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COMPUTATION OF DENSITY CURRENTS IN ESTUARIES

Extended calibration for inhomogeneous flow in a tidal flume

1. Introduction

This report is a continuation of [5] in which the calibration of the vertical

two-dimensional model for tidal flume circumstances was presented, and in

which the term "calibration" was interpreted as the turning of coefficients

under the following assumptions:

- the relations in which the coefficients appear describe adequately the
phenomena under consideration, and

- the coefficients mayvary within a previously fixed range of physically

possible values.

In_[5] it was also made clear that the calibration presented there was only
a limited one, due to the lack of physical insight.

The present report describes an extension of the calibration, including:

- refinements of the numerical methods, and

- further tuning of the coefficients based on extensive examination of

available tidal flume measurements [9,i].

The extended calibration leads to some improvement of the correspondence
between computations and measurements, but also to the conclusion that there
are still systematic differences between the numerical results and the

measurements taken from the Delft tidal flume.

In chapter 2 of this report a short review of the measurments is given and
in chapter 3 a description of the mathematical model. In chapter 4 some
numerical adaptations are described, while in chapter 5 the results of the
extended calibration are given.

Finally, conclusions and recommendations are formulated in chapter 6.

This report has been drawn up by Mr. P.A.J. Perrels and is the result of a
study which is part of a basic research programme TOW (working group "Stromen
en Transportverschijnselen') undertaken by Rijkswaterstaat (Department of
Public Works and Water Control), the Delft Hydraulics Laboratory, and other

research institutes. &



2. Review of the measurements

2.1 Description of the flume

The lucite flume used for the experiments has a rectangular cross-section,
0.67 m wide and 0.50 m high. Two straight sections and the bend between them
have a total length of 101.5 m (Figure 1). Downstream the flume discharges
into a sea basin, 8 m long, 6 m wide and 1.1 m deeper than the flume, with

a control valve generating a periodic tidal movement of the water level.

In the test used for the calibration of the 2D-model, the density of the sea
water is kept constant by means of a circulation system which pumps salt
water into the basin through pefforated tubes at the bottom. At the upstream
end of the flumethere is the equipment necessary to supply separately a con-
stant and a variable discharge of fresh water, thus making it possible to
simulate tidal movements which can occur in flumes with a greater length
than the actual length (see Figure 1). The variable discharge of fresh water
is programmed according to one-dimensional tidal computations for flumes

longer than 101.5 m. Fro a detailed description of the flume see Van Rees et

al [10].

2.2 Test used for calibration

The results of several tests, with plates (2 x 2 cm) on the bottom of the flume
arranged in a diagonal pattern to obtain the desired roughness, are available
[6]. For the calibration of the numerical 2D-model in homogeneous tidal cir-
cumstances, test T22 was used, while in inhomogeneous tidal circumstances
(with density differences) test T20 was chosen. The boundary conditions and
flume parameters in these two tests (T22 and T20) are the same, except for

the density difference between river and sea water. This difference is zero

in test T22 and equal to 23.4 kg m“3 in test T20. The following table gives

the boundary conditions and the flow paramters of test T20:



quantity symbol test T20

depth (averaged over T) H 0.216 m
fictitious length of flume Lf 179.34 m
Chézy coefficient C 19 m%s—1
tidal period T 558.75 S
tidal amplitude at sea a 0.025 m
fresh water discharge Qr 0.0029 mgs_I
density difference between "
river and sea water Ap 234 kg m

Table I Boundary conditions and flow parameters

The salinity structure obtained in this test (T20) can be characterized by

the following values of the estuary parameters:

QT
the flood number o = i;— = 0.39
t
uo2 Pt
the internal estuary number E_ = — = 1.5
D Ap T
'—p—gH r

in which:

P_: tidal prism, the volume of sea water entering into the flume during the
flood period (= 4.5 m?).

u.: maximum flood velocity at x = 3.66 m (station 1)}, and

g : gravitational acceleration.

An estuary with these values of the estuary parameters is called partly mixed.
At 16 stations at distances n Ax from the mouth of the flume (with n varying
from 1 to 16 and Ax = 3.66 m), the water level was measured. In each station
the velocities and concentrations were measured at 12 positions in the vertical

(with distances Az =-%§ H between each other).



The accuracy of the velocities is of the order [6]:
o

a = 0.0075 m s

u

The accuracy of the densities is of the order [6]:

-3
g = 0.25 k .
o En



3. Description of the mathematical model

After integration over the width and with the shallow water approximation,

the equations for vertical two-dimensional inhomogeneous currents read [3, 4]:

Bu, 18 o0, Bw) 2w 3 Bu 13
T P P P (3.1
C
P = P + - (r=2)+8g J bH5dH (3.2)
z
o, l-ji-{b fc udz} = 0 (3:3)
ot b 9x :
Z
b
130w , v _
b ox | 9z 0 (3.4)
oc . 1 d(buc) , 9(we) _ 9 dcy _ 3 dcy
t " b ax | oz 9x ( X 90X oz ( z Bz) = 4 (350
For € and Dz a mixing length approach is used:
5 |du ;
e = 17 |—=| F(Ri) (3.6a)
z m oz
b = 1 E [ﬂ| G(Ri) (3.6b)
z m 0z ’

in which the mixing length lm is defined by:

—
I

K(z + zo) 02z < g

—
]

K(%+20) %stH.

Here z is a measure for the roughness length. F(Ri) and G(Ri) are damping
functions, which denote the influence of the stratification on the turbulent

exchange of respectively momentum and mass.

An extended derivation of the equations can be found in [2,Eﬂ.



The boundary conditions are:

At the bottom, z = zy tu = 0 (3.78)
w = 0 (3.78)
z
dec 9 b ac
DX E Bx == DZ ‘é’g = 0 (3.7(1)

(transport through the bottom is zero)

at the surface, z = : %ﬁ- = 0 (3.8a)

(no wind influence)
D —=—= -D — =0 (3.8b)

(transport through the surface is zero)

at the upstream end, x = L : u = £f(z) Q(t) (3.9a)
c = 0 (3.9b)
3%u

at the downstream end, x = 0: — = 0 (3.10a)
Sx®
c = c .. g(t,z), 1f u>290 (3.10b)

2

3¢ _ 0, if u<o0 _ (3.10¢)
ox?

£ = Co(t) (3.10d)



4. Numerical modifications

4.1 Review of the modifications

In the first place the discretisation of the boundary conditions for the
diffusion equation was changed at the bottom and at the free surface, thus

preventing unnecessary extrapolation of concentrations near the boundary.

In the second place, the influence of the discretisation of the Richardson
number on the vertical velocity and density distribution was investigated.
Several methods appeared to give locally unstable results and measures had

to be taken to avoid these instabilities.

A review of the computations and the values of the coefficients used is given

in Table II.

The influence of the numerical modifications on the results is shown in:
— Table III, which presents the Fourier components of the tidal elevation,
and

- Table IV, which presents the Richardson numbers for several discretisations.

To quantify the influence of any variation in [5], a norm was defined.

For the tidal motion this norm was defined as the order of the differences
which occur due to a variation of 57 in the Chézy coefficient C, and for the
concentration distribution the tolerance of the measurements in the flume
was taken as the norm.

The norm reads:

AB, = 0.0003 m

AB, = 0.0007 m

A¢1 = 0.093 rad

As, = 0.0005 m® s 4.1)
Ap, = 0.031 rad

Ao = 0.75 kegm

AL, = 0.5 m

i

All variations in the results presented in the present report will be con-

sidered with respect to this norm.



4.2 Discretisation of the boundary condition for the diffusion equation,

at the bottom and the surface

The boundary condition for the diffusion equation reads respectively at the

bottom:
oz
dc b ac
DX g{' _3}{ = DZ E‘ = 0 {(3.7c)

oc, 2% o (3.8b)

In [3] these relations were discretised directly, thus implying an extrapola-—
tion over a layer of thickness Az, from concentrations in the inner area to

the concentration at the boundary, based on (3.7c) or (3.8b).

This is in contradiction with the local meaning of (3.7c) and (3.8b), which

are boundary conditions, and so the discretisation was changed. For the present
tuning the relations (3.7c) and (3.8b) were substituted into the diffusion
equation, which was next discretised. This procedure led to the following
difference equations for the computation of the concentration at the bottom

respectively at the free surface (see Appendix I):

cn+1 Cn (un n _ . Cn )
1,0, ~ “i,§, i+1,N  “i+l,N Yi-1,N i-1,N
i7 +
T 2Ax
(Wn n+1 wn n+l )
i,N -1 “i,N -1 i,N i,N
z z
& +
Az
n n n
5 (C1+],NZ CI,NZ) 5 e i’
X1+§:N - Xl_%sN
= z Ax z Ax }
Ax
n+1 n+1
teg i~ Py =i
D,. | z
TN =3 e
+2{ 2 g } - 0 (4.2)




( n+] n+l)

o+l n o o+l D o B .
P il N N ot} Az -
T Az Az
n n n
D_ (e143,0 ~ %4,00 D, (€5,0 ™ %4-1,0
1+ 1 =1
e i i+3,0 Ax 155450 Ax Y= 0 (4.3)

The influence of this adaptation is best seen from a comparison of the results
of run 4B and 5B.

It appears that the effect is much smaller than the norm (paragraph 4.1), there-
fore no significant influence of the change in the discretisation of the boun-

dary condition on the calculated results can be observed.

4.3 Discretisation of the Richardson number

In the present model a mixing length approach is used to represent the vertical

turbulent exchange [ﬁ].

In homogeneous conditions the exchange coefficients read:
du
= 1 2 |2 .
£ . |az (4.4)

du
= 1 2 [ .
Dz m [BZI f5)
For the present turbulence model, the influence of the stratification is modelled

as a function of the Richardson number Ri:

1 9p;

d
Ri = =g —EEGEE: (4.6)
)

The influence of the stratification on the vertical turbulent exchange is given

by a set of damping relations. In the present model this set reads [5]:

F(Ri) exp (- 4 Ri) (4.7)

G(R1) exp (= 15 Ri). (4.8)
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(4.7) and (4.8) denote the damping of the vertical turbulent exchange respec-

tively of momentum and mass.
Consequently, the vertical exchange coefficients for respectively momentum

and mass read in inhomogeneous conditions:

ou ;
e, = lp? =] FRi) (4.9)
b, = 1.2 |2Y geri) (4.10)
z m oz '

For the discretisation of the Ri-number (4.6) centered differences are used
(see Appendix II).

If this discretisation of Ri is substituted directly into the discretised
momentum equation wiggles (discontinuities in the gradient) occur in the
vertical velocity and concentration distribution (see Figures 2 and 3), es-
pecially during falling tide. Quantitatively this numerical behaviour is
difficult to predict because of the high degree of non-linearity of the ex-
change coefficients. This non-linear behaviour is even amplified by the damping
functions.

Qualitatively, however, the following explanation can be given:

If locally a stratified situation arises in the concentration, then locally
larger Richardson numbers arise. If the opposite situation occurs, locally
smaller Richardson numbers arise.

In the first situation the large Richardson number leads to a strong damping
of the turbulent exchange, with the result that the stratified situation is
maintained. In the opposite case, the smaller Richardson number introduces
weaker damping, and the vertically homogeneous situation is maintained. This
behaviour is clearly shown in Table IV, run 2B, and in Figures 2 and 3.

As fas as this behaviour is physically relevant, it should be retained.

However, numerical amplification should be avoided.

(With respect to Table III, it should be noticed that the results given are
after two tidal cycles. Therefore this table cannot be expected to represent

periodic conditions, but will merely give tendencies).

Averaging the vertical derivations (see Appendix II) leads to a smoother dis-

tribution of the velocity and the concentration (see Table IV, run 3B).



The picture of alternating small and large values in the distribution of
Ri has now disappeared, although physically irrelevant values still arise

at several locations.

Therefore an extra smoothing of the Ri-numbers was applied (run 4B). In this
case, smooth distributions of the velocity, concentration and Ri-numbers
arise. However, the physical relevant stratification at z = 3 18 retained,

(see Table 1IV).

However, it should be stressed that quantitative comparison of Ri-numbers
from computations with those of measurements is severely hampered by the in-

accuracies which occur in the calculation of the Ri-numbers.

The influence of averaging on the tidal phenomenon can be seen from Table III.

Comparison of the results of the harmonic analysis of 2B with those of 3B shows
differences in the free surface elevation which are small compared to the norm

(4.1). Summarizing, this differences can be described as:

- an increase of the mean level (1/3 of the norm),

- a decrease of the tidal amplitude (1/4 of the norm, and

- a reduction of the intrusion length (1/5 of the norm).

Comparison of the results of run 3B with those of 4B, shows the influence of
the smoothing procedure.

From Table ITII it can be seen that smoothing has a damping effect on the tidal
phenomena (similar to the effect of averaging):

- the mean level increases (1/2 of the norm) ;

- the tidal amplitude decreases (1/2 of the norm), and

- the intrusion reduces (3/5 of the norm).

Apparently the smoothing yields extra resistance.

This can also be concluded from the velocity profiles shown in Table IV. Run
4B shows velocities which are larger near the bottom and smaller near the
surface than those from 3B. Therefore the bottom stress in 4B must be smaller,

but the internal stress larger. Finally, this leads to a larger resistance.
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4.4 New reference situation

When the numerical modifications were made, a new reference computation was
required as a starting-point for the continued tuning, and these were imple-
mented in run III. For the parameters the values from II (the best approxima-
tion from[5]) were substituted (see Table II).

Tables V and VI show the variations due to the numerical modifications. When
comparing the results of IIT and II with the measurements it can be seen that,
the mean level of the surface decreases (1/3 of the norm), the tidal amplitude
increases (1/3 of the norm), there is a small phase shift (1/9 of the norm),

and the intrusion increases (about 3 times the norm).

Summarizing the results of Il and III it may be concluded that, on the average,
the tidal phenomena remain the same. In comparison with the measurements, the

salt intrusion improves, although not enough to finish the calibration.
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5. The tuning

5.1 Review of the wvariations

In [5] the damping of the vertical turbulent exchange due to stratification
appeared to have a large influence on the results of the computations.
Further, the results of ES] were still preliminary, and one of the recommen-—
dations was to gather further physical insight into the influence of the
stratification on the vertical turbulent exchange.

An extensive examination of the tidal flume measurements EQ], from which the

relations used in [5]:

Il

F(Ri) exp (- 4 Ri) (4.7)

exp (- 15 Ri) (4.8)

Il

G(R1)

were taken, showed that, especially for the influence on the vertical exchange
of salt content, even a stronger damping was physically possible (see Figure 4).
Moreover, from the sensitivity analysis, reported in [5], it should be con-
cluded that a stronger damping of the vertical mass exchange would yield a
better correspondence between computations and measurements.

The damping of the vertical momentum exchange (4.7) has, however, been un-
changed to preserve the existing correspondence between computed and measured
tidal motion.

Therefore, it was decided to make a computation with the following damping
functions:

F(R1i) exp (- 4 Ri) (5.1

exp (- 18 Ri) (5.:2)

G(Ri)

Besides the damping functions also the salt concentration of the sea water

. -
was changed and raised from 22.8 kg m to 23.4 kg m ’

From the sensitivity analysis in [5] also the influence of the longitudinal
dispersion on the intrusion length became clear. Therefore next to the tuning
of the turbulent exchange coefficients, the coefficient a in the dispersion

relation:
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*I'b, (5.3)

was tuned.

In computation IV (see Table I1I), this coefficient was taken equal to 3, while

in V it was raised to 4.5.

5.2 Tuning of the vertical turbulent exchange coefficients

Comparison of the harmonic analysis of the free surface elevations and the
discharges of the computions III, IV (see Table II) with those of the measure-
ments (T20) shows (see Table V):

- that at x = 3.66 the amplitude of the tidal discharge of IV has become
slightly worse than that of III (about 1/5 of the norm (4.1));

-~ that at x = 3.66 m the phase of the tidal discharge of IV is slightly
better then that of III (about 1/4 of the norm) and at x = 47.58 slightly
worse than that of III (about 1/4 of the norm);

- that downstream the mean water level of IV is slightly better (about 1/2
of the norm) than that of III;

- that on the average the amplitude of the free surface elevation remains
the same; and

- that in IV the phase of the free surface elevation slightly improves (about

1/9 of the norm) compared to III.
Summarizing, it can be said that the tidal movement slightly improves.

To compare the results for the salt distribution, three aspects are distin-
guished:

- the stratification,

- the intrusion, and

- the longitudinal distribution.

When comparing the results of IV and III, the stratification becomes stronger
throughout the tidal cycle. Compared with the measurements (see Figure 5) the
order of the stratification is just about right around MEV and MFV.

Around HWS it is too weak, especially near the surface, and around LWS the

stratification is too strong.
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From Table VI and from Figures 5 and 6 it can be concluded that the intrusion
increases throughout the tidal cycle except around HWS. This implies that the
maximal intrusion is unchanged. Comparison with the measurements shows that

the maximal intrusion is still too small.

From Table VI it can be seen that the longitudinal distribution has changed
too. At HWS the position of the 1 kg-isopycnyc is unchanged, but the positions
of the 5 kg- and 20 kg-isopycnyc have changed, respectively 0.3mand 0.8m in
upstream direction.

Comparison of the intrusion lengths at HWS and LWS shows that the difference
between minimal and maximal intrusion has decreased with 3 m to 8 m respec-—

tively for the | kg- and the 20 kg-isopycnyc.

Comparison of the intrusion length from the measurements with the computed
ones still shows significant differences, especially for the distance between
the 1 kg- and the 5 kg-isopycnyc.

In the measurements the longitudinal gradient near the top of the salt wedge

is much larger than in the computations.

5.3 Tuning of the longitudinal dispersion coefficient

As can be seen from Table V, the influence of the variation of the dispersion
coefficient on the tidal phenomena is small: the differences between run IV and

V are about 1/5 of the order of the norm (4.1), or less.

This behaviour corresponds well with the results of the aforementioned sensi-

tivity analysis [5].

The influence of the enlargement of the dispersion coefficients on the salt
distribution can be seen from Figures 7 and 8 and from Table VI.

The following aspects of the salt distribution are distinguished:

- the stratification

- the intrusion

= the longitudinal distribution.

When comparing the results of runs IV and V it appears that the stratification
has hardly changed. This implies that considering the stratification in run V

the same phenomena occur as in run IV, reported in 5.2.
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With respect to the intrusion, it can be concluded that the maximal intrusion
increases throughout the whole tidal cycle.

This can be seen from the position of the | kg-isopycnyc in Figure 7, as well
as from the maxima of the depth-averaged concentrations shown in Figure 8.

Moreover, it can also be seen from Table VI.

Comparison of the maximal intrusion lengths of run V with the measured ones
shows a good correspondence during the whole tidal cycle. Except around LWS,
when the difference is about twice the norm, the differences are within the

norm.

For the longitudinal distribution of runs IV and V the conclusion is that in

V the longitudinal spreading of salt has increased compared to IV. From Figure
7 and Table VI it is readily seen that the intrusion of the 20 kg-isopycnyc has
decreased, and although the intrusion of the 5 kg-isopycnyc has increased, it

is much less than that of the 1 kg-isopycnyc.

When the results of V are compared with the measurements, it appears that the

longitudinal distribution has become worse than it was in IV.

When the longitudinal density gradient from computation V is plotted against

the measured one, the following tendency can be seen:

measurements (T20)
————-computations (¥)

The gradients from the computation have a more gradual course than those from

the measurements.
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In [7] an estimation of the 2D-dispersion coefficient is given. From that

result, it follows that the values of DX/Iu*’b in equation (5.3) used in the

present 2D-computations are too large.

5.4 Conclusions of the tuning

From the results of the tuning, the following conclusions can be drawn:

the results of the numerical model have improved. In the first place with
respect to the maximal intrusion, but also considering the stratification
and for a minor part the tidal phenomena.

the tidal phenomena have been well calibrated.

the overall picture of the salt intrusion is satisfactory.

However, when going into details:

There are still systematic differences between the computed and the measured
results, especially concerning the longitudinal salt distribution. There
also differences in the stratification.

The differences in the tidal phenomena between measurements and computations,
at x = 10.98 m and x = 18.3 m probably correspond to the differences in the
concentration.

With the present relations for the longitudinal dispersion and the vertical

turbulent transport no further improvement of the results can be expected.

Indications for a possible limitation of the present relations is given in [I],

where it is argued that the choise of the length scale of turbulence (the mixing

length of equations (3.6a) and (3.6b)) possibly should reflect that estuarine

turbulence can be generated both externally (at the solid bottom) and internally

(because of density effects).
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6. Conclusions and recommendations

6.1 Conclusions

In the present report the calibration for tidal flume circumstances has been
extended with a further tuning of:
— the coefficients for the vertical turbulent exchange, and

- the longitudinal dispersion coefficient.

Considering the coefficient for the vertical turbulent exchange, two aspects
are of interest:
a the form of the damping relations F(Ri) and G(Ri).
From the final results it can be concluded that the present model still
shows systematic differences from the tidal flume phenomena.
The mean differences consist in:
- a different longitudinal density distribution, and

- a different behaviour of the stratification.

From the results of the present report and those of [5], it is concluded that

these differences are chiefly due to the formulation of the vertical turbulent

exchange.

b the discretisation of the Ri-number.
From the several computation it appeared that not-to-careful discretisation
of Ri leads to locally unstable results. These instabilities were suppressed

by averaging and smoothing.

A test on the correctness of the computed Ri-numbers by comparison with those
from measurements is impossible, as long as Ri-numbers camnot be accurately

calculated.

With regard to the longitudinal dispersion coefficient, the tuning has provided
the correct order of magnitude in the sense that the computed maximal intrusion
corresponds well with the measured one.

However, the values of the dispersion coefficients are too large in comparison

with those taken from measurements [7].
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6.2 Recommendations

Further investigation with regard to the tidal flume calibration should be
concentrated in the first place on understanding from a physical point of
view the influence of the stratification on the vertical turbulent exchange.
In the present model this influence is modelled as a set of damping functions,

which depend on the Ri-number.

In [l] it is argued that the choice of the length scale of turbulence (mixing
length of (3.6a) and (3.6b)) does mnot reflect that estuarine turbulence can be
generated both externally (at the solid bottom) and internally (because of
density effects).

The consequence is that turbulence generated externally and internally should
be modelled separately, with different length scales.

If the concept of one length scale is retained, the damping functions used in
(3.6a) and 3.6b) should vary with the stage of the tide, as suggested in []].
This length scale probably will not be a function of the distance to the bottom.
Therefore a locally determined length scale, as suggested by Von Karman, may be
preferable. From the point of predictive capabilities, a multi-scale approach
is preferable.

A more definite indication at this point could come from a comparison of the
present mixing length model with a more sophisticated turbulence model, pro-
vided it describes the effect of buoyancy on the vertical turbulent exchange
correctly. As a first step the order of magnitude, of terms which are neglected
when using a mixing length approach, could be investigated for tidal flume
circumstances. If they turn out to be small this provides a justification of
the mixing length model under these circumstances. In the opposite case this
may give indications for possible extensions of the turbulence model.

A second important indication might come from measurements whose accuracy
should permit the computation of damping functions and Ri-numbers throughout

a tidal cycle.

Moreover, accurately calculated Ri-numbers from measurements would permit a
comparison with Ri-numbers from computations. And this could give indications

for the optimal discretisation of the Ri-numbers.
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position | quantity 2B 3B 4B 5B

3.66 m | A (m®s~!) [- .0029 |- .0029 |- .0029 [- .0029
A, (m3s™1) .0287 .0287 .0287 .0287

1 (rad) |- 1.996 |- 1.995 |- 1.996 |- 1.996

b (m) L2162 .2163 .2163 L2164

B, (m) .0239 .0237 .0237 .0237

¢ (rad) 1.647 1.647 1.647 1.646
10.98 m | B_ L2167 L2169 LZ170 .2169
B, .0234 .0232 .0231 .0231

¢t 1.759 1.759 1.759 1.759

18.30 m | B_ 2173 SZVT% ;2175 2175
B, .0232 .0230 0227 .0229

¢, 1.862 1.864 1.865 1.865
25.62 m | B_ .2180 .2181 .2183 2182
B, L0231 .0230 .0226 .0229

¢, 1.973 1.972 1.979 1.974
32.94 m | B_ .2188 .2189 L2191 .2190
B, .0230 .0229 0225 .0228

¢, 2.096 2.096 2.104 2.095

40.26 m | B_ .2195 .2196 .2197 .2196
B, .0229 0298 .0225 0257

¢ 2. 275 2.216 2.225 2.216

47.58 m | A - .0029 |- .0029 |- .0029 |- .0029
; .0237 JOF3T .0237 .0237

v, -1.785 |- 1.784 |- 1.786 |- 1.786

B, .2200 .2201 .2202 .2201

B, .0229 .0228 0225 .0228

0, 2.325 2.325 2.334 2.324

L, (m) | 43.1 43.0 42.7 45.1

Table III Results of the harmonic analysis of the tidal variations

in the discharge and the water level (after two tidal cycles)
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position | quantity T20 i i v Y IT
3.66 m| A (m’s™) .0029 [ - .0029 .0029 | - .0029 .0029
Ay (@'s™h) .0271 .0289 .0290 .0289 .0289
v, (rad) 1.084 1.134 1,126 14126 1.140
Bo (m) <2163 .2163 .2163 . 2164 .2163
Bl (m) 0235 02317 .0237 .0237 .0237
¢] (rad) 1.665 - 1.650 1.648 - 1.648 1.6487
10.98 m BO .2176 .2168 + 2169 .2169 .2169
B] .0229 .0232 .0230 .0230 40230
¢1 1812 |= 4.769 1.769 [ - 1.766 1.766
18.30 m BO .2180 .2173 2175 L2175 2175
Bl .0230 .0230 .0229 .0228 .0228
¢1 1.845 - 1.875 1.876 - 1.876 L.875
25.62 m B0 .2182 .2181 .2181 .2181 .2182
B1 .0233 .0229 ;0251 .0230 0227
0, 1.941 |- 1.978 1.974 |- 1.976 1.982
32.94 m BO 210 .2189 .2189 .2189 .2190
B1 0235 .0230 .0233 +0232 .0228
¢1 2.042 - 2.088 2.078 - 2.079 2.096
40.26 m Bo .2196 2519 7 .2197 .2196 .2197
B1 0232 0232 +0235 .0234 .0229
¢1 2.140 = 25,203 2,191 = 2190 2213
47.58 m AO .0028 | - .0029 .0029 | - .0029 .0029
A] .0233 .0238 .0238 .0238 0237
wl 1.346 1.344 1.336 1.336 1350
B0 .2203 .2202 .2202 .2202 .2203
i .0234 .0233 .0236 0235 .0230
I 2.250 =.2. 310 2.296 = 2.295 2.321
Table V Results of the harmonic analysis of the tidal variations in the

discharge and water level




time isopycne T20 I1T v Y VI
M.E.V. 1- kg 36.0 33.2 34.4 35:8 31.4
5- kg 35.1 28.1 29.1 29.6 26.6

20- kg 16.4 15,2 16.1 15.3 14.6

H.W.S. 1- kg 47.1 45.6 4546 47.0 44,0
5- kg 42.4 38.6 38.9 39.3 38.1

20- kg 28.6 25.4 26.2 25.4 24.9

M.E.V. 1- kg 37.4 34.4 35: 1 36.9 33.1
5- kg 356 29.1 31.0 31:3 28.0

20- kg 11.2 11.0 12,8 11.5 9.9

L0 WS 1- kg 255 21..6 23..5 24.6 20.5
5- kg 25.0 187 20.5 20.7 16.7

20- kg - 2:9 4.2 3.4 2.8

Table VI Review of the intrusion lengths (m) of several isopycnes
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APPENDIX I Discretisation of the boundary condition for the diffusion

equation at the surface and the bottom

The diffusion equation reads:

The boundary conditions at the surface

D —=—=-D — = 0 (A2)
together with the kinematic condition at the surface:

g%-+ u g%" w = 0. (A3)

implies that there is no transport through the surface.

When (Al) is discretised over a top layer of thickness Az/2 with the transport

through the surface taken equal to zero, the following difference equation

arises:
cn+l 0 il n - n )
i,N - %i,N i+1,8 Si+1,N i-1,8  %i-1,%
z z_ z z z z_,
T 2Ax
1 n n+1
P o e e )
i,N, -1 i,N, I i,N Ti,N
Az *
n n
D, (Ci+l,Nz cl,Nz) D, i T S
o _ - z
{ - 2’Nz Ax . 2’Nz Ax
N Ax b
n+l n+l
D_ (Ci,Nz i,NZ—I)
i’Nz_% Az
+21 F} =0 (A4)



Analogous, a relation can be derived for the concentration at the bottom.

After substitution of the boundary conditions for the momentum equation:

u = 0 at z = z (AS5)

w = 0 at z2 = z (A6)

the difference equation reads:

Cn+4 _ Cn (wn Cn+1)
i,0 1,0 1
T Az
n n _ n
D easy,0 = il D (& 0™ Si-1,0°
_ *i+},0 Ax " i-1,0 Ax i &
X
n+1 n+1
D_ (e; 17,0
7 1
ALY oe } o= 0 (A7)
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APPENDIX II Difference equations for the conditions of the Richardson number

The local Richardson number reads:

13
Ri = - g p 9z

odu, 2 (a8
5z

For the substitution in the vertical turbulent exchange coefficients, Ri is

to be discretised at level:
(j + DAhz. (A9)
in which j is an integer varying from 0 to NZ - 1.

The most simple discretisation of (A8) yields, if central differences are used:

( 2 ) (pi,j+1 - pi,j)
Py pe T By Az
Ri,j#b =g —2 2 (A10)
foge1 _ i,

( Az

This discretisation was used in computation 2B and gave locally instable results:

(see 4.3).

Next, an extra averaging was applied between the vertical derivatives at z = jAz
and z = (j+1)Az.

This gave the following discretisation of (A8):

2 1 P

( ) 3
Pii+1 * Pi j

O L s O 0 1)
20z 2."_\.2

i,3-1

o |

(AlL)

u. . . u, . = Ml o 2
1 ]'DJ+2 1,] 19.]+] 1,71
{2 & 20z b B 2hz {}}

Finally, a smoothing procedure was applied to the discretised Ri's from (AIl)

Bi. & =L R, , b LBE . ;4B Al
i,j+} T P ot TRt S0 TS SN I SR NS Y (A12)
3 - 1
= = +4_R
Rll,% . Rll,% ” 11,]IZ (A13)
; "
R =2 gi 1
llsNz‘% T Rll,N7—1+ T Rli,Nz 1 (A14)
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