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INTRODUCTION

Numerous natural and man-made water bodies in the coastal areas
exhibit poor water quality due to contaminants Introduced by point
and non-point pollution sources. Storm runoff 1s a primary non-
point source transport medium. As urbanization Intensifies, the
surface runoff volume Increases. Detention basins are commonly used
to provide on-site temporary storage for runoff during the peak of
the storm. Detention basins and other natural water bodies such as
lagoons collect considerable amount of non-point source pollutants
associated with the surface runoff. Great desirability for water
front property has caused the land surrounding these lakes, detention
basins, lagoons to become very valuable, and purchasers have become
exceedingly disturbed when they find that their once beautiful lake
has become a polluted, offensive-smelling lagoon.

At present, many solutions to water quality problems in these
lakes and lagoons are of a biological or chemical nature. Utili
zation of such processes has proven successful 1n many cases; how
ever, 1n some a natural physical solution such as increasing
flushing characteristics may be more desirable.

Using the application of natural physical processes as a
treating agent, an engineering-oriented solution was sought. A
flushing technique using tidal fluctuation as the system's driving
force was Investigated. Modeling methods were used to construct a
general mathematical model, and detailed information was generated
to be used in the analysis of water quality and 1n the engineering
design of future systems. The water quality level was monitored as
a function of several dlmenslonless quantities, with a culvert used
as the interfacial structure connecting the lake and the tidal body.
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GENERAL MATHEMATICAL MODEL

Often 1n tidal regions, small Inlets and bays are connected to
the larger tidal body by natural open channels. Due to the geo
graphical flatness of such regions, many tributaries feeding these
bays do not have large enough velocities to carry the sediment load
beyond the Inlet mouth. Therefore, an accumulation of sediment
occurs creating a sand bar at the mouth. In other cases, strong and
dominant longshore and/or onshore sand transport toward the river
mouths create the same deposit. Such deposits tend to further stag
nate and Impound the water, adding to the pollution problem. The
engineering solution investigated is applicable to natural and man-
made Impoundments.

Before constructing a mathematical model, a conceptual model
was generated to yield pertinent information. The conceptual model
consisted of a small lagoon adjacent to a larger tidal body, the two
separated by either island barriers or naturally-deposited sand bars.
The body of water referred to as a lagoon could be one of several
types, Including a lake or pond, a closed Inlet, or a small bay.
Possible tidal bodies might be an ocean or an estuary.

The three primary factors which affect the concentration level
of a particular pollutant Inside the volume of the lagoon, V, at any
time, t, were considered to be the flowrate of runoff Into the lagoon,
the rate of volume exchange between the lagoon and the tidal body, and
the decay rate, denoted Qr, Q, and K respectively. That water denoted
by the symbol Qr might be comprised of either a river or stream, water
shed runoff, effluent discharge, or any combination of these sources.
Associated with this runoff Is a concentration level represented by
the symbol Cr. Similarly, in concordance with the lagoon's initial
volume, Vo, Initial concentration Is denoted by Co. The concentration
in the lagoon, C, at any particular point in time Is a primary quantity
which was monitored. In preserving the model generality, the decay
rate, K, could be representative of any particular pollutant indi
cator such as biochemical oxygen demand (BOD).

Certain general assumptions were made in order to simplify the
modeling process. Complete mixing was assumed to occur 1n the lagoon;
therefore, the concentration, of the water being exchanged between the
lagoon and the tidal body, C, equals zero when water backs Into the
lagoon and equals C when water flows from the lagoon. For the benefit
of modeling, the water of the tidal body Is assumed to have a constant
concentration equal to zero. Furthermore, changes In the volume, V,
with respect to time were considered to be Insignificant when com
pared to the total volume of the lagoon. The lagoon volume, there
fore, 1s constant and equal to Vo.

The conservation of mass, or mass balance principle, was used
to develop a mathematical relationship which would associate the

Kuo/Price

322 -



concentration, C, to the decay rate, lagoon volume, initial concen
tration, runoff rate, tidal exhcange rate, and their associated pollu
tant concentrations.

QrCr it + QC At - KCVo At = Vo AC (1)

Equation (1) is the resulting relationship where At is an arbitrary
time Increment and AC is the associated change in concentration, C,
over the time Increment, At. The plus and minus signs on the second
term of the equation Indicate that mass Is either added or subtracted
depending on the direction of tidal exchange. In the third term,
the sign is negative to indicate a loss of mass due to decay. If
the substance being considered Is growing rather than decaying, then
this sign would be changed to positive.

Due to the mathematical complexity of the equation, an incre
mental, interative solution scheme was developed which would readily
lend itself to computer programming.

AC/AT = (QrCr + QC)/Vo - KC (2)

Rearranging Equation (1) with AC/ At on the left side of the equality
resulted In a relationship with the right side of the equality being
known, as shown in Equation (2). The known value was then multiplied
by a time increment, At, yielding a corresponding change in concen
tration, AC. The new concentration was then obtained by adding AC to
the previously used value for C. By repeating the process using this
newly calculated value of C, another AC was found for the next time
increment.

Continuous repetition of this process produces an array of con
centrations and their corresponding times of occurrence. The relation
ship between concentration and time can be studied by plotting the
lagoon pollutant concentration C, versus the time, t.

Culvert System

Periodic dredging of the sand bar at the Inlet mouth is one of
the engineering solutions to keep the river flowing freely into the
ocean. However, frequent dredging for an excessive number of small
rivers is not practical. A culvert could be placed 1n a by-pass
pattern around the berm as shown 1n Figure 1. The culvert should
be passed around the sand bar for larger rivers since during the
flood period high river flow rates may wash away the entire sand
structure. Also, the culvert should be designed to avoid the
trapping of sand and debris. Culvert burial at the river or ocean
bottom is not desirable from design and maintenance standpoints.
As the tide rises, creating a head on the ocean side, water would
be forced to back through the culvert into the lagoon where it would
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mix with the Impounded water of a higher concentration. Once the tidal
cycle reaches the low stage, the head would be created on the Impound
ment side, thereby forcing water from the lagoon, through the culvert,
and Into the large tidal body.

Pipe flow 1s one type of flow which must be considered In the
theoretical development. Along with the pipe flow, a similarly
directed seepage occurs across the sand bar. For this development,
Dupuit's assumptions for free-surface ground water flow were used
(Reference 1). The soil composing the earth berm was assumed to be
a homogeneous, uniform, isotropic media. Using this information,
the equation used to calculate the flow rate through the soil, Qs,
Is that of Equation (3), where B 1s the length of the earth berm, k
1s the soil coefficient of permeability, hi and ho are the respective
distances from the inlet water surface and the ocean surface to the
culvert opening, and 1 Is the width of the sand bar. Z1 is the
difference in elevation between the culvert opening on the lagoon
side of the berm and culvert opening of the ocean side of the berm.

Qs =Bk((Z1 + hi)2 -(ho +H)2)/2(l) (3)

Obviously, from Figure 1, Z1 is found by subtracting hi from ho. H
Is the stage of the tide referred to the mean sea level and can be In
terms of maximum tidal fluctuation, Hm, and a sinusoidal function of
time.

Flow through the culvert was based on the principles of continuity
and energy conservation. Equation (4) Is the result of the continuity
consideration. The respective velocities on the Inlet side and the
ocean side are denoted by vi and vo, and the respective cross-sectional
areas are represented by A1 and Ao.

(vi) (A1) = (vo) (Ao) (4)

Following the conservation of energy and assuming A1 = Ao and vi - vo,
Equation (5) can be developed where L is the culvert length, D is the
culvert diameter, and f 1s the friction factor associated with the type
of pipe material chosen.

H+ ((fL/D) + K') v2/2g =0 (5)

A minor loss term with Its coefficient K', 1s Introduced to compensate
for losses Incurred by bends and joints 1n the culvert. Velocity
within the pipe 1s represented by the symbol v and the acceleration
due to gravity 1s denoted by the letter g.

An equation for the velocity 1n the culvert can be developed
from Equation (5), realizing that H can be positive or negative with
respect to mean sea level. This sign change, however, only indicates
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that the direction of flow changes, therefore positive and negative
velocities merely indicate Inflow and outflow conditions. This is
apparent In Equation (6).

-](£%)"+ V (6)

From the value of v calculated using Equation (6), the pipe flow rate,
Qp, can be determined for any time, t, by taking the product of the
velocity and the cross-sectional area of the culvert (assuming a
constant size pipe).

After determining the sura of Qs and Qp to get Q, the right side
of Equation (2) was again obtainable. Therefore a model solution based
on the culvert system of connection was secured.

Dimensional Analysis

In order to further generalize the model, a dimensional analysis
was made of the major influencing factors. The parameters of main
concern are as follows:

T -tidal period
C -lagoon concentration
Cr -runoff concentration
Co -initial lagoon concentration
Qr -runoff flow rate
t -time
Km -maximum tidal fluctuation
f -pipe friction coefficient
L -pipe length
D -pipe diameter
Vps -volume through the pipe and sand bar
Vo -Initial lagoon volume
K -decay rate
At -time Increment

By the Buckingham-Pi theorem (Reference 2), the fourteen parameters
give rise to eleven dlmenslonless groups, as shown In Equation (7).

(L. Cr QrT t - L_ D_ Vps Vo ,„ At* _ n ,n
lCo* Co' jjjr T' f' Hm' Hm* jjjj* j^J* TKt T~' "° (7}

Through rearrangement and combination of these terms, more meaningful
dlmenslonless variables were generated and expressed 1n Equation (8).

(L t £r tk k QrAt+Vps f Vp_s QrT D Vp_s, = - ,a.
vCo* T« Co' '*» D' Vo ' T' u 3" Vo • Hm' Vo ' ° w

Hm"
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Some of the Interrelationships among these variables and their response
to changes in model quantities will be discussed in the next section.

DISCUSSION OF RESULTS AND THEIR
APPLICATIONS IN ANALYSIS AND DESIGN

The Intention of this Investigation was not only to study the
existing situation and develop a solution which would be functional
from an analytical standpoint but also to generate and present data
which could possibly be used 1n the design of a future facility.
Typical system parameters were chosen so that the model results would
be as Indicative of actual natural situations as possible. An average
maximum tidal amplitude above or below mean sea level was chosen to be
two feet (0.6096 m). A tidal period of 12 hours with the Incremental
time constant equal to 30 minutes was used while selecting the pollu
tant decay rate to be 0.25 per day for typical BOD of domestic sewage.
Other system values are listed as follows:

Initial lagoon concentration 50 ppm
runoff concentration 200 ppm ,
lagoon volume 600 acre-ft (740,171.52 mJ)
runoff flow rate 10 cfs , (283.2 1/sec)
accel. of gravity 32.2 ft/sec* . (9.81 m/sec2)
pipe friction factor 0.025
minor loss factor 2.25
pipe length 1000 ft (304.8 m)
pipe diameter 2 ft (0.6096 m)
earth berm length 100 ft (30.48 m)
earth berm width 20 ft (6.096 m)
coefficient of permeability 0.000001 fps (0.00003048 cm/sec)

Unless these values were being varied to generate an array of data,
they were held constant at the values shown.

A computer program was developed that would generate information
about the dlmenslonless variables as the water quality model was run.
Holding the decay rate constant, the model was operated repeatedly
for values of Cr/Co ranging from 0.2 to 2000 In order to observe the
Impact of Increasing runoff concentrations on the time-varying lagoon
concentration. This resulted in an array of concentration response
curves such as presented in Figure 2 (K = 2.5/day). Three additional
sets of curves were generated in the same manner as those in Figure 2;
however three different decay rates (K = 0.025, 0.25, and 25.0) were
used. This was done In an attempt to determine, for the same curves
of Figure 2, to what extent the decay rate affected the concentration
response. By comparing the sets of curves, it 1s readily seen that
the time necessary to reach a steady-state condition decreases as the
pollutant decay rate increases. Also, a decrease in concentration
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level is observed by inspecting any curve from one set and that same
curve on the other set that follows due to the increasing influence of
the decay rate. Therefore, for cases with large decay rate this model
solution need not be employed. The most effective application of this
solution technique would be its utilization in systems of low decay
rate.

From any one of these sets of curves, the effect of increasing
Cr/Co is apparent. As the magnitude of runoff concentration increases,
the less effective the model solution becomes; however, the magnitude
of this impact decreases as the decay rate is Increased. Therefore,
the effects of increasing runoff concentration and increasing decay
rate tend to cancel each other out. The most desirable case would
be one of low runoff concentration and high decay rate as far as
lagoon concentration is concerned.

The curves composing Figure 2 are slightly misleading in that
they appear to be smooth rather than sinusoidal. If the scales were
increased so as to extremely magnify the figures, then one could see
the sinusoidal ripple present on each curve. This behavior is due to
the nature of tidal stage and tidal exchange between the two water
bodies.

Another noteworthy observation from these figures focuses about
the horizontal line where C/Co equals to one. This line 1s an equi
librium line which means that regardless of tidal fluctuation, the
concentration within the lagoon remains the same. The necessary
condition in this case would be the rate of contaminated mass added
to the lagoon must equal the rate of removal. From the standpoint
of analysis or design, one would desire a situation where concen
tration decreases in the lagoon, or at worst, remains the same. In
order to achieve this condition, the ratio of runoff concentration
to initial concentration must be less than or equal to the number
opposite the C/Co =1.0 level. Any number higher than this would
mean that the concentration curve would increase, meaning poorer
water quality. For a worst case, the designer would probably not want
to choose this critical value of Cr/Co because of the undesirable
results if the worst case is exceeded; therefore, a factor of safety
would be appropriately applied.

From the critical ratios of Figure 2 and the other three sets
of curves, a critical value curve can be plotted. The curve represents
a threshold line which for values above the curve water quality is
improving and below the curve quality is worsening.

One other set of concentration response curves was developed,
this time using QrT/Vo as the third parameter. This array of curves
was generated by consecutive operations of the model varying the third
parameter each time by a multiple of ten. The purpose of this set of
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curves was to document the change in concentration response due to
variations In the runoff flow rate or initial lagoon volume.

Information was desired concerning the effects of varying the
length and diameter parameters upon several other system parameters.
Therefore, the program was adapted such that Cr/Co would equal four
and the quantity L/D could be varied after each computer cycle. The
effects of varying the pipe length/diameter characteristic were
studied with respect to two deminsionless quantities, C/Co and
(QrAt + Vps)/Vo, to depict the inter-relationships among the length/
diameter characteristics, the lagoon concentration, the runoff flow
rate, and the exchange volume. The concentration response to varying
culvert size is presented in Figure 3. Realizing that friction has
been held constant In the pipe, a designer could utilize Figure 3 in
choosing pipe size to conform with a desired concentration standard.
As before, decreasing curves are the desirable case, meaning an
Improved water quality. The curves of Figure 3 are plotted over a
time Interval of 50 tidal cycles in order to observe the steady-state
response.

From observing culvert size effects on volume exchange, the L/D
parameter must be closely examined. Small values of L/D would indicate
either a short pipe length or a large pipe diameter, neither of which
could be reasonable in a real situation. Values of L/D between 200 and
500 are the more realistic; however, as L/D increases, the flushing
volume decreases. This 1s not the most desired case because as
exchange volume decreases, the rate at which the concentration level
is reduced also decreases. For the designer, once L/D is established,
a greater exchange volume can be achieved by adding more pipes adjacent
to one another. This approach would be acceptable for several pipes,
but if a large number of multiple pipes are required, a different
solution may be preferred.

To determine the effects of varying pipe friction, f, on concen
tration response, the program was remodifled and an array of data
representing f equals 0.01, 0.02, and 0.04, and 0.08 was generated.
From a plot of this data, the designer could determine a desirable
piping material; however, the impact of varying the pipe material
seems to have little effect on the concentration for the model values
considered. Only in extremely long or very small diameter pipes would
the material selection tend to be an important factor.

Due to the small coefficient of permeability used in this model,
flow through the earth berm is negligible when compared to flow through
the pipe. In situations where the soil is more cohesive in nature
the Qs would not be as predominant as in situations where the soil is
granular, thereby having a larger coefficient of permeability. From
this, one can see that the relative Importance of Qs is dependent
on the type of soil used for the earth berm.
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SUMMARY

In lieu of biological and chemical treatment of polluted water
impoundments, sometimes a natural flushing approach may be desirable.
Rise and fall of the tide could be used in tidal regions to provide
the driving force for flushing. Stagnated lagoons, detention basins,
inlets, and bays in these regions readily lend themselves to such an
approach. In this study, the concept of using a culvert system to
link the impoundment with the tidal body has been explored. The
results indicate the effectiveness of using such a technique to lower
contamination levels in the impounded water body. These results may
be used to analyze existing situations or to design new applications
of this strategy.
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