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Abstract

Vortex drop shaft (Vortex structure) is used in sewage and drainage systems to transfer
fluid from surface conduit to deep underground tunnels. During the plunge, large
volume of air is entrained into the water and then released of the drop shaft downstream.
In the current research, an experimental model, made of Plexiglas segments, was set up
to investigate hydraulic performance of vortex structure. Dimensional analysis results
illustrated that ratio of sump depth to shaft diameter (Hy/D), ratio of drop total height to
shaft diameter (L/D), and Froude number (F;) were considered effective variables on
relative air discharge (f=Q./Q). The ability of the full factorial method (FFM), to
describe this structure’s hydraulic characteristics, was validated using experimental
data. The results indicated that the relative air discharge changed from 0.048 to 0.278
and increased with an increase in F,, L/D and HyD factors. With respect to the
maximum velocity of air outflow from the structure of the air vent pipes (with the same
diameter D,), located between the 4D, and 9D, from the axis of the vertical shaft, this
range is recommended for installation of air vent pipes. Furthermore, a regression-
based-equation in the form of a quadratic polynomial as a function of Hy/D, L/D and F,
was proposed to estimate relative air discharge (j3).

Keywords: Vortex Structure, Relative Air Discharge, Full Factorial Method, Regression
Analysis.
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Fig. 1. Vortex structure experimental model

Vol. 31, No. 4, 2020

\va4 dl—a ¥ B)Lo—: Agl 093



dx.doi.org/10.22093/ww;j.2019.190172.2886

‘frbub Vs> doseo g Iy Ig0t0 dasro

[

Q V’hp V B 1 e L
Bz(p(a!f9 > p9 N R R

h ¢h ' D’'D’'D’D )
S B Hs Bs Hy B, G Dy, D,

o ys &S
sliel o ey W=V?hp/c s F. = V/\/gh,R, =Q/Sh
(Mulligan s g s 0l 229 5 33,5+ olad 3450
ey 3ae s a5 o omaw 228 S et al., 2016)
Jol s et a5y s Sl b gl s s S 0l
czen (Daggett and Keulegan, 1974) ol 05,8 b0 0
SiS SLEUR SV WY U s S claol o ol
At (3,8 i o LB Sy g (e

1978)
.

Dby ) slmesls ¢l .(Jain et al,
el AY < W < Fe5F YA x Vo <R, < TFe x \
erjbﬁMU@LaJJSJQJ)&JQ\;\J:LWQ

ad B Y dolas 5IW

Fig. 2. Description of the vortex structure: (a) side view;
(b) inlet part plan view (c) transverse section of
dissipation chamber

(b) 5l s (@) S5 53k P2 LT Je - Y s
éjj\eﬁmwéﬁcha»(c)dbj‘}jojb

! Reynolds Number
2 Froude Number
3 Weber Number

Journal of Water and Wastewater

it 5IGT5 (ob JalS 5 2, b et S
=5 Jan o A b 3T slmasls & g S5 IUT Lol s
'L:’G‘J‘L;’jb""‘.‘ﬁfé“k"‘

3l 5IUT -

(Zhao et al., 2006, 43 45 5 S 1 S5505l 53 (B) 150
Hager, 2010)

B=Q./Q )

ol 53 &S

0L il ST 0L 2 05 Q 503l 5l 25,5 lm 0 Q
saS Slgts (555 2 S 6 3Nge slad J 5ok 5easle s lsa
Nl oot B(Y JSE) 25800 o1 il ai (655
Lol G 838 ot sis s o (¥ slno) o sl iz
(Zhao et al., 2006, Yu and Lee, s 33 50 oly Sl sl s ;L3
2009)

B=¢(Q,B, 1, ¢, a,L,f, S, B, Hs, Bs, Hy, By, Cy, (Y)
Dy, Dy, g, p, 1, ©)
o ys &S
S0 5 (Sl an i S s 1l wndls p e slei @
2 Qululosle V I v s bl e sl (o
025 € smlon (53555 Usb 1 o2 JUB 5 B ol 2
gl L i ot ls o S0 it 4 Jlasl e 3 63505
Gl Saly GesHy Sl o fozid LD (5, JS
Slgne (20 Br g5, satS Sgan Jsb Sp (o35 <t
By Bl ¢l Hy o« Saly J5b By o Saly Gas Ho w350 oS
ot dhols Dy o 36 it 5 pma b il 50 ol Cy o 3 2,0
oy ub S gdy) LD, 5 >y,5 JUS Gy L S
(V) otz 0b 2 s 5 () (g 203 0l o S il
el ¥ slan glnoie 51T 5 il e ioly glo ane
35800 Jols ¥ dsles cgolasl 5JUT 51 aslizal b s g oo

Vol. 31, No. 4, 2020

W"\‘\ JLA ¥ D)L:u:a x’\ 892



dx.doi.org/10.22093/ww;j.2019.190172.2886

g 8 Sl oAUt Lo e

4

ullhn.s)}n st’!:"")\'; nj.\:’u—\ ‘ij\?
Table 1. Range of the studied parameters

mber of

QQuax Fr LD LI Ez)l::rill):en(t)s
0.50 1.77 10,13,16 0,1,2 36
0.75 2.01 10,13,16 0,1,2 36
1.00 2.18 10,13,16 0,1,2 36
1.40 232 10,13,16 0,1,2 36

Fig. 3. Measuring annular jet flow thickness in the
vertical shaft
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Table 2. DoE of full-factorial method for actual values in addition to the response of experiments

L/D
F 10 13 16
r Hg/D Hg/D Hg/D
0 1 2 0 1 2 0 1 2
0.053 0.065 0.099 0.072 0.048 0.069 0.192 0.162 0.135
0.049 0.065 0.098 0.071 0.087 0.076 0.176 0.158 0.119
L7 0.048 0.070 0.100 0.071 0.075 0.079 0.179 0.166 0.118
0.049 0.075 0.095 0.087 0.074 0.080 0.171 0.171 0.129
0.102 0.130 0.156 0.130 0.138 0.135 0.116 0.181 0.135
0.082 0.129 0.151 0.109 0.138 0.122 0.080 0.172 0.145
201 0.085 0.126 0.157 0.110 0.135 0.131 0.081 0.172 0.170
0.084 0.133 0.148 0.098 0.152 0.115 0.095 0.165 0.157
0.104 0.189 0.202 0.127 0.192 0.218 0.185 0.186 0.185
0.097 0.196 0.209 0.126 0.198 0.199 0.264 0.180 0.165
218 0.085 0.168 0.208 0.086 0.212 0.205 0.278 0.170 0.178
0.085 0.174 0.205 0.089 0.214 0.216 0.263 0.178 0.175
0.146 0.175 0.176 0.128 0.159 0.183 0.231 0.173 0.205
0.132 0.175 0.179 0.113 0.160 0.178 0.225 0.180 0.197
232 0.133 0.176 0.181 0.129 0.166 0.187 0.229 0.176 0.194
0.134 0.172 0.183 0.125 0.172 0.189 0.230 0.178 0.198
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Table 3. Results of ANOVA for recommended 2™ order model (basic general model)

Coefficient Sum of Degree of Mean

Source . F-value p-value

estimate (a;) squares freedom square

Model - 0.2609 9 0.0290 37.68 <0.0001°

Intercept -0.6594 - 1 - - -

X, : F, 0.6361 0.1323 1 0.1323 171.93 <0.0001
X,: L/D -0.0155 0.0507 1 0.0507 65.91 <0.0001
X5+ Hg/D 0.0771 0.0183 1 0.0183 23.76 <0.0001

XX, -0.0122 0.0054 1 0.0054 6.99 0.0092
X X5 0.0273 0.0030 1 0.0030 3.93 0.0496
X, X3 -0.0076 0.0337 1 0.0337 43.83 <0.0001
X, -0.0873 0.0012 1 0.0012 1.59 0.2089™°
X,? 0.0021 0.0119 1 0.0119 15.53 0.0001
X532 -0.0098 0.0031 1 0.0031 4.02 0.0469
Residual - 0.1031 134 0.0008 - -
S: Significant
NS : Non Significant
(sl Jan) Bl 2alS 055 0255 Juo uily s Lot gl ¥ e
Table 4. Results of ANOVA for reduced 2™ order model (final model)
Coefficient Sum of Degree of Mean

Source . F-value p-value

estimate (a;) squares freedom square

Model - 0.2596 8 0.0325 42.01 <0.0001°

Intercept -0.2974 - 1 - - -

X;: F, 0.2799 0.1346 1 0.1346 174.20 <0.0001
X, : L/D -0.0156 0.0507 1 0.0507 65.62 <0.0001
X5 : Hg/D 0.0771 0.0183 1 0.0183 23.65 <0.0001

XX, -0.0122 0.0054 1 0.0054 6.96 0.0093
)& 0.0273 0.0030 1 0.0030 3.91 0.0501
X, X3 -0.0076 0.0337 1 0.0337 43.64 <0.0001
X,? 0.0021 0.0119 1 0.0119 15.46 0.0001
X5? -0.0098 0.0031 1 0.0031 4.00 0.0474
Residual - 0.1043 135 0.0008 - -
Model Summary Statistics
R’ 0.7134 Adj-R? 0.6964
Pred — R? 0.6778 ﬁii?;if 25.2047
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Fig. 13. Position of the air vent pipes installed
on the vortex structure
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Table 5. Air outlet velocity of the air vent pipes (m/s)

A

From the axis of the vertical shaft (L,)

UL 4D, 9D, 14D,
9.70 0.205 0.201 0.171
14.5 0.615 0.608 0.489
19.4 1.147 1.151 1.021
27.1 1.242 1.314 1.179
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