CHAPTER 116

TKAPPING UF QUTFALL CUNSTITULNTS prnInD SILuLS

By T CARSTunwnd, River ana harbour uaboratory,
iechnical University of horway,

Tronaheaim

ana A SJpbLRG, hmydraulic Divaision, Chalmers Institute

of Iechnology, Gotnenburg

ApoTRACIL

Communication between sucn coastal resipients of waste
water as bays and fjords and tne ocean 1s often througn
an outiet of small cross section

The compineu effects of a topography with transverse
ricges ana a brackisn surface layer creates a rather
stagnant poay of water. The ridge or siil deflects the
tigal currents away from the bottom so that only the
upper part of the water column 1s continually flushea
ine stability of the pycnocline prevents surface-
generatea turbulence from penetrating aownwards, so the

turbulence in the ueep pool 1s weak.

A scnewe nas been proposeu to store tne nutrients of
sewage outfalls beninag the si1ll at Vrybak in tne Oslo-
fjora ine storage capability of that fjora was esti-
matea for a conservative outfall constituent by means
of a one dimensional ulspersion equation From the
analysls tne gains of aeep outfalls through

ulrffusors comparea witn surface outfalls can pe esti-
matea for various perioas between aeep water infiows,

wnich are observed to occur.

IwiRODUCILQu

Topographic traps

The effect of a given waste water release on the coastal
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1918 COASTAL ENGINEERING

enviroument depenas to a large extent on tne coastal
morphology Inagentations as well as promontories tend
to Create shelterea water bodies with long resiaence
times in large scale circulations Thnis tenuency 1s
orten enhancea by the constrictea outlet of many bays

ana fjoras

A very efficient kinad of constriction 1s tne transverse
pottom riages Or sills whicn are cnaracteristic of tne
coastal iniets carvea by glaciers ana known as fjorus,
A longitudainai section of a fjoru (Oslofjora) 1s shown
in Fig. 1 several sills aiviae the aeep fjora into
smaller sub-basins of varying size It 1s obvious tnat
tnls type of topography prevents large podies of water
from participating in tne normal movenents of coastal
waters. In fact, only two significant transport
processes seem 1o exist in tne qeep basans One, the
vertical aiffusion, 1s continuous, wnile tne other is

a ulscrete process of flood-like inflows,

Luficws, Occasional renewal of the water occurs when-
ever the water density at the sill level exceeds tne
aensity of the bottom water insice the sill The water
mass occulylng the basin 1s then forceu upwaras Dy
uensimetric aisplacement, ana a conplete or partial
renewal i tne basin water takes place within a rela-
tively snort perioa of tine The inflowing volume de-
penus on tne aensity surplus ana 1ts auration and 1s
governea primarily by neteorological variables such as

wina anu atmospheric pressure (upwellang).

Vertical aiffusion I'ne density surplus responsible

for tne initial inflow 1s causea by a salinity surplus
and <& temperature aefect, comparea with tne overlylng

lLayers Tnus a salinity graaient 1s estaplisnea for a
siow airffusive ilransport of salt upwarus, ana a ten-

perature graaient for a similar transport of heat
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downwards. wlth time this diffusion depletes the
aensity surplus of tne basin water, ana tne stage 1is
set for a repeat performance, beginning witn a new

inflow.

Fig 2 shows observed salinities in the two 1nnermost
pasins of tne Oslofjora during 1962-65, aemonstrating
the two processes aescribea above, ana first by GADL
(5).

Ine pycnocline lid

Lven on open coasts pycnoclines develop near raiver
moutns, Lut tne fjoras are particularly prone to
stratification, for topographic and climatic reasons
A reguiar feature of any fjord 1s therefore a pycno-
cline wnich 1s usually very stable in the sumrer nalf
of tne year

Tne pycnocline acts as a lia on the ueep pool. Verti-
cal cilrculation that woulu go right to tne bottom in
water of constant density, 1s replacea py a layereu
flow The shear notion in the pycnocline filters out
wrost of the norizontal momentum, so that only very
weak flows are set up below the pycnocline

Tne effect of tne aensity graaient on tne surface-
generatea turbulence 1s equally strong. When entrai-
ning or eroaing water of higher density, some of tne
turbulent energy 1s converted into potential energy

In this way the pycnocline acts as a sink of turbulence

Tne compinea effects of topography ana layering thus
create poaies of water witn a rather special flow re-
gine, chdracterizea by long reslicdence times and a low

exchange witn tne surface layer
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1920 COASTAL ENGINEERING

Sewage disposal Eenind sills

The sneltered aeep basins insiae the s1l1ll at Drg¢bak
(Fig 1) have peen proposed for disposal of sewage from
Oslo (6,7). TIhe reasoning 1s that nutrients cah be
storead in these pasins without causing algal blooms,

in contrast to the aisposal through shallow outfalls
presently 1in use. A hign prouuction of algae 1is un-
wesirable for two reasons, first because 1t decreases
the esthetic ana recreational value of the fjord, ana
seconaly because tne organic debris exhausts the oxygen
supply at the lower depths.

Ihe usefulness of this scheme hinges on tne inflows
ulscusseu above. A renewal of the aeep water must take
place before tne steaay state of maxinum storage has
been reacned, for whicn tne supply tnrough the sewers
equals tne vertical diffusion of a nutrient

A MOuvrl FOR CIRCULATIOw AnD DIFFUSION OF DISCnARGLD
SLEWAGL

barilier Work

A moael for tne mixing and the convection in a confined
reglon 1lnaucea by a source of buoyancy has been adu-
vanceo by pAliskd and TURweR (1) neglecting the effect
of turpulence in the environment on the

rising plume, they obtained asynptotic solutions of the
density aistribution valiu at large times. Tne moael
proposeu by CrDeRWALL (2) for mixing and convection
induceu by aischargea sewage follows closely that of
pAIwbtd and [URNER, but 1s mostly concerned with the

gaistripution of disposed pollutants
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Ine simplifying assumptions made by CrLDoRwALL agree
well witn tnose first introauced by tne autnors of this
paper (3), nowever, ne neglects tne diffusion of con-
stituents througn the nalocline into tne surface layer

Ine present moael

A cross section of tne fjora is shown in Fig 3 The
source of the constituent 1s the effluent outfall at
level z = U, ana 1ts strengtn is rob’ wnere Qo 18 tnhe
volunie flux ana S tne concentration. secause of 1its
puoyancy, the effluent jet will rise to the level h an
the pycnocline rnere tne wensity of the surrounding
fluid equals tnat of the jet, and the dailutea effluent
18 trappea in a subnergea fiela referred to as the

clouu.

Assumptions In oruer to simplify tne analysis we

introauce the following dassumptions

1 nere 1s no excnange ih the aeep waters after the
complete renewal tnat we cnoose as ihitial condi-

Tion

2. Tne density profile 1s not signifaicantly affectea

by the 1inaucea circutiation of sewage

3 The vertical constituent flur 1s given by

e
-0, @ A, (1

wnere DZ 1s tne uiffusion coefficient, dc/az the

concentration gradient and A, the horicsontal area
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The effluent 1s trappea Jjust below the halocline
and instantaneously spread into a thin layer which
will be successively convectea ana aiffusea down-

warus as new sewage reaches the trapping level

Any two scalar components are transported py the
same mecnanism. Thus the concentration aistraibution
of the constituent across the halocline in steacy-
state condition 1s just a scaling of the salinity

gistribution, or

uc | Ac |ds
dz, + 48 [cz]h+ (2)

where Ac ana 4s are the aifference in concentration
of tne constituent. z=n 1s the trapping level ana
h+ refers to "just apove" ana accordingly n  to
"Just below" The time lag to reach staay-state
from initial conditions 1s of the oraer of one

week ana may be neglected (3). The vertical
constituent flux upwards to the surface layer 1s
then given by

1, 8s -
-[DZ Is i Az]h+ c(h,t)= ch(h,t) (3)

For simplicity tne concentration of the constituent
in the surface 1s assumeu to be zero

Tne amount of sewage discharged to the fjord during
a year 1s small compareu with the fjord water

available for dilutaion.

Tne freshwater runcff is sufficient to maintain a
aensity stratification, put does not 1inauce
appreciable upward entrainment (CARSTLnS (4))
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The aispersion eguation

Tne convection and mixing within the trapped cloud
outside the plume 1is now described by the one dimen-

sional dispersion model

sc sc¢ . ¢ sc
st - Y5z T a2z (Dz 6z) (+)

where U = Q(z)/A(z) 1s the induced convective velocity
ana Q(z) tne plume flow rate at level z. Eg. (4) can
be solved numerically together with the continuity
equation for the constituent within the cloud
z
roo+S caQ-Q c(h, 1) +U(2)A_(2)c(z,t)

o h
¢ = &
- Dz T Az = S5t A,dz (5)
z

which for z=n has the following form

z
roo+ j ch—ch(h,t)+U(z)Az(z)c(z,t)
o
[Dz ——l——écgg t) AZ] = 0 (6)
h

Ihe first term i1s the source, the second term accounts
for the recirculation of the constituent, and the
thira term is the constituent flux into the surface
layer. The fourth and the fifth terms, respectively,
represent the convective ana the diffusive downward
fiux.

A straignt forward numerical treatment of Lgs. (4) and
(6) 1s not feasible at present. We have not completely

solvea tne problem of supporting convenient mathematical
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models with sound physical arguments., Wwe shall, how-
ever, use Egs. (5) and (6) to estimate the time history
c(h,t) of the cloua concentration at the trapping level.
we feel our solutions for small and for large values of
t are acceptable, but we do not yet have a solution for
intermeadiate values of t.

Solution for small t For small t the thickness of the
cloua is small compared with the height h. Hhence, the
recirculation of the constituent may be neglected

h

ScanO, ana U(h)+A,(h)~Q S, (7)

o]
where bo 1s the dilution at the trapping level.
For small t we may also assume the vertical distripbution
of tne constituent concentration above the trapping

level to be a mirror image of tnat below. Tnus, the
upwara diffusive flux equals the downward flux ana

_[Dzic_(_:_;_Q.Az} .+ c(hyt)=Q,elh,t)  (8)
n

With these assumptions Lq (6) has the solution

c(n,t) _ Qo (9)

¢, (T#a)Q,¥Q.5,

where a=~2 for small t As the concentration in the
surface layer 1s assumed to be constant=0, ¢ decreases
wlith growing t. Fig. 4% shows Egq. (9) for a particular

case in the Oslofjorda.

Solution for large t. The effluent cloud 1s succes-

sively convectea ana diffused gownwaras. In order to
get a rough estimate of the transport velocity we
consiader only the convection and neglect the diffusion.

We then have to fina the rate of advance of the first
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front. If we taxe Uo as the front velocity and 2, as
the front level, 1t follows from continuity that

Q(zo)

U o= — (10)
o) Az(zo)
and the travel time T 1s given by
h
A
T= | 92 : S -2 4z (11)
o Q
Z Z
(o] (o]

For a particular dlffusor arrangement (6 =50) in tne
Oslofjord with Q =10 m 8/s and h= 60, T requlred for
zo-O .1 h may be calculated to about 14 months

For t>14% months most of the deep water has recycled

once ana tne effluent may be assumed tc be approximately
uniformly mixed into the deep water In thas case of
1deal mixing we have

c(h,t) = c(z,t) = c(t)

h h

sc - 8¢ - 8¢
S 5t A az = % SAzdz 5t \% (12)
Fe) o

where V 1s the deep water volume between the levels
z=0 and z=n., We also have U(0)=0. With 2z=0 kqg. (35)
then takes the form

Quco—Qyelt) = %% \ (13)
which has the solutaion Q.t
Q A
e . 0 v
e * 7 (l-e )
o

Fig. 4 shows Lq. (14) for a particular case in the

Oslofjorad

5 2

Q=10 n%/s, 5,250, D,=3-107° n%/s
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1l ds _ _ 8 2
s a;h- 0,15/m, Az(h)-l,l'lO no,
v=u,2.10%°

CONCLUSIONS

A transverse ridge or sill on the bottom shelters the
water mass below the sill depth from tidal flushing.

A pycnocline provides additional shelteraing from
surface~-generated turbulence, and so the boay of water
behind a sill and below a pycnoclane 1s characterized
by long residence times.

The buildup of the concentration of an outfall consti-
tuent releasea in such a stagnant body of water was
investigated for the special case of the Oslofjord,
based on a set of assumptions leading to a general one-

dimensional dispersion equation.

Solutions were obtained for small and large periods of
constituent release, respectively. The solution for
small t assumes a rapid horizontal spreaa compared with
the vertical transport The solution for large t
assumes 1aeal mixing., A tentative "probable curve" has

been inserted for intermediate taimes.

From the analysis the gains of deep outfalls
through diffusors compared with surface outfalls can
be estimated for various periods between deepwater

inflows.
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FIG 3 SCHEMATIC OF A SECTION THROUGH THE FJORD
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FIG 4 TIME HISTORY OF CLOUD CONCENTRATION
AT TRAPPING LEVEL (OSLOFJORD)



