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Operation of a Device Regulating Flow in a Steep
Slope Channel

[ G. Ciaravino, C. Ciaravino ]

Abstract—This paper studies a flow regulation device,
whose operation does not fully comply with the theoretical
simplifications underlying the usual design standards for this
type of structure. In particular, a flow regulation device
consisting of two side weirs with a discharge rate very close to
the maximum flow coming from upstream is studied on a
physical model. The device is located in the pipe of a steep-
slope swiss-section sewer, just upstream of a flow measurement
section comprising a rectangular-section venturi. The
theoretical analysis and tests carried out on the experimental
installation in both normal and critical conditions have
identified solutions that, despite their specific characteristics,
may provide indications of a more general nature.

Keywords—flow regulation device, side weirs, steep-slope
channel, theoretical-experimental testing.

1. Introduction

Sewers that are used as drains for both rainwater and
sewage are generally equipped with devices that can
regulate flow discharge during flood events or divert sewage
towards treatment plants. In the latter case, structures are
often fitted with orifices near their bottom, for instance
leaping weirs and baffled weirs [1], but these generally lead
to problems of management and maintenance (specifically,
cleaning the orifice) as they are constantly in use. This
drawback can be avoided by fitting the flow regulation
device with a side weir covered by a grill so that the solid
material transported in the flow can be sent to the treatment
plant. Maintenance (cleaning the grill) is simpler in this case
as the weir is not constantly diverting the flow. However, if
the flow to be diverted is close to the maximum flow from
upstream, the operation of the device may differ somewhat
from the hypotheses regulating the classic theory for the
design of this type of structure [2,3]. In the latter theoretical
framework, the kinematic field in a weir is characterised as
two superimposed flows: one gradually variable in a
longitudinal direction parallel to the weir crest, the other
transverse and essentially orthogonal to the weir crest. It is
also hypothesised that the transverse section has a
practically horizontal free-water surface near the crest and,
as a result, pressure distribution is hydrostatic. The weir
discharge is normally evaluated using the same laws
regulating discharge from frontal weirs. Finally, it is
generally acknowledged that the total head H is constant
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along the weir crest provided this is not excessively long and
the channel is not very steep: consequently, the design
standards encounter further problems in the case of steep-
slope channels or if there is a hydraulic jump near the weir.

It is not uncommon, therefore, in structures of this kind
(although this problem is actually common to a number of
other types of hydraulic works) for the theoretical conditions
to differ considerably from those encountered in the
structure, with the result that original design solutions
outside the theoretical framework are often adopted. In
actual fact, such eventualities are part of the attraction of
engineering, as the engineer frequently has to tackle new
and constantly changing problems and to identify novel and
unique prototypes. Wherever possible, good design practices
call for studies to be conducted on models before the
prototype itself is set up, especially when dealing with
works of major technical or economic importance. This
paper reports a study carried out on an experimental
installation regarding the design of a flow regulation device
for a large sewer, whose characteristics cannot be fully
encompassed by the classic sizing theories mentioned above,
nor by more recent studies [4-16].

n. The flow regulation device

The experimental installation used in this paper is made
up of a flow regulation device with side weirs whose
discharge rate is very close to that of the maximum flow
from upstream. In particular, the study was carried out with
a theoretical analysis and through different experimental
phases conducted on an installation (Fig.1) making up the
physical model (1:17.5 scale) of a prototype that comprises
twin side weirs (whose length has to be defined) located in a
pipe (Fig.1, Sec. A-A e Sec. C-C) downstream from a
Swiss-section sewer (Fig.1, Sec. B-B) and just upstream of a
flow measurement section comprising a rectangular-section
venturi (Fig.1, Sec. D-D). As this sewer has a bottom slope
ir = 0.0044 and a maximum flow rate Qumm =50 m®/sec
(referred to the prototype), it is clearly a steep-slope
channel. Therefore, upstream from the measurement section
we can expect the flow to change from a supercritical (rapid)
flow to a subcritical (tranquil) flow through a hydraulic
jump. The pipe between the Swiss-section sewer and the
measurement section also serves to mark the limit of the
hydraulic jump. The device has the following characteristics
(referring to the prototype):

- Height of the Swiss-section sewer he = 4.20 m (Fig.1,
Sec. B-B);

- Weir crest Ys = 1.25 m from the bottom line (Fig.1,
Sec.C-C), such as to allow the free passage of a
maximum flow of Q;y =5 m®/sec;

- Length of the section in which to fit a single weir
Ls=10.00 m (Fig.1, Sec. A-A and Sec. C-C), such as to
allow the discharge of a maximum flow Qgy (to be

verified);
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- Width of the control section Lyc = 2.40 m (Fig.1, Sec.
D-D), such as to enable a maximum downstream
discharge Qv (to be verified);
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Figure 1. Experimental installation.

m. Considerations and

preliminary experimental tests

The first tests conducted with the highest flow rates have
confirmed how a hydraulic jump occurs in the proximity of
the flow regulation device (downstream from the
measurement section where the flow is extremely unstable)
[17]. The irregularity of the flow and the uncertainties that
this creates in determining the coefficients of discharge p
and of the water surface profiles on the weirs not only make
an effective verification of the sizing of the structure
impossible, but they also suggest the need to carry out
experimental tests in successive phases. Thus, a preliminary
phase aimed to identify the law for varying the total head
downstream of the weir in the measurement section,
determining the discharge scale of the venturi with the weir
completely closed [18, 19]. In a subsequent phase, with the
measurement section closed, we verified weir operation for
flows Qs = Qu - Qv (i-e. supplying an upstream flow Qu
equal to the flow to be discharged Qs, with downstream flow
Qv = 0). In a final phase we conducted an overall test on the
device in real operating conditions. It is clear that this
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approach simplified flow measurement through the
individual devices in the various experimental phases.
Analysis of the experimental tests with the weirs in
operation may be preceded by theoretical considerations
based on the classic hypotheses of steady flow, gradually
varied flow, hydrostatic pressure distribution and constant
total head H for the flow arising at the weir. In particular, we
can fix:

- the total head Hy, in the section upstream from the weirs
for every flow Qy ;

- the total head Hg in the section downstream from the
weirs, set at Hy for every corresponding flow Qy, .
Moreover, the compatibility condition according to

which the total head Hy, cannot be lower than the total head

Hy must be verified. The theoretical analysis points out a

hydraulic jump at the weirs, as is highlighted by the

preliminary experimental tests. This analysis was conducted
while taking into account the classic relations:

dH =(ip —J)-ds=0 @
dQ = p-y/2g -h'? - ds @)

where, in addition to the already mentioned symbols and
for the s abscissa, p and hs indicate the coefficient of
discharge and the weir head, respectively, and J is the unit
head loss. In particular, assuming the maximum downstream
flow Qum = 14 m*/sec, the discharged flow Qgy = 36 m*/sec
is the sum of Qgy = 6 m*/sec, discharged upstream from the
hydraulic jump (i.e. in supercritical flow) and of
Qs.=30m*/sec, discharged downstream from the hydraulic
jump (i.e. in subcritical flow). Note that if we fix
Qum=12m®/sec, we obtain an excessively long weir due to
the lengthening of the spillway section in supercritical flow.

If we fix Qum = 16 m®/sec, we cancel out the weir length
in supercritical flow but create conditions of incompatibility
for the flow upstream from the weirs. These results can be
deduced from the graphs in Fig.2, which report the curves
h(Q) and M(Q) , for H = const., for the channel in the
proximity of the flow regulation device. M generally
indicates the total quantity of motion for the generic flow Q,
as can be calculated from the well-known equation:
QZ
g-o
where hg is the lowering of the barycentre of the hydraulic
section o . In actual fact, the presence of the hydraulic jump
gives rise to a supercritical flow that gradually decreases
downstream but, in accordance with the usual hypotheses,
with a total head that is constant and equal to the total head
Hyw of the flow immediately upstream from the weirs. On the
basis of the same hypotheses, in the subcritical flow section,
the flow gradually decreases with a total head constant and
equal to the total head Hy of the flow immediately
downstream from the weirs. It is therefore possible to
identify the laws according to which the head h and the total
quantity of motion M vary in the channel for the total heads
assigned as the flow diminishes In particular, in Fig.2, hgg
and Ms, indicate the curves corresponding to the total head
of the maximum incoming flow Quy = 50 m®/sec at the
beginning of the device and hy; and My, hiy and My, hgg
and Mg respectively indicate the curves corresponding to

(t

@)

M=h; o+
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the total heads at the end of the device, corresponding to the
Quwm flows of 12, 14 and 16 m*/sec.
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Figure 2. Side Weirs section
Curves h(Q) and M(Q) for H=const.

The preliminary experimental tests with the larger flow
have shown how the supercritical flow changes to a
subcritical flow in the device through a hydraulic jump at an
intermediate flow Q* between Qum and Qum. As this flow
Q* corresponds to one total quantity of motion value M, the
flow Q* can be obtained from Fig.2, for instance, at the
intersection between the curves Ms, and My, and between
the curves Msy, and My, (intersections of the characteristic
curves of the supercritical upstream flows and of the
subcritical downstream flows). Once Q* has been
established, the values Qum - Q* in the supercritical flow
and Q* - Quu in the subcritical flow can be deduced. As
already mentioned, the verification highlights a stretch of
the weir in supercritical flow which is too long, for
Quw=12m%sec, and a condition of incompatibility, for
QVM=16m3/sec (the latter condition can be deduced from the
curves Mgy and My in Fig.2). The results are linked to the
geometry of the system and, therefore, it is necessary to
modify the measurement section if we want to vary flow
regulation.

iv. Final experimental tests

Taking into account both the theoretical considerations
illustrated above and the first experimental tests, which
highlighted the substantial difference between the real flow
conditions and the theoretical conditions underlying the
usual standards employed when sizing side weirs, the
hydraulic layout of the flow regulation device has been
modified so that:

- Qum was assigned the value 14m’fsec, instead of
12m®/sec, and, therefore, Qgy Was assigned the value
36m*/sec instead of 38 m?/sec;

- the layout which called for side weirs was replaced with
one containing orifices whose lower edge height
coincided with Y initially assigned to the weir crest.
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Thus, in the section in the proximity of the flow
regulation device we can hypothesise conditions of
subcritical flow with free-water levels which can ensure a
sufficient head for the orifices, so that the flow’ gradual
motion is maintained. Experimental tests have been
conducted in various conditions that have highlighted a
greater compliance to the theoretical model and the
efficiency required. In particular, we have tested orifices
with a length measuring 4.90 m and a height of 0.80 m and
1.00 m, with a flow Qu = Qs = 36 m*/sec (measurement
section closed) and with a flow Quu = 50 m/sec and
Qsm=36 m/sec (measurement section open). In these
hypotheses, the flow turned out to be subcritical (as the
hydraulic jump is located in the section upstream from the
weir) and with gradually varied motion substantially along
the whole length of the weirs.

The devices tested are shown in Fig.3-a), which also
reports the profiles measured experimentally (dashed lines).
Since weirs (especially those in sewers) are often fitted with
grills to prevent the passage of solid materials transported in
the flow, as has been pointed out above, we have also
conducted tests using orifices fitted with a grill which
reduces the free-water surface in the ratio 40/55, compared
to the initially prescribed size of Ls=10.00 m. In this case,
orifices measuring 0.60 m and 0.80 m were tested with a
flow Qspy= 36 m®/sec and the measurement section closed.

The devices tested are also shown in Fig.3-b), along with
the experimentally measured profiles. In these tests the flow
was likewise subcritical with a hydraulic jump located in the
channel section upstream from the weir and with a gradually
varied flow along the whole length of the weirs. The motion
conditions observed in the model thus lend themselves well
to a valid numerical calculation. Indeed, it has been possible
to admit:

- gradually varied flow in the channel in the proximity of
the flow regulation device;

- aconstant total head H on the flow regulation device of
Hs = Hy which is determined downstream from the flow
regulation device (in the measurement section where the
venturi was situated).

Therefore, with known type and dimensions of the
orifices, it has been possible to use equations equivalent to
(1), (2) and (3) in order to build up the theoretical flow
profiles for comparison with the experimentally measured
profiles after evaluating the value to attribute to the
coefficient of discharge p (value again reported in Fig.3)
[20-23]. The theoretical profiles are in good agreement with
the experimental profiles (the latter are again shown as
dashed lines in Fig.3).

A comparison between theoretical and experimental
profiles highlights a difference which is very small for the
grill and orifice measuring 0.60 m and which depends on the
value assigned to the coefficient of discharge p. In actual
fact there are some differences that are normally positive in
the initial section of the device and negative in the final
section. This is clearly due to the fact that, unlike the
hypothesis introduced into the calculations, the coefficient
of discharge p of the orifices is not constant but, rather,
assumes values that vary gradually along the weir (initially
to a small degree and then greater than the adopted average),
highlighting the influence of the head value on the

coefficient of discharge p.
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Figure 3. Theoretical and experimental profiles of the modified flow regulation device.
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Figure 4. Variation of the coefficient of discharge p with D/hs.
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The experimental results obtained were then processed
along with some experimental tests of Carlo Viparelli [24]
regarding the values of the coefficients of discharge of
orifices in the bottom of a channel and in the presence of a
flow parallel to them.

It was thus possible to build the diagram reported in Fig.4
and to verify that the coefficient of discharge p varies
according to the ratio D/hg between the size of the orifice D
and the head hg, for u values greater than 0.61, according to
the following equation;

b

D
u=a- n (4)

S

Where the values a = 0.675 and b = 0.0346 can be
assumed. These values are consistent with the experimental
results obtained here in subcritical flow (and for values of
D/hs between 0.1 and 1.0) enable greater consistency
between theoretical and experimental profiles by introducing
into the calculations values of p that vary with the head.

v. Conclusions

The analysis and the experimental tests we have
conducted stress the importance for side weirs of the
hypotheses according to which the head hson the weir crest
must be modest compared to the head in the channel and,
conversely it must be considerably larger than the
corresponding kinetic head.

Such hypotheses are not often verified in those cases,
like the one examined here, in which the flow to be diverted
Qsm is very close to the maximum flow from upstream Qum:
in these conditions, the gradual nature of the motion and the
hydrostatic  pressure  distribution are compromised.
Consequently:

- not wishing to forego an operating model which
envisages the undisturbed passage of lower flows laden
with sewage;

- not wishing to adopt models that call for bottom orifices
such as leaping weirs and baffled weirs [1], which are
more difficult to control and maintain and are, essentially
less efficient;

- for very high Qsy/Qumwm ratios (such as in this case where
it is approximately 0.76)

it is worth adopting a flow regulation device which
discharges from orifices (at a height Y above the bottom
line) rather than weirs.

In this case it is possible to reliably build the flow profile
in the proximity of the flow regulation device as the motion
field can be represented as a gradually varied flow in the
longitudinal direction and parallel to the plane of the
orifices.

The discharge process, moreover, can be defined through
the usual laws on flow through an orifice with coefficients
of discharge p (variable with ratio D/hs) that can be
evaluated in cases such as the one examined here using
equation (4) in the absence of specific experimental values.
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