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Factors controlling the stability of tidal inlet cross-sections were discussed. These factors
were analyzed dimensionally considering hydraulic and geometrical parameters. From this
analysis, dimensionless function was developed concerning tidal inlet flushing capacity. In
order to transform this function to applicable equation, a numerical model was developed and
checked with field data. This model is used to calculate inlet channel velocity, bay water level,
tidal prism, sediment transport through inlet channel, flushing capacity and Keulegan’s
coefficient. The sediment transport is calculated using equations of Engelund-Hansen and
Van-Rijn. The numerical model is also used to explain the behavior of the dimensionless
parameters in the developed function. By means of multi regression method and using the
results of 2550 model runs of stable tidal inlet, a relationship for tidal inlet flushing capacity
in terms of maximum mean inlet discharge, inlet Froude number, relative channel length and
relative grain size was obtained. The results of the flushing capacity equation were compared
to field data and a good agreement was found. The developed equation is presented in two
families of curves, so that the flushing capacity can be determined easily.
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1. Introduction

The tidal inlet connects lagoon/bay to
coastal oceans or seas. It provides many
benefits, like navigational access to the
lagoon/bay for commercial shipping, fishing,
and recreational boating. Also the tidal prism
flows through inlet during tidal cycle playing a
dominant role in flushing the sediments from
the inlet and maintaining the water quality
and salinity level in the lagoon/bay.

The main parameters affecting the stability
of tidal inlets are: tide and fresh water
discharge in the lagoon as a flushing
parameter and the littoral drift as a filling
parameter. The inlet morphology and surface
area of the lagoon are also affecting the inlet
stability. To keep the inlet stable against
closure without maintenance dredging, it is
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essential that the inlet should satisfy the
requirements of the inlet stability curve of
Escoffier [1], fig. 1. In this curve, the
maximum velocity through an inlet increases
with cross-sectional area. It reaches the peak
value at the critical cross-sectional area, Ac*
and then decreases for larger cross-sectional

‘areas. This means that the inlet should fall on

the stable side of the peak. The associated
velocity should also be in accordance with
Bruun’s relationship [2], which is 0.8m/sec.
<Vmax-.mean < 1.2 m/sec. The better inlet
condition is the ability of the tidal flow to flush
out the sediment that are carried by the waves
and currents action to the inlet. These
principles are very important and should be
taken into consideration during the design of
tidal inlets.
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Fig. 1. Illustration of escoffier’s stability concept.

In the field, it is easy to measure all the
hydraulic conditions of the tidal inlet such as
(i.e. velocity, tidal prism), but it is difficult to
measure the flushing capacity of tidal inlet.
Therefore, it is very important to develop an
equation to determine the flushing capacity of
tidal inlet.

The main objective of this paper is to
develop an empirical equation to determine
the flushing capacity through tidal inlet.

2. Background

From measured values, Bruun [2]
proposed a theory of the tidal inlet stability as
a function of tidal prism Ps contra the
sediment inflow M from the sea. The flow in
the channel must not only be able to handle
local sediment transport but must also be able
to flush extra sediment out of the channel.
The extra sediment is carried to the channel
by waves, currents and by erosion of the
banks. Ps is defined as the spring tidal prism
in m3 each half tidal period and M. is the
total drift of sediment towards the entrance in
m3/year. Bruun summarized the inlet
conditions in relation to Ps/Mwt , for semi-
diurnal tide, to be as shown in table 1.

Van de Kreeke’s [3], characterized the
stability of tidal inlets by the maximum of the

’ bed shear "stress during tidal cycle. He found
that, from field measurements, the bed shear
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stress for stable tidal inlet is between (0.36

and 0.56) kg/cm?2.

3. Factors affecting the stability of tidal
-inlets

The stability of tidal inlets depends mainly
on the following factors, see fig. 2.
(a) The tidal range (2ao): The tidal range is the
height between successive high and low sea
levely. The tide range affects the gradient of
water surface and also the flow in and out of
the inlet channel. The tide range is
represented by the spring tidal range (2aos)
(b) The types of tide: It can be either semi-
diurnal, diurnal or mixed tides. The type of
tide indicates the shape and tidal period (Tp).
(c) The inlet cross-section area (Ac): A large
cross-sectional area means a large discharge
capacity.
(d) The length of inlet channel (L;): A long
channel will cause an increased resistance
‘against the tidal flow.
(e) The lagoon/bay surface area (Avay): A large
lagoon/bay surface area will respond less to
tide than a small one.
() Fresh water discharge to the lagoon/bay
(Op): Fresh water discharge into the lagoon/
bay decreases the flood flow and increases the
ebb flow.
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Table 1
Inlet conditions in relation to Ps/Miot

Ps/Mtot Entrance conditions
300<Ps/Mtot Little or no ocean bar out side inlet channel (ocean shoal may occur further out)
150<Ps/Mtat<300 Condition are good, very good flushing and minor bar formation.
100<Ps/Mtot<150 Low ocean bar, navigation problems usually minor.
50<Ps/M1ot<100 Rather larger bar by the entrance but usually a channel through the bar
20<Py/Mut<50 ’;‘ty(yri;zl ;)na(rj tg(—)ﬁzzzzr: get flushed by the increased water discharge during
Ps/Mot<20 Very unstable inlets, mainly just overflow channels.

shoreline
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Fig.2. Idealized inlet-bay system.

(g) Filling factor (Miot): The littoral drift may fill
the inlet entrance. The rate of littoral drift is
affected by waves, longshore currents, grain
size and the orientation of bottom contour and
shoreline to the incoming waves. The total
littoral drift, Mot , towards the inlet during one
year is the filling parameter used in this
study. The aim of using this parameter is to
compare the flushing capacity of the inlet.
(h) Other minor factors: Other factors such as
wind stress in the bay and inlet surface
radiation stress and coriolis effects are
neglected in the present study.

The flushing capacity of the tidal inlets
may be character}zed by the following.

L N

3.1. Hydraulic conditions

Those include the following factors, see fig.

23

i. The spring tidal range (2as).

ii. The fresh water discharge to the
lagoon/bay (Q).

iili. The maximum-mean velocity (Vmax-mean).

iv. The cross-section area of tidal inlet (Ac).

v. The depth of inlet channel (D).

vi. The Length of Channel (L).

vii. The spring tidal prism (Ps).

viii.The tidal period (Ty).

ix. Gravitational acceleration (g).

x. Water kinematic viscosity (v).
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3.2. Sediment properties

Those include the following factors:
i. The mean particle size (dso).
ii. The relative density of sediment (s).

3.3. Dimensional analysis

Relafing to the previous factors, the
flushing capacity, Mp,, can be expressed as
follows:

Mg, = fl(aos’Qf’ Vimax-mean> Acs D5 P, Tp, L, g’dSOstS)
(1)

Since all grains are quartz sand, s is
assumed to be constant and equals 2.65.
Water kinematic viscosity (v) is also used as a
constant factor that is equals 0.000001
m?2/sec. According to the previous
assumptions, function 1 is simplified to the
following:

Mgy, = fi (aos’Qf’ Vimax-mean>Ac, D, Ps, Ty, L, g’dSO)
(2)

Appling the Buckingham mi-theorem,
Function 2 can be written in a dimensionless
form as follows:

P, + QexT,
M wf s + Qe x T, D ay g
AcygDT,

Qmax—mean d50 Lc

where; ,

Ps+ Qrx Tp  is the ebb tidal prism,

Qmax-mean = Vmax-mean . Ac .

Mgy is the relative flushing capacity,

Qmax—mean

Py + Qex T,

—E—-Qf—-ﬁ- is the inlet Froude number

AcVgDT,
(case of tide and freshwater
discharge),
PS

e is the inlet Froude number
A ,/ gD Tp

(case of tide only),

2o is the relative grain size, and

dso

Aoy . ;

= is the relative channel length.
Cc

Function 3 expresses the dimensionless
inlet flushing capacity of tidal inlet in terms of
maximum-mean inlet discharge, inlet Froude
number, relative channel length, and relative
grain size. This function takes the effect of tide
plus freshwater discharge to the lagoon /bay.
The flushing ability will be enhanced due to

the additional discharge (Qf). This is due to

the extra water volume that increases the
velocity in the inlet and thereby increases the
flushing capacity of sediment in the inlet

channel. From the available data, it has been

impossible to gain any assure information
about additional inflow to the system.

Therefore, the effect of (Q;)is not taken in the
present study.

4. Numerical modeling

Fig. 2 shows an idealized inlet-bay system.
The inlet is considered to be similar to an
open channel with a cross-section (Ac), depth
(D) and length (L).

The developed numerical model has two
main modules; hydrodynamic module and
sedimentation module as shown in fig. 3.

4.1. The hydrodynamic module

This model is based on one-dimensional
momentum equation for the inlet and a
continuity equation for the bay.

4.1.1. The momentum equation

The momentum equation in one
dimensional form for the inlet channel can be
expressed as the following:

+u§u——— ?_‘ZS__ ulu,n2
Biti DBX nc RELS

ou
e (4)

where; u is the average flow velocity in the
inlet channel, as is the elevation of water level
due to tide, nis Manning coefficient, Rc is the
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hydraulic radius and g is the acceleration of
gravity.

4.1.2. The continuity equation

The rate of change of water level in the
lagoon/bay is a function of inlet discharge
plus discharges into the bay from other
sources, This phenomenon can be described

by a simple mass continuity equation as
follows:
%y =_&_+_QL (5)

ot Abay Abay-

Where; Avay is the surface area of the bay, Qi
is the discharge of ith inlet, Qs is the discharge
into the bay from other sources such as
(rivers, pumped inflows, etc.), Qis the total
inlets discharge and is calculated using the
following equation:

Q=).Q; (6)
i=1

4.2. The sedimentation module

In this model, two equations of Engelund-
Hansen [4] and Van-rijn [5, 6, 7] are used to
compute the rate of sediment transport in the
channel based on the average flow velocity
from the hydrodynamic model at each time
step. The average of these equations is
obtained to get the volume of sediment
transport in the channel.

4.2.1. Flushing capacity subroutine

Flushing capacity, (Mm), of the inlet
channel is defined as the total sediment
flushed by the ebb flow through inlet during
one year. According to this definition, the
flushing capacity can be determined by the
following equation:

24 | &
Mpy = 365 x — x D g5, xB| / 140. (7)

P i=1

Where; qg; is the sediment flushed by the ebb

flow (m3/m/Te), Te is the ebb time as a part of
the tidal period, T, is the tidal period, (B) is

the inlet channel width, a,s is the spring tide
amplitude, aon is the neap tide amplitude and
is taken as (0.4 a,s), when data is not
available, (Bruun [8]), and nt is the number of

‘ebb cycles between successive two spring tides

which takes place each 14 days.
The tide amplitude between spring (aos)
and neap (aon) is calculated using the following

equation:
gef ZZEHEY.
T;/2.0

Where; Ti is the lunar period and equals 28
days.

Fig. 4 gives typical tide at El-Arish and
Damietta harbor for the period from 21
August to 18 Sep. 1997.

The input data required for running the
model are: tidal range, tidal period, length of
channel, surface area of lagoon/bay, fresh

a. = (3s +2on) " (3os — aon)
s 2.0 2.0

‘water discharge, cross-sectional area of the

inlet channel and grain size of the inlet bed.
The flow chart of this numerical modeling is
given in fig. 3.

4.3. The boundary conditions

The boundary conditions of this system
are the tidal water level variation in the sea,
and the water level variation in the
lagoon/bay. The program initiates when the
water level in the sea and the bay equals zero.
If the water surface in the lagoon/bay is
assumed to remain horizontal all the times,
the water discharge from the tidal flow
through the inlet together with extra separate
inflow will cause a change in water level in the
lagoon/bay. After about 10 tidal periods, the
movement of the lagoon/bay water surface
has a constant shape. So, the maximum mean
velocity remain constant

4.4. Model calibration

The numerical model was run using the
data in table 2. The relationship between the
measured and the predicted velocity gives very
good agreement as shown in fig. 5. The
standard error of estimate for the used data is
5.3 cm/sec.
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Subroutine Sed1
Calculate sediment transport
through inlet channel using
Engelund-Hansen equation

Read:
The input data

Boundary Condition: The tidal
water level variation in the sea and

the bay water level variation.

a, =a, sin( wt)

Calculate:
The velocity using the momentum

equation and the discharge through
inlet channel at each time step

Calculate:
Bay water level using the continuity
equation and the tidal prism

@ Yes

No
Call sediment

Subroutine Sed2
Calculate sediment transport
through inlet channel using Van-

Rijn equation

Subroutine Flushing
Calculate the flushing capacity of

tidal inlet

subroutines

Calculate the
average sediment
transport using the

two equations

Write:
The sea water level, bay water level, velocity,
sediment transport at each time step.

The tidal prism and total sediment each ebb
and flood cycle.

The dimensionless parameters in equations
(3.5,13 &16) and Kelugan's coefficint

t=t+time step

NOTC<12? Yo

Call Flushing Capacity
subroutine

| Write Flushing Capacity '

Fig. 3. Flow chart of tidal inlet numerical modeling.
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Fig. 5. Relationship between measured and predicted
maximum mean velocity of tidal inlets.

5. Prediction of flushing capacity of tidal
inlets

5.1. Model runs

In order to obtain a relationship between
the relative flushing capacity in terms of
maximum-mean inlet discharge
(MpLU/Qmax.-mean), inlet Froude number,
Relative channel length and relative grain size
as given in function 3, A 2550 numerical
model runs were performed for the following
cases.

e Tidal amplitude in the sea: aos = (0.2,
0.3, 0.4, 0.5, 0.6 m)

e Depths: D = from 4.0 m to 9.0 m, each
0.25 m increment i

e Tidal period: Semi-diurnal tide (Tp = 12.4
hour).

diurnal tide (T = 24.8 hour).

e Length of channel: L. = (500, 1000, 1500
m).

e Grain sizes: dso =
mm)

{0:1,0.2,°0.3; 0:4,:0.5

5.2. Empirical equation for the relative flushing
capacity

Appling multi regression method, a
relationship between relative flushing capacity
in terms of maximum-mean inlet
discharge (MgLy/Qmax .—mean) @nd other para-
meters in the function 3 is presented in the
following equation):

MpLu

Qmax ~mean

= 45850.44 x

3.6916
Py
A. JgxD Tp

0.09615 0.5375
L¢ dso

(9)
where, Mgy in (m3/year), O, ux —mean 0
(m3/sec.), Ps in (md), Ac in (m?. T, in

(second), aes, Le, D and dso in (m).

This equation is valid for all the range of
data given in article (5.1). The average
absolute percentage error for this equation is
8.73 % while the correlation coefficient is
0.993. By comparing the results obtained by
eq. (9) with the numerical data for all 2550
runs, a good agreement is noticed as shown in

fig 6.

Eq. 9 is presented by two families of
curves as shown in fig. 7. From the upper
curves, ' the value of the parameter
[(20s/Lc)0:09615  x (D/ds0)9-5375] is calculated
using the relative channel length (a.s/Lc) and
the relative grain size (D/dso). From the lower
curves, the relative flushing capacity is
calculated using the value of the inlet Froude
number and the value of the parameter
[(Bos/Lc)00%615  x  (D/ds0)0-5375]  which is
calculated from the upper curves.

5.3. Comparison between estimated flushing
capacity and field data

In table 1, Bruun [2], stated that the tidal
inlets are in very good condition for (Ps/Mqot)

-greater than 150. For (Ps/M;et) between 100

and 150, the inlet remains fairly stable. For
(Ps/Miot ) less than 100, navigation problems
will be increased. The parameter (Ps/Miot) dose
not exhibit the effect of different parameters
controlling the stability. Therefore, it is not
accurate to use as a predictive tool. Also, the
bed shear stress, for stable tidal inlets, is
between (0.36 and 0.56) kg/cm?, Van de
Kreeke’s [3].

The ratio (Ps/MrLu) was calculated for all
the 2550 runs and it was found that all ratios
are greater than 100. The average ratios of

160 Alexandria Engineering Journal. Vol. 41,No. 1, January 2002
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(Ps/MrLu) for all runs, which fulfill the
condition of the bed shear stress were
calculated and given in table 3 for different
grain sizes. From the comparison, it is noticed
that, there is a good agreement between the
measured and the estimated ratios.

5.4. Effect of tidal amplitude, tidal period and
length of channel on cross-section area and
flushing capacity

Stable inlet cross-section area, relative
flushing capacity and the corresponding
flushing capacity were plotted versus inlet
Froude number for different tidal amplitude,
tidal period and inlet channel lengths as
shown in fig. 8, 9 and 10 respectively. The aim
of these relationships is to examine the effect
of tidal amplitude, tidal period and length of
inlet channel on the stable inlet cross-section
area and the corresponding flushing capacity.
The numerical model results were used and
the flushing capacity is calculated using eq.
(9). From fig. 8, it is noticed that the inlet
cross-section area, relative flushing capacity
and flushing capacity increase with the
increase of tidal amplitude. This is because of
increasing differences between water levels in
the sea and the bay, which affect the inlet

Table 3
Calculated Ps/Mrw for different grain sizes

velocity. The inlet cross-section area and the
flushing capacity decrease with the increase of
tidal period as shown in fig. 9. This is due to
‘decreasing inlet velocity. Also, from fig. 10, the
inlet cross-section area, the relative flushing
capacity and the flushing capacity decrease
with the increase of length of channel. The
cause of this incidence is that the friction
losses increase with the increase of channel
length.

5.5. Effect of changing cross-section area of
tidal inlet by the width

The effect of changing cross-section area of
tidal inlet by width on flushing capacity is
shown in fig. 11 for tidal amplitude 0.2 m. In
this figure, the calculated flushing capacities
from eq. (9) for 1 km? bay surface area were
plotted versus the inlet cross-section area for
different depths. From fig. 11, it is noticed
-that, for the same cross-section area, the
greater depth gives higher flushing capacities.
Therefore, it is better to choose a large depth
when designing stable tidal inlets. Also, the
large depth gives sufficient trapping depth to
account for sedimentation during storms until
the inlet can flush it out and it is useful for
navigation requirements.

dso (mm) 0.06 0.1

0.3 0.4 0.5

192 239 283 318

Ps/MrLu 101 133

My i/Quax. (Calculated)
™
o
o
'
1

'
:
0.0 200 400 600 800

100.0 120.0 140.0 160.0 180.0 200.0 _

(M51/Qpnex.) Numerical

Fig. 6. Plot of calculated relative flushing capacity of stable tidal inlets versus the numerical values for all runs.
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6. Conclusions

A numerical model was developed to
simulate the flow and sediment transport
through tidal inlet and also to examine the
behavior of each factor in a developed
dimensionless function for inlet flushing
capacity. A 2550 model runs were carried out
and by using multi regression method, an
empirical equation for tidal inlet flushing
capacity was obtained. This equation is
compared with the field measurements and
good agreement was found. Therefore, it can
be used to predict the flushing capacity of
tidal inlet with average absolute percentage
error 8.73 %. The developed flushing capacity
shows that the flushing capacity of tidal inlet
increases with the increase of tidal amplitude
and decreases with the increase of tidal period
and length of channel. A greater depth of inlet
channel is preferable, because it gives higher

flushing capacity and sufficient trapping

depth to account for sedimentation during

storm until the inlet can flush it out.

Nomenclature

Abay Lagoon/Bay Surface Area.

Ac Cross-sectional area of inlet
channgl.
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AC*

as
ap
Qos
Qon
B
D

Ps
q S

Qi
Q¢

Critical cross-sectional area of inlet
channel.

Water level elevation in the sea.
Water level elevation in the bay.
Spring tide amplitude.

Neap tide amplitude.

Inlet channel width.

Water depth in inlet channel (m).
Mean grain diameter for sediment.
Grain diameter.

Acceleration of gravity.

Repletion coefficient of Keulegan.
Dimensionless coefficient

Length of channel.

Flushing capacity of tidal inlet
(m3/year).

Total drift of sediment towards the
inlet entrance (m3/year).

Manning coefficient.

Number of tidal cycles

Strip number across the inlet width.

Number of ebb cycle between
successive two spring tides.
Tidal prism.

Spring tidal prism.

Sediment flushed by the ebb flow
(m3/m/Te).

Discharge through inlet.

Total discharge through multiple
inlets.
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Discharge into the bay from other
sources such as (rivers, pumped
inflows, etc.).

Hydraulic radius.

Relative density of sediment.
Tidal period.

Ebb time as a part of the tidal
period.

Lunar period.

Average flow velocity in the inlet.
Maximum mean inlet velocity.

o) Density of water.

Ps Density of sediment.

v Kinematic viscosity coefficient.

® Frequency of tidal motion.
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