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Transitional and Weir Flow in a Vented Drop Shaft
with a Sharp-Edged Intake

Roberta Padulano, Ph.D.1; and Giuseppe Del Giudice, M.ASCE2

Abstract: An experimental analysis of a vertical drop shaft with a sharp-edged horizontal intake section and a coaxial venting pipe is
undertaken to obtain design criteria given the limited attention provided by literature. Three different flow regimes are observed, namely
weir flow and pressurized flow for extreme discharges and transitional flow for intermediate discharges. Particular attention is paid to transi-
tional flow, which is a periodical regime consisting of an alternate switch from weir to pressurized flow, with water heads ranging between a
maximum and a minimum. For transitional flow a detailed characterization of water surface oscillations is provided, and nondimensional
equations are given describing mean water head, oscillation amplitude and frequency as functions of pipe Froude number and dimensionless
plunged length of the coaxial pipe. Also, a region of existence is provided in terms of pipe Froude number and different wave types are
identified. For weir flow, a nondimensional head-discharge relation is provided by analogy with overfalls. DOI: 10.1061/(ASCE)IR.1943-
4774.0001011. © 2016 American Society of Civil Engineers.
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Introduction

Vertical drop shafts are often used in storm water sewer systems
located in hilly regions to overcome significant elevation differen-
ces (Hager 2010). When designing a sewer system, professionals
will refer to well-known drop shafts such as the morning glory type
(Williams 1997; USBR 1987) or the vortex type (Del Giudice et al.
2010; Del Giudice and Gisonni 2011). However, when rehabilitat-
ing and retrofitting an existing drainage network, engineers must
use already built facilities, if compatible with the expected dis-
charges, to minimize costs. This often implies that the governing
parameters and laws of rarely used hydraulic structures should be
known.

The particular drop shaft which is the object of this research is
very common within the sewer network of Naples City (Italy). Such
a structure is used at present, although its hydraulic behavior is sub-
stantially unknown. In technical literature no information is avail-
able specifically related to a vertical drop shaft with a horizontal,
sharp-edged circular intake; however, some information can be
deduced about its hydraulic behavior from some experimental re-
search regarding similar structures (Anwar 1965; Anderson et al.
1971; Khatsuria 2005; Padulano et al. 2013, 2015; Banisoltan et al.
2015). Because of such a lack of information, an experimental cam-
paign was undertaken to identify hydraulic behavior and design
criteria for this drop shaft that led to the definition of three different
flow regimes for different discharge ranges (Padulano et al. 2013,
2015). Design equations were provided for pressurized flow for
both cases of vented and unvented conditions; in the mentioned

papers, venting was ensured by a coaxial circular pipe with diam-
eter d, plunged within the drop shaft for a length nD, with n an
integer number and D the diameter of the drop shaft. The advan-
tages of considering a venting pipewere described in Padulano et al.
(2013) for pressurized flow. The following dimensionless param-
eters were considered: (1) dimensionless water head Y ¼ h=Deq;
(2) dimensionless pressurized length λ ¼ Lp=Deq; and (3) pipe

Froude number FD ¼ Q=
ffiffiffiffiffiffiffiffiffiffi
gD5

eq

q
(Hager and Del Giudice 1998).

In these parameters Deq is the equivalent diameter equal toffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2 − d2

p
, which expresses the cross-section extent with and with-

out the venting pipe, and Lp is the pressurized length which is equal
to the entire length L of the drop shaft without venting pipe,
whereas it is equal to the plunged length of the venting pipe nD
when it is present.

In this paper, similar head-discharge relations are sought for
transitional flow and weir flow for a vented vertical drop shaft with
a circular sharp-edged horizontal intake; at this aim, a detailed char-
acterization of oscillations is needed for transitional flow. The ex-
perimental campaign, whose preliminary phase (pressurized flow)
was described in Padulano et al. (2013, 2015), particularly ad-
dresses the influence of the venting pipe so that results are provided
for vented conditions only.

Experimental Setup

The experimental model consisted of a prismatic Plexiglas tank
with a 0.7 × 2.07 m2 rectangular plan section 1.25 m high; a filter-
ing wall divided it into two equal parts, namely a detention tank and
a filling tank up and downstream of the filter, respectively. The ver-
tical drop shaft, simulated by a vertical Plexiglas pipe, was attached
to the bottom center of the filling tank with a sharp-edged horizon-
tal inlet, and its outflow was in the atmosphere [Figs. 1(a and b)].
To ensure air venting, a vertical pipe was coaxially housed in the
shaft by means of an iron bracket at the tank top and three screws at
the plunging end of the venting pipe. Different diameters D ¼ 100

and 70 mm for the drop shaft and d ¼ 70, 50, and 30 mm for the
venting pipe were used; also, three different lengths L ¼ 1.5, 1, and
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0.5 m were considered for the drop shaft. Discharges were mea-
sured along the supply line, upstream of the tank, by means of
an orifice plate; the corresponding water level in the filling tank
was evaluated by means of a point gauge with 0.5 mm accuracy.
During transitional flow, a continuous monitoring was undertaken
by means of a 25 frames per second camera.

Experiments were performed by varying the discharge and
measuring the water head in the tank; both an emptying and a filling
path were followed to verify whether any hysteretic behavior had
occurred, yet without significant differences. The plunged length of
the venting pipe was set equal to nD, with n being the plunging
rate, set as an integer number varying between 2 and 9; 13 different
configurations were investigated, each characterized by a different
combination of the parameters D, d, L, and n.

Experimental Observations in Transitional Flow

Fig. 1(c) shows a typical experimental head-discharge relation
where three different datasets can be observed corresponding to
the three possible flow regimes: the two extreme datasets corre-
spond to weir flow (lower extreme) and pressurized flow (upper
extreme); in between two curves corresponding to the maximum

and minimum values of water head describe the periodical
oscillations typical of this regime. In transitional flow for fixed drop
shaft and coaxial pipe diameters and lengths and for a fixed dis-
charge the drop shaft switched between weir and pressurized flow
conditions alternately with the water depth oscillating between a
maximum and a minimum. Under the weir flow phase the water
depth in the tank rose and a vena contracta occurred at the shaft
intake, with the drop shaft occupied by air and water at atmospheric
pressure. As the water depth gained its maximum the hydraulic
regime shifted to a pressurized flow phase with the water depth
plunging, and the drop shaft occupied by pressurized water with no
visible vena contracta. Once the minimum was reached, weir flow
phase was restored, generating a new cycle. This periodical oscil-
lating behavior is highlighted in Fig. 2(a), where some examples of
oscillations of water surface during transitional flow are shown.

Fig. 2(b) shows that for a fixed configuration, oscillations have
different amplitude and frequency according to discharge. For in-
creasing Froude numbers, namely for increasing discharge with a
fixed configuration, the appearance of oscillations deeply changes
with the pressurized phase (decreasing head) becoming more and
more prevalent in time than the weir phase (increasing head). Three
different wave profiles can be distinguished analyzing water head

Fig. 1. (a) Experimental setup photograph; (b) sketch with governing variables; (c) typical head-discharge data

Fig. 2. (a) Wave profiles with varying FD for a fixed configuration in transitional flow; (b) relation among oscillation frequencies, FD, and wave types
with flow sectors (WF = weir flow; TF = transitional flow; PF = pressurized flow)
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time series [Figs. 2(a and b)]: Wave type 1 (predominance of weir
phase), wave type 2 (similar duration of weir and pressurized
phase), and wave type 3 (predominance of pressurized phase).
Accordingly, oscillation frequency is lower for extreme discharges,
whereas it is higher for intermediate discharges, namely when the
recording time is equally occupied by weir phase and pressurized
phase. Fig. 2(b) shows peak frequencies ϕ0, which were extracted
from each time series by means of a spectral analysis and related to
the pipe Froude number FD. Peak frequencies showed a parabolic
behavior and had to be normalized by means of maximum fre-
quency ϕ0max which proved to be a function of λ only. Please note
that no oscillating behavior was observed for roughly FD < 1 and
FD > 2.5; this range is similar to the one proposed by Banisoltan
et al. (2015) referring to drill-drop manholes. The extremes of the
proposed range are roughly set because when oscillation ampli-
tudes reduce (because of the incoming evolution of transitional into
either weir or pressurized flow), they can be confounded with the
oscillations of water surface due to turbulence.

As concerns weir flow, no significant differences were observed
among all configurations, both because of the small amount of data
for this regime and because weir flow depends neither on the shaft
length nor on the coaxial pipe plunging rate, but only on the perim-
eter dimensions and shape (Khatsuria 2005).

Experimental Results

Dimensional Analysis

A dimensional analysis was undertaken to understand about the
significant dimensionless quantities governing flow. The phenome-
non of interest can be described by a function G1 of mean water
head hm (m), discharge Q (m3 s−1), plunged length nD (m), equiv-
alent diameter Deq (m), gravity acceleration g (m s−2), and oscil-
lation amplitude am (m)

G1ðnD;Deq; hm; am;Q; gÞ ¼ 0 ð1Þ
Choosing Deq and g as scaling variables, Eq. (1) specifies in

G2

�
nD
Deq

;
hm
Deq

;
am
Deq

;
Qffiffiffiffiffiffiffiffiffiffi
gD5

eq

q �
¼ G2ðλ;Ym;Am;FDÞ ¼ 0 ð2Þ

which gives the significant dimensionless numbers Y ¼ hm=Deq,
λ ¼ nD=Deq; Am ¼ am=Deq; and FD ¼ Q=ðgD5

eqÞ1=2 (Hager and
Del Giudice 1998; Padulano et al. 2013, 2015).

As concerns oscillation frequency ϕ, the Strouhal number was
considered. Strouhal number S is defined as ϕL=V, being ϕ the
frequency, L a characteristic length, and V the flow velocity; this
dimensionless number is typically used when describing periodical
flow patterns (Potter et al. 2011).

Transitional Flow

For this regime, fundamental oscillation characteristics are the
mean water head hm, the amplitude am (defined as the difference
between a maximum or a minimum and hm), and the frequency ϕ
(defined as the reciprocal of the time distance between two con-
secutive maximum or minimum values).

As concerns hm, a dimensionless mean water head was defined
as Ym ¼ hm=Deq based on dimensional analysis. Experimental evi-
dence shows that Ym is dependent on both the pipe Froude number
and the dimensionless plunged length λ. Fig. 3(a) shows that Ym
increases with λ for a fixed FD, and it increases with FD for a fixed
λ, namely for a given drop shaft geometry. The equation that best
fits data is

FD ¼ 1.25 · Ym − 1

0.8 ·
ffiffiffi
λ

p ð3Þ

Eq. (3) shows that, for a fixed Ym, FD increases with increasing
λ with a square-root dependence, which is very close to the head-
discharge relations for pressurized flow (Padulano et al. 2013,
2015). Fig. 3(b) shows the good accordance between observed
Ym values and those computed with Eq. (3).

Dimensional analysis defined the dimensionless mean oscilla-
tion amplitude as Am ¼ am=Deq; however, experimental evidence
showed that the parameter governing oscillations is A� ¼ am=ðnDÞ
that implies A� ¼ Am=λ. A� decreases for increasing values of the
product Ym · λ by means of a power function [Fig. 4(a)]. Since Ym
depends on FD and λ by means of Eq. (3), a relation was sought

Fig. 3. (a) Relation between Ym, FD, and λ in transitional flow; (b) ac-
cordance between observed (“o”) and computed (“c”) Ym with Eq. (3)
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among A�, FD, and λ on the basis of the dependences observed in
Fig. 4(b), showing that A� increases with increasing λ for a fixed
FD, whereas it is almost constant for a fixed λ. The equation that
best fits data is

A� ¼ 0.35 ·
F0:12
D

λ
ð4Þ

Fig. 4(c) shows the good accordance between observed A�
values and those computed by means of Eq. (4).

As concerns oscillation frequencies, the Strouhal number S0

referring to peak frequency is considered

S0 ¼
ϕ0nD
V

¼ π
4
·
ϕ0nDD2

eq

Q
ð5Þ

where the plunged length nD was chosen as characteristic length.
S0max is the Strouhal number corresponding to maximum peak
frequency ϕ0max. Calibration of a periodical function S0ðFDÞ
[Fig. 5(a)], resulted in

ffiffiffiffiffiffiffiffiffiffiffi
S0

S0max

s
¼ sin

�
2πFD

4.6
− 0.5

�
ð6Þ

Eq. (6) shows that the square root of normalized peak Strouhal
number is described by a sinusoid with period equal to 4.6 and
phase equal to 0.5. Fig. 5(a) shows that Eq. (6) interpolates exper-
imental data with good accordance. Fig. 5(a) also shows wave
types, with wave type 2 occurring for maximum peak Strouhal
numbers which correspond to intermediate FD, whereas types 1
and 3 occur for the smallest and the highest FD, respectively; this
is consistent with Fig. 2(a). Finally, experimental evidence shows a
linear dependence of S0max on dimensionless plunged length

S0max ¼ 0:0014 · λ ð7Þ

Fig. 5(c) shows the good accordance between observed and cali-
brated S0max. Eqs. (3), (4), (6), and (7) completely describe oscil-
lations in transitional flow: For a fixed discharge and drop shaft
configuration, Eq. (3) provides the mean water head, Eq. (4) pro-
vides oscillation amplitude (thus the maximum water head, which
is an important design parameter), and the combined use of Eqs. (6)
and (7) provide the oscillation frequency.

Fig. 4. (a) Dependence of A� on product λ�Ym; (b) relation among A�, FD, and λ; (c) accordance between observed (“o”) and computed (“c”) A�

with Eq. (4)

Fig. 5. (a) Relation among S0max, FD and wave type; (b) accordance
between observed (“o”) and computed (“c”) S0max with Eq. (7)
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Weir Flow

For a vented drop shaft under weir flow conditions, each dimen-
sionless discharge FD corresponds to a unique dimensionless water
head Y [Fig. 1(c)]; a simple data interpolation provides

FD ¼ 0.544 · Y3=2 ð8Þ
FD ¼ 1 marks the passage between weir and transitional flow con-
siderations about this passage value are reported in the “Experimen-
tal Observations in Transitional Flow” section. The exponent in
Eq. (8) implies that Q ∼ h3=2 as suggested by Anwar (1965) and
Khatsuria (2005). If Y and FD in Eq. (8) are replaced with their
definitions the head-discharge relation resembles a standard over-
fall head-discharge relation (Hager 2010) where discharge depends
on the crest perimeter

Q ¼ μ · πDeq · h ·
ffiffiffiffiffiffiffiffi
2gh

p
ð9Þ

with μ being the discharge coefficient for a double circular crest
[Figs. 4(b and c)], which resulted equal to 0.1225. Consistently
with overfalls hydraulics, no additional dependence was found
on plunged length.

Conclusions

A detailed experimental analysis was undertaken concerning a ver-
tical drop shaft with a sharp-edged horizontal intake and a coaxial
circular venting pipe. The main purpose was to determine the per-
formance and design criteria for this hydraulic structure under
transitional and weir flow given the limited attention in technical
literature.

Data allowed for the determination of the head-discharge rela-
tion for transitional flow [Eq. (3)] and weir flow [Eq. (8)]; these
equations are valid for λ ranging between 2 and 10. For transitional
flow, Eq. (3) is combined with Eqs. (4), (6), and (7) to describe
water head time oscillations.

For transitional flow, wave parameters (mean water head, am-
plitude, and frequency) were analytically described as a function of
pipe Froude number and dimensionless plunged length. For weir
flow, no analytical approach was attempted because of the scarce
number of data; interpolation provided a head-discharge relation
which resembles the overfall equation. Finally, some benefic effects
generated by a venting pipe were noticed: specifically, experiments
under unvented conditions, whose results were not reported in this
paper, showed that oscillations of water head occurred in such a
short time and the water surface was so turbulent that data were
considered unreliable.

Notation

The following symbols are used in this paper:
A� = dimensionless oscillation amplitude = am=nD (-);
Am = dimensionless oscillation amplitude = am=Deq (-);
am = oscillation amplitude (m);
D = diameter of drop shaft (m);

Deq = equivalent diameter = ðD2 − d2Þ1=2 (m);
d = diameter of coaxial pipe (m);

FD = pipe Froude number = Q=ðgD5
eqÞ1=2 (-);

h = water head over intake section (m);
hm = mean water head over intake section (m);
L = length of drop shaft (m);
Lp = length of pressurized flow region (m);
n = plunging rate of coaxial pipe (-);
Q = discharge (m3 s−1);
S0 = Strouhal number for peak frequency ϕ0 (-);

S0max = Strouhal number for maximum peak frequency ϕ0max (-);
t = time (s);
V = flow velocity (m s−1);
Y = dimensionless water head = h=Deq (-);

Ym = mean dimensionless water head = hm=Deq (-);
ϕ0 = oscillation peak frequency (Hz);

ϕ0max = maximum oscillation peak frequency (Hz);
λ = dimensionless length = L=Deq (unvented drop shaft) or =

nD=Deq (vented drop shaft) (-); and
μ = discharge coefficient for overfalls (-).

Subscripts

c = computed; and
o = observed.
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