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Abstract

Laboratory experiments were conducted to assess the performance of a vortex drop inlet with a spiral intake. The
water surface elevation at multiple locations was measured for different flowrates by varying the extent of the
guiding wall and the longitudinal and radial bottom slopes. The measurements show that a steeper longitudinal
bottom slope decreases the water surface elevation at the beginning of the intake, resulting in a transcritical flow in
the intake structure. However, a steeper longitudinal bottom slope also causes the maximum water surface elevation
to occur within the spiral intake. For an effective vortex drop inlet design, achieving a low water surface elevation
throughout the entire spiral intake structure is required. Experimental results show that the two seemingly
conflicting design criteria, namely, achieving a low water surface elevation in the approach channel and reducing the

maximum water surface elevation in the intake structure, can be simultaneously achieved by adding a radial bottom

© IWA Publishing 2018. The definitive peer-reviewed and edited version of this article is published in Water Science and
Technology 78:6, pp. 1287-1295 [DOI: 10.2166/wst.2018.397] and is available at www.iwapublishing.com.
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Introduction

The types of manholes can be classified as plunging flow drops and vortex drops (Jain 1984). As the name
implies, in a vortex drop, the flow enters through the approach channel and forms a vortex or spiral along the
circular wall of the shaft as it travels downward; in a plunging flow drop, a jet flow occurs (Rajaratnam et al. 1997;
Banisoltan et al. 2015). The vortex flow in the vertical shaft leads to entrain air, which pushes down odors to the
underground space (Motzet & Valentin 2002) and to dissipate flow energy by friction while flowing down the wall
of the vertical shaft (Zhao et al. 2006; Del Giudice et al. 2010). For these reasons, vortex drops are preferred in the
aspects of efficient conveyance and significant energy dissipation (Hager 1985). In general, the inlet of the vertical
shaft can have a screw (Drioli 1947), tangential (Jain & Kennedy 1983), or spiral (Kellenberger 1988) shape, based
on the properties of the approaching flow (see Appendix 1). However, despite the advantages of vortex drops, they
have a relatively high cost due to geometrical complexities, and possible flow patterns disturbing stable flow
conveyance (e.g., standing wave and choking in the intake structure) are obstacles to using vortex drops. Therefore,
reasonable design guidelines to increase the efficiency of vortex drops are necessary.

The flow properties in the intake structure of vortex drops have been studied for optimal design. For the
case of a spiral inlet, Quick (1990) published a study of head-discharge relationships to find an efficient design for
intake structures. Hager (1990) reported a theoretical formula for the free surface profile of a standing wave along
the intake wall for a supercritical approaching flow. In consideration of the relatively high cost of a spiral inlet,
Motzet & Valentin (2002) tested a supercritical flow in a screw shaped intake structure, which was originally
intended to convey a subcritical flow, and concluded that the screw inlet could still be used in the case of a
supercritical approaching flow, although the energy dissipation decreases. Subsequently, Del Giudice et al. (2010)
and Del Giudice & Gisonni (2011) proposed a new design criterion for the screw intake structure to be applied in

both in subcritical and supercritical flows. Furthermore, Mulligan et al. (2016) presented an empirical formula for
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the discharge in a strong free-surface vortex flow to design a screw intake structure. Previous experimental studies
were primarily focused on screw or tangential intake structures for a subcritical approaching flow. However, in
many situations, a supercritical flow commonly occurs at the entrance of the vertical shaft. Thus, the geometry for
the vortex drop shaft with a spiral intake must be tested under several design conditions.

The primary objective of the inlet is to achieve a high-volume flow rate with a minimal increase in the
upstream water depth. However, there are at least two important factors to be considered in designing and evaluating
the efficiency of a vortex drop inlet. One factor is the possibility of choking leaving no space for air to escape.
Choking often results in a significant decrease in conveyance and explosive bursts of air, with associated safety
issues; therefore, a vortex drop inlet must be designed such that choking events are prevented. To ensure that there is
adequate passage for air flow at the centre of the vertical shaft, especially for a supercritical approaching flow, an
intake structure consisting of a steep channel with an inner guiding wall could be fitted near the entrance of the
vertical shaft. In addition, it is well-known that a standing wave can form during high-speed flow in a curved
channel (e.g. Ippen, 1943); therefore, the maximum water surface elevation may occur at the crest of a standing
wave located within the inlet structure (Wu et al. 2017). This possibility is the other factor to be considered in the
design of an inlet structure. Based on physical model tests, Hager (1990; 2010) provided a guideline for the inlet
structure geometries, optimizing the height of the standing wave and preventing choking for approaching flows with
a high Froude number.

In the present research, we build upon the guidelines for spiral intake structures in conditions of subcritical
and transcritical flows and further investigate the effects of the bottom slope and the guiding wall. In particular, two
types of bottom slope configurations are used: (i) longitudinal slope only and (ii) both longitudinal and radial slopes.
For both types, the length of the inner guiding wall was varied, and the performance was assessed in terms of the
water surface elevation at the junction between the approach channel and the vertical shaft as well as in terms of the
height of the standing wave, if a standing wave occurred. It is shown that a radial slope effectively eliminates the

standing wave, even for a large flow rate.

Methods

We focus on the spiral vortex drop, which is designed for a supercritical flow, and additional design

3
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parameters are investigated for subcritical and transcritical approach flows. For the design of the vortex drop intake,

Hager (1990; 2010) recommended the design parameters as shown in Appendix 1(b), where R;, R,, R;,and R,
are the radii of the inlet structure; R is the radius of the vertical shaft; a is the horizontal distance from the outer

wall of the approach channel to the centre of the vertical shaft; & is the width of the approach channel; d is the

width of the channel opposite the inlet section; and § is the thickness of the wall opposite the inlet section; s, is
the thickness of the inlet section; e;, e,, e;, and e, are the eccentricities of the circular arc constituting the

inlet structure; S

o 18 the bottom slope of the spiral intake.

As mentioned in the previous section, the maximum water surface elevation measured from the start of the

spiral intake, /,,, may occur within the intake structure because of the standing wave. An empirical equation for
hy, in terms of the inlet geometric parameters and discharge was given by Hager (1990; 2010) who derived the

equation for supercritical flow as follows:

1/2

LY % Q—lsoo (1.1+0.15F,) (1)
R || gbh,R, 2

in which @ is the discharge, g is the gravitational acceleration, /4, is the water depth at the start of the intake,

and F

, is the Froude number at the same location defined as

F-—2_ @

Jeb’'h,

The design of inlet structure should be determined to minimize /,, for the efficient drainage of stormwater. In
this study, /4,, was measured for both longitudinal and radial slopes.

Experiments were conducted at the River Hydraulics Laboratory of the Korea Institute of Civil Engineering

and Building Technology (KICT). The experimental apparatus is depicted in Figure 1, in which the approach
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channel (0.6 m long, 0.2 m wide, 0.6 m high) and the vertical shaft with a spiral intake structure (a=0.30 m,
§=001 m, d=0.10 m, R =025 m, R =0.15 m, R,=009 m, R, =0.10 m, and R=0.09 m) were
built of clear acrylic. Flow was supplied from the high-elevation tank at the beginning of the approach channel. The
discharged water is eventually collected at the basin underneath the vertical shaft and then recirculated through a
submerged pump. The spiral intake structure was designed according to the design criteria presented by Hager (1990;
2010) who proposed the design parameters for a supercritical flow. Figure 1b) shows the details of the intake

structure, in which the spiral inlet has the longitudinal (.S ) and radial bottom slopes (.S, ). In this channel, §

and S, were changed to assess the drainage efficiency in conditions of subcritical and transcritical flows.

Furthermore, the length of the guiding wall was maniputated by varying the angle, 6.

Figure 1 Descriptions of the experimental apparatus

A total of six different intake structures were built with different bottom slope configurations of the spiral

intake. Four of the structures had only longitudinal slopes (S, =5.0%, 7.5%, 10.0%, and 12.5%), and the other two
had both longitudinal and radial slopes (S, = 5% and 10% with §_, =5%). For each of the six spiral intakes, the
water surface elevation was measured at each measurement sections as shown in Figure 1b) using both a
capacitance-type wave gauge, which has +0.3% error, and tape rulers attached to the vertical shaft (see Appendix
2). For each spiral intake with different bottom slopes, measurements were repeated as varying the length of the
guiding wall (€= 0°, 30°, 60°, 90°, 120°, 150°, 180°, 210° and 270°). In this experimental apparatus, discharge
(0.002< 0 <0.030 m3/s) was varied and the flow changed from the weakly subcritical to the transitional flow
(0.117=<F, <1.247) according to the hydraulic and geometric conditions. The aforementioned experimental

conditions are listed in Table 1.

Table 1 Summary of the experimental conditions

Results and discussion
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In this section, we present three sets of analysed data that are directly relevant to the performance of the

vortex drop inlet: (i) water surface elevation—discharge relations, i.e., %, as a function of O for each case; (ii)
hys/hy asa function of @ for each case; and (iii) F, as a function of @ for each case. Additionally, we remark

here that both /, and O are expressed in terms of dimensionless variables defined as follows (Hager 1990;

Hager 2010):

— @)
b
9-0 @

Water surface elevation change by bottom slopes

Figure 2 shows the water surface elevation changes observed along the inside of the intake structure. The

figure reveals that the water surface elevation ( /) rises with increasing discharge (). In Figure 2a), which shows
the results for only a longitudinal bottom slope (S, = 10%), standing waves are clearly visible (section no. 2-4)
and result in 9.9%-38.9% higher water surface elevation ( /1;, ) within the intake structure where is between the
section no. 2 and no. 4 than the water surface elevation at the beginning of the inlet ( /,). Furthermore, two local

maximum water surface elevations were observed as reported by Hager (1990) and Crispino et al. (2016) in
conditions of supercritical flow even though the hydraulic conditions in this measurements show subcritical and
transcritical flows. After that, the local maximum water surface elevation was reduced along the spiral inlet due to

subcritical and transcritical inflow conditions. In contrast, in Figure 2b), /4,, is only 0.1%-0.7% higher than A,
in subcritical flow even though /,, is located at the section no. 2. In conditions of transcritical flow, /4, is higher
than the water surface elevation in the inlet structure except the results for F, =1.088 in which /,, is 2.6%

higher than £, . These results show that /,, can decrease in the inlet structure by adding radial bottom slope.



153

154
155

156

157

158

159

160

161

162

163

164

165
166

167

168

169

170

171

172

173

174
175

176

Figure 2 Experimental results for water surface elevations measured at intervals from the start of the spiral intake

The dimensionless water surface elevation at the beginning of the spiral intake ( y ) is plotted as a function
of the dimensionless discharge (q ) for varying longitudinal bottom slopes (S ) in Figure 3. The dimensionless
critical depth, which is calculated by replacing 4, to the critical depth, is also plotted in Figure 3 using a
dashed line. For all cases, the guiding wall managed to prevent choking in the vertical shaft. However, as the extent
of the guiding wall increases, more space is taken up by the wall, leaving less room for flow. As a result, y
increases not only with q but also with &, which results in a rapid increase of Yy with increasing q .
Furthermore, the flow shown in Figures 3b)-3d) changes from a transcritical to a subcritical flow as increasing ¢ .

As the longitudinal bottom slope increases from 5.0% to 10.0% (Figures 3a) — 3c)), the adverse effects of the
guiding wall are minimized, and there is a negligible difference between cases with different extents of the guiding
wall when the bottom slope is 10.0%. However, for the case with a steeper slope (12.5%, Figure 3d)), the

performance deteriorates again. Thus, the results suggest that there exists an optimal longitudinal bottom slope.

Figure 3 ¥ asa function of q for the case with a longitudinal slope

The effects of the radial bottom slope (.S ,.) can be observed by comparing Figures 3a) and 4a) as well as
Figures 3c) and 4b). For the cases with a 5% longitudinal bottom slope, the radial slope (Figure 4a) leads to
0.1%-11.6% decrease over the case without a radial slope (Figure 3a) for 6 =180° . In contrast, the effect of the 5%
radial bottom slope is significantly improved for the cases with a steeper (10%) longitudinal bottom slope, in which

y decreases 11.2%-12.0% for 6 =180°.

Figure 4 y asa function of q for cases with longitudinal and radial slopes

The maximum water surface elevation in the inlet structure
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The maximum water surface elevation in the inlet structure is one of the key parameters in designing vortex
drop inlets. As mentioned previously, with the addition of a spiral intake structure and a guiding wall, the maximum
water surface elevation may occur downstream from the beginning of the intake even though subcritical or
transcritical flows occurred at the sprial inlet. Therefore, the maximum water surface elevation within the spiral

intake ( /1), ) measured from the junction of the inlet channel and the spiral intake relative to the water surface
elevation at the junction (/4 ) is expressed as a function of q in Figures 5 and 6. For each case, #,,/h, increases
as the extent of the guiding wall decreases, primarily because /5, or Y increases as the extent of the guiding wall
increases, as shown previously in Figure 3. However, #,,/h, does not show monotonic behaviour with respect to
g, in contrast with the monotonic tendency of Yy in Figure 3; instead, it either maintains an approximately

constant value (Figures 5a), 6a) and 6b)) or increases initially and later decreases from a maximum to a constant
value (Figures 5b), 5c¢) and 5d)). Interestingly, in these latter cases, the increased longitudinal bottom slope

effectively reduced Yy . Therefore, it is reiterated once again that /,, is also an important design parameter.

Figure 5 h,, / h, asa function of q for the case with a longitudinal slope

Figure 6 h,, / h, as function of q for cases with longitudinal and radial slopes

This rather complicated behaviour of 4,,/h, can be explained in terms of the Froude numbers defined in

Eq. (14), which are plotted in Figures 7 and 8. First, the two cases with a 5.0% longitudinal bottom slope (Figures 7a)
and 8a)) maintain a subcritical flow under all experimental conditions, and the maximum elevation occurs at the
beginning of the spiral intake. By comparing Figures 7b), 7c) and 7d) to the corresponding Figures 5b), 5c) and 5d),

it is observed that #,,/h, is greater than one for subcritical and transcritical flows. With a further increase of q,

the water depth goes beyond the critical value, and the flow becomes subcritical as shown in Figures 3 and 4, while

Ry lhy decreases to a constant value.

Figure 7 F, as a function of q for the case with a longitudinal slope
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Figure 8 F, as a function of q for cases with longitudinal and radial slopes

The experimental result for the spiral intake with both a 10.0% longitudinal bottom slope and a 5.0% radial

slope (Figure 8b)) is quite interesting. Except for the case with a 270" guiding wall, which consistently shows a

subcritical flow, the flows are, in general, trans-critical. Unlike the previous observation illustrated in Figures 5b), 5¢)

and 5d), this case maintains /,,/h, =1 for all discharge conditions, similar to the cases with a subcritical flows,

because the radial slope shifts the hydraulic jump further downstream in the spiral intake (see Figure 2). The average

values of y and 4,,/h, (y and hM/hO) are compared in Table 2 based on the radial bottom slope. The

difference ( £ ) between the two observations was calculated as follows:

LI \ =TT ()

in which & and £, are the measurements for Soe =0% and Soe = 5%, respectively, and 7 is the number
of measurements. The comparisons show that y and #,,/h, decrease in all cases with a radial bottom slope.

This results is important evidence indicating that, by adding a radial bottom slope, it is possible to meet two

seemingly conflicting design criteria, i.e., achieving alow y andlow #,,/h, atthe same time.

Table 2 Changesin y and h,,/h, according to the radial bottom slope

Conclusions

In this study, the performance of a spiral inlet, which is designed for a supercritical flow, was investigated
experimentally in conditions of subcritical and transcritical flows. To prevent choking in the vertical shaft, a spiral

intake structure with a guiding wall was installed. After varying the extent of the guiding wall and the longitudinal
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and radial bottom slopes, water surface elevations were measured at a number of positions within the spiral inlet for
different discharges. In all cases, choking was successfully prevented. Overall, a steeper longitudinal bottom slope
reduces the water surface elevation at the beginning of the intake. However, a steeper bottom slope results in a
transcritical flow in the intake structure, which causes the maximum water surface elevation to occur within the
spiral intake. For effective design of a spiral inlet in subcritical and transcritical flows, achieving a low water surface
elevation throughout the spiral intake structure is necessary; here, we experimentally showed that this can be
achieved by using a radial bottom slope. Further work using model experiments and numerical simulations is

underway to quantify the optimum design criteria by varying more various bottom slopes.
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Table 1 Summary of the experimental conditions

O (m%s) 0 (°) S,. (%) S,, (%) F, q
0.0 5.0 0.117-0.668
7.5 0.137-1.129
10.0 0.188-1.129
0.002 - 0.025 0-270 0.158-2.030
12.5 0.175-1.218
5.0 5.0 0.162-1.202
10.0 0.207-1.247




Table 2 Changes in y and h,,/h, according to the radial bottom slope

. S.. =5% c S, =10% ¢
ase
S.=0% S.=5% (%  S_.=0% S_=5% (%
y 1.18 1.06 0.09 0.68 0.62 11.17
6=210°
hy, /ho 1.04 1.01 3.94 1.23 1.00 16.04
y 0.98 0.83 11.60 0.73 0.58 11.98
0 =180°
hM/hO 1.05 1.01 5.12 1.25 1.01 17.70
y 0.85 0.73 13.99 0.61 0.53 12.17
0 =120°
hy, /ho 1.06 1.01 5.21 1.28 1.00 19.46
y 0.71 0.66 17.32 0.58 0.53 6.86
6 =90°
hy, /ho 1.08 1.02 4.54 1.33 1.00 21.03
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Figure 1 Descriptions of the experimental apparatus
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Figure 2 Experimental results for water surface elevations measured at intervals from the start of the
spiral intake
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(a) Screw inlet

b) Spiral inlet
(b) plramed

(c) Tangential inlet
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Appendix 1 Schematic diagrams for vortex drop inlets (adapted from Hager, 2010)
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(b) Vertical shaft and outlet
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(c) Top view of the vertical shaft with the spiral (d) Tape rulers attached to the outer wall of the
intake structure vertical shaft to measure water surface elevations

Appendix 2 Photographs of the model vortex drop inlet used in the experiments



