ/ρ, in which σ is the coefficient of surface tension of the liquid. In this experiment,
R and W can be related to the absolute magnitude of h alone because only one liquid over a limited
temperature range is considered. Thus, both Reynold’s number (R) and Weber number (W) can be
replaced by h [58].
Rehbock [59] proposed a linear relationship between Cd and h/P as follows:
h
Cd = a + b
P

!
(2)

where a and b are the constants of the linear regression.
Other experimental studies in the literature found that the lower the head over the weir is, the
higher the discharge coefficient is [60]. The V-notch weir was extensively investigated by Cone [61],
who related Cd to h and the notch side slopes (S); in his equation S = 0.268 for 30◦ notch. King [62]
also performed tests on different notch angles and expressed Cd as a function of h. Later, Greve [63]
conducted one of the most extensive investigations of different notch angles and proposed an equation of
Cd as a function of notch angle and h. The effect of viscosity and surface tension on weir coefficients were
objectives of the experiments made by Lenz [55], who used different fluids at different temperatures.
For the purpose of this research, the equation reported is for experiments using only water; for the 30◦
weir, N = 0.0306, and λ = 0.575 where N and λ are empirical constants dependent on the notch angle
only. Table 2 summarises the equations of discharge coefficient along with the related reference, and
their head applicability range; the reported equations are extracted from experiments conducted on
different notch angles—30◦ specifically.
Table 2. Coefficient of discharge expressions for 30◦ triangular weirs and their head applicability range.
Expression for Cd

Reference

Application Range of the Head (mm)

Cd =0.560+ Nλ
h
0.576 0.00584
Cd = j +
where j= 0.0195
S0.75
h
Shj
a
Cd = 0.586
h0.07
0.585
Cd =
0.004 0.03
h
(tan θ2 )

Lenz [55]
Cone [61]
King [62]

80–214
61–381
50–450

Greve [63]

51–302

Note:

a

for 22.5◦ .

Given the increased usage of such weir configuration in the monitoring of urban drainage systems
(Table 1) and considering the anticipated low head values to be measured (below the ranges listed in
Table 2), it is, therefore, necessary to evaluate the performance of a partially-contracted sharp-crested
V-notch weir with acute vertex angle at such heads and propose formulas to compute Cd at different
flow regimes. This will expand the lower bound of the measurement range of the V-notch weir and
broaden its applications.
The V-notch weir considered in this study is designed to be installed in confined spaces, such
as underground chambers, to measure the outflow from GI devices. Typical underground chambers
cover the range from 1200 mm to 1850 mm in diameter, and the distance from the inlet pipe invert to
the chamber floor level is smaller than the dimension required to develop fully-contracted conditions,
as detailed in Figure 1.
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Figure 4. Water Collection Tank installed downstream of the Flow Monitoring Chamber.

2.4. Experimental Procedure
Calibration runs were performed in both increasing and decreasing free flow conditions. At least
35 runs were done over the range of flow 0.05 l/sec to 7 l/sec, with about 20 runs at flow rates less
than 1 l/sec. The flow was initially set at the minimum possible rate controlled by the inlet gate valve,
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The head of water upstream of the weir was measured at four different spots by a GE UNIK
5000 pressure transducer (Range: 0 to 70 mbar; accuracy: ±0.04%). The calibration of the pressure
transducer was checked prior to its use, and several times during the calibration runs by cross-checking
with tape-measurements.
After the first calibration runs and due to flow turbulence, it was observed that the flow entering
the weir chamber must be baffled to maintain a laminar flow regime and a stable water surface to
minimise the error in head measurement. Accordingly, three layers of perforated stainless-steel meshes
were installed in a staggered manner to reduce pulsations and wave actions upstream of the weir.
2.4. Experimental Procedure
Calibration runs were performed in both increasing and decreasing free flow conditions. At least
35 runs were done over the range of flow 0.05 l/s to 7 l/s, with about 20 runs at flow rates less than
1 l/s. The flow was initially set at the minimum possible rate controlled by the inlet gate valve, so that
clinging flow was fully developed, and then the flow was gradually increased in a manner that the
head over the weir was incremented by 3 to 4 mm in each run. For each calibration run, the water
was allowed to flow for a sufficient time to allow a steady-state conditions to be established while the
discharge valve was open. Then, the discharge valve in the graduated tank was shut-off and time
recording started. Once the water reached the maximum level in the graduated tank, the bypass valve
was opened, and time recording stopped. A short time was then allowed for the water level in the
graduated tank to stabilise and the collected volume was calculated afterwards. Having the volume
of water and the time it took for collecting it; the volumetric flow rate was calculated. The entire
procedure was repeated three times for each calibration run, and the mean value of volumetric flow
and head were obtained by averaging the three readings.
3. Results and Discussions
3.1. Head–Discharge relationship
Data collected from the present study was analysed to develop an accurate head–discharge
relationship for the partially-contracted sharp-crested triangular weir over a wide range of flow rates.
A total of 35 head–discharge observations are shown in Figure 5. Discontinuity is observed in the
curve, especially at discharge values less than 1 l/s. To better illustrate this discontinuity, the discharge
coefficient (Cd ) was calculated using Equation (1) for each pair of head and discharge values and
plotted against the ratio h/P [59] in Figure 6.
By analysing the results shown in Figure 6, three different zones can be identified. Cd values
exhibit a gradual decrease from around 1.410 at h/P = 0.170 (corresponding to Q = 0.053 l/s) to 0.750 at
h/P = 0.358 (corresponding to Q = 0.184 l/s). The rate of decline of Cd with h/P decreases towards the
end of the first stage before abruptly increasing to a peak of Cd = 0.856 at h/P = 0.450 (corresponding to
Q = 0.363 l/s). The discharge coefficient then decreases at a smaller rate than the decrease rate in the
first stage. When the head was further increased, Cd flattened at a value between 0.615 and 0.620 for
h/P larger than 1. Therefore, the three flow stages may be classified as shown in Table 3.
The clinging flow regime is when the nappe of water flowing over the weir crest is fully sticking
to the downstream side of the weir; the bistable flow regime is when the nappe springs from the weir,
like normal free flow, but only some water remains clinging to the weir plate. The free-flow regime is
when the water jets over the weir with only a line contact at the crest.
Table 3. Flow phases identified from observed data as a function of h/P.
Flow Phase

h/P

Clinging flow
Bistable flow
Free-flow

Less than 0.358
0.358 to 0.600
Larger than 0.600
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Figure
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at 6,
h/Pthree
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0.750
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exhibit
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1.410
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to Qh/P
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l/sec) towards
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toaround
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= 0.450
(corresponding
stabilise, and the effect of surface tension and viscosity becomes negligible. Plotting Cd against h/P
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for the free-flow phase and superimposing that with the discharge coefficients determined from the
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equations in Table 2 showed that the best models fitting the observed data are those of Cone and
King, with the former being the best. Lenz and Greve’s models show a good trend, but they are offset
from the observed data. In fact, using a starting coefficient of 0.576, as in Cone’s equation, to modify
Lenz’s model, gives a rather better fit than Cone’s model. This may be attributed to the fact that Lenz’s
experiment focused on the effect of viscosity and surface tension on the weir equation, which is the
case in this study. As for Greve’s model, a modified version of its equation along with the other ones
are presented in Table 4 and the results are shown in Figure 7. The proposed modifications enable
expansion of the head applicability range of the 30◦ V-notch weir to as low as 20 mm compared to
what it used to be (Table 2).
Table 4. Modified coefficient of discharge equations for 30◦ triangular weirs.
Equation of Cd

Reference

Cd =0.576+ Nλ
h
0.576 0.00584
where j= 0.0195
Cd = j +
S0.75
h
Shj
Cd = 0.586
0.07 *
h
0.598
Cd =
0.004 0.05
(tan θ2 )
h

Modified Lenz [55]
Cone [61]
King [62]
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Cd = 1.9746 − 2.8785 h/P for 0.167 ≤ Ph < 0.358, R2 = 0.9683;
Cd = 1.3346 − 1.0903 h/P for 0.358 ≤ Ph < 0.600, R2 = 0.9894;
Cd = 0.8277 − 0.2094 h/P for 0.600 ≤ Ph < 1, R2 = 0.9929;
Cd = 0.576 + hNλ for Ph ≥ 1;

(3)

where N = 0.0306, λ = 0.575, and P = 120 mm. For the weir studied, a and b in Equation (2)
are not constant, they exhibit an indirect relationship where a decreases as h increases, while b
increases as h increases. Combining Equation (3) above with Equation (1), the discharge over the 30◦
partially-contracted sharp-crested triangular weir can be computed for the full range of flow. The
discontinuity between two consecutive flow phases is attributed to the different physical behaviour
of the water streamlines when spilling over the weir. This induces that for each critical head, two
discharge coefficients are calculated, one for each of the two flow phases separated by that critical head.
3.3. Uncertainty of the Proposed Discharge Equation
The proposed head-discharge relationship is checked for its accuracy by comparing the calculated
Water 2019, 11, x FOR PEER REVIEW
12 of 18
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3.4. Transferability of the Observed Flow Behaviour
To validate the observations drawn from this study, the same calibration procedure was
repeated for a 45° V-notch weir. This weir exhibits similar performance (Figure 9) to the 30° weir with
three distinguishable flow zones; although the bistable zone is not very easily identified, which can
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3.4. Transferability of the Observed Flow Behaviour
To validate the observations drawn from this study, the same calibration procedure was repeated
for a 45◦ V-notch weir. This weir exhibits similar performance (Figure 9) to the 30◦ weir with three
distinguishable flow zones; although the bistable zone is not very easily identified, which can then be
called an intermediate zone. The end of the clinging flow zone happens at heads lower than when it
happens in the 30◦ weir case, which is expected since the surface tension in the former are smaller than
Water 2019, 11, x FOR PEER REVIEW
13 of 18
those in the latter.
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Given the range of flow needed to be measured from single GI devices, it is important to select
The proposed Equation (3) was derived for the monitoring of discharge out of single GI units
a weir geometry that can provide the necessary sensitivity to small flow changes in order to enable
retrofitted into dense urban environments, where space and existing underground utilities are often
the pressure transducer to capture these small variations. Selecting wider triangular weir geometries
very restricting with respect to the design of the monitoring system. This implies that the smaller the
would compromise the level of accuracy desired and may render the weir inappropriate for low
chamber that can be used, the more appropriate it is for monitoring GI retrofits. In this study, the
flow measurement.
underground chamber housing the V-notch weir is 1200 mm in diameter, which is the smallest size
The proposed Equation (3) was derived for the monitoring of discharge out of single GI units
used in common practice allowing a proper entry into confined spaces. On the other hand, given the
retrofitted into dense urban environments, where space and existing underground utilities are often
small flow rates expected out of individual GI units, it is not advisable to have a large storage space
very restricting with respect to the design of the monitoring system. This implies that the smaller the
upstream from the V-notch weir. In other words, if P is increased, more volume would be stored
chamber that can be used, the more appropriate it is for monitoring GI retrofits. In this study, the
before the weir without being recorded, which increases the chances to miss small storm events when
underground chamber housing the V-notch weir is 1200 mm in diameter, which is the smallest size
the antecedent dry condition is long enough. Hence, the smaller the P, the higher the ability of the Vused in common practice allowing a proper entry into confined spaces. On the other hand, given the
notch weir to capture low flows relevant for GI performance assessment. Therefore, the proposed
small flow rates expected out of individual GI units, it is not advisable to have a large storage space
monitoring scheme in this study is an optimal design with respect to highly likely site constraints
upstream from the V-notch weir. In other words, if P is increased, more volume would be stored before
and required level of monitoring accuracy that can be adopted for any GI monitoring scheme, and in
the weir without being recorded, which increases the chances to miss small storm events when the
retrofit type of projects more specifically.
antecedent dry condition is long enough. Hence, the smaller the P, the higher the ability of the V-notch
weir to capture low flows relevant for GI performance assessment. Therefore, the proposed monitoring
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Figure 10. Collins et al.’s equation, combined with the standard weir equation, underpredicted the
discharge rate by 85% to 17% for a typical GI range of flows from 0.01 l/s to 0.79 l/s, respectively. Such
big differences may be attributed to the differences in approach channel conditions, where the h/P
and h/B ratios are the two main factors affecting the magnitude of velocity upstream from the V-notch
weir. The distance upstream from the weir to the chamber wall is larger in Collins et al.’s experiment
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most similar application was found in Collins et al. [12], who calibrated a triangular weir for the GI
assessment in a laboratory rig mimicking its exact site scale and conditions. To test the transferability
of a calibrated rating curve, the discharge through the 30◦ V-notch weir was calculated using the
equation determined by Collins et al. and superimposed by the results from this study, as shown in
Figure 10. Collins et al.’s equation, combined with the standard weir equation, underpredicted the
discharge rate by 85% to 17% for a typical GI range of flows from 0.01 l/s to 0.79 l/s, respectively. Such
big differences may be attributed to the differences in approach channel conditions, where the h/P and
h/B ratios are the two main factors affecting the magnitude of velocity upstream from the V-notch weir.
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4. Conclusions
This study focused on the calibration process for a V-notch weir when the device is used for the
assessment of the GI full-scale performance. Experimental data indicate that even very sharp V-notch
weirs intended to measure low flow rates may suffer from clinging flow regime. Therefore, thorough
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The observed differences become negligible for flow rates higher than 2 l/s (corresponding to
h = P = 120 mm). However, in small scale projects where a V-notch weir monitors a single GI device,
the estimations obtained using Collins et al.’s [12] expression would produce significant errors, which
would affect the interpretation of the GI performance.
4. Conclusions
This study focused on the calibration process for a V-notch weir when the device is used for the
assessment of the GI full-scale performance. Experimental data indicate that even very sharp V-notch
weirs intended to measure low flow rates may suffer from clinging flow regime. Therefore, thorough
investigation of weir discharge at low heads needed to be carried out. In this study, three flow regimes
were identified for a 30◦ V-notch weir: (i) clinging flow at Ph ≤ 0.358; (ii) bistable flow at 0.358 < Ph ≤
0.600; and (iii) free-flow at Ph ≥ 0.600. Extensive investigation of the 30◦ V-notch weir behaviour at low
heads enabled the extension of its applicability range to head values as low as 20 mm.
The discharge coefficient in all three stages and for different triangular weir geometries may be
linearly related to the ratio of the head of water crossing the weir over the distance of the weir vertex
from the channel (h/P), which resulted in three relationships to calculate the discharge coefficient (Cd )
at the three different flow phases. The coefficients of the linear relationships are inversely proportional,
where for low h/P values, Cd is large, and for high h/P values, Cd decreases until flattening to a value
between 0.615 and 0.620 for the 30◦ V-notch weir. Combining the three linear relationships along with
a modified version of Lenz’s equation to predict the discharge over the full range of flow showed a
very good agreement between the predicted and observed flow values within 5% accuracy.
The observations drawn from analysing the 30◦ V-notch weir were checked against a 45◦ V-notch
weir, which showed a similar behaviour. The triangular sharp-crested weir exhibited a reliable
performance in measuring very low flow rates out of GI technologies. This adds to its wide applications
and opens new opportunities for usage in different urban water measurement applications.
Finally, the results showed that generalising the literature head–discharge relationships of a
triangular sharp-crested weir for application in confined conditions, such as the measurement of
outflows from GI, may result in significant errors, especially at low flow rates. Although many literature
studies have used the V-notch weir in such applications, the results showed that even for a similar
weir that has been calibrated for a comparable application, the errors produced are very high. This can
vary between 85% and 17% for the typical GI outflow range (0.054 l/s to 6.96 l/s). It can be concluded
that the approach channel geometry significantly affects the hydraulics of the weir, and therefore, the
calibration of an equipment before use is a necessary step to ensure the reliable measurement and
interpretation of the Green Infrastructure full-scale performance.
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Abbreviations
B
Cd
g
h
N
P
Q
θ
R
W
ρ
σ
µ
λ

width of the weir
discharge coefficient
gravitational acceleration
head of water over the weir
empirical constant in Lenz’s [55] equation
distance from channel bed to weir vertex
discharge
notch angle of the weir
Reynolds number
Weber number
mass density
surface tension of liquid
dynamic viscosity
empirical constant in Lenz’s [55] equation
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