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Abstract

A previously developed numerical model for simulating sea waler intrusion and purging process in sea outfalls is extended 1o

be applicable 1o invert-connected sysiems and the caiculated results are compared with the measurements with Hong Kong model curfall,
The experiment observation shows thal mechanism and process of purging sea water fsom invert-cornected outfalis are very different from
that from soffit-connected outfalls and these details can be well predicied by the numerical model.
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INTRODUCTION

A large tunnelled sea outfall is envisaged to disposal
sewage of Hong Kong into the sea. Diffuser of the
outfall belongs to the invert-connected type according 1o
the preliminary design. A scale model has been
construcied to study seawater purging process for the
outfall diffuser (Jong et al, 1594).

The problem of seawater inlrusion inte and purging
from a sea outfall has drawn much attention. Many
studies have been conducted in order to help solution of
this problem (Charlton, 1982; Brooks, 1988; Wilkinsoen,
1984; Burrows et al, 1996). Early and small outfalls are
mostly soffit-connected ones which riser offtakes are
flush with the soffit of the outfall tunnel. Many
fundamental studies focused on this type of outfalls
{Wilkinson, 1984; Guo and Sharp, 1996; Burrows et al,
1996y, While most of medem, large, deep tunmelied,
sea outfalls are constructed in inveri-connected type
which riser offiakes are flush with the imvert of the
outfall tunuel. Though difference between soffit- and
invert-connected outfall was noticed by some
investigators {Charllon, 1985), also experiments with
invert-connected, scale outfall models have been
reported (Adams =t al, 1994; Jong et al, 199%4), mo
details of purging behaviours in invert-connected outfalls
have been described.,

It is usualiy belicved that inveri-connected outfalls can
help to reduce purging discharge rate at which intruded
seawater can be removed from the outfall, that is why
this 1ype of outfalls are designed. However, above
conclusion cannot be reached by use of Munro head
method since Munro head cannot tell essential difference
between  soffit-  and  invert-commected  ouifalls.
Cuantitative analysis may have to rely on numerical
calculation. Again, previously developed numerical

models mainly focused oz soffit-connected outfalls
(Larsen et al, 1992; Guo and Sharp, 1996). Therefore,
a numerical model applicable to invert-connected
outfalls is needed.

In the present study, observations and measurements
hrave been conducted with the Hong Kong outfall model.
Major attention has been paid to special characteristics
of seawater purging in the case of inveri connpection.
With the help of the observation, the numerical model
developed by Guo and Sharp {1996) has been extended
to be applicable fo Invert-comnected ouifalls and
calibrated with the Hong Kong outfall model. Numerical
modelling has been conducted to study details of
seawater purging process in the model outfall. Since the
model outfall is a scale model, results of numerical
modelling can be directly translated inte the prototype.
It is hoped that the numerical model could supplement
the shortage of the physical model. For instance, any
possible geometrical modification of Hong Kong outiall
in future can be readily taken into account by the
numerical model.

NUMERICAL MODEL

The sumerical model is an extended one from the model
developed by Guo and Sharp (1996). Fig. 1 shows the
grid system employed for flow calculation. For tunnel
segments and risers with uniform cross sections, again,
the following unsteady momentum equation {Eq. 1) is
adopted, where A=density of fluid in each sepment;
Jv dp A .
T ( T Jo|Viv=pgsin®

(1)

W= average velocity on cross section; P=pressuie;
A={riction factor; y= hydraulic radivs=D/4 for a
round pipe of diameter D or for a square pipe of hight
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D, g= gravitational acceleration; x=distance along fiow
direction; t=time, and #=angle of flow direction to the
horizon. Using such grid system, sudden changes in
tunnel cross section as Hong Kong outfall model is the
case can be readily handled.

™ A

transpori-dispersion equation is again used
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Figure 1. QOutline of grid for flow calculation

For Tee junctions, as shown in Fig. 1, now momenium
principle is applied to the control volume a-b-c-d for
tunnel direction and the cylinder control volume K-l-m-n
for riser offtake direciicn. [t is obtained that

A B
P -Py= (f> 93]V3|V3_@1|V1tvl"*’”’2“93g {2}
1

and

P1+P3—2P2ﬂ2g2!V2[V2—n (22+%) 0,9 (3)

where Ac=cross-seclion arez, and subscripts indicate
locations of the cross section; z=vertical distance
between cenire of the tunnel and ceatre of the riser
offtake; d=hight of the step in the tuanel. It has been
assumed that

&

1
Py= (P1+P3+§Q3g)

(4)

Again, energy equation is employed io include head
losses at bends and riser heads (Guo and Sharp, 1996).
The continuity of flow at each tec, such as the example
tee in Fig. 1, gives

Q-Qr0=0 )

where Q=discharge. Algorithm scheme for flow
calculation is the same as used by Cuo and Sharp

(1996).

For salinity distribution calculation, the modified
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Even for invert-comnected outfalls, in many cases
stratification also exists in the tunne!, therefore velocity
of saline wedge, W, should again be considered with a
modification coefficient k<1. For the dispersion
coefficient, E,
E=aDn'=mDA"»V {7)

Since friction velocity u =(A/8)™" has been adopted,
m=a/8%3, Value of m wiil be discussed in next section.

For square cross section as Hong Kong outfall is the
case, foliowing the same procedure of deduction as was
done by Guo and Sharp (1996), it is obtained that

W=Dl { (1+sink) 2gn 2580705y (3)
D 2,
and
h“D(g—go) (9)
B0,

where h=thickness of saline wedge in the tunnel.

INTRUSION AND PURGING IN
INVERT-CONNECTED OUTFALL

Since numerical modelling aims at Hong Kong outfall
model, observations and measurements are conducted
with the model outfall and used to calibrate the
aumerical model. The mode! outfall is a 1:20 densimetric



Froude scale model originally designed for short term
use by Delft Hydraulic Laboratory (Jong et al, 1994)
and recently refurbished into & research facility.
Diffuser tunnel of the model is 33.2m long, with a
sguare ¢ross section initially high 248mm and then
tapering seaward. Soffil and also inveri of the tmnel is
sloping upward at approximately 1:500. Sixteen vertical
risers of 8.75m high are connected to the invert of the
tunnel (except the most seaward one), each riser having
an infernal diameter of 44mm and spaced at 1875mm
apari. To reduce the length of the sea tank over the riser
keads, the diffuser tunnel is turged through 18(° at mid-

length. Eight risers are connected in front of the murn
and the rest eight behind. Length of the tumm and
transitions in front and behind the turn fotals 3.1m
which has been inciuded in the total length of the {urn.
The sea tapk is 1.5m wide, 15m long, with a working
water depth of 1.5m and having a total volume of 34
m’. Two side walls of the tunnel and all risers are
construcied with Perspex allowing visual observation of
flow patterns in the system. A bidirectional
clectromagnetic flowmeter is mounted on every riser 1o
continually moaitor flow rate and direction in each riser.

Rier | ap | Qee | Qe | & | Qe
N“ff”ber Po (L/s) | (LJs) (Lis%) (Lishy
) 0.0083 | 0.6° | 0.67 Qs 0.0005
00187 | LO* | 0.96 Qs 0.001
00201 | 2.0° | 197 Qs Q
0.0165 | 1.8 | 1.34 Qs Q.
3 00120 | 1.5 | 135 Qs Q
0.0297 | 2.6° | 2.36 Qs Q,
00176 | 1.7° | 1.67 0s Q
0.0204 | 32° | 3.02 Qs G
) 0.0138 | 26° | 249 Qs Q
0.0185 | 2.9* | 2.85 Qs o}
0.0104 | 2.3* | 227 Qs Q,
5 0.0176 | 44 | 468 Qs Q.
0.0204 | 720 | 6.65 Qs Q
0.0205 | 7.0 | 6.66 Qs Q
0.0179 | 578 | 627 Qs Q,
. 0.0210 | 7.08 | 6.75 QS Q,
00183 | 675 | 6.32 Qs Q
0.0187 | 675 | 6.4l 0s Q,
0.0184 | 685 | 6.60 | 00040 0.0040
00188 | 7.15 | 671 | 00100 0.0109

Note: (1) = ~ There is precircutation :
(2} QS ~ Quasi-steady ;
{3y Qi = 0.0015

Table 1: Comparison of experimental and calculated purging discharge
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Under quasi-steady conditions, seawaler purging process
in the imvert-connected outfall is guite different from
that in the soffit connected outfall. For the diffuser with
a upward slope, at the first period of purging, effluent
will proceed through top of the tunnel and straight to the
most scaward end, and a siratification is then formed.
Flow in all risers is upward in a much longer time than
it dose in a soffil-connected outfall during the first
stage. Then the most seaward riser, particularly, ifitis
a soffit-connected one, js fed with more and more
effluent and velocity of upflow in it becomes larger and
larger. This process is followed by the second most
seaward riser and then the next. Consequently, deasity
balance between seaward risers and landward risers fails
and landward risers become intruded. The tendency of
purging from seaward risers o landward risers in the
invert-connected diffuser with a upward slope can be
strengthened by cross section of the tunasl tapering
seaward. In the case of purging sequence from seaward
10 landward, saline wedge at the bottom of the tunnel
moves in the same direction of effluent fiow. In this

situation k=0 is set in the numerical model.

However, if the diffuser tunnel of an invert-connected
outfall is basically horizontal and cross section of it dose
nol significantly taper, purging sequence may be from
landward to seaward, then saline wedgpe at the bottom of
the tupnel will move in the opposite direction of effluent
flow. Also for steady purging, sequence of purging is
uguafly from landward to seaward. One more example
is that there is precirculation before purging process
starts. If the seaward risers are in intrusion during
precirculation, in the cases that the pre-intrusion are
strong the mode will remain after purging process has
starled. In the cases discussed above, saline wedge at
the bottom of the tunnel will move in the opposite
direction of effluent flow, then k=0, In these cases, 2
constant value of, apain, k=0.9 is used in the aumerical
model for invert-connected outfalls.

Precircalation is an important phenomenon for favert-
connected outfalls, When effluent discharge becomes
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Figure2 : Calculated purging process (Effluent jayer considered)
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zero, seawater will soon intrude into the outfall tunne!
and occupy the bottom part of the tunnel. If all risers
are invert-conaecled, a quasi-stable stratification will
form. Replacement of the effluent of less density in the
top layer by seawater through circulation takes a very
long time. Taking the Hong Kong model outfall as an
example, thoughk the most seaward riser ig soffil-
conpected, in most experiments, only § or less risers are
used, i.e., all risers are invert-connecied in ihe
experimental cases, Consequently, circulation dose not
calm even 20 hours after effluent pump has been shut
down and a thin layer of effluent can be scen at the top
of the tunnel. Effiuent remaining in the tuannel may
make purging easicr, on the other hand, however,
precircuiation may retard purging due to inertial effect.
Experiments and calculation were 2l conducted and
compared to study the effect of precireulation as shown
in Table 1, where Q,; and Q, . =experimental and
calculated purging discharge rate, respectively. 1t is scen
that purging discharge rate essentially increases with
increase of riser number and density difference while
precirenlation has no significant effect on the purging
discharpe rale.

However, existence of the effluent faver at the top of
the tunnel has significant effect on purging process. In
numerical modeiling, when the effluent layer is taken
inlo account, the calcslated purpging process is very
similar 1o the cxperimental one. Fig. 2 is an example of
calculated purging process that is reasonably consistent
with the measured process. Arrows in the figure indicate
flow directions in the system at first and final period of
purging, While if the effluent layer is not taken into
account, the purging process is significant different. In
thai case, purging takes much longer time since density
in the most seaward riser decreases very slowly though
the purging discharge rate is the same. Usuaily, an

] ]

L]

invert-connected outfall has a soffit-connected riser most
seaward. That will help removal of gas in the tunnel and
also help quick completion of circulation in the system
during the period when pump stops.

There is a essential differemce between soffit-  and
inveri-connected ouifalls. In the sitwation of soffii
conpection, effluent wedge in the top layer firstly flows
into the risers, while in the case of invert connection,
saline wedge in the bottom layer firstly flows into the
tisers. When the thickness of the saline wedge reaches
a critical value, effluent in the 1op layer will be drawn
into flow in the riser. In this case, sometimes, sinks al
junctions can be secen on the interface of stratification as
shown in Fig. 3 (calculated result). Following studies
conducted by Sharp et al (Sharp et al, 1991), the eritical
thickness b, is defined as

-0.5 -
n=dl1+6,v, (28gq) iy, (A2 gt
Qg QO
where C, =03 and C,;=0.2; V_and V, are velocities in
the riser and in the tunnel, respectively; d is diameter of
the riser, D, is diameter of the tunnel and, Ap=p-p,.
Now (control volumes in Fig. 1 are referced)

0,~¢;-a (gm0l (10)
and
h
=1-= 11
a=1 'hc ( )

where the thickness of saline wedge, h, is defined in
equation (9). If i>h, then a=0. The constraint of
mAass comservation now gives

1 !
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AV,
A, V,

o,=0-{(1-a) (g ,~¢)

Although stratification is also sigaificanl in the invert-
connccted outfall, it is far not as clear as it is in the
soffit-connected outfati, That, on the other band, means
that mixing in the invert-connected outfall is much
stronger than in the soffit-connected ontfall. Therefore
a larger dispersion coefficient is applicable. In this
study, m=6.5 is adopted in equation (7). This is
equivaleni 1o a= 18.38.

CONCLUSION AND REMARKS

The numerical model developed by Guo and Sharp
(1996) is extended to be applicable to invert-connecied
sea outfails in this paper and is applied to Hong Kong
model outfall. By comparing with experiment
observations, il is shown that the mnovated model can
not only give general results, such as purging discharge,
consistent with measured resulis, but also predict every
details that are observed in 1he experiments, though for
a lager scale modetf as Hong Kong model cutfall is the
case, there are ipevitably some random factors
interfering experiment and sometimes cause uncertainty
of measurement resulis.

Experiment observation and numerical calculation
demonstrate that purging process and mechanism of
ipveri-connected outfalls are very different from that of
soffit-connected outfalls. These differences can not be
taken into account by use of Munro head method.
Firstly, im invert-connected situation sea water at the
bottom of the tunnel is purged at the first period of
purging, while in soffit-connected situation effluent at
the top of the tunnel flows into the riser first. Secondly,
mixing beiween effluent and seawaler in invert-
copnected situation is much stronger than that in soffit-
connecied situation, Thirdly, purging sequence in invert-
connecled situation is usually from seaward emd to
iandward end for unsteady and quasi-steady purging
though it is also, like in soffit-connected situation, from
landward end to seaward end for steady purging.
Finally, if there exists effluent layer al the top of the
tumeel, it will maintzin a circulation very long time and
affect purging sequence.
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