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Stellingen

Stellingen behorende bij het proefschrift van A. van Mazijk, 1996,
One-dimensional approach of transport phenomena of dissolved matter in rivers.

Hoewel de voortplantingssnelheid van een stofwolk in een rivier het beste
wordt beschreven met het zwaartepunt van de wolk in het tijddomein,
noodzaakt de praktijk veelal tot het beschouwen van de piekconcentratie.

Analytische oplossingen van de differentiaalvergelijkingen, die het stoftrans-
port in een rivier met stagnante zones beschrijven, suggeren ten onrechte dat
de invloed van deze zones op de stoftransportsnelheid toeneemt met de
afstand.

Het is niet de verblijftijd in de stagnante zones van de met de hoofdstroom
uitwisselende stof, die de voortplantingssnelheid van de stofwolk beinvloedt,
maar het volume van deze zones, dat met de hoofdstroom uitwisselt.

De verdeling van het concentratieverloop in het tijddomein van een zich
langs de rivier voortplantende stofwolk is van nature scheef.

De blijvende scheve verdeling in het tijddomein van het over de dwarsdoor-
snede gemiddelde concentratieverloop van een zich langs de rivier voort-
plantende stofwolk, wordt het beste benaderd door het Chatwin-model met
een scheefheidscoéfficiént gelijk aan de eenheid.

Het vergroten van de meetnauwkeurigheid van tracermetingen ter bepaling
van de coéfficiént, die de stofuitwisseling tussen het stroomvoerende en het
stagnante deel van de dwarsdoorsnede van een rivier beschrijft, heeft weinig
zin.

De verdunningsmethode ter bepaling van de afvoer is niet geschikt voor
rivieren met een grote breedte-diepte verhouding (= 20), die als scheep-
vaartweg worden gebruikt.

Saeijs suggereert ten onrechte, dat Nederland behoort tot de waterarmste
landen van de wereld.

(Saeijs, H.L.F., Levend water en een wereldstad, Inaugurele rede, Erasmus
Universiteit Rotterdam, 1995)
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Door het hoogwater van de Rijn en de Maas in 1995 is de betekenis van het
Nederlandse spreekwoord: "Als het kalf verdronken is, dempt men de put”
enigszins afgezwakt.

Vanwege het belang voor de volksgezondheid van een goede drinkwater-
voorziening en afvalwaterbehandeling, zou de Technische Universiteit Delft
bij de herinvoering van het 5-jarig curriculum de onderwijsruimte voor de
opleiding van de gezondheidstechnicus bij de Faculteit der Civiele Techniek
moeten verdubbelen.

De individualisering van de lifestyle in de westerse wereld vormt een milieu-
bedreigende ontwikkeling.

(Naar aanleiding van de inaugurele rede van prof. dr. A.C. Kuijsten,
Universiteit van Amsterdam, 26 april 1996)

De jurist Wisse stelt terecht, dat de gelijkheidsdrang in de Europese wetge-
ving op den duur leidt tot een maatschappij, waarin geen ruimte is voor
sociale netwerken, waarbinnen de menselijke persoon zijn eigenheid kan
beleven.

(Wisse, G.J.M., Is een mens niet meer dan een dier dat kan denken?,
Katholiek Nieuwsblad, 29 maart 1996),

De Bijbel verhaalt de aardse geschiedenis van de mensheid vanuit een
hemels perspectief tot circa een eeuw na de geboorte van Christus.

ledere wetenschapper behoort ernaar te streven een goede boodschapper te
zijn.
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Abstract

For the prediction of the transport of a pollution cloud in the River Rhine and its
main tributaries the Rhine Alarm-Model has been developed: a one-dimensional
transport-model for dissolved matter, based on the analytical solution of the
convection-dispersion equation for an instantaneous release after Taylor. In order to
reproduce the observed skewness of concentration distributions, the Taylor solution
has been adapted by the third Hermite-polynomial after Chatwin.

For the calibration and verification of the model a series of tracer experiments has
been carried out from Basel (Switzerland) downstream to the Dutch Rhine-
branches. The parameters of the model concern the lag coefficient, representing the
difference between the actual transport-velocity and the mean flow-velocity, and the
longitudinal dispersion-coefficient. The decay of substances was not taken into
account. In case of a completely mixed situation over the river cross-section the lag
coefficient is mainly determined by the exchange of mass with the dead zones
along the river banks (groyne-fields). For a non-completely mixed situation the
transversal velocity-distribution causes differences between the transport velocity
and the mean flow-velocity, for instance downstream of a release from a river
bank. Moreover, deviations of the actual hydrological conditions from the model
schematization are covered by the lag coefficient.

Beside a detailed analysis of the calibrated model-parameters, the relation between
the lag coefficient and the ratio of the cross-sectional areas of the dead-zone and
the main stream (dead-zone parameter) has been quantified in particular. For that
purpose a numerical dead-zone model has been developed. It is shown that the lag
coefficient varies with the dead-zone parameter. However, the variation is smoot-
hed by the longitudinal dispersion-coefficient. Therefore, a minimum distance
between two successive measuring-stations is needed for a good agreement between
the lag coefficient and the mean dead-zone parameter, given by a Péclet number of
10 till 15. This agreement also presumes a completely mixed situation in the dead
zones, which depends on the dimensions of the dead zones as well as the flow
velocity in the main stream. After the presented conditions the groyne-fields along
the Dutch Rhine-branches are completely mixed. However, in case of a suppressed
flow the influence of the dead zone becomes negligible. Large dead-zones, like
river harbours will only partly exchange with the main stream. A practical upper-
limit for the dead-zone parameter seems to be 0.5. The coefficient for the mass
transfer between the dead zones and the main stream only influences the shape of
the concentration distribution, but not the transport velocity related to the time-
centroid of the distribution. It is shown that tracer experiments with degradable
substances are unsuitable for the determination of this parameter.
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In case of a bank release, the lag coefficient can be estimated by an analytical
description of the transversal velocity-distribution. A first verification by the results
of two tracer experiments has been carried out.

Samenvatting

Eéndimensionale benadering van transportverschijnselen
van opgeloste stoffen in rivieren

Voor de voorspelling van het transport van een verontreinigingsgolf in de Rijn en
haar belangrijkste zijrivieren is het Rijnalarmmodel ontwikkeld: een één-dimensio-
naal transportmodel voor opgeloste stoffen, gebaseerd op de analytische oplossing
van de convectie-diffusie vergelijking voor een momentane puntlozing volgens
Taylor. Teneinde de veelal waargenomen scheefheid van gemeten concentratie-
verdelingen te kunnen reproduceren is deze Taylor-oplossing aangepast volgens
Chatwin met de derde Hermiet polynoom.

Voor de ijking en validatie van de modelparameters is een reeks van tracer
metingen uitgevoerd van Basel tot in de Nederlandse Rijntakken. De modelparame-
ters zijn de longitudinale dispersiecoéfficiént en de stoftransportcoéfficiént. De
laatste beschrijft het verschil tussen de actuele transportsnelheid van een verontrei-
nigingsgolf en de gemiddelde stroomsnelheid. De afbraak van de geloosde stof is
buiten beschouwing gebleven. In het geval van een volledig gemengde situatie over
de dwarsdoorsnede van de rivier wordt de stoftransportcoéfficiént hoofdzakelijk
bepaald door de stofuitwisseling tussen de hoofdstroom en de stagnante zones langs
de rivieroever, zoals kribvakken. Bij een onvolledig gemengde situatie is het de
snelheidsverdeling over de dwarsdoorsnede van de rivier, die de verschillen tussen
de gemiddelde stroomsnelheid en de stoftransportsnelheid veroorzaakt, zoals die
bijvoorbeeld zijn waar te nemen benedenstrooms van een oeverlozing. Ook worden
afwijkingen van de werkelijk optredende hydrologische omstandigheden als gevolg
van de gehanteerde modelschematisatie met de stoftransportcoéfficiént weergege-
ven.

Naast een gedetailleerde analyse van de geijkte modelparameters, is met name de
relatie tussen de stoftransportcoéfficiént en de verhouding van de oppervlakten van
het stroomvoerend dwarsprofiel en de stagnante zone (= stagnante-zone-coéfficiént)
gekwantificeerd. Voor dat doel is een numeriek stagnante-zone-model ontwikkeld.
Het blijkt dat de stoftransportcoéfficiént varieert met de stagnante-zone-coéfficiént.
Echter, de variatie van de lokale stoftransportcoéfficiént wordt afgevlakt door de
longitudinale dispersiecoéfficiént. Derhalve is een minimum afstand tussen twee




opeenvolgende meetstations vereist voor een goede overeenstemming tussen de
gemeten stoftransportcoéfficiént en de gemiddelde stagnante-zone-coéfficiént. De
minimum afstand wordt gegeven door een waarde voor het Péclet getal van 10 a
15. Deze overeenkomst tussen beide coéfficiénten verondersteld overigens een
volledig gemengde situatie in de stagnante zones, die bepaald wordt door de
afmetingen van de desbetreffende stagnante zones en de stroomsnelheid in de
hoofdstroom. Volgens de gepresenteerde voorwaarden in deze, heerst er in de
kribvakken langs de Nederlandse Rijntakken volledige menging. In het geval van
een gestuwde rivier wordt de invloed van de kribvakken echter verwaarloosbaar
klein. Grote stagnante zones zoals havens, zullen maar gedeeltelijk uitwisselen met
de hoofdstroom. Een praktische bovengrens van het effectieve deel van deze
stagnante zones op het stoftransport blijkt gegeven te kunnen worden door een
stagnante-zone-coéfficiént van 0,5. De parameter, die de stofuitwisselingssnelheid
tussen de hoofdstroom en de stagnante zone beschrijft, blijkt alleen het concentra-
tieverloop te beinvloeden, maar niet het stoftransport, gerelateerd aan het zwaarte-
punt van de concentratieverdeling in het tijddomein. Aangetoond wordt dat
tracerproeven met afbreeckbare stoffen ongeschikt zijn voor de bepaling van deze
parameter.

In geval van een oeverlozing kan de stoftransportcoéfficiént met behulp van een
analytische beschrijving van het transversale snelheidsprofiel worden benaderd. Een
eerste validatie van deze benadering is uitgevoerd op basis van twee tracerproeven.
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Chapter 1

INTRODUCTION

In 1986 during a fire at the Sandoz plant in Schweizerhalle (Switzerland), large
quantities of chemicals were washed into the River Rhine with the fire extinguish-
ing water. The chemicals caused considerable damage of the ecosystem and led to
limitation of the water use by the waterworks. An analysis of this incident proved
the inadequacy of the means which were at that time available for predicting the
transport of a pollution cloud in the River Rhine. Consequently the ministers of the
Rhine riparian states concerned took the decision in 1988 to charge the Internatio-
nal Rhine Commission (IRC) and the international Commission for the Hydrology
of the Rhine basin (CHR) with the assignment to develop among others a model,
which would enable reliable forecasting of the travel time and concentration
distribution of contaminants in the River Rhine.

This "Rhine Alarm-Model” had to fulfil the following prerequisites:

L The model should be ready to be used operationally in cases of accidental
spills, i.e. the results must be available promptly.
] The model must be based on input data that can be provided real-time.

These data are information concerning the accident and the water-level data,
which can be obtained from the measuring stations by telemetering transmis-
sion.

L4 The model design should be as simple as possible and it should be suitable
to be implemented on PC’s, so that it can be used without difficulty.

On the basis of these prerequisites and because it was realized that in case of an
accident the quantitative information on the spill is very uncertain, a one-dimensi-
onal transport model was developed, based on the advection-diffusion-equation.
The assumptions in such models are

L only Jongitudinal dispersion occurs;

L directly after the spill and downstream of transversal inflow the contaminant
is completely mixed over the cross-sectional area of the river;

® the flow conditions are steady;

[ the decomposition of the pollutant, if occurring at all, only takes place
linearly.

The travel times in the model are based on the mean flow-velocity, which is a
function of the water level or river discharge. By introducing a lag coefficient into
the model representing the difference between the one-dimensional mean flow-
velocity and the actual transport velocity of a pollutant, the travel times could be
adapted by calibration of this lag coefficient.




As a matter of fact by applying this coefficient two-dimensional transport phenome-
na can be incorporated into the one-dimensional transport model:

* the influence of the flow-velocity profile over the river cross-section in case
of an incompletely mixed situation of the pollutant over the cross section;
* the influence of dead zones along the bottom and sides of the river, where

the flow is nearly stagnant: due to a temporary entrapment of portions of the
pollutant in these dead zones the transport velocity of a pollution cloud is
reduced.

However, the results of a calibration of the lag coefficient do not show the
influence of these two-dimensional aspects on the one-dimensional approach of the
transport of contaminants only, but will also give insight into what extent the mean
flow-velocity along the river has been modelled correctly.

This study presents an analysis of the lag coefficient in the one-dimensional Rhine
Alarm-Model. Based on this analysis proposals are made for improvements of the
Rhine Alarm-Model concerning the forecasting of the travel time of a spill. These
improvements will also focus on the general implementation of the set-up of the
model for other rivers with comparable bathymetry.

The results of the calibration of the longitudinal dispersion-coefficient have not
been examined explicitly. The decomposition of the pollutant does not belong to the
scope of the study.



Chapter 2

MATHEMATICAL DESCRIPTION

2.1 GENERAL

Transport of dissolved matter in open channels is determined by the flow pattern of
the channel. This transport can be described by two simultaneous transport
phenomena:

o the substance is transported by the flow velocity: convective transport and

o the substance is spread over the depth and the width (cross-sectional area) of
the river and in the longitudinal direction, caused by turbulence and the non-
uniformity of the flow-velocity profile over the cross-sectional area: dispersi-
ve transport.

For description of the transport of soluble conservative substances in rivers in
terms of concentrations (@) as a function of time (£) and place (x,y) the balance of
mass for a column of water with a depth @ and horizontal dimensions dx and dy is
considered (Fig. 2.1.1). It holds that the change of the concentration per unit of
time is in balance with the gradients in transport (flux) in the x- and y-directions.

Fig. 2.1.1 Definition sketch



Expressing the transport (flux) in a convective and a dispersive part, while the
dispersive transport is approached by the gradient-type (according to Taylor, 1953,
1954) and the convective transport in the transversal direction is neglected, the
following convection-dispersion equation is found

% ,,0% pPo p e @.1.1)
ot 5 ox * ox? yayz

if the dispersion coefficients K, and K, are independent of x and y respectively,
while u, is the mean flow-velocity. In a similar way the one-dimensional descripti-
on can be derived

S0 % gFe _, 2.12)
ot ox ax2
Herein stands K for the one-dimensional longitudinal dispersion-coefficient. The

over-bar means averaging over the cross-sectional area of the river.

In rivers the release of a substance mostly takes place at the river bank. In these
cases there are three mixing phases to be distinguished (Fig. 2.1.2):

L) a first phase in which vertical mixing is predominant: the verrical mixing
reach;
° the second phase in which transversal mixing over the cross-sectional area of
the river is predominant: the transverse mixing reach and
L] the third phase in which longitudinal mixing is predominant for the distribu-
tion of the concentration of a released substance: the longitudinal mixing
reach.
[
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Fig. 2.1.2 Schematic presentation of the phases in the mixing
phenomena in a river in case of an instantaneous
release



In small and fast streaming brooks vertical and transversal mixing take place so
quickly, that it is acceptable to assume a completely mixed situation from the point
of release and the one-dimensional model (Eq. 2.1.2) is applicable.

In rivers with a large width/depth ratio (more than 20, as it is in the River Rhine)
the distance over which the vertical mixing has become complete, is still relatively
short (about 60 till 100 times the average water-depth). In such situations Eq.
(2.1.1) gives a reasonable description of the transport phenomena.

For the determination of the distance over which complete mixing takes place, a
constant release of a conservative substance (W) from a river bank is considered.
By neglecting the longitudinal dispersive transport compared to the transversal one,
the following dimensionless solution of Eq.(2.1.1) is found (van Mazijk, 1984)

@ (x'y" D S S exp |- _“(y/ - 2n) 2.1.3)
(p() 1/11:'x/ n=-oo 4'x/
wherein x/ = x'I('y/us-B2
y. = yIB
@y = W/Q
Q = river discharge
B = river width
3.5 2 ]
ole, T |
1 2.5 {_‘—'y-,—=—w S
JRre o
1.5 ‘ i
- \\
@5_‘1,’,,,7 —— T ———
"=05 -
oLl ,,y,=1},,, .
0 | | |

i , | :
o 0.1 0.2 0.3 u;ﬂ 0.5 0.6

—»x'

Fig. 2.1.3  Distribution of ¢/¢, as a function of x' and y’ (constant
release of a conservative substance at y’ = 0)



If the released substance is degradable and the decomposition process is linear with
a decay coefficient k, Eq.(2.1.3) has to be multiplied with

exp [—k-—x—]
uS

In Fig. 2.1.3 the dimensionless concentration @(x’,y’)/@, is presented as a
function of the dimensionless distance x’ for some dimensionless positions in the
cross section ().

If the completely mixed situation is defined by @/@, = 0.95 for y’ = 1, then the
‘transverse mixing distance’ x = L, can be derived from Fig. 2.1.3, being the
distance over which the released substance is completely mixed over the cross
section. Because the corresponding dimensionless x’ = 0.4, the transverse mixing
distance is

u_ - B?
L, =04 2 2.1.4)
K,

This holds also for degradable substances. However in case of a large decay
coefficient (k) the concentrations can become so small within the transverse mixing
distance, that the variations over the cross section cannot be measured. Even
complete disappearance of the substance is possible, which could suggest a smaller
transverse mixing distance than the theoretical one (x" = 0.4).

Because an instantaneous release of soluble substances shows the same phases in
the dispersion phenomena, the transverse mixing distance suits also for these types
of releases. It has to be applied for the centre of gravity of the ’cloud’. When after
the ’transverse mixing distance’-theory the completely mixed situation is attained,
this holds for the whole ’cloud’.

For the transversal dispersion-coefficient K,, Fischer et al (1979) give the semi-
empirical expression

K =a a-u, with « =0.15 (2.1.5)
with a = water depth
u. =  shear velocity u. = V(g ai,) = u,V(g)/C
i, = mean slope of bottom
g = acceleration due to gravity
C Chézy-coefficient

As a consequence of the transversal flow caused by variations of the bottom profile
and the helicoidal flow in bends and because of additional turbulence caused by



irregularities of the river banks a lager number has to be used for the factor e, in
Eq.(2.1.5). For natural streams Fischer et al (1979) suggest &, = 0.3 to 0.9 with a
mean value of 0.6.

For a reliable estimate of the transverse mixing distance of a certain river the a,-
factor (Eq.2.1.5) should be determined by a tracer experiment. In Table 2.1.1

some data are presented for the branches of the River Rhine.

Table 2.1.1 e« -factor for the River Rhine

RIVER a,-factor | bends | groynes | REFERENCE
Waal (Rhine branch) | 0.3 to 0.55 no yes Holley (1971,1973)

IIssel (Rhine branch) | 0.35 to 0.65 | yes partly | Holley (1971, 1973)

Rhine between 0.54t0 0.81 | yes yes van Mazijk (1987)
Ruhrort and the
German-Dutch
border

For the one-dimensional longitudinal dispersion-coefficient K Fischer et al (1979)
give the following semi-empirical expression

2. p2
uS

K =0.011 (2.1.6)

a-u,

Based on measurements in natural streams Fischer et al (1979) conclude that the
actual dispersion-coefficient can be 4 times larger or smaller than the one calcula-
ted by Eq.(2.1.6). Therefore when Eq.(2.1.6) is used in transport models, the
factor 0.011 in Eq.(2.1.6) is replaced by a coefficient «,, which has to be calibra-
ted by tracer experiments

B’ 2.1.7)

For the River Rhine transverse mixing distances between 50 and 100 km are found
by Eq.(2.1.4), considering the following averaged values:

a =5m

u, = 1m/s

B = 150 to 200 m
C = 50 m'?/s

@, = 0.6



This means that for a good description of the transport phenomena in this river a
two-dimensional description is necessary.

However, in case an instantaneous spill of a pollutant takes place by accident,
detailed information about the duration and magnitude of the spill and the hydrolo-
gical conditions in the river itself are mostly not available, the one-dimensional
description after Eq.(2.1.2) is used for the prediction of the arrival time and the
maximum concentration along the river. This means that a completely mixed
situation over the cross-sectional area of the river at the point of release is assumed
c.q. the transverse mixing distance is not taken into account.

For a river with a constant discharge 0 with a more or less constant cross-sectional
area A, the solution of Eq.(2.1.2) for an instantaneous spill M of a conservative
substance is given by

- )2
oty - MA_ ) G w (2.1.8)
Jin K 4Kt

In Fig. 2.1.4 a presentation of the concentration distribution after Eq.(2.1.8) is
given for three moments. The location of the peak concentration is determined by
the time ¢ and the mean flow velocity u,. The dispersion coefficient and the time
determine the spreading of the substance in the longitudinal direction and hence the
arrival time of the front of the pollutant.

Fig. 2.1.4  Concentration distributions after the Taylor-mode!

The mixing processes in rivers by application of this one-dimensional Taylor-model
are supposed to be represented by the longitudinal dispersion-coefficient K.



Applying the Taylor-model for the prediction of the arrival time of a pollutant, it
has to be realised that within the transverse mixing distance the pollutant is partly
spread over the cross-sectional area of the river and the transport velocity ¢ of the
pollutant is related to the flow velocity over this part of the cross section. Hence
the transport velocity differs from the mean flow-velocity u,, which is used by the
one-dimensional description. In case of a release at the river bank the transport
velocity ¢ will be smaller than the mean flow-velocity u, as long as the substance is
spread over half the width of the river (Fig. 2.1.5). The same effects occur
downstream of tributaries (Fig. 2.1.6).

,rx Sflow-velocity profile
) r—
mixing width at a distance x
I A
o
J 1 mean flow-velocity
i ] . L i ll - }\\ v u3
| i [N
| ! .
" pollution | mean flow-velocity
X, plume i over the mixing width
—— " the rver
release Y ,«r
|

Fig. 2.1.5 Schematic presentation of the difference between
the transport velocity and the mean flow-velocity
in case of a continuous release at a river bank

pollu£éd branch

non-polluted branch =" o

—_—

Fig. 2.1.6  Confluence of a polluted main-stream and a non-pollu-
ted tributary



The difference between the transport velocity (¢) and the mean flow-velocity (u,)
can taken into account by introducing into the one-dimensional description the lag
coefficient 8 after Eq.(2.1.9)

P 2.1.9
1+p
Thus in Eq.(2.1.8) the flow velocity u, is replaced by the transport velocity ¢ after
—_ _ . 2
e(x,t) = _MiA__ exp| - (i_c_‘l} (2.1.10)
JEn K1 4Kt

Starting from the point of a completely mixed situation (longitudinal mixing reach)

the one-dimensional description should be correct. However, the prediction of the

concentration distribution in the time domain by the Taylor-model can still deviate

from observed distributions (Fig. 2.1.7):

° the distribution is skew;

] the arrival time of the pollutant at a certain distance x = L from the point of
release, related to the centroid of the concentration distribution in the time
domain is not equal to the travel time based on the mean flow-velocity, e.g.
equal to L/u,.

; £ — observed

concentration

time
Fig. 2.1.7 Characteristic difference between observed and

predicted distributions (Thackston and Schnelle,
1970)

These differences are mainly caused by the exchange of the pollutant between the
main stream and the dead zones of the river, being parts of the cross section

10



without a net flow, like zones between groynes (Hays et al., 1966) or small regions
along the bottom and sides of the river due to irregularities, where the flow is
nearly stagnant (Fig. 2.1.8).

.

(1) cross section of ariver \ -
with groynes o
Iy dead zones "~

(3) plan view of a river section
with groynes

(2) cross section of a river
with irregularities

Fig. 2.1.8 Natural and artificial dead-zones in rivers

In the one-dimensional approach the flow-velocity distribution in a river with dead
zones can be schematized by a slow-moving zone with a net flow equal to zero and
a fast-moving zone, representing the main stream (Reichert and Wanner, 1991).
The difference between the transport velocity of a pollutant in the main stream (c)
and the mean flow-velocity in the main stream (x,) is again given by Eq.(2.1.9). In
this case the lag coefficient is called the ’dead-zone’ parameter and defined by

p=22 (2.1.11)
AS

with A, = cross-sectional area of the main stream
A, = cross-sectional area of the dead zone

This means that the two-dimensional aspects of the transport velocity, concerning

. the incomplete spreading of a pollutant over the river cross-section in
relation to the cross-sectional flow-velocity profile, and

® the exchange of pollutant between the main stream and the dead zones of a
river

can be represented in the one-dimensional Taylor-model by a lag coefficient 8.
For a good reconstruction of the skewness of the concentration distribution the

Edgeworth series can be applied (Chatwin 1980). Considering only the first term of
the series, in Sub-section 2.2.2 it will be shown that Eq.(2.1.8) transforms for a

11



fixed point x = L into

_ — )2 G e
o(L1) = M/A Cexp | - (L -ct)y 1 - 2t.g, L-ct
41Kt 4-K-t 6 2Kt

(2.1.12)
in which A = A, + A,.
The skewness of the concentration distribution is represented by the Hermite
polynomial H; [z] = z’ - 3z with the skewness coefficient G,. For a good recon-
struction of the concentration distribution G, should not be much more than unity.

Because Eq.(2.1.12) is based on the application of the Edgeworth series by
Chatwin (1980), this model will be denoted further on as the Chatwin-model.

2.2 TRANSVERSE MIXING REACH
2.2.1 Release at a river bank
For the application of the one-dimensional Taylor-model after Eq.(2.1.10) or the

one-dimensional Chatwin-model over the transverse mixing distance after Eq.
(2.1.12) the lag coefficient has to be determined.

Z ZZ AL LT ALL 77

B
point of release
L i i
e X
e, ITQASVErse MIXiINg - theim—
vertical mixing reach ~ longitudinal

reach i mixing reach
i |
i |
1 i

—!transverse mixing distance L

Fig. 2.2.1 The three mixing phases for a continuous release at a
river bank
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Two different analytical methods are considered:
° The first is called the ’linear-spreading method’. This method assumes a
linear increase of the ’spreading width’ of the pollutant with the distance
from the point of release (Fig. 2.2.1). The distance of the completely mixed

situation over the whole cross-sectional area of the river is given by Eq.

(2.1.4). Over the ’spreading width’ a completely mixed situation is assumed
(Fig. 2.2.3).
L The second one is called the ’flux method’. This method assumes a specific
concentration profile over the width depending of the distance from the point
of release after Eq.(2.1.3).

For the determination of the lag coefficient in both cases the same exponential
velocity-profile is used, with a variable n after Eq.(2.2.1).

It yields fory < 0.5 B

u(y) = n+1.(i)n,u3
n

and for0.5 B <y < B

1

n+1 B -y\,
= . - u
“O) = — (0.53) y

1.4 _

(2.2.1)

(2.2.2)

Fig. 2.2.2  Exponential velocity-profile

/B
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linear-spreading method [flux method

velocity
profile

uy)

concentration | _
profile

oW |

multiplied
distribution

uly)-@y)

Fig. 2.2.3  The two different analytical methods

In practice the transport velocity ¢ is determined by measuring the travel time T of
the pollution over a certain distance x,

c=o 2.2.3)
T

This means that the local travel-time T, per unit of distance is given by (x, = 1)

r -1 2.2.4)
[

in which T, is the travel time in seconds per meter, if the dimension of the
transport velocity ¢ is given in m/s.

Linear-spreading method

In case of the linear increase of the ’spreading width’ with the distance (see Fig.
2.2.1) the travel time T, at a certain distance x is assumed to be equal to the mean
travel time over the spreading width y defined by (see also Appendix A)

1 1 y 1 2.2.5)
T = — = = = d 2.2.
) c(x) (u(y)) y ‘(( u(y) v
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with

y=-2 "B 2.2.6)

X
Lm

Substitution of Egs (2.2.1) and (2.2.6) into Eq.(2.2.5) the integration of Eq.
(2.2.5), applying the dimensionless distance X = x/L,, gives for X < 0.5

2.2.7)

In a similar way the travel time for values of X > 0.5 can be derived (Appendix
A)

2 Lt
T.(X) = 1 __n . _2_1} 12 -@2-2x)" ;1_ 2.2.8)

c(X) n?-1

C.6 0.7 0.8 0.9 1

__>X

Fig. 2.2.4 Effect of the flow-velocity profile on the transport velocity for a
number of n-values after Eqs (2.2.1) and (2.2.2)

The lag coefficient 8 as a function of the dimensionless distance X over the
transverse mixing distance L, can now be given by substitution of the Eqs (2.2.7)

15



and (2.2.8) into Eq.(2.1.9)

fory < 05B
By = 5 1= (2.x)" -1 (2.2.9)
c(X) n* -1
and for0.5 B <y < B
sy - L2 g o1 @210
n? -1 2X

In Fig. 2.2.4 the relations after Eqs (2.2.9) and (2.2.10) are presented graphically.
It is shown that after the linear-spreading method the lag coefficient is positive up
to half the transverse mixing distance. For distances larger than half the transverse
mixing distance the lag coefficient becomes negative with a minimum value of -
0.015 for n = 8. In rivers the n-value is about 8 to 12, so that the negative lag-
coefficient can be neglected, since for practical applications lag coefficients smaller
than 0.05 lie within the accuracy of measured transport-velocitic s.

In the Taylor-model as well as in the Chatwin-model the flow-velocity is assumed
to be constant over the river reach concerned. Therefore an overall value of the lag
coefficient over this reach has to be determined. The overall value over the
distance X from the point of release is found by averaging the ’local’ value given
by Eqgs (2.2.9) and (2.2.10) over this distance (see also Appendix A).

It yields for X < 0.5

1

X
— 1 n? -
X) = = (2 " _1ld 2.2.11)
pX) X{ — (20 8) ;
and for 0.5 < X < 1
X n-1
— 1 n? 1 .
X) = — = l2-@2-2 - 1|4
E189) X{ SR 2-e207 | g
2.2.12)

Figure 2.2.5 shows the graphical presentation of the numerical evaluation of these
equations for n = 10. The overall lag-coefficient is about 0.06 over the transverse
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mixing distance L,,. For distances X < 0.2 the overall value is more than 0.20. In
the River Rhine with L,-values of more than 50 km the influence of the non-
uniformity of the velocity profile over the river cross-section is significant for the
transport velocity of a pollutant, released at the river bank.

™|

Fig. 2.2.5 Distribution of the overall value of the lag coefficient with the distan-
ce from the point of release for n = 10

Flux method
In the flux method the average travel-time of a pollution is related to the mass
transport (flux)

F(x,y) = u(y) - ¢(x,y) 2.2.13)
Thus the definition of the average travel-time becomes

[ T.xy) - Fxyy dy

T.(x) = 2.2.14)
[ FGxy) dy
Substitution of Eqs (2.2.5) and (2.2.13) into Eq.(2.2.14) gives
(x,y) d
T.(x) = L [o) &y (2.2.15)

c(x) fu(y) <@ (x,y) dy

Applying the dimensionless expression for the concentration contribution after
Eq.(2.1.3) the inverse mean-value of the transport velocity of the pollution cloud

17



becomes

B,
f o(x',y) dy’
1 o % 2.2.16
) B 2219
c{x y
fu(y/)-Lxl’y_/). dy/

0 @

wherein B, is the dimensionless width over which the pollutant has been spread (=
B, /B), defined by ¢(x,y)/¢y > 0.01 (see Fig. 2.2.3).

Therefore the distribution of the lag coefficient 8 after Eq.(2.1.9) as a function of
the dimensionless distance x' can be described by, using the exponential velocity

distribution after Eqs (2.2.1) and (2.2.2)

for0 < y' <05

2 /o
f e (x’,y’) dy’
p(x) = o %o -1 2.2.17)
5/ 1
f n+l, 2-yH"- o(xy) dy’
o I @
for0.5 <y <1
B, /
/
f (P(x ,}’ ) dy/
B(x') = 0 %o -1 (2.2.18)

B
¥ 1
1 o /’ /
[ 2l 2egeyyn. 200V gy
o M ®o

The relation between the dimensionless distances x' and X is given by
x' =04 -X (2.2.19)

The determination of the lag coefficient after Eqs (2.2.17) and (2.2.18) is executed
numerically, because no analytical solution as for the linear-spreading method can
be derived.
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For some n-values of the exponential velocity-distribution the results are presented

in Fig. 2.2.6.
0.4 - .
B 0.35 - -
0.3+
0.25 (I =5| =

4] O 5 i’lw‘: {2:1\\*

0.2 0.25 0.2

Fig. 2.2.6  Effect of the flow-velocity profile on the transport velocity for a
number of n-values after Eqs (2.2.1) and (2.2.2), applying the

Sux method

SIS

----- linear-spreading method
-—— flux method

Fig. 2.2.7 Difference of the pollutant width
along the river for the linear-
spreading method and the flux
method

The influence of the velocity distri-
bution on the transport velocity is
significant up to a distance of 0.2
of the transverse mixing distance.
At this distance the value of the lag
coefficient is about 0.02. The
linear-spreading method at this
distance gives higher values (see
Fig. 2.2.4). The reason for these
differences between the two me-
thods is the difference in spreading
of the pollutant over the width of
the river. Near the point of release
the pollutant is spread actually over
a larger part of the river width
than assumed by the [linear-
spreading method (Fig. 2.2.7),

whereas the flux method describes the spreading correctly. This means that at a
certain location the mean flow-velocity over the spreading width (i.e. the transport
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velocity of the pollutant) is smaller in case of the linear-spreading method than in
case of the flux method, using the same n-value. In other words to get the same lag
coefficients for both methods the n-value has to be chosen larger in case of the
linear-spreading method than in case of the flux method. In Fig. 2.2.8 the distribu-
tion of the overall value of the lag coefficient after the flux method for n = 10 is
compared with the linear-spreading method for some n-values. In order to get a
certain agreement the n-values have to become much more larger than the usual
values for rivers. Thus it is the extremely large n-value of 36 in case of the linear-
spreading method, which gives a good agreement of the distribution of the lag
coefficient with the distribution found by the flux method.

linear-spreading

Yy 06 N . f N T’"” o
p % I method
0.5 FT— o e peee
I -hlg X J —— n =12
ola-; z , ] e __ " n =20
0.3- k&gA S R e | = N =36
| | |
i | \
N x =
0.2 H S  —
", flux method
S ﬂk"“w_ o]
0.1 e 7 Y Sl T— n =10
t—;; R Lokl S
ol |- , P
0 0.1 0.2 0.3 0.4 0.5

——»X

Fig. 2.2.8 Overall §-value for several n-values in case of the linear-spreading
method in comparison with the flux method with n = 10

This means that actually the influence of the velocity profile on the transport
velocity is not as much as it was found by the linear-spreading method. For
instance in case of the flux method the overall value is about 0.04 at a distance of X
= 0.2 instead of 0.20 in case of the linear-spreading method. However, for the
River Rhine with transverse mixing distances of more than 50 km, the influence of
the non-uniformity of the velocity profile over the river cross-section is still signifi-
cant for the transport velocity of a pollutant, released at the river bank.
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2.2.2 River confluence

In case of a river confluence also the mixing zone over the width (second phase) is
important (see Fig. 2.2.9).

When upstream the concentration in the polluted river has reached an equilibrium
(Noppeney, 1988) the conditions at the begin of the confluence are defined by

00,y =0 if y/B > B,/B
(2.2.20)
2(0,y) = (B/B) * WIQ if /B < B,/B

The final solution of the concentration distribution downstream of the river
confluence is given by

/_2 Bl /_ _ Bl
1/ n=w y n+— n=eo y-2n-—
oxy) . B E erf B E erf

P 2B, | i 2¢/x’ ol 2\/;/

2.2.21)

— (ransverse mixing -—
distance L m

Fig. 2.2.9 Mixing at a confluence starting with a width ratio
B,/B in case of a constant release

For the determination of the distribution of the lag coefficient as a function of the
distance from the point of confluence the flux method is applied. For practical use
the error-function has been approached with the function (Abramowitz, 1965)

1

erf(x) = 1 -
(1 +cx+ c2x2 + c3x3 + CX

. (2.2.22)
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¢, = 0.278393 ¢; = 0.000972
¢, = 0.230389 ¢, ~ 0.078108
and
erf (-x) = - erf (x)
0.15 7 - - = B1 /B
i} " ~= 0.125
\ - ,*
T & —+ 0.250
\ ,
.y | .~ 0375
0.05 - - - 0.750
-&—  0.875
0 ]
“x“
-0.05 4
0 0.05

Fig. 2.2.10 The lag coefficient 8 downstream of a confluence for several width-
ratios B,/B after Fig. 2.2.9 with n = 10 in the exponential velocity-

profile
In Fig. 2.2.10 the distribution of
T —~— the lag coefficient is presented for
— P several values of the width ratio
/// \\\* B,/B. Immediately downstream of

the confluence an exponential
velocity-profile after the Eqgs
(2.2.1) and (2.2.2) over the total
width B is assumed.

This assumption is justified by the
fact that the adaptation of the
Fig. 2.2.11 Flow pattern near a groyne after flow velocity of the tributary to

Lean and Weare (1979) the flow wvelocity in the main
stream takes place over a relative-
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ly short distance (Noppeney, 1988). Noppeney (1988) made this conclusion by
referring to Lean and Weare (1979), who examined the turbulence generated by a
shear layer due to a breakwater (Fig. 2.2.11). They stated that the shear layer
mixing will dominate over that due to the bed-generated turbulence for a distance
of up to 100 till 150 times the depth. This means for the River Rhine that the
adaptation length will be of the order of 0.5 km.

TABLE 2.2.1 Main tributaries of the River Rhine

Tributary Width polluted Angle of
branch intersection
River Rhine | tributary | River Rhine | River [ tributary
upstream downstream | Rhine
m i) (m) after I{“’il;é2.2.9
AARE 200 150 200 t 0.75 40°
NECKAR 225 75 275 0.82 0.27 22°
MAIN 325 75 400 0.81 0.19 45°
MOSEL 250 100 300 0.83 0.33 30°

The angle of intersection of the main tributaries of the River Rhine is mostly less
than 45° (see Table 2.2.1). This means that the flow patterns downstream of the
confluences along the River Rhine will probably not show a separation zone after
Best (1987) (Fig. 2.2.12). The inflow of the tributary will more or less stick to the

-—-—-~~  shear layers

A: stagnation zone D: maximum velocity zone
B: flow deflection zone
C: flow separation zone

E: flow recovery zone

Fig. 2.2.12 A flow dynamics model for a river confluence after
Best (1987)
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the river bank concerned (Fig 2.2.13). Moreover, the discharge ratio of the main
tributaries of the River Rhine (@,uan/Q@ruine) i3 smaller than 0.25, except for the
River Aare (Table 2.2.2). In those situations the main stream will push the outflow
of the tributary to the river bank and suppress the growth of a separation zone. In
case of the River Aare two parallel river-branches with comparable discharges are
coming together (Fig. 2.2.14).

boundary condition

after Eq. (2.2.14)

= l ifter Eq
= . ‘
\ .

= = — — <
______________ _-
=4 'near-field’ w=-- -
""" shear layer adaptation flow-velocity

Fig. 2.2.13 Flow pattern downstream of confluences along
the River Rhine

TABLE 2.2.2 Long-term mean flow of the River Rhine and
its main tributaries (Buck et al., 1993)

Tributary Tributary River Rhine Discharge ratio
measuring Discharge measuring Discharge Quivutary! Qe
station (m*/s) station (m®/s)
AARE Stilli 560 Basel 1100 ~05
NECKAR Rockenau 132 Worms 1400 ~ 0.1
MAIN Frankfurt 188 Mainz 1600 ~ 0.1
MOSEL Cochem 288 Andernach 2000 ~0.15

These conclusions can also be drawn from investigations on the dimensions of the
separation zone in a flume (Best and Reid, 1984). They found for discharge ratios
of about 0.1 length- and width-ratios for the separation zone (L/b, and b,/b,, see
Fig. 2.2.12) of less than 0.05.
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Aerial pictures of the confluences
of the River Aare and the River
Mosel confirm this supposition
(Fig. 2.2.15 and 2.2.16). Moreo-
ver the boundary condition after
Eq.(2.2.20) appears at a short
distance (’near-field’) downstream
of the confluence (Fig. 2.2.17)
and the description of the concen-

River Aare tration after Eq.(2.2.21), which
yields for the ’far-field’, is cor-
Fig. 2.2.14 Confluence of the River rect.

Aare and the River Rhine

R. Rhine

Fig. 2.2.15 Aerial view of the Rhine-Aare confluence during the tracer experi-
ment July 1989
(photo H. Aschwanden, Landeshydrologie und -geologie, Bern,
Switzerland)
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Fig. 2.2.16 Aerial view of the Rhine-Mosel confluence

Boundary condition
after Eq. (2.2.14)

polluted tributary .' i
! . 'near-field’

polluted main-channel

Fig. 2.2.17 Schematic presentation of the mixing at the confluences of
the River Rhine
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If the River Rhine is polluted, the width ratio B,/B at the confluences of the main
tributaries of the River Rhine is more than 0.8, thus the lag coefficient 8 after Fig.
2.2.10 will be negligibly small (less than 2%). If one of the main tributaries is
polluted the width ratio is 0.20 to 0.30, except for the River Aare. In these cases
the lag coefficient is about 5% or less at a dimensionless distance X = 0.05, which
corresponds with a distance of 5 km in case of a transverse mixing distance of 100
km. Concerning the transport of a pollution cloud over long distances (more than
100 km) this might be negligible,

‘ ~ | B,/B
ﬂ 0.15£\J+——‘ F—L 4’ %1 0
‘ *\}# T ‘ — 0125
0.11 \\‘ | : a’ —~  0.750

Fig. 2.2.18 Lag coefficient 8 for a bank release B,/B = 0) in compari-
son with two width ratios (n = 10)

In case of small tributaries with a width ratio B/B < 0.05 and a discharge ratio
< 0.05 the release of a pollution by this tributary can be considered as a point
release at the river bank, i.e. B;/B - 0 (Fig. 2.2.18).

2.3 LONGITUDINAL MIXING REACH
2.3.1 General

In case of a completely mixed situation over the cross-sectional area of a river the
transport of a pollution cloud is influenced by the exchange of pollutant between
the main stream and the 'dead zones’ of the river. These dead zones are parts of
the cross section without a net flow, like zones between groynes or small regions
along the bottom and sides of the river due to irregularities, where the flow is
nearly stagnant (see Section 2.1, Fig. 2.1.8). The exchange of the pollutant causes

27



a temporary entrapment of portions of the pollutant in the dead zones. Due to the

delayed release of these entrapped portions, the tail of the concentration distribution

is growing. This implies two effects on the concentration-time distribution:

* the persistence of skewness of the distribution;

* the deceleration of the transport velocity of the pollutant with respect to the
time-centroid of the distribution.

As already mentioned in Section 2.1 (Eq. 2.1.9) the relationship between the
transport velocity ¢ of the time-centroid of the distribution and the mean flow-
velocity u, can be given by the lag coefficient 8, which in this case will be called
the dead-zone parameter

u
g=—=-1 2.3.1)
c
wherein 8 is defined by the ratio of the cross-sectional area of the dead zone A,
and the cross-sectional area of the main stream A, (Thackston and Schnelle, 1970;

Valentine and Wood, 1977)

(2.3.2)

™
f
> | >

s

In case of irregularities Thackston and Schnelle (1970) suggest an experimental
relation between the dead-zone parameter 8 and the wall roughness f

P _ 00152 + 089 - f22 2.3.3)
g+1
with
8.gi -a
f=— (2.3.4)
uS

wherein
g = acceleration of gravity
i, = slope of the energy gradient, which is equal to the bottom slope in

case of uniform flow-conditions and used as a first approximation
a = average depth

The maximum value of 8, measured by Thackston and Schnelle (1970) is 0.06,
which corresponds with a wall roughness f equal to 0.26.

In case of the River Rhine with i, = 10¥ u, = 1 m/s, @ = 5 m, a B-value of
0.016 is found, which means that after Eq.(2.3.3) the influence of the wall

roughness can be neglected.
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This can also be proved by determination of the influence of the flow-velocity
profile on the average transport-velocity ¢. For the flow-velocity profile over the
width of the river the exponential distribution after Eqs (2.2.1) and (2.2.2) is
considered. Because of the symmetrical approximation of the velocity distribution
only half the width is concerned. Therefore the B-value can be determined after
Eq.(2.2.9) by

2 1

B(X) = n (2-X )_; -1 (2.3.5)
n? -
with X = 0.5.
Thus the dead-zone parameter becomes
2
g=-"_ -1 (2.3.6)
n? -1

Because in rivers the value of the parameter n is approximately 10, the g-value is
about 0.01, which is comparable with the result after the experimental relation of
Thackston and Schnelle (1970), given by Eq.(2.3.3).

This means that in the River Rhine mainly the artificial dead-zones, made by
groynes, have to be taken into account. The definition of the dead-zone parameter
B after Eq.(2.3.2) assumed a completely mixed dead-zone, and in succession a
transport velocity ¢, being the average flow-velocity over the main stream and the
dead zone
‘- u A+ uyA, 237
As + Ab

Because the net flow in the dead zone u, is equal to zero, Eq.(2.3.7) becomes

ol s (2.3.8)

c- 2.3.9)

In case of islands in the river, two river branches can be distinguished with
different lengths and mean flow-velocities without exchange of the pollutant (Fig.
2.3.1). When the concentration distribution over the cross section at the upstream
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Fig. 2.3.1  Schematization of an island in a river

end of the island is assumed to be homogeneous, the mass will distribute over the
branches in the same ratio as the discharges. Applying the flux method the average
travel-time of the pollutant 7, from the upstream end of the island to the
downstream end can be given by (see also Eq. 2.2.14)

0t v g2

.~ o+ [ p—

- 1 u, 2 u, (2.3.10)
¢ Q +Q

wherein

o = discharge of the branch

L = length of the branch

u = mean flow-velocity in the branch

subscript 1: main-stream branch
subscript 2: by-pass branch

The ’time of arrival’ of the water is determined by the mean flow-velocity over the
total area of the two branches (flow time) with a correction to counteract for the
difference in length

T, - L _ L,
u .A + u -A -fl Q + Q Ofl
1“7 2 72 L2 1 2 L2 (2.3‘“)
A + A, Q. Q
u, u,
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The lag coefficient 8 can be found by

TC
=< _1 (2.3.12)
B T
Substitution of Eqs (2.3.10) and (2.3.11) into Eq.(2.3.12) yields

(1 + _A_z..é) (1 + g?,.i’l)
5 - A L) QL) | 2.3.13)

. . . Az Qg L2 e
Setting as a first approximation ™ = —Q— . T Eq.(2.3.13) becomes (see also
1 1

1.5) ' [1 %ﬂ)
@& L -1 (2.3.14)

L2 O.S)

Appendix B)

L

1

5 Q. /Q,
- 010

T . 025
. 050

| = 1.00

Fig. 2.3.2 Influence of the length ratio of the river branches surrounding an
island on the lag coefficient 8 for some discharge ratios
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Equation (2.3.14) is presented graphically in Fig. 2.3.2. In case the branches have
the same length the travel time of the flow T, is the same as the travel time of the
pollutant T,. Thus the lag coefficient 8 will only give values differing from zero
when branches of different length are concerned. However, the lengths of the
branches surrounded islands in the River Rhine do not show significant differences
(Fig. 2.3.3) and their influences on the transport velocity will be negligible.

e

- A B
RASES - el AL
e S A

Mg JURE SRS e ST

iver Rhine

Fig. 2.3.3  The islands in the River Rhine downstream of the tributary Main

In case the travel time of the flow T, should only be based on the mean flow-
velocity in the main stream, Eq.(2.3.14) becomes (Appendix B)

1+ QZ.(I?]LS
P U

1+—Q—2-
Q

(2.3.15)

Again the lag coefficient will only differ from zero, if the lengths of the branches
are significantly different.

2.3.2 Two-zone approach

The description of the concentration distribution in case of dead zones made by

groynes, will be approached by a two-zone model: a fast-moving zone, representing
the main stream and a slow-moving zone representing regions along the bottom and

32



sides of the river due to irregularities or groynes, where the flow is nearly
stagnant: the dead zones.

Concerning this two-zone model Eq.(2.1.2) is valid for each zone, extended with a
term representing the exchange between the two zones (for convenience the
overbars have been dropped)

o,

o9, de
" 5 _K =-D - (2.3.16)
o us o s axz s((ps q)b)

op, 09, o,
DL S A € =D - (2.3.17)
Y P b o2 s(05 — @)

wherein the subscript s indicates the parameters in the fast-moving zone and the
subscript b the parameters in the slow-moving zone. The coefficients D, and D,
concern the mass transfer between the two zones. In case of dead zones the flow
velocity in the slow-moving zone u, becomes zero. Assuming a well-mixed
situation in the dead zone, there is no dispersive transport in this zone, so
Eq.(2.3.17) becomes

o

b
= Dye, - @) (2.3.18)

Neglecting the dispersive transport in the main stream as well Eq.(2.3.16) becomes

99, 99,
ot ® ox

= - D9, - ¢,) 2.3.19)

Considering this degenerated pair of coupled Eqs (2.3.19) and (2.3.18), the
concentration in the dead zone ¢, can be eliminated by differentiation of
Eq.(2.3.19) after the time ¢

Fo, , Fo. (% %9 (2.3.20)
ar? ¥ oxot S\ oot or
which gives with Eq.(2.3.18)
Fo Fo o¢
S+ u 5 =-D 5 +D-D.- - (2.3.21)
at2 5 Ox Ot s s b ((‘ps q’b)

Substitution of Eq.(2.3.19) into Eq.(2.3.21) yields
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Concerning an instantaneous spill the concentration distribution in the time as well
as in the space domain will change slowly at large distances from the point of
release. So in this case the second derivatives can be neglected in relation to the
first derivatives and Eq.(2.3.22) becomes

90, ( 4:Dy ) 99, _ 2.3.23)
ot D, + D,| ox

From Eq.(2.3.23) it is clear that for large distances the transport velocity ¢ of a
substance becomes

e S (2.3.24)
D +D, 1+DJD,

Considering the definition for the mass-transfer coefficients D, and D, respectively
in case of dead zones

D, - Aﬁ E D, - Aﬁ E (2.3.25)
s b
with
P=q P, (2.3.26)
wherein
A, = cross-sectional area of the main stream
A, = cross-sectional area of the dead zone
o = constant of proportionality in relation to the contact area be-
tween main stream and dead zone (0 < e, < 1)
P, = wetted perimeter
E = transfer velocity of the pollutant

Equation (2.3.24) becomes

- % (2.3.27)
1+

with the dead-zone parameter (see also Fig. 2.1.8)

(2.3.28)

lea_:b

“

B =
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In case of the two-zone model Chikwendu and Ojiakor (1985) solved the pair of
coupled Eqs (2.3.16) and (2.3.17), using Fourier transforms. However, the
Fourier-inversion integrals could not be solved in a general way. In case of equal
dispersion-coefficients in both zones (= K) an exact solution was found for large
distances from the point of release

't
o) _ a e | - (2.3.29)
P 4Kt 4Kt
with
9, = the concentration at the point of release in both zones, after the initial
condition @ (x,0) =@, 6(x) with 8(x), being the Diracdelta-function
a the total water depth

a, the depth of the fast zone (flow velocity u,)
the depth of the slow zone (flow velocity u,)

8
M
I

‘[ ——

T
a, ﬁiw Uy  fast zone
|
.

j U, slow zone

7

Fig. 2.3.4 Chanrel, showing slow zone and fast zone

According to Eq.(2.1.8) the transport velocity c¢ is

P P (2.3.30)
a a

If the slow zone is completely stagnant, so #, = 0 and u; = u, , Eq.(2.3.30)
becomes
c =4, . S 2.3.31)
a 1+ a,fa,
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which is equal to Eq.(2.3.27), if A, = a,'B and A, = a,"B with B is the width of
the channel and Eq.(2.3.28) is per meter width of the channel (Fig. 2.3.4).

Further Chikwendu and Ojiakor (1985) present approximations for the
concentration distributions in case of small values of the mass-transfer coefficient,
which, however, means a reduction of the influence of the slow zone with the
distance and consequently the transport velocity ¢ tends to the flow velocity in the
fast zone u; = w, This is just in contrast with the conclusion, given by
Eq.(2.3.31).

It is also possible to apply the method of the characteristics in solving the Egs
(2.3.18) and (2.3.19). Substitution of Eq.(2.3.18) into Eq.(2.3.19) gives
D
%% %, D %0, (2.3.32)

ot *&x D, o

In order to get a second equation with the derivatives of the concentrations in the
main flow ¢_ and the stagnant zone ¢, Eq.(2.3.18) is differentiated after the time
t

Fop _ [0 _ 99, (2.3.33)
b
a2 ot ot
If the second derivative of the concentration in the stagnant zone ¢, after the time
t is approximately equal to zero, the second equation will be
00, _ 9%y _ (2.3.349)

ot ot

The set of equations for the characteristic method becomes

a(ps+i9&+Ds.a‘Pb

s . ~__=0
ox ot D, t
0 a
9O _ 9% _y
ot ot

(2.3.39)
dx %, 3%, _de,
dr ox ot dt

dx 90, 90, de,
dr ox ot dt

and in matrix notation
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u, 1 0 Dyp,| |9¢;iox 0

5

0 1 0 -1 | oefor} 10 (2.3.36)
dx/dt 1 0 0 d¢,/dx de/dt
0 O dx/dr 1 dp,/ ot de,/dt
The characteristic direction in the (x,f)-domain can be derived by setting
u, 1 0 DJD,
0 1 o0 -1 - 0 (2.3.37)
dx/dte 1 0 0
0 0 dx/dr 1
which gives besides the physically irrelevant solution dx/dt = 0
u
dxfdt = ——— (2.3.38)

DD, + 1

This result is equal to Eq.(2.3.24). This means that the condition for which
Eq.(2.3.34) 15 valid, also concerns large distances from the point of release. As a
matter of fact the change of the concentration in the time domain in the main
stream and the stagnant zone are equal (see Eq. 2.3.34).
A combination of Eq.(2.3.19) with Eq.(2.3.18), assuming a constant difference
between the concentration in the main stream and in the stagnant zone
L 2.3.39
D o ¢, - ¢, = W = constant ( )
gives for dx/df the value u,, which will suit quite well for short distances from the
point of release, where the concentration in the stagnant zones is still more or less
negligible in comparison with the concentration in the main stream.

For the dead-zone model with the pair of coupled Eqs (2.3.16) and (2.3.18) Hays

et al. (1966) tried to get a solution by Laplace transforms. The solution of the
Laplace transform for the main stream is
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A
exp | | u, - uf+4'Ks- 1+=2-1|-s L
M A 2K,
¢(L,s) = —
AS
us2 + 4-KS-(1 v 22 I‘J s
s
(2.3.40)
with
L = distance from the point of release
s = Laplace variable
r = 1
s/D, + 1

The complex inversion integral of Eq.(2.3.40) gives the concentration in the time
domain. Hayes et al (1966) suggest

+i-00

f @(L,s) - e™ ds (2.3.41)

i

Q(L,t) =

27

so that s only takes imaginary values.
Because Eq.(2.3.41) cannot be solved analytically, only a numerical solution is
possible (Thackston and Schnelle, 1970).

For the degenerated pair of coupled Eqgs (2.3.19) and (2.3.18) Kranenburg (1988)
found for an instantaneous release M for 0 < x < u," ¢

-D,t+(@D,-D) = |-

X,t) = (3.4
05(X,1) = ——— exp

s s

] (2.3.42)

p,p, X
X
3t} flo[z M

s 0

with I, being the modified Bessel-function of the Oth order.
Equation (2.3.42) consists of two *waves’:

(1)  the first *wave’ concerns a decreasing 8-function with a propagation velocity
u

L)
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M
X,t) = ex
¢, (x,) A P

s

which gives forx = u-t (6 = 1)

M
¢ (x) = 7

s S

exp | - D, X }
uS

(2)  the second 'wave’ propagates more slowly with a velocity ¢,

@ (x,t) =

-D, t+((D,-D) L |-
Auexp[ b D, S)u}

s

© S——

If & is substituted by

Equation (2.3.45) becomes

@ (x,0) = M exp[—Db-t+ (D, - D,) x }
u u

s

with

‘Db't’L(Db'Ds)ui}'[é{t_uis}]

(2.3.43)

(2.3.44)

(2.3.45)

(2.3.46)

(2.3.47)
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For large values of p it holds (Abramowitz and Stengun, 1965)

14
fz-l0 (z) dz = ,| -2 -eF
0 2n
Thus Eq.(2.3.47) reduces to
. . P 1/4
@, (x,1) = M [ Dy Dy (xu) - (t - xfu)]t
2\/—E.As.us t - xfug

~exp| - D, t + (D, - D) " (x/u) + 2/D, D~ xfu) (t - xfu,j |

(2.3.48)

concentration

—- distance

Fig. 2.3.5 Characteristic concentration-distributions after Eq.(2.3.49)

The propagation velocity ¢, of this second 'wave’ is found by setting the
argument of the exponential function equal to zero

which corresponds with Eq.(2.3.24).
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For the determination of ¢; for shorter distances Eq.(2.3.47) has to be
solved.

In Fig. 2.3.5 a more qualitative presentation of Eq.(2.3.48) in combination with
Eq.(2.3.44) is given for four times T = ¢, ..., ¢,

¢(x, ) 1 [Dy Dy (xfu) (T - xfuy]™*
? 2/ T - x/u,

vexp [ - D, T+ (D, - D,) * (x/u) + 2/D, D, (x]u) (T - xJu,) | +

+exp[ - D, T]
(2.3.49)

with

=M/, ‘u,);D,=8-D,,and0 <x/u, <T,
with numerical values:

L, =200s,¢4 =300s,4 =400s,¢ =800s; 8 =02and D, = 0.05 s

5

The first wave vanishes after a certain time, e.g. T = ¢,

Beer and Young (1983) developed an aggregated dead zone model in order to be
able to represent the dispersive transport, as well as the skewness of a concentrati-
on distribution. Therefore they interpret Eq.(2.3.18) as representing a mixing tank
in which there is an input of solute of concentration ¢, and, under the assumption
of complete mixing within the volume, an export of solute of concentration ¢,.
The residence time of the fluid in the tank is defined as 1/D,. Because models
composed of serially connected, completely mixed compartments of the form of
Eq.(2.3.18) show also dispersive transport, Beer and Young proposed the same
description for rivers in combination with purely convective transport ('plug flow’)
considering Eq.(2.3.16) without the dispersive transport

de o9 ae
do, %9, 00 Lo (2.3.50)
i o o s(05 = @)

in which the two left-hand side terms represent the plug flow and the right-hand
side term incorporates the dispersive effects of the aggregated dead zones.

In other words in this model the dead zones are a tool in representing the dispersi-
ve transport, so they have not any relation with the stagnant zones along a river
and consequently nothing to do with the resulting retardation of the transport of
substances in relation to the mean flow-velocity in the main stream of the river.
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Reichert and Wanner (1991) developed a model which describes the initial period
of the transport of a released substance more correctly. Considering the cross-
sectional flow-velocity profile in a river, they divided the cross section in two
parts: a layer along the river banks, where the flow velocity is very small and a
central part. In their approach the layer along the river banks is the stagnant zone
with a flow velocity equal to zero (Fig. 2.3.6). The flow velocity u, in the main
stream is defined by

u, = (1 + ) u (2.3.51)

which means, that the convective transport-velocity of the substance is larger than
the mean flow-velocity. This agrees with the initial transport-velocity for a release
in the middle of a river.

stagnant convective zone stagnant
zone

A N

Fig. 2.3.6  River cross-section (above) and transverse profile of vertically
averaged flow-velocity

Reichert and Wanner pointed out that, however, their model equations are similar
to those, used for the description of dead-zone effects, their equations serve to
model the effects of transverse velocity gradients and not those of dead zones.

As a matter of fact their model is a two zone model, like that of Chikwendu and
Ojiakor (1985), based on Egs (2.3.18) and (2.3.19), but without the dispersive
transport.

Valentine and Wood (1977) describe tests in a flume with peripheral dead-zones at

the bottom (Fig. 2.3.7). The description of the concentration in the main stream is
two dimensional in the vertical plane and is of the form of

42



G d &
P, , 9% L 0¢

s g 2% (2.3.52)
ot ¥ ox = oax? ¥ a2

with @, = ¢ (x,z,7).

The equation for the concentration in the bottom dead zones is given by

o9,
- - D, (¢, - @, (2.3.53)
wherein @, is the average concentration in the flow zone just above the boundary
and

= (2.3.59)

E 0.02 -u,
d d

\

bottom dead zones

Fig. 2.3.7  Sketch of idealized two-dimensional model

By the Aris (1956) moment-transform method Eqs (2.3.52) and (2.3.53) are rewrit-
ten. The transforms are defined by

o, = f @, x?-dx and ®, = | ¢, xP-dx
0

bp

O 8

The Aris-moment equations were solved numerically.
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Valentine and Wood presents 1979 a simplified three-dimensional description of the
concentration distribution in a test flume with dead zones along the bottom as well
as along the walls (Fig. 2.3.8). Based on the results of their two-dimensional model
(Valentine and Wood, 1977) they concluded that the contribution of the longitudinal
turbulent diffusion to the variance of a dispersing cloud is negligible. Thus their
description of the concentration in the main stream becomes of the form of

o u (@
. S
/Ji—
| L
{ // velocity ,é )
—~ profile =
- ‘*' -~ JL__ wall
(. - : AN (@ _——dead
\ & AT zone
N M W [
e zone of flow !;‘;N“,
\ / which ajfects N/
the wall dead zone
o e
y
(b)
Z
[ S e
I~ - /7{
w, [ flow
== velocity % zope
T /dzstrzbutwn
- ‘
. 3 et X

Fig. 2.3.8 Idealized three-dimensional model:
(a) Plan at mid-depth
(b) longitudinal section
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B, o9 . Fo, L Fe, (2.3.55)

ot S ox 7 gy? ¥ 32

with @, = ¢ (x,y,2,1).

The equations for the concentration in the bottom and wall dead zones, are given
by

9Py,

— - D,, - (¢, = 9,;) (2.3.56)
and

a(pbw

5 = D,, (0, - ¢p,) (2.3.57)

wherein
¢, = average concentration in the flow zone just above the bottom
9, = average concentration in the flow zone just aside of the walls

The coefficients D,, and D,, are defined by

0.02u
D, - L - s (2.3.58)
db db
and
E, 002
D, = x- (2.3.59)
* dW dw

with (see also Fig. 2.3.8)

d, = depth of the trapped eddy in the bottom dead zone

d, = depth of the trapped eddy in the wall dead zone

u,, = average velocity in the vicinity of the walls

The same solution method as was used in their two-dimensional model (Valentine
and Wood, 1977) was followed, applying the Aris-moment-transform method and
solving the resulting equations numerically.

2.33 Temporal-moment approach
Because there is no analytical solution for the set of Eqs (2.3.16) and (2.3.17)

considering a two-zone model, as well as for the set of Eqs (2.3.16) and (2.3.18)
considering the dead-zone model, the moments of the concentration distribution are
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considered. For a good reconstruction c.q. approximation of the concentration
distribution in the time domain ¢ (L,t) = @.(L,t) at a certain measuring point
x = L, Chatwin (1980) applies the Edgeworth’s form of the Gram-Charlier series
of Type A (Kendall and Stuart, 1958)

m 2
@g(L,t) = ——— “exp |- ‘—} *
2 2
2'n-o,
(2.3.60)
G, T, G}
* 11 + ?-H3('c) + Q'H“(t) + E-Hdt)
with
v = (t - p)/(o)
the Hermite polynomials
Hy(7) = 12 - 37
H,(7) = t-612+3
H(t) = 16 - 15-1* + 4512 - 15
and my, = zeroth moment [kg-m?>s)
M, = centroid in the time domain [s]
ol =  variance [s%]
G, = skewness [-]
T, = kurtosis (-1

By applying the mathematical description of the moments of a distribution the
parameters m,, p,, and o, are defined by

my = f ¢ (L,t) dt (2.3.61)
e
po=m )t 9 (L) dt (2.3.62)
0 -w
o = - f (t = 1) - 0 (L,p) dt (2.3.63)
my .
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while the skewness and the kurtosis are defined by

G, - Ig;l (2.3.64)
lotl
Y
r,- -t -3 (2.3.65)
0!
with
_ 1 ’ I 2.3.
8 = ;1—0 £(I B e (L,1) de (2.3.66)
N IV 2.3.67
Y"?To,fm(t ey (Lon) dt (2.3.67)

For a good reconstruction of the concentration distribution by Eq.(2.3.60), the
skewness G, and the kurtosis T', should not be much more than unity.

The mass M passing at the measuring point can be found by

M=m Q (2.3.68)

assuming that the river discharge Q is constant during the passage of the pollutant
atx = L.

According to the dead-zone model of Nordin and Troutman (1980) the centroid in
the time domain g, and the variance o7 of the concentration distribution can be
written as functions of x, u,, K and 8

x 2K
l";: — t —

2
us U

(1 + B (2.3.69)

U

.2_K-(1+p)2+(1+2_K
2 u

s

(2.3.70)
in which D, is the constant of proportionality for the exchange of pollutant between
the main stream and the dead zone (see also Eq. 2.3.17).
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For a first approximation of Eqs (2.3.69) and (2.3.70) the order of magnitude of
the two terms between the brackets of these equations are now considered. At small
distances x from the point of release, this distance is of the order 10° m, while the
dispersion coefficient K is relatively small and of the order 10" m*/s (Fig. 1.10,
Spreafico and van Mazijk, 1993, p.98, Fig. 5.4.7). If the mean flow velocity u, is
of the order 10° m/s, the first term (x/u,) is of the order 10° and the second term
(K/u2) of the order 10'. At larger distances, x is of the order 10° till 10° m and the
dispersion coefficient K becomes of the order 107 till 10°* m%/s.

K 3500 g —— T T s T e e **"‘
§
2 8 O+ S .
(m¥s) oo =
2500 +—— e e "7/’/;“"*” e —
2000 ——— " s /-* T e e —
.-/

1500 +— —— .__,._7/_ e

1000 ——— —— **','/* T T e e e =
500 — T L’ e T e e i

———— -

100 200 30(:) 450 5?)(37660 7700 80.07 7”97507 717000
— Rhine-kilometre

Fig. 2.3.9 Development of the dispersion coefficient K, along the River Rhine
between Basel and the Netherlands, based on the tracer experiment
April 1989 (Spreafico and van Mazijk, 1993)

This means, that the order of magnitude of the terms between the brackets becomes
X u 3.
- 0 s) - O 10 1 - 102
K 10

and Egs (2.3.69) and (2.3.70) can be reduced to

p, = [_’i] (1 + B) (2.3.71)
uv

xfu,

Kiu?

0]
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2
K- (1+p)y+ ﬁDuS (2.3.72)
b

2 (2-x)
o, =|=—|"
3
uS
For a further comparison of the magnitude of the two terms between the square

brackets in Eq.(2.3.72), the expression for D, is considered (see Eqs 2.3.25 and
2.3.26)

D, - =% E (2.3.73)

After Valentine and Wood (1977) the transfer velocity of the pollutant can be given
by (Eq. 2.3.54)

E =002 - u, (2.3.74)

Because the hydraulic radius for rivers with a large width/depth ratio (as the River
Rhine) is defined by R = A, / P, = a (a = water depth), it can be shown, that

for « =1 the second term between the square brackets of Eq.(2.3.72) becomes

B - u; 2 2.3.75
o =50 F u a (2.3.75)
b

Considering the following average values, according to the River Rhine

B ~ 10" till 107
u, ~ I m/s
a = Sm

the value of the expression of Eq.(2.3.75) is less than 2.5 m?/s. Because the
longitudinal dispersion-coefficient K is at large distances of the order 10> m’/s or
more, Eq.(2.3.72) can be reduced to

2. q
ol = (—Tx K-+ ] (2.3.76)
uS
Substituting x / u, = ¢ gives
o = [2—2’ K-+ py] 2.3.77)
uS
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Based on these expressions the transport velocity ¢ and the longitudinal dispersion-
coefficient for the dead zone model K, can be derived by (Nordin and Sabol, 1974)

du ) !
.- _ﬂ_z) 2.3.78)
dx
and
LW [ do 2.3.79)
"2 &

Substitution of Eq.(2.3.71) into Eq.(2.3.78) and Eq.(2.3.76) into Eq.(2.3.79) gives
respectively

= (2.3.80)
1+p
K =K:-(1+ gy (2.3.81)

Notice, that Eq.(2.3.80) is equal to the definition of the dead-zone parameter 8
after Eqs (2.3.27) and (2.3.28).

For x = L Eqs (2.3.71) and (2.3.77) can be rewritten, applying Eqs (2.3.80) and
(2.3.81)

u = (é) (2.3.82)

K - (2_5) K (2.3.83)

Substituting Eqs (2.3.68), (2.3.82) and (2.3.83) into Eq.(2.3.60) gives

a 2
i Kaje? 4-K-t/c

* |1 + l-H(_L_l'/L_) + _L-H(_L_L/C__] + .L-H[__t__l‘_/c—]
6 \ 2k 22 \Vkued) 7 V2K
(2.3.84)
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with G, and T, equal to unity.

For the development of the accidental spill-model for the River Rhine Eq.(2.3.84)
was used, neglecting the Hermite polynomials H,(7) and H(7) (see also Eq.2.1.12)

o (L,t) = MR * exp

Ja-m-K-t]c?

(- L/c)2} s l'H t-Llc
4-K-t/c? 6 ° 1/2.1{.?/?5]

(2.3.85)

Applying Eq.(2.3.85) (Chatwin-model) for the development of an accidental spill-
model the following parameters have to be calibrated:

* the transport velocity ¢ of a substance, e.g. the dead-zone parameter 3 after
Eq.(2.3.80) and
* the longitudinal dispersion-coefficient K.

Using the semi-empirical expression for the longitudinal dispersion-coefficient K as
derived by Fischer et al. (1979)

2 p2
u, B

a-u

K=« (2.3.86)

X

*

with e, = coefficient of proportionality
B = width of the main stream
a = depth of the main stream
U = shear velocity: u, = u, -V/(g) / C
wherein g = acceleration of gravity
c = Chézy-coefficient, after Strickler C = 25 - (a/k,)"*
ky = equivalent sand roughness after Nikuradse

the calibration of K means the calibration of the coefficient of proportionality .

In Chapter 3 the calibration and verification of these parameters in the Rhine
Alarm-Model are discussed in detail.
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Chapter 3

TRACER EXPERIMENTS RIVER RHINE

3.1 INTRODUCTION

The lag coefficient as well as the longitudinal dispersion-coefficient in the Rhine
Alarm-Model were calibrated and verified by means of tracer experiments
(Spreafico & van Mazijk, 1993) in Switzerland, France, Germany and the
Netherlands (Fig. 3.1.1).

———— Albbruck - Basel 09/88

ssssxxv Rheinau - Basel 07/89 Koblenz
e Village Neuf - Netherlands 04/89 <
09/90

06/91

Huningue - Lobith 05/90
= 07/91

Huningus - StraBburg 11/88

Village-Neuf

Huningue ————
X Basel

Fig. 3.1.1 Tracer experiments in the River Rhine between Lake of
Constance and the Rhine branches in the Netherlands

53



The three main experiments were carried out from Basel (Village Neuf, Begin of
the Rheinseiten Canal, River-kilometre 174.1, Fig. 3.1.2) up to the Rhine branches
in the Netherlands: the River Waal (Vuren, River-kilometre 951.8), the River
Lower Rhine (Hagestein, River-kilometre 946.5) and the River LJssel (Kampen,
River-kilometre 994.5).

point of release | ~

N ! ; 3 /(' 2420
i, \ : \
3

Fig. 3.1.2  Situation of the point of release in Village-Neuf

The experiments are indicated by the month and the year the tracer was released:

* April 1989 (04/89) with a more or less normal-flow in the River Rhine at
the measuring station Rheinfelden (Quuineizen = 1170 m’/s);

* September 1990 (09/90) with a mean low-water discharge (Qgppinfeizen = 663
m?/s) and

* June 1991 (06/90) with a relatively high-water discharge at Rheinfelden
(Qrheinferten = 1820 m’/s)
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Figure 3.1.3 shows the discharge distribution along the River Rhine between
Rheinfelden and Lobith during the experiments concerned, in comparison with the
discharges for mean high-water, normal-flow and mean low-water conditions.
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Fig. 3.1.3  Longitudinal distribution of the river discharge Q during the tracer
experiments in comparison with the mean low-water, normal flow and
mean high-water discharges of the River Rhine

Because the Rhine Alarm-Model is a one-dimensional transport model, assuming a
completely mixed situation at the point of release, the tracer was poured into the
Rheinseiten Canal in the middle of the canal, just upstream of a power station in
order to get very quickly a homogenecous distribution of the tracer over the cross
section of the canal.

In case of the experiments between Basel (Huningue) and Lobith the tracer was
poured into the river from the left bank: experiments 05/90 and 07/91. The tracer
experiment between Basel (Huningue) and StraBburg (11/88) was a first attempt,
with unfortunately incomplete results. The river-discharge conditions during the
expenment 05/90 lie between those of the experiments 04/89 and 09/90: Qginsesien

= 1008 m’/s (Fig. 3.1.4). The river-discharge conditions of the experiment 07/91
are comparable with those of the experiment 06/91.

The two experiments in Switzerland were realized in the Upper-Rhine River from

Albbruck to Basel (09/88) with Qgyineiser = 1068 m’/s and from Rheinau to Basel
(07/89) with Qupeinserzen = 700 m*/s (Fig. 3.1.1).
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Fig. 3.1.5 Longitudinal distributions of the river discharge @ during the tracer
experiments 05/09 and 07/91 in comparison with the discharges
during the experiments 04/89, 09/90 and 06/91

For the tracer experiments an artificial tracer was used: the fluorescence tracer
Rhodamine or Uranine. Due to the expected travel time of the tracer Rhodamine
WT with a half-life period of 1300 hours was chosen in case of the experiments
between Basel and the Netherlands. In case of the experiments in the Upper-Rhine
River Uranine with a half-life period of 11 hours was used. For the experiments
05/90 and 07/91 with measurements between Basel and Lobith the tracer
Rhodamine B with a half-life period of 780 hours was released. All these tracers
have a very low detection limit.

The measured fluorescence can be corrected for background values, due to
pollutant spills downstream of the point of release of the tracer.

The decomposition of the tracer elements is mainly caused by photosynthesis. This
means that the actual value of the half-life period of the tracer depends on the
turbidity of the river water and the climatic conditions, during the tracer
experiment. For instance a tracer experiment with Uranine in the River Aare
executed in 1993, showed a half-life of about 48 hours instead of the 11 hours,
based on measurements under laboratory conditions.
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For the analysis of the influence of tributaries and dead zones on the transport
velocity the tracer experiments 04/89, 09/90 and 06/91 are considered. The results
of the experiments 05/90 and 07/91 are used for the examination of the influence
of the transversal mixing on the one-dimensional approach of the transport velocity
in case of a release at the river bank.

The results of the experiments in the Upper-Rhine River were analyzed in detail by
van Kuik and van Mazijk (1994). They studied the influence of tributaries and
suppressed flow by weirs on the lag coefficient in general and the influence of the
River Aare and the suppressed flow at the vicinity of water-power stations on this
coefficient especially.

3.2 HYDRAULIC BASIS OF THE RHINE ALARM-MODEL

In order to represent the morphological variations along the River Rhine in the
Rhine Alarm-Model the river was split up in a series of branches, which could
subdivided in a series of sub-branches. This schematization of the River Rhine into
branches and nodes is based on stationary flow conditions. In each branch the
discharge is constant and related to a water-level measuring-station for which
‘water-level-discharge’ relation exists (Figs 3.2.1 and 3.2.2). At the nodes the

"Koblenz"

Cochem

River Rhine

River branch with
water-level measuring station KAUB

Fig. 3.2.1 Example of a river branch with water-level measuring-station
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e water-level measuring-stations

Fig. 3.2.2

River Rhine with its main tributaries and the water-level
stations (notice not all stations are named)
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discharge can vary stepwise. In each sub-branch the mean flow-velocity is constant
and is determined by the representative discharge and cross-sectional area of the
sub-branch concerned.

flow time (1)
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sub -
branch
T I 1.02
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per river sub-branch
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Fig. 3.2.3

Flow time as a function
of the distance within a
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Fig. 3.2.4

S

Rheinfelden

The River Rhine between
Basel and Kehl-Kronenhof

river branch for several
river discharges, i.e.
water levels

(PS = power station)

With the sub-branch length L; and the mean flow-velocity u; the flow time of the
sub-branch per discharge can be determined: T; = L/u; (Fig. 3.2.3). Because for
each branch or sub-branch respectively the discharge is determined by the water-
level discharge relation at the measuring stations concerned, the Rhine Alarm-
Model uses water-level/flow-time relations for the computation of the travel time of
a pollution cloud.

Between Village-Neuf (River-kilometre 173.6) and Kehl-Kronenhof (River-
kilometre 292.2) the River Rhine has several lateral branches: canals with power
stations (Fig. 3.2.4). These canals are located at the French territory. For the
discharge ratio between the canals and the River Rhine, France and Germany made
an agreement. This agreement implies a maximum discharge through the canals of
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1400 m*/s and a minimum discharge through the River Rhine of 30 m’/s. The
discharge ratio is related to the discharge at the water-level station Rheinfelden.
The discharge at the water-level station Kehl-Kronenhof is also referred to the
measured discharge at Rheinfelden-station.

For the application of the Rhine Alarm-Model it has to be realized that the
maximum discharge of 1400 m’/s will be exceeded regularly. Moreover, up till a
discharge of 1400 m*/s the discharge control system will be steered by the energy
demand of the Electricité de France (EDF): rise-level control. That means that up
to a canal discharge of 1200 m*/s the water is stored at night and during periods of
high energy demand during the day the stored water is discharged. Therefore the
discharge in the canal will be vary more irregularly than in the River Rhine itself.
Consequently the flow time of the suppressed-flow river-reach between Basel and
Kehl-Kronenhof will not be as constant as it is supposed to be.

Hagestein
Amerongen

_~Arnhem
=

Lobith

F Driel
@

<

Fig. 3.2.5 The Dutch branches of the River Rhine with the weirs at
Driel, Amerongen and Hagestein

The discharge in the Dutch branches of the River Rhine (River Waal, Lower-Rhine
River, River IJssel) are related to the water-level station Lobith at the Dutch-
German border. The steering of the discharges over these branches is achieved by
controlling the weirs at Driel, Amerongen and Hagestein (Fig. 3.2.5). The purpose
of the control system is to guarantee a minimum discharge in the River ssel,
whereas the discharge in the Lower-Rhine River stays at 25 m*/s. However, in case
of low-water situations these discharge conditions are not always realised, because
the control system of the weirs is based on water-level regulation and not on the
river discharge.
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33 CALIBRATION AND VERIFICATION
331 Calibration methods

In the Rhine Alarm-Model the concentration distribution in the time domain is
computed after the Chatwin-model (see Eq. 2.3.85)

me o ¢-vey
J4-n-K-t/c? 4-K-t/c?

(pE(L,t) =

* (1 + iH _I;L_/C—]]
3
6 V2-K-tfc?

3.3.1)

Now the calibration of the Rhine Alarm-Model concerns two parameters (see also
Section 2.3.3):

L] the transport velocity ¢ after Eq.(2.3.80)

c= (3.3.2)
1+ 8

i.e. the lag coefficient 8, by which the model flow-time 7, is corrected in
order to get a good fit with the measured transport-time 7, of the tracer

g=-—"=-1 (3.3.3)

L] the longitudinal dispersion-coefficient (Eq. 2.3.86) after Fischer et al. (1979)

2 2
u, * B

a-u

*

K =« (3.3.49)

X

i.e. the coefficient of proportionality «, in Eq.(3.3.4).

For the calibration of these parameters the main condition concerned the arrival
time of the peak of the concentration distribution of the tracer cloud in the time
domain at the distinguished measuring stations. This condition dominates the
calibration of the lag coefficient 8.
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The longitudinal spreading of the tracer cloud with the corresponding concentration
distribution is calibrated by fitting the coefficient of proportionality e,. Because this
coefficient directly affects the concentration distribution, it influences indirectly the
time of the peak value of the concentration distribution and consequently the
calibrated lag-coefficient value. However, initially this influence will be secondary.

The determination of the value of the lag coefficient is based on comparison of the
measured concentration distribution with the computed one by the Rhine Alarm-
Model. The condition for a good fit of the travel time of the tracer T, related to
the peak value of the concentration distribution is given by (Fig. 3.3.1)

- (Tc)meas, - (TC)
¢ (T, meas.

comp. < 0.05 (3.3.5)

wherein T is the deviation of the measured travel time from the calculated one in
terms of percentage (deviation of travel time).

- —<5%

L (T¢) meas. ;
(T¢) comp. ? X

— CONC.

o %ﬂmm

— =  time

F‘—computed 5 measured

Fig. 3.3.1 Criterium for the comparison of the measured with the calculated
transport-time of the tracer

For the fit of the concentration distribution itself, i.e. the spreading of the tracer

cloud the deviation between the computed concentrations (@ comp.), and the measured
values (@pqs), is considered
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2\12
((Pcomp.)i - ((Pmeas.}i

(3.3.6)
i1 (‘P,,.,,,,,,,,)‘.
o
n
with ¢ = the mean deviation
n = number of considered values

Because in practice the forecasting of the arrival time of the front as well as the
peak concentration of a pollution cloud is normative, the determination of the mean
deviation ¢ only considers concentration values (@), larger than 0.3+( @ comp)

while (® omp)

max
this way the ’tail’ of the concentration distribution is not taken into account.

‘max ’
is the peak value of the computed concentration distribution. In

The best fit of the concentration distribution is found by minimizing the derivatives
of ¢ after «, and B (do/de, and de/dp).

For the calibration of the coefficient of proportionality «, the computed and
measured rate of tracer must be equal at the measuring station concerned.
Therefore the input data for the released quantity of tracer in the model M was
determined for each measuring station, using the measured concentrations after

n
M = Q : E ((pmeas.)i ’ dtl (337)
i-1
with Q = the mean river-discharge at the river branch concerned
dr, = time interval between two concentration measurements

In Eq.(3.3.7) the flux due to the dispersion is neglected, which is acceptable in
case of small concentration gradients. At relatively small distances from the point
of release this condition is already achieved. Because all tracer experiments were
carries out over long distances (more than 10 km) Eq.(3.3.7) will give a good
estimation of the flux.

The resulting rates give insight into the degradation of the used tracer. However,
for a good determination of these rates the concentration distribution in the time
domain has to be complete, which is hardly possible. Besides the detection limit the
length of the tail will be mostly to long to be measured completely. Therefore the
calculated rate by Eq.(3.3.7) is a first approximation for the calibration. The actual
rate has been determined by trial and error during the minimizing-process of the
mean deviation between the measured and computed concentration-distribution.

To avoid these iteration processes for the calibration of the lag coefficient 8 and
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the coefficient of proportionality «, the moments of the measured concentration-
distributions are considered (van Mierlo, 1993).

For the calibration of the lag coefficient the travel time of the tracer cloud is
related to the time-centroid of the concentration distribution at a measuring station
with a distance L from the point of release (see also Eqs (2.3.61) and (2.3.62))

+00

ft CQeas (L1 - At

By = —— (3.3.8)
f‘pmea&(L’t) - dt
The overall lag-coefficient over the distance L is found by
5=t (3.3.9)

Tu
For the calibration of the coefficient «, the variance in the time domain is
considered

+o0

[(t = P OpeasLoD) - dt
o2 = = (3.3.10)

+00

[ @0 (L0 dt

After Eq.(2.3.76) it yields

3

- 1[3 : .(;SL] o? (3.3.11)
(1 + B) )

By substituting of Eq.(2.3.86) into Eq.(3.3.11) the relation between the overall
value of coefficient of proportionality and the variance becomes

o - 1 VAR )2 (3.3.12)
o+ B? B 2-L !

wherein the parameters B, u,, u. and a have to be considered as mean values over
the distance L.

The significance of the tail of the concentration distribution to the time-centroid
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increases with its length. However, a longer tail does not only mean a larger value
for time-centroid, but also larger values for the skewness of the concentration
distribution. Because there are differences in completeness of the measured
concentration-distributions, for instance when the measuring time was to short to
get the complete tail of the distribution, it is necessary to use a truncation criterion
in order to have comparable results. For the criterion the skewness parameter G, is
used (Eq. 2.3.64)

G, = ﬂ (3.3.13)

t
|o; |
with
[(t = 1) @) - dt
8 = — (3.3.14)

+60

[ Opees Lo - dt

—t

In the Rhine Alarm-Model G, is equal to unity in order to get a good reconstruction
of the concentration distribution after the Chatwin-model (Eq. 2.3.85). Therefore
concentration distribution is truncated for G, = 1. Because G, depends on the value
of the time-centroid p, which value has to be calculated previously, the
determination of the truncation time £, is an iterative process

tC

[t~ BUDP G (La) - d

-

Gt = ol D=1 (319
j (t - #,(tc))2 C Qe (L) - dt
) my(t,)
with
my(t,) = 'f @ peas LD - dt (3.3.16)

-

Figure 3.3.2 gives an illustration for the measured concentration-distribution at
Rhine-kilometre 362 of the tracer experiment 04/89 (Maximiliansau) and Fig. 3.3.3
presents the corresponding distribution of the skewness for the non-truncated and
the truncated situation.
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Fig. 3.3.2 Measured concentrations ¢ at station Maximiliansau (Rhine-kilometre
362), tracer experiment 04/89
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Fig. 3.3.3 Distribution of the skewness G,, measuring-station Maximiliansau
(Rhine-kilometre 362), tracer experiment 04/89

If the measuring time of a concentration distribution is too short to achieve a
skewness equal to unity this method does not give reliable values for the time-
centroid and variance. However, determination of the time-centroid and the
variance as well as the flux by minimizing the difference between the measured
distribution and the theoretical approximation after Eq.(2.3.60) is independent of
the completeness of the measured concentration-distribution. Taking for the
skewness G, and the kurtosis T, the value one and neglecting the fourth (H,(t))
and sixth (H (7)) Hermite polynomials, Eq.(2.3.60) becomes

my
¢g(L,t) = ———— - exp
2
20,

2 1
- ‘7} ~[1 + E-H3(t)} (3.3.17)
with
= (t - p)/ (o)

and the third Hermite-polynomial

H.,((t) = 3 - 3.1
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For the comparison of the measured distribution with the computed distribution
after Eq.(3.3.17) a derivative-free Gauss-Newton algorithm, called DUD-method
(Doesn’t Use Derivatives) is applied (Ralston and Jennrich, 1978))). In Fig. 3.3.4
and 3.3.5 the measured distributions at stations Maximiliansau (Rhine-kilometre
362) and Lobith (Rhine-kilometre 862.2) are compared with the theoretical
approximations after Eq.(3.3.17) with the optimized values of the flux m,, the
time-centroid p, and the variance ¢, for the tracer experiment 04/89.

For the calibration of the Rhine Alarm-Model the lag coefficient 8 has to be
determined per river (sub-)branch i. However, the time-centroid g, based on the
moments of the measured concentration-distributions after Eq.(3.3.8) or the DUD-
method, gives the overall-value after Eq.(3.3.9). The relation between this overall-
value B=p., considering the travel time over the distance from the point of release
to the end of sub-branch j, and the local value §; per river (sub-)branch can be
given by (van Mierlo (1993), see also Appendix C)

J (Ax,
R e (3.3.18)
J Ax,

wherein Ax; is the length of sub-branch i.

e s pa —— ‘
=1 Mg —=> . \
By == [ — Ax, F: ]
B,
’ié’z’é’ésif __river sub-branch

" | boundary of a river sub-branch or {
location of a measuring station J

Fig. 3.3.6  Model schematization with sub-branches and the relation between the
overall value §8; and the local value §; per sub-branch

') The applied computer-program was developed by Delft Hydraulics.
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For practical reasons mostly it is not possible to coincide the measuring stations of
a tracer experiment with the boundaries of the (sub-)branches of the model (Fig.
3.3.6). Moreover from a financial point of view it is not possible to carry out
concentration measurements at all model-branch boundaries. Therefore the lag
coefficients of the (sub-)branches between two successive measuring stations have
to be taken equal. If the river reaches between two successive measuring stations
are numbered by 1, ..., m and the model (sub-)branches between two successive
measuring stations by n,,,, ..., n, while n indicates the (sub-)branch concerned,
counted from the point of release, Eq.(3.3.18) can be rewritten into

2 Ax, o Ax,
/312—+ﬂ22*—+“'+ﬁm,2 u
ey - s et B 3.319)
m Ax,
i=1 u,‘

Starting from the point of release the local lag-coefficients per river reach between
two successive measuring stations are determined stepwise (see also Fig. 3.3.7)

r;—,,—;;j- — ﬁnm e it ,,i'

T T |

e ﬂ"z = :\’,] ‘ i
= ﬁ'H :I‘ | . | — AX, r= .

Qﬂ to—to——e—rto
= ﬂ = A ;»I ﬁs l: == ﬁm —

point of | ﬁ river sub-branch boundary
release

= locatlon of a measuring station [

Fig. 3.3.7 Model schematization with sub-branches and the relation between
the overall value B,, and the local value B, between successive
measuring-stations
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B, = = ‘Bnl (3.3.20)
f: Ax,
=1 Y
" Ax, nOAX
X PR
By, = — i (3.3.21)
2 Ax,
i=n+1 u;
or generally written
n n n
m Ax, L Ax X =l Ax,
P X E—+ﬁzZ ——+'"+ﬁm-1 > —
" u' i i=ny+1 i i=n, o+1 u,‘
B, = -
E’" Ax,
i=n,_+1 Y;

(3.3.22)

From the concentration distributions of two successive measuring-stations the lag
coefficient of the river reach m can be found directly after Eq.(3.3.9) by

B - (“r)m N (“t)m-1 -1 (3.3.23)
(1), ~ (1),

with (g = time-centroid of the concentration distribution at the
upstream boundary of the river reach m
(pt,)m_1 = time-centroid of the concentration distribution at the
downstream boundary of the river reach m
(1), = flow time from the point of release to the upstream
boundary of the river reach m
(1), = flow time from the point of release to the downstream

boundary of the river reach m

If the location of the measuring station is between the boundaries of a sub-branch
the lag coefficient of this branch (8,mues) 13 the average value of the lag
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coefficients of the upstream and downstream river-reach

Ax, Ax., J I R e S R

ﬁcomposed ’ [ + U u.

k; Ui i il

wherein B, = upstream value of the lag coefficient
Biei = downstream value of the lag coefficient

Because the flow velocity in a sub-branch is constant u; = wu,,,, thus Eq.(3.3.24)
can be simplified by

_ ﬂi-Axi + ﬁiq‘A‘le (3325)

.B d
Compose. Axi + Ax’}]

For the determination of the coefficient of proportionality (e,); per sub-branch the
composed longitudinal dispersion-coefficient K after the Rhine Alarm-Model (van
Mazijk et al.(1991), see also Eq. 2.3.85) is considered

K =—- 1 (3.3.26)
2
wherein K = longitudinal dispersion-coefficient after Eq.(2.3.86)
c = transport velocity of the pollutant

The relation between the overall value (subscript j = n,) and the local values
(subscript i) is given by

— " K. K,
(K) = t.r =T (3.3.27)
Sin " 2 i 2 N
LR ¢,
wherein T is the transport time T,.
Applying Eq.(2.3.86)
Z.p2 .B%.
K-o- B8, WBC (3.3.28)

and the relation between the variance of the tracer cloud and the dispersion
coefficient after Eq.(2.3.83)
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o = (Z_f] ‘K (3.3.29)

the overall value of the coefficient of proportionality can be determined, using the
second moment of the concentration distributions, by the expression (see van
Mierlo, 1993)

(&), = 5 T o (33.30)
m 2 B». Cnm'(1+'3n ) " Arx,
i1 X
with
a;, * Ax, f:Bl Ax, Y C, - Ay
a, = ;=1nm B, - i=1nm c, - i=1 -
Ax, Y Ax Y Ax,
i=1 i=1 i=1
and

Based on Eq.(3.3.27) with Eqs (3.3.2) and (3.3.28) the relation between the overall
[(oz,),,m ] and local [(e,); ] value of the coefficient of proportionality can be given by
(Appendix C)

a".. ;AX, By, (ax)i'Biz'Ci Axi ,
(%, = 3 2c (1epp POl B D
" n, n, ( +ﬂ"m) m Axi i=1 a; u;
=

(3.3.31)

Given the overall values (ax),,m after Eq.(3.3.30) van Mierlo (1993) derived the
following relation for the local value of the coefficient per river reach m (see also
Appendix C)
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nm 2
(o) °H, E_u)i (1+8,
(a")m = =1 n; +
P, - Y Ax, (3.3.32)
" sl
P, Pn2 an
- (u1>1 P—‘ + (ax)z‘ 7 - (ocx)m_l > !
with i " "
" Ax, ,
an:,~ lHi 7-(1+ﬂ1)
=R, )+ i
and
B:.C
H = q g
4 a

wherein ¢ stands for the subscript concerned.

For the direct determination of the longitudinal dispersion-coefficient and in
succession the coefficient of proportionality (e,), per river reach, the measured
concentration-distributions at two successive stations have to be used. In this case
the analytical solution of the one-dimensional convection-dispersion equation (Eq.
2.1.2) for a given concentration distribution ¢,(x,,_;,t) at the upstream boundary
has to be applied (Appendix D)

y Ax
9 (pst) = 87 [@(x,,2-7) ———2— exp
0

Jam(K), T’

(Axm - cm~r)2]
2"/ |d=e
4-(K), T

(3.3.33)
wherein (see also Fig. 3.3.8)
Ax, = X - X
X, = x-coordinate of the downstream boundary of the river reach m
x-coordinate of the upstream boundary of the river reach m

([

rate of loss of matter over the distance Ax,,
Cp = mean transport-velocity of the pollutant over the river reach m
(K), = longitudinal dispersion-coefficient over the river reach m, related to

the transport velocity ¢,
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Fig. 3.3.8 Definition of x-coordinate and distances concerning the sub-
branches and river reaches between successive measuring-
stations

The parameters ®, ¢, and (K,), are determined by comparing the computed
concentration-distribution @ (x,,,t) after Eq.(3.3.33) with the measured distribution,
using the measured concentration-distribution ¢ (x,_;,?) as the upstream boundary
condition. In the framework of the evaluation of the tracer experiments in the River
Rhine, Bremicker (1989) optimized the parameters by the Gauss-Newton iteration
algorithm (Hartley, 1961 and Jennrich & Sampson, 1968) after the nonlinear-least-
squares method.

With the optimized value of the longitudinal dispersion-coefficient (K,), the
coefficient of proportionality can be found from the Eqs 2.3.80, 2.3.81 and 2.3.86

(4),'BnC

(K), =K,  (1+8,)" = (a,),’ mo(1+8,)F  (3.3.39)

a, Vg

a,g 1

¢, ‘B:-C, (1+8,)

(e,), = (KD, (3.3.35)

in which the subscript m indicates the mean value of the concerned parameter over
the distance Ax,,.
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In case the location of a measuring station lies between the boundaries of a sub-
branch the composed value of «, can be found by analogy with Eq.(3.3.24) after

x)~ ' Axi * (ax)' ) Axiﬂ

= i il (3.3.36)

(a
(ax)composed Axi + Ax;;]

In the Sub-section 3.3.2 the results of the calibration of the parameters 8 and e, in
the Rhine Alarm-Model, based on the tracer experiments 04/89 and 06/91 are
summarized. For the calibration the tracer experiment 06/91 was only partly
considered for several reasons (van Mazijk and van Mierlo 1992). The hydrological
conditions during the tracer experiment 06/91 downstream of Koblenz are more or
less equal to normal conditions, while the conditions during the tracer experiment
04/89 are normal upstream of Koblenz (Fig. 3.1.3). Moreover, the tracer
experiment 04/89 includes only one station (Disseldorf, Rhine-kilometre 759.6)
between Koblenz (River-kilometre 592) and Lobith (River-kilometre 862.2) the
measured concentration-distribution could be used for the calibration by the
optimization-method after Eqs (3.3.5) and (3.3.6). In case of the tracer experiment
06/91 there have been four measuring-stations between Koblenz and Lobith (Table
3.3.1).

TABLE 3.3.1 Measuring stations between Koblenz and
Lobith (tracer experiment 06/91)
Measuring station Rhine-kilometre
Koblenz 590.35
Bad Honnef 640.0
Koln 689.5
Diisseldorf 759.6
Wesel §14.0
Lobith 862.2

The applied calibration-method in Sub-section 3.3.2 concerns the optimization-
method, in which the transport velocity of the tracer cloud is related to the peak
value of the measured concentration-distributions (Egs (3.3.5) and (3.3.6)). The
methods wherein the time-centroid of the concentration distribution is considered,
are used for the evaluation of the results in Section 3.4.
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3.3.2 Results

Figure 3.3.9 presents the comparison of the measured and the calculated
concentration-distributions after the calibration of the parameters § and a, for a
few measuring stations of the tracer experiment 04/89.
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— time after release (day)

— calculated o measured = measured 1

Fig. 3.3.9 Comparison of calculated and measured concentration-distribution,
tracer experiment 04/89

In Fig. 3.3.10 the travel time T, of the water particles, based on the water-
level/flow-time relations in the Rhine Alarm-Model during the tracer experiment, is
compared with the travel time T, of the measured peak-concentration of the tracer.
The difference between these two travel-times results into the values of the lag
coefficient 8 after Eq.(3.3.3).

The distribution of the lag coefficient 8 in the Rhine Alarm-Model is presented in
Fig. 3.3.11. In this figure the position of the main tributaries are marked, as well
as the end of the lateral branches between Basel and Kehl-Kronenhof (see also Fig.
3.2.4). The German-Dutch border is marked by the water-level station Lobith.
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Fig. 3.3.10 Travel time of the peak-concentration compared with the mean flow-
time, tracer experiment 04/89
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Fig. 3.3.11 Distribution of the lag coefficient 8 from Basel (Rhine-kilometre
173.6) to Vuren on the R. Waal (Rhine-kilometre 951.8)
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Fig. 3.3.12 Deviation T, of the measured travel-time from the calculated time
after Eq.(3.3.5) for three tracer experiments after calibration by the
experiment 04/89

With these values for the Q-coefficient the relative difference between the
calculated and measured travel-time of the peak concentration of the tracer T after
Eq.(3.3.5) lies within the 5%-limit (see Fig. 3.3.12). It should be noticed that the
resulting 3-values are also influence by the optimization of the «,-parameter as well
as the flux M (see also Eq. 3.3.7). Therefore only $-values of 0.05 or more are
significant.

Including the additional calibration for the River Rhine reach between Koblenz and
Lobith by the tracer experiment 06/91 the 5%-limit for the arrival time of the peak
concentrations also holds quite well for the tracer experiments 09/90 and 06/91
(Fig. 3.3.12).

The distribution of the calibrated «,-value in the Rhine Alarm-Model is presented
in Fig. 3.3.13. After Fischer et al. (1979) the semi-empirical value of «, is 0.011,
but can be 4 times smaller and larger. Tracer experiments in the Albert Canal and
the Kempen Canals (Belgium) gave values of about ten times smaller, due to the
small flow-velocities and therefore relatively uniform flow-velocity profiles over
the cross section (Craenenbroeck et al., 1985). Thus it can be concluded that the
calibrated values for the canal-reaches between Basel and Kehl-Kronenhof (Rhine-
kilometre 292.2) confirm the values of the Belgium canals, while the values for the
river-reaches correspond with those, found by Fischer et al. (1979).
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Fig. 3.3.13 Distribution of the coefficient of proportionality e, from Basel (Rhine-
kilometre 173.6) to Vuren on the R. Waal (Rhine-kilometre 951.8)

As already indicated in section 3.2 the three branches of the River Rhine in the
Netherlands are represented explicitly in the Rhine Alarm-Model: the River Waal
from the bifurcation at Pannerden (Rhine-kilometre 867.2) till Vuren (Rhine-

@ Kampen

Hagestein

Vuren Nijmegen — ® Rbing

Fig. 3.3.14 Overview of the Rhine branches in the Netherlands
downstream of Lobith
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kilometre 951.8), the Pannerden Channel from the bifurcation at Pannerden till the
bifurcation near Arnhem (Rhine-kilometre 878.5) and from this bifurcation the
River Lower Rhine till Hagestein (Rhine-kilometre 946.5) and the River lssel till
Kampen (Rhine-kilometre 994.5). An overview of the Rhine branches is given in
Fig. 3.3.14.

In Fig. 3.3.15 the calibrated lag-coefficients §8; for the River-Rhine branches in the
Netherlands are presented explicitly.
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Fig. 3.3.15 Distribution of the lag coefficient 8 along the Rhine branches in the
Netherlands

TABLE 3.3.2 Deviation of the travel time T, after Eq.(3.3.5) along the Dutch
branches of the River Rhine

measuring station tracer experiment

04/89 09/90 06/91
Arnhem (Rhine-km 876.9) - 5% -
Nijmegen (Rhine-km 884.73) - 3% -36%
Vuren (Rhine-km 951.8) -1.75% 5% -4.0 %
Hagestein (Rhine-km 946.5) -1.7 % - -28 %
Kampen (Rhine-km 994.5) -23% 4 % -
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For the calibration only concentration measurements at Lobith, Vuren, Hagestein
and Kampen were available (tracer experiment 04/89). During the tracer
experiments 09/90 and 06/91 also concentration distributions at Arnhem and
Nijmegen were carried out. The results of these additional measuring-stations were
indirectly taken into account for the determination of the parameters by the
optimization-method after Eqs (3.3.5) and (3.3.6) related to the peak value of the
concentration distribution (van Mazijk and van Mierlo, 1992). The deviation of the
travel time T, after Eq.(3.3.5) for the tracer experiments is presented in Table
3.3.2.
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Fig. 3.3.16 Distribution of the coefficient of proportionality «, along the Rhine
branches in the Netherlands

In Fig. 3.3.15 the calibrated e -values for the Dutch branches of the River Rhine
are presented. The a,-values are twice the semi-empirical value of 0.011 (Fischer
et al., 1979), which is within the margin of the factor four, Fischer et al. (1979 )
found for natural streams. The reason for these relatively large values could be the
presence of the groyne-fields along the Rhine branches in the Netherlands. The
additional turbulence, they excite as well as their influence on the cross-sectional
velocity-profile, can increase the longitudinal dispersion.
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34 DISCUSSION
34.1 The canalized Rhine between Basel and Kehl-Kronenhof

The calibrated values of the lag coefficient 8 between Basel and the water-level
measuring-station Kehl-Kronenhof will represent the difference between the flow
velocity based on the German-French agreement concerning the discharge ratio
between the canals and the River Rhine, and the actual flow-velocity. However,
this difference depends on the rise-level control by the power stations. Because for
small river-discharges the storage period of water will be longer than during larger
river-discharges, the difference between the mean flow-velocity after the German-
French agreement and the actual velocity will be larger in case of small river-
discharges and smaller in case of larger discharges. Consequently the deviation 7,
will be positive in case of the tracer experiment 09/90 with a smaller discharge
than during the experiment 04/89, and negative in the case of the experiment 06/91
with a larger discharge (Fig. 3.3.12).

For verification of this statement the 3-values of the canal and river branches in the
Rhine Alarm-Model between Basel and Kehl-Kronenhof are calibrated additionally
by the experiments 09/90 and 06/91 (van Mazijk and van Mierlo, 1992). The
results of this calibration are summarized in Table 3.4.1.

TABLE 3.4.1 Mean values of the lag coefficient 8 between Basel and Kehl-
Kronenhof
Tracer experiment
04/89 09/90 06/91
River discharge at Rheinfelden (m'/s) 1170 660 1820
B-value 0.095 0.22 0.023

Using these calibrated values of 8 for the verification of the Rhine Alarm-Model by
the tracer experiments 09/90 and 06/91 the deviation T, downstream of Kehl-
Kronenhof reduces (Fig. 3.4.1). This proves a significant influence of the rise-level
control on the transport velocity, which can be hardly taken into account in the
Rhine Alarm-Model. On one hand it is difficult to get on-line information about the
rise-level control-system and on the other hand the level-discharge manipulations at
the power stations result into a variation of the flow-velocity over a relatively short
time-interval, which cannot be represented by the Rhine Alarm-Model. Moreover
the calibrated lag-coefficient § between Basel and Kehl-Kronenhof represents an
artificial manipulation and does not give information about natural transport
phenomena.
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Fig. 3.4.1 Influence of the rise-level control between Basel and Kehl-Kronenhof
on the travel time of the tracer
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Therefore further analysis of the calibrated B-values of the River Rhine between
Basel and Kehl-Kronenhof will not be executed, except in relation to the results of
the verification by the tracer experiments 05/90 and 07/91, carried out between
Huningue and Lobith (Fig. 3.1.1). In case of these experiments the tracer was
released at the left bank of the river, about 5 km upstream of the bifurcation of the
River Rhine and the Rheinseiten Canal (Fig. 3.1.4).

Especially just downstream of the point of release, where the tracer is not
completely mixed over the cross section of the river or canal, the deviation T, of
the travel time is more than 10% (Fig. 3.4.2). This deviation can be explained by
the incomplete cross-sectional mixing of the tracer and the flow-velocity profile
over the cross-sectional area of the river or canal.

34.2 Significance of the lag coefficient between Kehl-Kronenhof and
Lobith

Comparison of the *measured’ time-centroid after Eq.(3.3.8) with the truncation
condition after Eq.(3.3.15) with the optimized time-centroid after the DUD-method
(Ralston and Jennrich, 1978) with Eq.(3.3.17) shows a good agreement (Fig.
3.4.3). Although the concentration distribution of the last measuring-station Lobith
is missing a part of the tail (Fig. 3.3.5), this does not disturb this agreement.

~=—  optimized
time-centroid
after DUD

/ ! —=— peak concentration

travel time (h)

. . S {
’ |
L L —+ — — l7 e

0 20 40 60 80 100 120 140

travel time related to the 'measured’ centroid (h)

Fig. 3.4.3 Relation between the travel time, based on the ’measured’ time-
centroid after Eq.(3.3.8) and the travel times, based on the peak-
concentration and the optimized time-centroid, applying Eq.(3.3.17)
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Apparently the incompleteness of the tail of distribution has no significant effect on
the overall travel-time of the tracer cloud, related to the time-centroid.

The travel time based on the peak concentration is smaller than the travel time
based on the time-centroid. This means that the lag coefficient 3, based on the peak
concentration (Rhine Alarm-Model) should be smaller than the B-value derived
from the ’measured’ time-centroid after Eq.(3.3.8). Figure 3.4.4 confirms this
more or less up till Rhine-kilometre 500.

Downstream of Rhine-kilometre 500 the tracer-experiment 04/89 only includes
three measuring stations: Bingen (Rhine-kilometre 530.15), Diisseldorf (Rhine-
kilometre 759.6) and Lobith (Rhine-kilometre 862.2). This means that the positive
value of the lag coefficient downstream of the River Mosel, found by the additional
calibration of the river reach Koblenz-Lobith by the experiment 06/91, has to be
excluded for the comparison with the results, based on the ’measured’ time-
centroid (Fig. 3.4.4). The negative $-values between Rhine-kilometre 500 and 750
are within the range of non-significance (smaller than 5%). The negative g-value of
about 6% downstream of the Rhine-kilometre 750 shows that the incompleteness of
the tail of the 'measured’ concentration-distribution at Lobith (Fig. 3.3.5) might
have an significant effect on the Jlocal travel-time between two successive
measuring-stations (see also Fig. 3.4.5).
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Fig. 3.4.4  Comparison of the distributions of the local lag-coefficient, based on
the peak-concentration (Rhine Alarm-Model) and after Eq.(3.3.22),
based on the "measured’ time-centroid (Egs 3.3.8 and 3.3.9)
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In Fig. 3.4.5 the local lag-coefficient § is presented per river reach between two
successive measuring-stations of the tracer-experiment 04/89 downstream of Kehl-
Kronenhof up to Lobith. The B-values are determined after Eq.(3.3.23), using the
’measured’ time-centroid after Eq.(3.3.8) with the truncation condition after
Eq.(3.3.15) (van Mierlo, 1993) and the optimized value for the time-centroid after
the DUD-method. The two methods give comparable distributions with the
exception of the last river reach, where the incompleteness of the measured
concentration-distribution at Lobith might have caused the negative value instead of
the positive one in case of the DUD-method.
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ﬁ m oal— - L) j\,, N P T time-centroid
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Fig. 3.4.5 Lag coefficient §3,, per river reach between two successive measuring-
stations from Kehl-Kronenhof downstream to Lobith, tracer
experiment 04/89

Although the overall travel-times, based on the ’measured’ time-centroid after
Eq.(3.3.8) and based on the optimized value after the DUD-method are more or
less the same (Fig. 3.4.3), the calculated local lag-coefficients 8, after Eq.(3.3.23)
can differ significantly (Fig. 3.4.5).

Considering Eq.(3.3.23)

B) - (K
B, = <_‘.)m_um_1 -1 (3.4.1)
(T, = (Tl
with () = time-centroid of the concentration distribution at the

upstream boundary of the river reach m
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(p),,, = time-centroid of the concentration distribution at the
downstream boundary of the river reach m

(T, = flow time from the point of release to the upstream
boundary of the river reach m
Ty, = flow time from the point of release to the downstream

boundary of the river reach m
it will be clear that small deviations in the time-centroid g, or the flow time T, can
give large deviations in the lag coefficient 8,,. After the square propagation-law of
errors the variance of the lag coefficient 8, can be approximated by

[(m), - (8, ]

(T, - (T, ]

1 2
0,2=20?-[—— = | +2¢.2
ﬂm t - T“
g ((T)m (T),HJ

or
Aup)?
0,7 =202 1 20,2 ( ’)m4 (3.42)
with o, = standard deviation of the time-centroid
oy = standard deviation of the flow time

3

In Table 3.4.2 the data of (AT, ) after the Rhine Alarm-Model and (Ag, ) after
the DUD-method are presented for the tracer experiment 04/89. The variance of
the time-centroid can be estimated at 20 minutes and the variance of the flow-time
will be up to 10 till 20 minutes, in accordance with an error in the water-level
measurement of about 0.10 m or 5% in the discharge due to inaccuracies in the
applied relation between the water level and the river discharge.

TABLE 3.4.2 Data of time-centroid (DUD-method), flow time (Rhine Alarm-
Model) and variance of the lag coefficient (tracer experiment

04/89)
river reach between two successive (AT,) (Ap,) B, I oy l
measuring-stations " " "
(Rhine-kilometre) (h) ()
294.15 - 3105 5.66 6.9048 0.22 Q.11
3105 - 3403 10.14 11.4696 0.13 0.06
3403 - 362 4.07 3.4152 -0.16 0.14
362 - 426.2 11.93 12.4080 0.04 0.05
426.2 - 498.5 17.08 23.2752 0.36 0.04
498.5 - 530.15 7.53 8.4168 0.13 0.08
530.15 - 759.6 41.16 39.5760 -0.04 0.01
759.6 - 862.2 22.49 23.7504 0.06 0.02
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In Fig. 3.4.6 the distribution of lag coefficient in accordance to the variance after
Table 3.4.2 is presented in comparison with the distribution of the ’'measured’
time-centroid after Eq.(3.3.8), including the truncation after Eq.(3.3.15).
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Fig. 3.4.6  Distribution of lag-coefficient
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Fig. 3.4.7 Significant values of the lag coefficient. Comparison of the results of

the time-centroid (8,) with the peak-concentration after the Rhine
Alarm-Model (3)
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Figure 3.4.6 shows that the variance of the lag coefficient depends on the distance
between two successive tracer measuring-stations: the smaller the distance the
larger the error of the lag coefficient becomes. Considering the variance and
assuming B3,-values up to 0.05 as non-significant, it can be stated that between the
measuring-stations Kehl (Rhine-kilometre 294.15) and Plittersdorf (Rhine-kilometre
340.3) the B,-value is significantly positive (0.10 till 0.20). Between Plittersdorf
and Mannheim (Rhine-kilometre 426.2) the derived B,,-values can be considered as
non-significant, which agrees with @-values, based on the transport velocity of the
peak concentration (Fig. 3.4.4). From Rhine-kilometre 426.2 to 498.5 (Mainz) the
value of the lag coefficient is about 0.35 and between Mainz and Bingen (Rhine-
kilometre) about 0.10, while over the river reach from Bingen to Diisseldorf
(Rhine-kilometre 759.6) the lag coefficient is negligible. Downstream of Diisseldorf
the value of B, tends to a significant value. In Fig. 3.4.7 these conclusions are
summarized and compared with the results based on the peak concentration.

343 Comments on the lag coefficient between Kehl-Kronenhof and
Lobith

Figure 3.4.8 presents the schematized River Rhine after the Rhine Alarm-Model
between Kehl-Kronenhof and Lobith, including the water-level measuring-stations
and the tracer measuring-stations of the experiment 04/89, as well as the additional
stations Koblenz (Rhine-kilometre 590.35) and Bad Honnef (Rhine-kilometre 640)
of the experiment 06/91.

Mostly a positive 8-value indicates stagnant zones with which the tracer exchanges.
An examination of the River Rhine between Kehl-Kronenhof and Lobith shows
only artificial stagnant zones (groyne-fields) between Rhine-kilometre 290 and 380
and downstream of Rhine-kilometre 650 (Table 3.4.3). Comparing this information
with the distribution of the lag coefficient after Fig. 3.4.7, it can be concluded, that
the lag coefficient of 0.1 till 0.2 between Rhine-kilometre 294.15 and 340.3, as
well as the slight increment of the lag coefficient downstream of Rhine-kilometre
759.6 are caused by groyne-fields. Between Rhine-kilometre 290 and 350 the
groyne-fields partly occupy half of the river width (Fig. 3.4.9).

To which extent the rise-level control at the power stations upstream of Rhine-
kilometre 290 and the control of the power-stations Gambsheim (Rhine-kilometre
309) and Iffezheim (Rhine-kilometre 334) have influenced the resulting lag-
coefficients between Rhine-kilometre 290 and 340, has not been examined.

Apparently the groyne-fields between Rhine-kilometre 350 and 376 as well as
between 650 and 760 do not have a significant influence on the local 3-value.
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Fig. 3.4.9 Confluence of the River Rhine and the lateral canal (Canal d’Alsace)
near the tracer measuring-station Kehl (Rhine-kilometre 294.15)
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TABLE 3.4.3 Groyne-fields along the River Rhine between Kehl-Kronenhof

and Lobith
Rhine-kilometre groyne-fields

291 - 299 continuously at the right river-bank
310 - 320 continuously at the right river-bank
320 - 345 fairly continuously at both river-sides
345 - 376 continuously at both river-sides
650 - 740 incidentally at both river-sides
740 - 760 continuously at the left river-bank
760 - 800 incidentally at both river-sides
800 - 846 continuously at the right river-bank
846 - 862 continuously at both river-sides

The large value of the lag coefficient between Rhine-kilometre 426.2 (Mannheim)
and Rhine-kilometre 530.15 (Bingen) (see also Fig. 3.4.8) concerns river reaches
downstream of the two main tributaries of the River Rhine: the River Neckar at
Rhine-kilometre 428.5 and the River Main at Rhine-kilometre 496.8. After the
width-ratios of the tributaries and the main river as well as the angle of intersection
(see Table 2.2.1) a lag coefficient of 10 till 35% as a result of the cross-sectional
flow-velocity profile and an incompletely mixed situation, caused by the inflow of
the tributaries cannot be expected in advance (see Section 2.2.2).

TABLE 3.4.4 Lag coefficient 8, for the river reach Mannheim (Rhine-
kilometre 426.2) - Mainz (Rhine-kilometre 498.5) in relation to
the river discharges

tracer- River discharges
experiment

River Rhine tributaries 8
water-level measuring-stations "

Speyer | Worms | Mainz | R. Neckar | R. Main
04/89 1581 1808 2150 227 342 0.30
(14%) (19%)
09/90 689 748 813 59 65 0.20
8%) (7%)
06/91 1827 1929 2084 102 155 0.02
(5%) (8%)
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However, an analysis of the transport of the tracer-cloud between Mannheim and
Mainz, based on the time-centroid after the DUD-method for the three tracer-
experiments 04/89, 09/90 and 06/91, shows a significant influence of the
discharges of the tributaries on the lag coefficient (Table 3.4.4). The discharges of
the River Rhine at the water-level measuring-station Worms are during the tracer
experiments 04/89 and 06/91 of the same order of magnitude. The discharges of
the tributaries are quite different: about 5% of the discharge of the River Rhine in
case of the experiment 06/91 and about 15% in case of the experiment 04/89.
Consequently high discharges of the tributaries in terms of percentage mean large
values of the lag coefficient B8,. Considering the tracer experiments 09/90 and
06/91 the discharges of the tributaries in terms of percentages are more or less the
same, while the discharge of the River Rhine differs a factor 2.6 and the lag
coefficient a factor 10. Thus for low-water situations the tributaries have relatively
more influence on the transport velocity of the tracer cloud than for high-water
situations.

The influence of the River Neckar on the transport of the tracer cloud in case of
the experiment 04/89 was examined in detail by additionally measured
concentration-distributions at Ludwigshafen (Rhine-kilometre 431.0 at the left bank
of the river) and Worms (Rhine-kilometre 443.4 in the middle of the river). The
results are presented in Table 3.4.5. At the river reach Mannheim-Ludwigshafen
the influence of the River Neckar on the tracer transport concerns a river distance
of 2.5 km, while at the river reach Worms-Mainz the River Main already
influences the transport over a distance of 1.7 km. The influence of the tributaries
is evident.

TABLE 3.4.5 Lag coefficient 8, for the river reach Mannheim (Rhine-
kilometre 426.2) - Mainz (Rhine-kilometre 498.5), tracer
experiment 04/89

river reach 8. | o |

Mannheim - Ludwigshafen 1.56 0.77
(km 426.2) (km 431.0)

Ludwigshafen - Worms 0.30 0.20
(km 431.0) (km 443.4)

Worms - Mainz 0.29 0.04
(km 443.4) (km 498.5)
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Fig. 3.4.10 Concentration distributions at four positions in the cross section at
Mainz, Rhine-kilometre 498.5 (tracer experiment 06/91)
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Fig. 3.4.11 Location of the tracer measuring-
station Mainz (Rhine-km 498.5)
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At short distances downstream
of a tributary an inhomogeneous
concentration-distribution  over
the river cross-section will
occur. At the river bank the
inflow is situated the concentra-
tions will be smaller than in the
middle of the stream. Measure-
ments in the cross section at 1.7
km downstream of the inflow of
the River Main at the right
border of the River Rhine show
these differences in Fig. 3.4.10.
Figure 3.4.11 shows the location
of these measurements.

Considering the time-centroid of
the different concentration-
distributions, the travel time of
the distributions at the river
banks are larger (Table 3.4.6).



TABLE 3.4.6 Time-centroid at the measuring-station Mainz  (tracer
experiment 06/91)

position in the river cross-section time-centroid
(h)

left bank 78

left of the middle of the river 77.5

right of the middle of the river 77.5

right bank 79.5

The time-centroid at the left bank is half an hour later than in the middle of the
river and at the left bank about 2 hours. If the difference of 2 hours should be
representative for the influence of the tributaries in case of the tracer experiment
06/91, the lag coefficient 8,, for the river reach Mannheim - Mainz should become
more than 0.10 instead of 0.02.

Referring to the considerations made above it can be concluded that in case of low-
water the tributaries Neckar and Main influence the transport of substances
significantly (8, ~ 0.20). In case of high-water situations there will be also a
significant influence, if the discharge of a tributary constitutes a significant part of
the total discharge of the River Rhine (more than 10%).

Apparently the retardation of the transport is caused by the exchange of substances
between the main stream and the inflow of the tributary with different mean flow-
velocities, comparable with the two-zone model after Chikwendu and Ojiakor
(1985). For a more detailed quantification of the lag coefficient in relation to the
river discharges, flow-patterns downstream of the tributaries have to been
measured.

As a matter of fact, the approximation of the two-dimensional transport-phenomena
downstream of a tributary by schematizing the polluted river-branch as a number of
point releases over a certain width of the river after Eq.(2.2.21) is a simplification,
which does not hold quite well (see also Fig. 2.2.10, B,/B ~ 0.875).

The positive lag-coefficient (8) downstream of the tributary Mosel (see Fig.
3.3.11) is based on the tracer experiment 06/91: the measured concentration-
distributions at Koblenz (Rhine-kilometre 590.35) and Bad Honnef (Rhine-
kilometre 640.0) (see also Fig. 3.4.8). Analysis of the transport-time between those
two stations after the DUD-method, showed that the calibrated value of 0.15 is not
significant (see Table 3.4.7). For comparison also the B,-value is determined by
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TABLE 3.4.7 The lag coefficient downstream of the tributary Mosel
(Koblenz) in case of the tracer experiment 06/91

river reach Rhine DUD-method
(Rhine-km) Alarm- B. o5, |
Model .
8. peak conc. time-
: centroid
592.5 - 634.0 0.15 - - -
590.35 - 640.0 - 0.06 0.02 0.06
426.2 - 4985 - - 0.02 0.03
(see Table 3.4.4)

considering the peak value of the optimized concentration-distribution after
Eq.(3.3.17) (DUD-method). The results are similar to those found for the river
reach Mannheim - Mainz (Table 3.4.4). Likewise the discharges of the tributary
and the main river are similar: the discharge of the River Mosel is about 7% of the
discharge of the River Rhine upstream of the inflow of the tributary.

ﬁfbﬁéﬁ; ﬁ)
@ = measured
(ug/l) e optimized

Bad Honnef _|

-~ measured

= optimized

— time after release (day)

Fig. 3.4.12 Concentration distributions at Koblenz (Rhine-kilometre 590.35) and
Bad Honnef (Rhine-kilometre 640), tracer experiment 06/91
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The positive value, found after the optimization-method, related to the peak
concentration in the Rhine Alarm-Model, might be caused by the deformation of
the concentration-distribution between Koblenz and Bad-Honnef, due to the islands
in the river bed. In Fig. 3.4.12 the measured concentration-distributions are
compared with the optimized distribution after Eq.(3.3.17) (DUD-method). The
main deformation concerns the reduction of the length of the taill of the
distributions and consequently a reduction of the optimized variance of the
distribution. The distributions also show that the distance between the stations
Koblenz and Bad Honnef in relation to the travel-time and the variance of the
measured concentrations is relatively small. This might have lead to inaccuracies in
the determination of the lag coefficient after the applied optimization-method and
therefore a relatively unreliable value of the lag coefficient.

Referring to the analysis of the travel-time between Mannheim and Mainz for low-
water situations the lag coefficient between Koblenz and Bad Honnef must have a
significant value. Analysis of the concentration distributions at Koblenz and Bad
Honnef at low-water conditions (tracer-experiment 09/90) after the DUD-method
confirm this expectation 8,, > 0.05 (Table 3.4.8)

TABLE 3.4.8 The lag coefficient between Koblenz (Rhine-kilometre 590.35)
and Bad Honnef (Rhine-kilometre 640)

tracer- river discharge
experiment : : ) 8., |os |
River Rhine River Mosel "
(upstream of R.Mosel)
06/91 2150 140 0.02 0.06
(7%)
07/91 1700 120 0.03 0.05
(71%)
09/90 800 80 0.08 0.04
(10%)
04/89 2350 500 0.03 0.06
(20%)

The measured concentration-distributions at Koblenz and Bad Honnef, during the
tracer experiment 04/89 were incomplete and showed measurement errors, which
made these measurements inapplicable for the optimization-method, related to the
peak concentration. However, by using the DUD-method and adapting the
distributions to the most plausible ones by the following corrections (see Fig.
3.4.13):
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Fig. 3.4.13 Adaptation of the measured concentration-distributions at Koblenz
(Rhine-kilometre 590.35) and Bad Honnef (Rhine-kilometre 640),
tracer experiment 04/89

° correcting the measured concentrations by an estimated background-
concentration;
L] dividing the measured concentrations at Bad Honnef by a factor 1.42,

according to a revised value of the used reference-substance, which at a later
stage was applied for a number of measured distributions of the tracer
experiment 04/89 and

] neglecting the second peak-values of the distribution at Bad Honnef,

an analysis of the travel time has become possible. The results are presented in

Table 3.4.8.

Considering the discharges of the River Rhine and the River Mosel, it can be
concluded that in contrast with the inflows of the tributaries Neckar and Main, the
inflow of the River Mosel effects the transport of the tracer only in case of low-
water conditions.

3.44 Comments on the dispersion coefficient between Kehl-Kronenhof
and Lobith

After Nordin and Troutman (1980) the variance of the concentration distribution in

the time domain increases linear with the distance to the point of release (see also
Eq. 2.3.70). In Fig. 3.4.14 this relation is presented for the tracer experiment
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04/89, considering the measured’ variance after Eq.(3.3.10) with the truncation of
the tail of the concentration-distribution after Eq.(3.3.15) and the DUD-method,
applying Eq.(3.3.17). The ’measured’ variances, applying Eq.(3.3.10) on the
measured distributions is systematically larger than those determined by minimizing
the difference between the measured distribution and the approximation by
Eq.(3.3.17) after the DUD-method. However, generally both plots show an
increment of the variance with the distance.

S , .
T - measured ' |
fol variance |

linear
approxtmatlon‘

DUD-method ‘

linear {
approxlmanon ’

oA o B B _
200 300 400 500 600 700 8CO 900

— Rhine-kilometre

Fig. 3.4.14 Plot of the variance o, as a function of the distance, tracer experiment
04/89

The truncation of the tail influences the value of the variance directly. The more
the tail is truncated the smaller the variance becomes. As a matter of fact the value
of the variance is significantly influenced by the truncation condition and the
reliability and the completeness of the measured concentration-distribution. This
makes the determination of the coefficient of proportionality e,, based on the
moments of the measured concentration-distributions less objective than the DUD-
method, by which the measured concentration-distribution is compared with the
approximation after Eq.(3.3.17). This conclusion is in contrast with the
determination of the time-centroid, which is restrictedly influenced by the
truncation condition (see also Fig. 3.4.3). Due to the mentioned influence of the
truncation condition on the determination of the time-variance, the results of this
method are not used for further analysis.

In Fig. 3.4.14 the distribution of the time-variance after the DUD-method has two
spots, where the variance is decreasing: between Ludwigshafen (Rhine-km 431.0)
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and Worms (Rhine-km 443.4) and between Koblenz (Rhine-km 590.35) and Bad
Honnef (Rhine-km 640.0). These stations are situated in the vicinity of the main
tributaries Neckar and Mosel. To what extent downstream of tributaries the flow
patterns for instance can reduce the variance in the time-domain has not been
examined. On the other hand these stations were not taken into account for the
calibration of the Rhine Alarm-Model, because the measured distributions were not
applicable for the used optimization-method, related to the peak concentrations (see
also Fig. 3.4.13). Therefore these stations are left aside for the analysis of the
coefficient of proportionality a,.

The extremely large value of the time-variance at Lobith (Rhine-km 862.2) is
probably caused by the peculiar distribution of the measured concentration (see
Fig. 3.3.5). After the plot of Fig. 3.4.14 a more realistic value could be 0.17 day”.
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Fig. 3.4.15 Overall value of the proportionality coefficient a, for the experiment
04/89, based on the Rhine Alarm-Model values after Eq.(3.3.31) and
the variance after the DUD-method with Eq.(3.3.30)

In Fig. 3.4.15. the distribution of the overall value of the coefficient of
proportionality a, is presented concerning to the calibrated values (a,); of the Rhine
Alarm-Model after Eq.(3.3.31) and the time-variance after Eq.(3.3.30). Both
distributions show a decrease of the coefficient between the measuring stations
Mannheim (Rhine-km 426.2) and Bingen (Rhine-km 530.15), the river reach where
the two main tributaries Neckar and Main flow into the River Rhine. Apparently
these tributaries not only cause a significant retardation of the transport velocity
(Section 3.4.3), but also influence the concentration distribution in such a way, that
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the variance decreases locally. In accordance to this reduction the local values of
the proportionality coefficient will be very small over this river reach (Fig.
3.4.16).

0.02 T-—- . !i— Rhine
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Fig. 3.4.16 Comparison of the distributions of the local value of the coefficient of
proportionality «, after the Rhine Alarm-Model and based on the
time-variance after the DUD-method

Downstream of Rhine-kilometre 362 (Maximiliansau) the e«,.-coefficient after the
Rhine Alarm-Model is systematically larger than the coefficient, based on the time-
variance after the DUD-method. A reason for this difference is the applied
optimization-method. In case of the calibration of the Rhine Alarm-Model after
Eq.(3.3.6), the tail of the concentration distribution is taken into account, while the
optimization after the DUD-method considers the peak values as more important
than the tail values (see Fig. 3.4.17 and 3.4.18).

In case of the measuring-station Diisseldorf (Fig. 3.4.18) the measured
concentration-distribution as well as the optimized distribution after the DUD-
method concern a distribution, which is corrected by a background concentration.
For the optimization in the Rhine Alarm-Model the non-corrected concentration-
distribution was used (Fig. 3.4.19).

The comparisons of the optimized concentration-distributions in Figs 3.4.17 and 18
show that the DUD-method sometimes can give a smaller value, but considering
the relative importance of the tail, this method will mostly give the best
approximation. Due to the large variation of the a,-coefficient with a factor 4, as
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Fig. 3.4.17 Comparison of the measured concentration-distribution at
Maximiliansau (Rhine-km 362) with the approximations after the
optimization-methods
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Fig. 3.4.18 Comparison of the measured concentration-distribution at Diisseldorf
(Rhine-km 759.6) with the approximations after the optimization-
methods with background-concentration correction
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Fig. 3.4.19 Comparison of the measured concentration-distribution at Diisseldorf
(Rhine-km 759.6) with the approximations after the optimization-
method in the Rhine Alarm-Model without background-concentration
correction

‘ tracer experiment
(mys) 0 W)} = 04/89

S EE A B - - 09/90
< 06/91

O,.,,i;,’éi 5 N O

200 300 400 500 600 700 800 300

— Rhine-kilometre

Fig. 3.4.20 Mean longitudinal dispersion-coefficient K, after Eq.(2.3.81) from the
point of release (Rhine-km 174.1) downstream to the measuring

station concerned for three tracer experiments (Spreafico & van
Mazijk, 1993)
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Fischer et al. (1979) suggest, a detailed analysis of the accuracy of this coefficient
has not been carried out (see also Table 3.4.9). Referring to the a,-values found
for the River Rhine between Kehl-Kronenhof and Lobith, based on the tracer
experiment 04/89, an overall value of 0.007 for this river reach would be an
acceptable estimation. This means that the average longitudinal dispersion-
coefficient will become about 2500 m?%s (Table 3.4.9). In Fig. 3.4.20 the
longitudinal dispersion-coefficient after the Rhine Alarm-Model for the tracer
experiments 04/89, 09/90 and 06/91 is presented.

TABLE 3.4.9 The coefficient of proportionality «,, based on experimental
measurements of longitudinal dispersion in open channels,
comparison of data after Fischer et al. (1979) and the River
Rhine between Kehl-Kronenhof and Lobith

Channel depth | width | mean flow- shear dispersion proportionality
velocity velocity | coefficient coeft.
ax
(m) (m) (m/s) (m/s) (m?/s)
Chicago Ship Channel 8.07 | 48.8 0.27 0.0191 3.0 0.003
Trapeziodal laboratory 0.035 | 0.40 0.25 0.0202 0.123 0.009
channel 0.047 | 0.43 0.45 0.0359 0.253 0.011
with roughened sides 0.035 | 0.40 0.45 0.0351 0.415 0.016
0.035 | 0.34 0.44 0.0348 0.250 0.014
0.021 0.33 0.45 0.0328 0.400 0.012
0.021 | 0.19 0.46 0.0388 0.220 0.023
Missouri River 2.70 200 1.55 0.074 1500 0.003
Copper Creek, Virginia 0.49 16 0.27 0.080 20 0.042
(below gage) Q.85 18 0.60 0.100 21 0.015
0.49 16 0.26 0.080 9.5 0.022
Clinch River, Tennessee 0.85 47 0.32 0.067 14 0.004
2.10 60 0.94 0.104 54 0.004
2.10 53 0.83 0.107 47 0.005
Copper Creek, Virginia 0.40 19 0.16 0.116 9.9 0.050
(above gage)
Powell River, Tennessee 0.85 34 0.15 0.055 9.5 0.017
Cinch River, Virginia 0.58 36 0.21 0.049 8.1 0.004
Coachella Canal, 1.56 24 0.71 0.043 9.6 0.002
California
River Rhine between 5.7 335 1.30 0.094 ~ 2500 0.007
Kehl-Kronenhof and
Lobith
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345 The lag coefficient in the Dutch Rhine-branches

The discharges in the Dutch Rhine-branches (Fig. 3.4.21) are related to the water-
level station Lobith (see also Section 3.2). Because the travel times from Lobith to
the measuring stations Vuren (R. Waal), Hagestein (R. Lower-Rhine) and Kampen
(R. Issel) are one day or more, depending on the discharge at Lobith, stationary
flow conditions are necessary for a correct determination of the lag coefficient,
using the flow times of the Rhine Alarm-Model (Table 3.4.10).

@ Kampen

Hageste

Vuren Nijmen

Overview of the Rhine branches in the Netherlands

downstream of Lobith

Fig. 3.4.21

TABLE 3.4.10 Flow times during the tracer experiments after the Rhine
Alarm-Model (Version 2.1)
tracer river flow times
experiment | discharge (day)
at(i?z)th Lobith-Vuren | Lobith-Hagestein | Lobith-Kampen
04/89 2979 0.8867 0.9786 1.6762
09/90 954 1.2125 17.9396 2.7572
06/91 2383 0.9473 1.0549 1.8579
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Fig. 3.4.22 Discharge at the water-level station Lobith during the period the
tracer is passing

Considering the discharges at Lobith for the tracer experiments 04/89, 09/90 and
06/91 during the period the tracer cloud passes Lobith, it can be concluded that this
holds for the tracer experiments 09/90 and 06/91 (Fig. 3.4.22). Because the flow
times during the tracer experiment 04/89 are smaller than one day, except for the
river reach Lobith - Kampen, the situation during this tracer experiment can also be
considered as stationary. However, for the river reach Lobith - Kampen the
discharge during the day, the tracer cloud passes the station Lobith, as well as the
discharge during the following day have to be considered. In case of the tracer
experiment 09/90 the flow time Lobith - Hagestein is more than two weeks, thus
the stationary situation had to last this long period, which did not occur. After five
days the river discharge at Lobith increases up to values of more than 1300 m’/s.
Therefore special attention will be paid on the results of this river reach below (see
also Section 3.2).

In Table 3.4.11 the measuring stations for which the time-centroid could be
determined by the DUD-method are presented (van Mazijk, et al., March 1991,
June 1991 and December 1992). From these centroids the transport time of the
tracer cloud can be determined and compared with the flow time, which gives after
Eq.(3.4.1) the lag coefficient per river reach concerned
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TABLE 3.4.11 Time-centroid of the measuring stations downstream of Lobith

measuring station river branch Rhine-kilometre ()
(see also Fig.
3.4.20) (day)
tracer experiment 04/89
Lobith River Rhine 862.2 6.9383
Vuren River Waal 951.8 8.0834
Hagestein River Lower-Rhine 946.5 8.2825
Kampen River Jssel 994.5 8.7358
tracer experiment 09/90
Lobith River Rhine 863.30 11.340
Bimmen River Rhine 865.02 11.307
Nijmegen River Waal 884.73 11.691
Vuren River Waal 951.80 12.749
Arnhem Pannerden Channel 876.90 11.770
Kampen River 1Jssel 994.50 14.046
tracer experiment 06/91
Lobith River Rhine 863.30 6.704
Bimmen River Rhine 865.02 6.532
Nijmegen River Waal 884.73 6.759
Vuren River Waal 951.80 7.692
Arnhem Pannerden Channel 876.90 7.709
Hagestein River Lower-Rhine 946.50 8.072
Ap
B, - ( '?"‘ -1 (3.4.3)
(ATu )m
with (Ap) = difference between the time-centroid of two
successive measuring-stations (river reach m)
(AT) = the flow time between the two successive

measuring-stations concerned (river reach m)

Because along the Dutch Rhine-branches groyne-fields are present at both river
sides, the difference between the measured transport-velocity and the flow velocity,
quantified by this lag coefficient must be caused by these groyne-fields or dead
zones. Consequently the determined lag-coefficient 8, is primarily related to the
dead-zone parameter § after Eq.(2.1.11)
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(3.4.4)
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with A,
A,

cross-sectional area of the main stream
cross-sectional area of the dead zone

i

A comparison of the time-centroids of Lobith and Bimmen (tracer experiments
09/90 and 06/91) shows a difference in such a way that the centroid of the tracer
cloud passes Bimmen earlier than Lobith, although Lobith lies upstream of
Bimmen. In case of the tracer experiment 09/90 (low river-discharge) the
difference is about three quarters of an hour and in case of the experiment 06/91
the difference amounts to 4 hours. A comparison of the measured concentration-
distributions shows that the peak values are passing more or less at the same time
(Fig. 3.4.23). The differences in concentration values might be caused by the
inflow of the tributaries Lippe and Emscher about 50 and 70 km respectively
upstream of Lobith at the right bank of the river. The smaller concentration-
distribution, measured at the right bank (measuring-station Wesel, Rhine-kilometre
814), just upstream of the River Lippe and 19 km downstream of the River
Emscher might confirm this (Fig. 3.4.24).
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Fig. 3.4.23 Comparison of the measured concentration-distributions at Lobith

(right river-bank) and Bimmen (left river-bank), tracer experiment
06/91
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Fig. 3.4.24 Comparison of the measured concentration-distributions at Wesel
(right river-bank) and Bimmen (left river-bank), tracer experiment
06/91

In case of the tracer experiment 09/90 the difference between the time-centroids of
Lobith and Bimmen are smaller than in case of the experiment 06/91. The reason
could be that the used concentration-distribution at Lobith is based on measure-
ments at four spots in the river cross-section and at Bimmen only on measurements
at the left bank of the river.

In Table 3.4.12 the time-centroids and the times related to the measured peak-
concentrations, are presented. In Table 3.4.13 the derived lag-coefficient for the
river reach Lobith/Bimmen - Nijmegen based on these time-centroids as well as on
the time of the measured peak-values are collected. The diversification of the
determined values of the lag coefficient as well as the magnitude of the variance of
this coefficient show that the distance between Lobith/Bimmen and Nijmegen is
that short, that inaccuracies will have a very large influence on the results. This
can be explicitly shown by comparison of the flow time over the distance Lobith/
Bimmen - Nijmegen which is about 0.25 day (Table 3.4.13), and the length of the
concentration distribution in the time domain, which amounts a few days (Fig.
3.4.25). This means among others, that a slight deformation of the concentration
distribution, caused by a non-homogeneously mixed situation over the cross-
sectional area of the river (see also the differences between Lobith and Bimmen in
Fig. 3.4.23), can have a large influence on the magnitude of the lag coefficient,
which has nothing to do with the actual travel-time of the tracer cloud.
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TABLE 3.4.12 Comparison of the time-centroid and the time of the measured
peak-value of the concentration distributions at Lobith, Bimmen
and Nijmegen

measuring station Rhine-kilometre time-centroid time of
(), peak value
(T,)
(day) (day)
tracer experiment 09/90
Lobith 863.30 11.340 10.8292
Bimmen 865.02 11.307 11.0167
Nijmegen 884.73 11.691 11.2458
tracer experiment 06/91
Lobith 863.30 6.704 6.3438
Bimmen 865.02 6.532 6.3854
Nijmegen 884.73 6.759 6.5938

TABLE 3.4.13 Lag coefficient for the river reach Lobith/Bimiaen - Nijmegen

river reach flow- time-centroid peak value
time
@L) @), | 8. | log,Im | @) | B | 1o, 1™
(day) (day) (day)

tracer experiment 09/90

Lobith-Nijmegen 0.2572 | 0.351] 0.36 0.25 0.4166 0.62 0.26
Bimmen-Nijmegen 0.2336 | 0.384 0.64 0.29 0.2291 -0.02 0.26

tracer experiment 06/91

Lobith-Nijmegen 0.2164 | 0.055 | -0.75 0.27 0.2500 0.16 0.29
Bimmen-Nijmegen 0.1994 | 0.227 0.14 0.32 0.2084 0.05 0.31

*) after Eq.(3.4.2) with g, = o, = 60 min. and o = 20 min.

The higher concentrations measured at Nijmegen on the left bank (Fig. 3.4.25)
confirms the difference in concentration values between Lobith (right bank) and
Bimmen (left bank) (Fig. 3.4.23). For that reason the lag coefficient of 0.14 based
on the time-centroid of the distributions, measured at Bimmen and Nijmegen,
might be more true for the river reach Lobith - Nijmegen than the value based on
the measurements at Lobith and Nijmegen (Table 3.4.13). In case of the tracer
experiment 09/90 the considered concentration-distributions at Lobith as well as at
Nijmegen are based on measurements at four spots over the river cross-section.
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Fig. 3.4.25 Comparison of the measured concentration-distributions at Lobith

(right river-bank) and Nijmegen (left river-bank), tracer experiment
06/91
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Fig. 3.4.26 Distribution of the dead-zone parameter 8 along the River Rhine
between Lobith (Rhine-km 862.2) and Nijmegen (Rhine-km 884.5)
after the SOBEK-model for @, ,;x = 954 m*/s
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Therefore the lag coefficient of 0.36 based on the time-centroids of these measured
concentration-distributions is more true than the coefficient based on the compari-
son of the time-centroids of Bimmen and Nijmegen (Table 3.4.13).

In Fig. 3.4.26 this lag coefficient 3, = 0.36 is compared with the distribution of
the dead-zone parameter 8 ?) along the River Rhine between Lobith and Nijmegen
for a river discharge at Lobith of 954 m’/s (tracer experiment 09/90) after the
SOBEK-model’). In this situation the mean dead-zone parameter § = 0.07 if the
dead zones, caused by river harbours and lakes with open connections with the
River Rhine, are excluded and 0.53 if they are included. Apparently the large value
for the lag coefficient ( 8, = 0.36 ) is the result of the large residence time of the

harbours/lakes  harbours/lakes

0.6 1} %f — 71 ST e e
s Tosal 4] ul | — SOBEK-model |
I > mean B-value after
the SOBEK-model
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( Lo excl harboury/lakes

0.3 . i - RN (N . —}-

gl | lag coefficient B,,

— tracé?iéxp. 06/91 ' |

e W er exp. 06/5

Lobith Nijmegen

Fig. 3.4.27 Distribution of the dead-zone parameter 8 along the River Rhine
between Lobith (Rhine-km 862.2) and Nijmegen (Rhine-km 884.5)
after the SOBEK-model for Q, ., = 2383 m'/s

%) If the parameter 8 concerns the ratio of the cross-sectional areas of the stagnant
zones and the main stream of a river, the indication of ’dead-zone’ parameter will
be used; in case the parameter concerns the transport of a pollutant in relation to
the flow velocity, the indication of ’lag coefficient’ is taken.

%) For hydrodynamic flow and transport calculations the Dutch branches of the River
Rhine are schematized in a number of reaches and nodes. The model concerned is
SOBEK (Delft Hydraulics & Ministry of Transport, Public Works and Water-
management, 1995). By this model the total cross-sectional area as well as the
cross-sectional area of the main stream can be calculated every 500 m for a certain
river-discharge at Lobith.
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tracer cloud as a whole in the river reach concerned (a few days), by which the
exchange of tracer with these harbours/lakes can become of a significant influence
on the transport velocity. In case of the tracer experiment 06/91 with a river
discharge of 2383 m?/s at Lobith the lag coefficient 8,, (= 0.14) is comparable
with the mean dead-zone parameter 8 (= 0.12) in case the dead zones, caused by
the harbours and lakes are excluded (Fig. 3.4.28).

For the determination of the lag coefficient of the River Waal between Nijmegen
(Rhine-kilometre 884.73) and Vuren (Rhine-kilometre 951.8) the tracer
experiments 09/90 and 06/91 have to be considered. Table 3.4.14 shows the
results.

TABLE 3.4.14 Lag coefficient of the River Waal between Nijmegen and
Vuren
tracer experiment (AT, )m (Ap, )m 8,. | o5, | *)
(day) (day)
09/90 0.9553 1.058 0.11 0.07
06/91 0.7309 0.933 0.28 0.09

*) see Note of Table 3.4.13

In case of the tracer experiment 09/90 the concentration distributions concerned are
based on measurements at four spots in the river cross-section at Nijmegen and at
two spots in the river cross-section at Vuren. Referring to the non-homogeneously
mixed situation at Lobith and Nijmegen (Figs 3.4.23 and 3.4.25) the derived time-
centroids for Nijmegen and Vuren are representative for the transport velocity of
the tracer cloud. In case of the tracer experiment 06/91 the time-centroid at
Nijmegen is based on measurements at the left bank of the river and at Vuren at
the right bank. Because effects of non-homogeneously mixed situations reduces
with the distance concerned, its influence on the derived lag-coefficient in case of
this experiment will be limited. This means that the difference between the

TABLE 3.4.15 Overall lag-coefficient of the River Rhine and the River Waal
between Lobith/Bimmen and Vuren
tracer River discharge at Lobith | (AT, )m (Ap, )m B. l % l *)
experiment (m¥/s) (day) (day)
04/89 2979 0.8867 [ 1.1451 | 0.29 0.07
09/90 954 1.2125 | 1.4090 | 0.16 0.05
06/91 2383 0.9303 | 1.1600 | 0.25 0.07

*) see Note of Table 3.4.13

115




measured lag-coefficients of the two tracer experiments in Table 3.4.14 is relevant.
Thus the lag coefficient increases with the river discharge. A comparison of the lag
coefficient between Lobith and Vuren for the three tracer experiments 04/89, 09/90
and 06/91 confirms this conclusion (Table 3.4.15). Apparently a significant
increment of the discharge means an increment of the water-level and consequently
an increment of the dead-zone parameter after Eq.(3.4.4).

In Figures 3.4.28 and 3.4.29 the lag coefficients 8,, for the River Waal between
Nijmegen and Vuren (Table 3.4.14) are compared with the dead-zone parameter 8
after the SOBEK-model for the two river discharges at Lobith (945 and 2383 m'/s),
referring to the tracer experiments 09/90 and 06/91. The observed increment of the
dead-zone parameter with the river discharge is confirmed by the SOBEK-model.
In contrast to the conclusion made above. that the influence of the stagnant zones,
caused by river harbours and lakes is significaut for low river-discharges, the
comparison of the measured lag-coefficient with the mean values of the dead-zone
parameter (incl. and excl. river harbours and lakes) after the SOBEK-model
suggests more influence of the river harbours and lakes on the transport velocity of
the tracer in case of a larger discharge. However, the overall lag-coefficients §,,
for the whole river-reach between Lobith and Vuren for the three tracer experi-
ments 04/89, 09/90 and 06/91 show comparable differences with the mean values
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Fig. 3.4.28 Distribution of the dead-zone parameter B along the River Waal
between Nijmegen (Rhine-km 884.5) and Vuren (Rhine-km 951.8)
after the SOBEK-model for Q, ;. = 954 m'/s
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Fig. 3.4.29 Distribution of the dead-zone parameter 8 along the River Waal
between Nijmegen (Rhine-km 884.5) and Vuren (Rhine-km 951.8)
after the SOBEK-model for @, ;..

= 2383 m®/s

of the dead-zone parameters after the SOBEK-model (Table 3.4.16). Thus the
stagnant zones, caused by the river harbours and lakes have to be taken into
account into the dead-zone parameter to a certain degree, depending on the rate of
exchange of tracer.

TABLE 3.4.16 Overall lag-coefficient and dead-zone parameter of the River
Rhine and the River Waal between Lobith/Bimmen and Vuren
tracer River discharge lag dead-zone parameter 8 lag coefficient
experiment at Lobith coeff. after SOBEK after the
Rhine Alarm-Model
3 B incl. excl. Lobith Nijmegen
(m’/s)
harbours/ | harbours/ - -
lakes lakes Nijmegen Vuren
04/89 2979 0.29 0.49 0.22
09/90 954 0.16 0.39 0.10 0.10 0.18
06/91 2383 0.25 0.44 0.17
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The measurements at Arnhem were executed in the Pannerden Channel (Rhine-
kilometre 876.9) just upstream of the bifurcation River Lower-Rhine and River
Hssel at Rhine-kilometre 878.5 (Fig. 3.4.21). This station gives the opportunity to
determine the lag coefficient of this Channel with a length of 11.3 km, by
comparing its measured time-centroid with those of Lobith/Bimmen at about 3.5
km upstream of the bifurcation Waal - Pannerden Channel at Rhine-kilometre
867.2. In Table 3.4.11 the time-centroids based on the measured concentration-
distributions after the DUD-method for the tracer experiments 09/90 and 06/91 are
presented. In case of the tracer experiment 06/91 the difference between the time-
centroids of Lobith/Bimmen and Arnhem is about one day, whereas the flow time

TABLE 3.4.17 Lag coefficient 8,, of the Pannerden Channel between Lobith

and Arnhem
tracer experiment (AT, ),, (Ap,) B.n | L/ l *)
(day) (day)
09/90 0.298 0.430 0.44 0.22

*) see Note of Table 3.4.13
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Fig. 3.4.30 Comparison of the measured concentration-distributions at Lobith
(cross-sectional mean values) and Arnhem (left river-bank), tracer
experiment 09/90
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between these stations is about 3 h. Due to this large difference the concentration-
measurements at Arnhem of the tracer experiment 06/91 have to be disqualified. In
case of the tracer experiment 09/90 the time-centroid at Lobith is based on
measurements at four spots in the river cross-section, whereas the time-centroid of
Bimmen as well as of Arnhem is based on measurements at the left bank of the
river. Referring to the non-homogeneously mixed situation at Lobith/Bimmen only
the measurements of Lobith will be taken into account. The results are presented in
Table 3.4.17.

Due to the relatively small distance between the measuring stations Lobith and
Arnhem (13.6 km) the influence of inaccuracies in the time-centroid is fairly large
(50%). Moreover at such small distances the influence of the non-homogeneously
mixed situation at Lobith can also disturb the results as well as the fact that the
transport time is much smaller than the length of the concentration distributions in
the time domain (Fig. 3.4.30). Therefore the derived 8,-value of 0.44 have
reduced relevance. On the other hand the relatively large residence-time of the
tracer cloud in the river reach Lobith-Arnhem (bifurcation River IJssel) might have
caused a more significant influence of the harbours and lakes on the transport of
the tracer as it was already observed for the river reach Lobith-Nijmegen.
However, in Fig. 3.4.31 the results of the analysis of the dead-zone parameter
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Fig. 3.4.31 Dead-zone parameter along the River Rhine and the Pannerden
Channel between Lobith (km 862.2) and Arnhem (bifurcation IJssel,
km 878.3) after the SOBEK-model for @, .., = 954 and 2979 m*/s
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after the SOBEK-model indicate that a lag coefficient §8,, of about 0.20 (including a
certain influence of the river harbours and lakes) is more true than the value of
0.44 for the low river-discharge of 954 m*/s at Lobith. After this analysis the dead-
zone parameter becomes 0.25 to 0.30 for a river discharge of about 3000 m%/s at
Lobith. Moreover, these values after the SOBEK-model agree quite well with the
calibrated value of 0.20 for the lag coefficient of the Pannerden Channel in the
Rhine Alarm-Model (Table 3.4.18).

TABLE 3.4.18 Overall lag-coefficient and dead-zone parameter for the River
Rhine and the Pannerden Channel between Lobith/Bimmen and
Arnhem (bifurcation River [Jssel)

tracer River discharge lag dead-zone parameter 3 lag coefficient
experiment at Lobith coeff. after SOBEK after the
Rhine Alarm-Model
(m¥/s) B incl. excl. Lobith Pannerden
harbours/ | harbours/ - Channel
lakes lakes Pannerden
Channel
04/89 2979 - 0.79 0.25
0.10 0.20
09/90 954 0.44 0.72 0.12

For the River Lower-Rhine the measuring stations Arnhem and Hagestein have to
be considered. However, only during the tracer experiment 09/90 the measured
concentration-distribution at Arnhem seems to be reliable, whereas the
measurement at Hagestein is failing. The reason is that after the Rhine Alarm-
Model the tracer should have passed this measuring station about a week later than
it actually did (Fig. 3.4.27). As a matter of fact for low-water conditions (Q; s <
1400 m®/s) the flow times in the Rhine Alarm-Model are based on the weir-
regulation-programme S285 of the Dutch Ministry of Transport and Public Works
by which the discharges over the Rhine branches are regulated by the weirs in the
River Lower-Rhine (see also Section 3.2, Fig. 3.2.5). This programme implies that
for low-water conditions the discharge in the River Lower-Rhine is kept constant at
25 m’/s in order to guarantee a minimum discharge of 285 m%/s in the River IJssel.
However, an analysis of the flow and transport times between Lobith and
Hagestein based on measured time-series of chloride concentrations at Lobith and
Hagestein demonstrates that in case of low-water situations the discharge in the
River Lower-Rhine can vary substantially (between 0 and 100 m*/s). The main
reason is the fact that the steering of the weirs primarily is based on water-level
control. Consequently the transport time between Lobith and Hagestein can deviate
a week or more from the times after the Rhine Alarm-Model (van Mazijk et al.,
1992; van Mazijk, 1993; van Mazijk and Wuijts, 1995).
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Fig. 3.4.32 Transport time between Lobith and Hagestein in relation to the river
discharge at Lobith. Comparison of the Rhine Alarm-Model with the
tracer experiments and the time-series of chloride measurements (van
Mazijk and Wuijts, 1995)

In case of the tracer experiment 09/90 with a river discharge at Lobith of 954 m’/s
at the day the tracer cloud starts passing this station, the related flow time till
Hagestein is more than 17 days (Table 3.4.10). However, after eight days the
discharge at Lobith has increased up to over 1300 m'/s (see also Fig. 3.4.22),
which also can cause a smaller flow time downstream of Arnhem and consequently
an earlier arrival of the tracer cloud at Hagestein.

To what extent the actual control-system on the River Lower-Rhine has also
influenced the actual discharge in the Pannerden Channel and consequently the
derived lag-coefficient of 0.44 for this Channel (Table 3.4.17) has not been
examined.

Thus, in order to get an indication of the lag coefficient for the River Lower-Rhine
the measured concentration-distributions at Lobith/Bimmen and Hagestein during
the tracer experiments 04/89 and 06/91 have to be considered. In Table 3.4.19 the
results, based on the time-centroids of the distributions concerned after the DUD-
method are collected. In case of the tracer experiment 06/91 the mean value of the
time-centroids of Lobith and Bimmen are used.

121



TABLE 3.4.19 Lag coefficient between Lobith/Bimmen and Hagestein

tracer River discharge at Lobith | (AT, ), (Ap, )m B, | o, | *)
experiment (m*/s) (day) (day)

04/89 2979 0.9786 | 1.3442 | 0.37 0.07

06/91 2383 1.0464 | 1.4540 | 0.39 0.06

*) see Note of Table 3.4.13

A comparison of the resulting lag-coefficients (0.37 and 0.39) with the dead-zone
parameter after the SOBEK-model, averaged over the river reach Lobith -
Hagestein, suggests a relatively large influence of the river harbours and lakes on
the transport time of the tracer: the difference between the lag coefficient 3, and
the dead-zone parameter B after the SOBEK-model, neglecting the harbours and
lakes is about 0.10 (see Table 3.4.20). Considering the lengths of the river reaches
Lobith-Pannerden Channel (5.1 km), Pannerden Channel (11 km) and the River
Lower-Rhine until Hagestein (66 km) the measured lag-coefficients of 0.39 and
0.37 as well as the dead-zone parameters after SOBEK are representative for the
River Lower-Rhine. According to the variance of the derived lag-coefficient, it can
be finally concluded that the lag coefficient of the River Lower-Rhine is about 0.30
till 0.35, which agrees quite well with the calibrated lag-coefficient in the Rhine
Alarm-Model.

TABLE 3.4.20 Overall lag-coefficient and dead-zone parameter for the River-
Rhine reach between Lobith/Bimmen and Hagestein

tracer River discharge lag dead-zone parameter g lag coefficient
experiment at Lobith coeft. after SOBEK after the
Rhine Alarm-Model
(m’/s) B incl. excl. m* (2) 3)
harbours/ | harbours/
lakes lakes
04/89 2979 0.37 0.97 0.26
0.10 020 | 0.29
06/91 2383 0.39 0.95 0.23
*) river reaches
) Lobith - Pannerden Channel  (length of the river reach 5.1 km)
@) Pannerden Channel ( " 11 km)
3) River Lower-Rhine ( ' 66 km)

For the River IJssel the measuring stations Arnhem (Pannerden Channel) and
Kampen have to be considered. Only during the tracer experiment 09/90 from both
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stations concentration-distributions are available. In Table 3.4.21 the results are
presented. For comparison of the results of tracer experiments 09/90 with those of
the experiment 04/89 the lag coefficient has also be derived for the river reach
Lobith - Kampen. It has to be noticed that the flow time between Lobith and
Kampen in case of the tracer experiment 09/90 is less than three days (Table
3.4.10), whereas from the time, the tracer passes the measuring-station Lobith, the
following three days the discharge at this station is more or less stationary (Fig.
3.4.22). This means that the results cannot be disturbed by discharge variations, so
in this way the results should be reliable.

TABLE 3.4.21 Overall lag-coefficient between Lobith/Bimmen and Kampen

tracer discharge River reach (AT,) (Ap,) 8., l o l *)
experiment | at Lobith " " ”
(m%/s) (day) (day)
04/89 2979 Lobith-Kampen 1.6762 1.7975 0.07 0.04
09/90 954 Arnhem-Kampen 2.4592 2.2760 -0.07 0.03
Lobith-Kampen 2.7572 2.7060 -0.02 0.02

*) see Note of Table 3.4.13

However, a comparison of the derived lag-coefficients 8, for the river reach Lobith
- Kampen (Table 3.4.21) with the dead-zone parameter 8 after the SOBEK-model
shows remarkable deviations (Table 3.4.22). Based on the dead-zone parameter the
expected values of the lag coefficients for the river reach concerned should be at
least in the range of 0.10 till 0.25 instead of the range of 0 till 0.10. Analysis of
the measured concentration-distributions at Kampen demonstrates that the approxi-
mation of the measured concentration-distribution by the Chatwin-model (Eq.
3.3.17) after the DUD-method does not reproduce the tail of the distribution quite

TABLE 3.4.22 Overall lag-coefficient and dead-zone parameter for the River-
Rhine reach between Lobith and Kampen

tracer River discharge lag dead-zone parameter 3
experiment at Lobith coeff. after SOBEK
8 incl. excl.
(m¥s) " harbours/ | harbours/
lakes lakes
04/89 2979 0.07 0.80 0.20
09/90 954 -0.02 0.84 0.09
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Fig. 3.4.33 Comparison of the measured concentration-distribution with the
approximation after the DUD-method and the time-centroids

concerned (tracer experiment 09/90, measuring-station Kampen)

well (Fig. 3.4.33). Therefore the resulting time-centroid after the DUD-method is
too small. In case of the tracer experiment 09/90 the tail of the concentration
distribution is measured completely. Thus the time-centroid based on these
measurements after Eqs (2.3.61) and (2.3.62) is correct. In case of the tracer
experiment 04/89 the tail of the concentration distribution is not measured
completely (Fig. 3.4.34). For a good approximation of the time-centroid the
distribution is extrapolated. The lag coefficients for the river reach Lobith -
Kampen, based on the improved values of the time-centroid of the measuring-
station Kampen, are shown in Table 3.4.23.

TABLE 3.4.23 Overall lag-coefficient between Lobith and Kampen
tracer discharge at Lobith (AT,) (Ap, ) B..
experiment
(m?/s) (day) (day)
04/89 2979 1.6762 2.16 0.29
09/90 954 2.7572 3.20 0.16
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Fig. 3.4.35 Comparison of the measured concentration-distribution at Kampen

(tracer experiment 04/89) with the calibrated distribution after the
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IJssel
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These values of the lag coefficients are in the same proportion to the dead-zone
parameters after the SOBEK-model as found for the other Dutch branches of the
River Rhine. However, the calibrated value of the lag coefficient in the Rhine
Alarm-Model (based on the experiment 04/89) amounts zero. This can be explained
by the calibration method. In this method primarily the peak concentration is fitted
and in the second place the concentration distribution for which only concentration-
values larger than 30% of the peak value (Sub-section 3.3.1) are concerned. The
latter criterion means that the tail becomes less important. Moreover, the Rhine
Alarm-Model applies the Chatwin-model after Eq.(3.3.17) with a skewness G, = 1,
which means that the calibration will have results, which are comparable with those
after the DUD-method. Thus it is not always possible to reproduce with the
Chatwin-model the steep front of a measured concentration-distribution as well as
the complete tail. In Fig. 3.4.35 the measured concentration-distribution at Kampen
(tracer experiment 04/89) is compared with the distributions after the Rhine Alarm-
Model for two B-values for the River lssel: 8 = O (calibration) and 8 = 0.20. It
illustrates the restrictions of the applicability of the Chatwin-model for the
reproduction of the dead-zone parameter 8 by the lag coefficient §,,.

TABLE 3.4.24 Lag coefficients $8, and dead-zone parameters 8 in the Dutch
branches of the River Rhine (Q, ., = 2000 to 3000 m®/s)

river reach dead-zone lag coefficient
parameter
SOBEK-model | DUD-method | Rhine
(excl. after Alarm-
harbours/lakes) | Eq.(3.3.17) | Model
River Rhine 0.12 0.14 0.10
(Lobith-bifurcation Pannerden/Nijmegen)
River Waal 0.20 0.27 0.18
(bifurcation Pannerden /Nijmegen-Vuren)
Pannerden Channel 0.25 no reliable 0.20
measurement
River Lower-Rhine 0.25 0.38 0.29
(bifurcation R. IJssel - Hagestein)
River IJssel 0.15 0.07 0
(bifurcation R. IJssel - Kampen) (~ 0.25) %
*) based on the time-centroid, determined from the measured concentration-

distribution itself by Eqs (2.3.16) and (2.3.62)
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In Table 3.4.24 an overview of the significant values of the lag coefficient 8,,.
determined by the DUD-method after Eq.(3.3.17) as well as by the calibration of
the Rhine Alarm-Model, and the dead-zone parameters 8 after the SOBEK-model is
given for normal-flow conditions (river discharges of 2000 to 3000 m*/s at Lobith).

In Chapter 4 the influence of artificial dead-zones (groyne-fields) on the lag
coefficient will be examined in detail by a numerical model. The purpose of this
examination is to determine the relationships between the dead-zone parameter,
based on measured cross-sectional areas of a river and the resulting lag-coefficient.
With these relationships it might be possible to feed the values of lag coefficients 8
into alarm models in advance.
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Chapter 4

DEAD-ZONE MODEL

4.1 INTRODUCTION

The transport velocity ¢ of a pollutant in case of dead zones made by groyne-fields
is defined by Eq.(2.3.9)

c- s (4.1.1)

wherein u, is the flow velocity in the main stream, while the dead-zone parameter
8 %) is defined by

p - % 4.1.2)

with A, as the cross-sectional area of the main stream and A, as the total cross-
sectional area of the dead zone (see Fig. 2.1.8, Section 2.1).

However, the transport velocity ¢, defined by Eqs (4.1.1) and (4.1.2) will be
achieved at large distances from the point of release (see Sub-section 2.3.2). This
means that in between the effectiveness of the dead-zone influence on the transport
velocity ¢ of the resulting concentration-distribution is smaller than based on the
value of 8 defined by Eq.(4.1.2) In this case it is preferred to use the actual dead-

zone parameter, i.e. the actual lag-coefficient 8, defined by
4,
=x -2 4.1.3)
ﬂact. A

with x as the ratio of actuality, representing the actual effect of the stagnant zones
on the transport velocity.

After the degenerated pair of coupled Egs (2.3.19) and (2.3.18) there are two
waves to be distinguished at short distances of the point of release (Eq. 2.3.42).

%) if the parameter 8 concerns the ratio of the cross-sectional areas of the stagnant
zones and the main stream of a river, the indication of ’dead-zone’ parameter will
be used; in case the parameter concerns the transport of a pollutant in relation to
the flow velocity, the indication of 'lag coefficient’ will be taken.
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The first wave propagates with the flow velocity u,, while the second wave
propagates more slowly. Near the point of release the peak concentration is
dominated by the first wave. Thus the distribution of the «-value with the distance
from the point of release depends on the definition of the transport velocity. Mostly
for the determination of the transport velocity the time-centroid of the concentration
distribution is considered. On the other hand the last part of the tail of measured
concentration-distributions usually fails. In those cases the peak concentration is
often used for the determination of the transport velocity. Therefore the analysis of
the distribution of the x-value in Section 4.3 will concern both definitions.

0.4 A ’ i
0.3 - . &
H mean
J— A i
0.22 0.2 a : éi gﬁz ] ‘ value
0.1 4 j E: ;: % a% =
' e
0 : : : £ 62
9 20 40 60 80 km:
Lobith Vuren

Fig. 4.1.1 Distribution of the dead-zone parameter 8 after the SOBEK-
model along the River Rhine between Lobith and Vuren for
O, = 3000 m?/s, neglecting harbours, lakes etc.

Further it has to be realized that the cross-sectional area of the dead zones along a
river branch is not constant. In Fig. 4.1.1 the distribution of the dead-zone
parameter after Eq.(4.1.2) is presented for the River Rhine between Lobith (Rhine-
km 862.2) at the German-Dutch border and Vuren on the River Waal (Rhine-km
951.8) for the situation during the tracer experiment of April 1989 with a river
discharge at the measuring-station Lobith of 2979 m’/s (van Mazijk et al, March
1991). For the determination of the B-values the SOBEK-schematization (Delft
Hydraulics & Ministry of Transport, Public Works and Watermanagement, 1995)
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of this branch of the River Rhine has been used. By this model the total cross-
sectional arca as well as the cross-sectional area of the main stream can be
determined every 500 m for a certain river-discharge at Lobith. In the presented
distribution of the dead-zone parameter (Fig. 4.1.1), stagnant zones caused by river
harbours, lakes etc. with an open connection with the river, are left out of
consideration. That means that 8-values larger than 0.8 are not taken into account.
The mean value of 0.22 is the arithmetical average.

Taking the length of the river-reach per calculated 8-value into account, a relation
between the value of the dead-zone parameter § and the part of the branch of the
River Rhine between Lobith and Vuren with values equal to or less than the
considered one, can be determined (see Fig. 4.1.2). Thus the 8-value is equal to or
less than 0.21 over a distance of 50% of the river branch between Lobith and
Vuren. This value is in accordance with the arithmetical average for which 8-
values larger than 0.8 were left out of consideration (Fig. 4.1.1).

100 - T
30 - : L
BO f——— 1 p——
70— 77 values concern
60 + - harbours, lakes etc.
\

50 e : |

30 4+ oo

partial branch-length (%)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Fig. 4.1.2  Partial branch-length with B-values equal to or less than the conside-
red one for the River Rhine between Lobith and Hagestein

Referring to the fact that at large distances the transport velocity ¢ can be given by
Eqs (4.1.1) and (4.1.2), the question is which value the actual lag-coefficient
becomes if the dead-zone parameter varies along the river reach concerned. This
means that in Section 4.3 not only the influence of the dead zones on the transport
velocity of a pollution cloud near the point of release will be examined, but also
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the relation between the average dead-zone parameter for a certain river reach and
the resulting lag-coefficient. Moreover the distribution of the dead-zone parameter
as presented in Fig. 4.1.2 might influence the actual lag-coefficient too.

At last it has to be pointed out that in the dead-zone model after Eqs (4.1.1) and
(4.1.2) a completely mixed situation is assumed over the cross-sectional area of the
main stream as well as over the cross-sectional area of the dead zones. In Section
4.2 the conditions for this assumption are discussed.

4.2

Fig. 4.2.1

or
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MASS TRANSFER BETWEEN THE MAIN STREAM AND
THE DEAD ZONE

Consider a river reach with dead zones,
caused by groynes (Fig. 4.2.1). For the de-
scription of the exchange of a pollutant be-
tween the main stream and the dead zone the
longitudinal distance L, is important. A
critical value is the distance for which the
velocity head Ah, is equai to the loss of
energy head Ah, over the distance L,. This
distance can be given by applying Chézy’s
formula for uniform flow conditions (Fig.
4.2.2) (Jansen et al, 1979)

NG groyne

Definition sketch of a

dead-zone field

Fig. 4.2.2 Energy loss
2 2
U ap o (G 4.2.1)
C%a ' 2-g



C? a
L, =cl - S =125 e, 4.2.2)
‘8

with values of about 50 m'?/s for the Chézy-coefficient C.

Because the position of the stagnation point at the downstream groyne lies more or
less in the middle of the mixing layer (Fig. 4.2.3), the value of ¢, will be about 0.5
till 0.7, thus

L, =30 -a, (4.2.3)

If Ah, < Ah, an eddy between the groynes can exist (Fig. 4.2.3). After Egs
(4.2.1) and (4.2.2) this condition means

mixing layer J L, <30 a (4.2.4)

Now a completely mixed situation can be
expected, if the passage-duration of a pollu-
‘ tant at the entrance of the considered
R | groyne-field is larger than the time needed
' ’ E for one turn around of the eddy.

b Applying the relation given by Booij (1986)
between the mean velocity in the main
stream u, and the average velocity in the
eddy u,

Fig. 423 Mixing layer down-
stream of a groyne

u, = 025 - u, (4.2.5)

the travel time of one turn
around can be estimated. For
an eddy with a radius of 50m,
- is equal to half of the critical
length L, for a water depth of
3.5m -, and a flow velocity in
the main stream of about 1
m/s, this time is about 300 s.
Because the passage-duration
mostly will be of the order of
hours till days, the assumption
of a completely mixed situation
in the dead zone will be cor-
rect.

Fig. 4.2.4  Penetration of the dead zone by the
main stream
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In case of

L,>30 - a, (4.2.6)

the main flow will penetrate into the dead zone and causes smaller eddies, in which
a completely mixed situation can be assumed, based on the considerations made
above (Fig. 4.2.4). The penetration depth B,’ increases with the length L,. This
means that on one hand the influence of the dead zone is reducing by the decre-
ment of the cross-sectional area of the dead zone, and on the other hand the cross-
sectional area of the main flow is increasing, which in succession reduces the mean
flow velocity u,.

@ Kampen

Hageste

Vuren Nijmen R Rhin,

Fig. 4.2.5 Overview of the Rhine branches in the Netherlands downstream of
Lobith

Along the branches of the River Rhine in the Netherlands the distance L, varies
from 50 till 135 m. Between Lobith at the German-Dutch border and the water-
level gauge station Vuren at the River Waal (Fig. 4.2.5) the distance L, varies
between 75 and 135 m with an average value of 100 m. In the Pannerden Channel
and the River Lower Rhine between Arnhem and the water-level gauge station
Hagestein distances between 50 and 75 m are found with a predominant value of
about 50 m, In the River IJssel branch the distances lie between 25 and 50 m.

The ratio L,/B, is always larger than unity and varies between 2 and 4. This means
e.g. that for the River Ussel with small values of L,, the width B, is about 10 m,
so the groyne-fields along the River IJssel are relatively small in relation to the
average width of 80 m of the main stream.

Because for average discharge conditions the water depth in the main stream of the
Rhine branches varies between 3.5 and 5 m, after Eq.(4.2.3) the length L, lies
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between 100 and 150 m. This means that after Eq.(4.2.4) mostly an eddy between
the groynes can exist. Thus it can be concluded that the conditions for a completely
mixed situation in the dead zones i.e. the groyne-fields along the Rhine branches in
the Netherlands are present.

In case of low-water discharge the weirs in the River Lower Rhine downstream of
Arnhem are lowered, so that the water level becomes more or less horizontal and
consequently L, very large. In this case the existence of an eddy is not possible.
Due to the very low flow-velocity under these circumstances (0.05 till 0.2 m/s) the
mass exchange between the main stream and the dead zones will be limited. Only
diffusion and small vortices at the transition between the main stream and the dead
zone (groyne-field) are the driving forces. Therefore a completely mixed dead zone
can hardly be expected in this case.

As a matter of fact a completely mixed situation in the dead zone does not mean
that the concentration in the dead zone (9,) is equal to the concentration in the
main stream (@;). This depends on the transfer velocity E in Eq.(2.3.25), which
should be proportional to the flow velocity in the main stream u, (Valentine and
Wood, 1977). The influence of the transfer velocity E on the relation between the
dead-zone parameter and the lag coefficient will also be considered in Section 4.3.

4.3 NUMERICAL APPROACH
4.3.1 Theoretical description
In order to examine the relationships between the dead-zone parameter after Egs

(4.1.1) and (4.1.2) and the actual lag-coefficient, the differential equations (2.3.16)
and (2.3.18), describing the dead zone model, have to be solved

acps . o, achs o

-K_ S - _p - 4.3.1D)
ot s ax s ax2 s((ps (pb)
e
8t_b =D,(9, - @, 4.3.2)

For a numerical solution of these equations the explicit scheme 'Forward Time,
Central Space differences’ is used, thus Egs (4.3.1) and (4.3.2) can be rewritten
into difference equations

(o7 - (o) (@) - (9,) (@bt — 2:(9) + (o),
j i v u i i1 _ g i j i1y
At s 2:-Ax s sz

+ D (9)" - D (9" =0
4.3.3)
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i+]

(0,)," - (@),
At

+ D, (9)" - Dy ()" =0 4.3.4)

To avoid restrictions for the time step Af in relation to the value of the mass
transfer coefficient D, the last two terms in Eqs (4.3.3) and (4.3.4) are treated
implicitly (Wang, 1989). The whole scheme remains effectively explicit.

To solve the concentrations (cps)j»+1 and (cp,,);+1 explicitly from Eqs (4.3.3) and
(4.3.4), they are rewritten as

(1 + DAt} - (o) - (DAt} - (o) =
(cps)}q - ((Ps);:—l

C K (@)1 = 2:(0y); + (@05)54
2-Ax :

Ax?

=(<ps)} - U " At <At

(4.3.5)
~ (DAt} (o) + {1 + DAt} - (9" = (9, 430

or in matrix notation
1+DS‘At -Ds'At (‘ps);u

O

-D,-At 1+D, -At

(o -u (911~ (9)) Ak (9)1-2(9,)+ (@i
- (psj s 2Ax s sz

At

(cpb)§
4.3.7)

In order to eliminate the concentration in the dead zone in Eq.(4.3.5) the concen-
tration (@,);"" in Eq.(4.3.6) is written explicitly

i+ _ D,At i+1 1 i
(4.3.8)
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Substitution of Eq (4.3.8) into Eq.(4.3.5) gives

{1+ DAt} - (o))" D, D, (A1) (o) iy (o)
+ * > : - —_—— . . — —_— . ! -
) o 1+ DAt 0 T Tap,ar )
= ((ps)f - us((ps)jﬂ - (‘Ps)jq CAr s KS((pS)H - 2'((ps)]. + ((ps)j‘1 CAr
! 2-Ax Ar?
(4.3.9)
or
1+ Ds-At + Db.At ( )m DS'AI ( )i
: H = - .+
1 + DAt i 1 + D,-At ®s)i
i i ; i i
+ (@ )l -u ((ps)}'” - (‘ps)j—l At + K (‘Ps)jq - 2‘((ps)j + ((‘ps)j-l A
N 2:Ax s Al
(4.3.10)
Applying the substitution
A =1+ (D, + D, - At 4.3.11)

or by using the dead zone parameter 8 = D,/D, = A,/A, after Egs (2.3.25) and
(2.3.28) or (4.1.2)

A=1+D, - (1+p)- At (4.3.12)

Eq.(4.3.10) becomes

. BD, At .
(o) = (9 *

1 + D,-At i ((PS);q - ((Ps);q
+ |8 " . )
( A ] {((ps)J s 2.Ax

- At

((Ps);u - 2'((ps);: * ((ps);-l

Ax?

(1+Db'AtJ
+ | —| " |K - At

A s

(4.3.13)
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The concentration in the dead zone will be found in succession by substituting
Eq.(4.3.13) into Eq.(4.3.6)

ﬂ'(Db'AI)Z . 1
A-(1 +D,-AD) 1+ D,-At

()" = (@) +

D,-At i (‘«Ps);n - ((Ps);'-l
¥ : L - At
[ A ) {(%)’ ST 2 s

Ak (@) - 2(0)) + (914

5
Ax?

- At

4.3.14)

For 8 = 0 the concentration in the main stream after Eq.(4.3.13) is independent of
the concentration in the dead zone and becomes equal to Eq.(4.3.3) without the two
last terms, representing the influence of the dead zone.

0o 1 2 TS n-1 n
e T -] *
e f
ax u

i * o o SRR

I B N

Fig. 4.3.1 Differences scheme for the calculation of the concentrations in the
main stream

Because for ¢ = i-Af the concentrations for every value of x are known, the
concentrations for ¢ = (i+1)-Af can be determined by Eqs (4.3.13) and (4.3.14)

explicitly (Fig. 4.3.1).
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The initial conditions are
forr t=0 and x > 0 ¢, =0
t=0

and x =

=0 ¢, =0
The last condition means that the concentration ¢, = (%,);20 = 0.
The boundary condition is given by
x=0 and =0 ¢ = (o
As a start fori = 0 and 1 (j = 0) the concentration is taken constant (see also Fig.
4.3.2)
((Ps)}:() = ¢, (4.3.15)
(o).
s j=o
(po ) ‘C“
|
\
\
\
P
i = At}(ﬁ——
\ {
\
01 2 3 i i+ m-1 m

Fig. 43.2

Initial concentration-distribution in the main stream;
approximation of an instantaneous release

Applying the downstream boundary-condition

e

)
dx?

= 0

the concentrations at this boundary (j = n) are found by the following set of
equations in according to Eqs (4.3.3) and (4.3.4)
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(O - (0, (oh ~ (94, o1 it
s s ru s s + D . _ D . n = 0
— T Ax (0 (@)
(4.3.16)
and
(e = (o . 0
P2 Dy(ey) - Dye)yt =0 (3D

This means that for the downstream boundary the Eqs (4.3.13) and (4.3.14)
become

i+ ﬂ’D 'At i
(@ = ——— (@
it +v,,~m],{( b ek
A 5 s Ax
(4.3.18)
" B+(D,-At)? 1 i
((p )nl = + : ((P )n +
b A-(1+D,-At) 1+ DAt b
D, -At i ((Ps); - (‘Ps):rl .
( I ] '(tps)n g At
(4.3.19)

Concerning the stability of the calculations in case of 8§ = 0, the values of the time
(A) and space steps (Ax) are limited. The conditions for the stability are in
succession (Vreugdenhil, 1989)

2K
ar< 2 (4.3.20)
us
and
2
At ¢ A% 4321
2K
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However, the conditions for the values of A¢ and Ax are not only determined by
Eqs (4.3.20) and (4.3.21), but also by the distance over which the value of g
varies.

In Eqgs (4.3.13) and (4.3.14) as well as in Eqs (4.3.18) and (4.3.19) the coefficients
D, and D, are supposed to be constant, as well as the longitudinal dispersion-
coefficient K, and the mean flow-velocity u,. However, the dead zone parameter 8
(= D/D, = A,/A) varies along the river (see Section 4.1), as well as the
coefficient D,, according to the variance of the dead zone cross-sectional area A,
(Eq. 2.3.25). Therefore Eqs (4.3.13) and (4.3.14) should be rewritten

i _ Br(Dy) A

(9" = A (@) +
. . ]
1+ (D,);"At i (951 ~ (9
R (A S - - A +
() e
RERECAR LS KS(‘PQL - 2:(9)) + (@, Ay
Aj sz
(4.3.22)
and
i _ | BID) A 1 (o) +
((Pb),l Aj' [1 + (Db)j'At] 1+ (Db)j'Af (9,);
(DALY | (e~ (@
[ A ) [((ps)j b 2-Ax At
L (DALY Ks(aos),il - 2:(0) * (01 N
Aj sz
(4.3.23)
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and for the concentrations at the downstream boundary according to Eqs (4.3.18)
and (4.3.19) in succession

i+ 'Bn.(D )n'At i
CRA _—&L—— (@phh *
1 +(D.) - i i
+( (Dy), At] Aoy - u (@)s = (@)ot
An s s A.x
(4.3.29)
and
itl _ ﬂu'[(Db)n.At]2 + 1 . i +
(@0 = Ay (1 + (D), -Af] 1+ (D), At (@)
(DAY | (@)~ (0 |
(4.3.25)
with
A, =1 +(Dy);, (1 +B;,) - At (4.3.26)
4.3.2 Dimensional analysis

As mentioned in Section 4.1 the actual lag-coefficient, related to the actual
transport-velocity ¢ of a pollution cloud is not always equal to the dead-zone
parameter after Eq.(4.1.2)

The difference between the actual lag-coefficient 8,, and the dead-zone parameter
B is given by the ratio of actuality after Eq.(4.1.3)
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K = Pace (0<k<1) (4.3.27)

Considering a river with one value for the dead-zone parameter (the ratio of the
cross-sectional areas of the main stream and the stagnant zones are constant) there
will be an adaptation length L, from the point of release or the point where the
groyne-fields start, over which the actual transport-velocity c,, changes from u, to
c after Eq.(4.1.1). Over this distance the actual lag-coefficient 3, varies from zero
to 8 = A,/A,, l.e. the k-value increases continuously from zero to one.

Considering a certain river reach with a variable value of the dead-zone parameter,
there might be a difference between the mean value of the dead-zone parameter and
the overall lag-coefficient over this river reach, i.e. the x-value lies between zero
and one. In case of an instantaneous adaptation of the transport velocity ¢ to an
increase or decrease of the dead-zone parameter after Eq.(4.1.1) the lag coefficient
becomes equal to the mean value of the dead-zone parameter (x = 1).

Beside the dead-zone parameter 8, the actual lag-coefficient also depends on the
mass transfer between the main stream and the stagnant zone, which on its turn
depends on the concentration differences between the main stream and the stagnant
zone. The concentration distribution in the main stream depends primarily on the
flow velocity u, and the longitudinal dispersion-coefficient K (see Eq. 2.1.8). The
mass transfer is represented by the coefficients D, and D, for which yields D/D, =
A/A; = (8 (see Eq.2.3.25).

Thus the ratio of actuality « is influenced by the parameters 8, D,, K, and u,. For
the examination of relations between the «-value and these parameters with the help
of the numerical dead-zone model after the Eqs (4.3.22) ... (4.3.26), a dimensional
analysis for the differential equations (4.3.1) and (4.3.2) has been carried out.

Introducing a time and length scale after

- (4.3.28)
¢ =L (4.3.29)
uS

wherein L is the length scale, the Eqs (4.3.1) and (4.3.2) can be rewritten into a
dimensionless form

3 3 K, & D,-L
¢, , %, K _tps B O (4.3.30)
o ox  ucL gx? U
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d9, D,L
P e, - @) (4.3.31)
a

Now three dimensionless parameters can be distinguished

K _ D,-L D,L

S

~
&

u_: u

b 5 S
Because the mass transfer coefficients are related to each other by the dead zone

parameter 3 after D/D, = f, the dimensionless parameters concerned can be
rewritten by

K, D,-L

(4.3.32)

~
=
=

uS ’ s
For the dimensionless distance the Péclet number is chosen by setting L = x in the
first dimensionless parameter of Eq.(4.3.32)
pe = 2t (4.3.33)
KS

In succession the relation of x with the mass transfer coefficients D, and D, can
now be given by the dimensionless mass-transfer parameter &, as a combination of
the first and second dimensionless parameter of Eq.(4.3.32) after

g-r = D D s 4.3.34)

Thus the relation to be examined by the numerical dead-zone model is
kK = f(Pe,&) (4.3.35)

Instead of the Péclet number also the second term of Eq.(4.3.32) could be chosen
for the dimensionless distance

D, - x
u

s

(4.3.36)
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4.3.3
dead zones

Initial behaviour of the transport velocity in a river without

For the examination of the relations after the Eqs (4.3.35) or (4.3.36) the value of

B... has to be determined after

B = -1 (4.3.37)
cact‘
The actual transport velocity ¢, of a pollution cloud can be related to
® the time-centroid of the concentration distribution, according to Eq.(2.3.78)
* the peak value of the concentration distribution.

The space-centroid of the concentration distribution will not be considered, because
this definition needs various points of calculation or observation (in case of a tracer
experiment) in the x-direction. From a practical point of view this means a too
labour-intensive procedure and therefore not performable. Moreover concentration
distributions in the space domain are equal to the concentration distributions in the
time domain as long as the distributions deform very slowly ("frozen cloud"-

approach).

backwater curve due to a weir

Fig. 4.3.3  Water-level profile at a weir
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In case of discontinuities of
the flow velocity caused by
weirs, there is a remarkable
deformation of the pollution
cloud, resulting in a so
called turn-over process
(Kuik, C.A. van & A. van
Mazijk, 1994). At the up-
stream side of the weir the
velocity of the space-cen-
troid is already influenced
by the larger flow-velocity

location of centroid
upstream
c-u,
welir
C= U,

downstream

L

C< U
s

=== distance

Fig. 4.3.4  Behaviour of a pollution cloud in the vicinity of a weir
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downstream of the weir and at the downstream side the upstream flow-velocity still
influences the velocity of the space-centroid (Figs 4.3.3 and 4.3.4). As a result the
lag coefficient after Eq.(4.3.37) shows negative and positive peak-values (Fig.
4.3.5 and 4.3.6).
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Fig. 4.3.6 Distribution of the lag coefficient 8 in the vicinity
of a weir, based on the space-centroid after van
Kuik & van Mazijk (1994)



Therefore generally the time-centroid has to be preferred as the variable for the
determination of the transport velocity.

From the point of release the transport velocity ¢ of a pollution cloud based on the
time-centroid is equal to the flow velocity in case there are no stagnant zones (the
dead-zone parameter 8 = 0). It yields after Eq.(2.3.69) (see also Krenkel, 1962)

° = [1 . 2K (4.3.38)
u‘v uSZ
With Eq.(2.3.78)
-1
oo |98 (4.3.39)
dx
the transport velocity becomes
c=u (4.3.40)

This means that from the point of release the time-centroid can be used as the
parameter for the examination of the influence of artificial stagnant-zones on the
actual transport-velocity ¢, , i.e. the ratio of actuality .

If the transport time is related to the peak concentration, this parameter does not
always represent the flow velocity in case the dead-zone parameter 8 = 0.

Considering Eq.(2.1.8) (the Taylor-model) and Eq.(2.3.85) (Chatwin-model) the
transport velocity related to the peak concentration can be determined as a function
of the distance from the point of release. The time £,,,, which corresponds with the
peak concentration can be found by

99 _ g 4.3.41)
ot

Applying Eq.(4.3.41) to Eq.(2.1.8), the following expression is found for the time
corresponding with the maximum concentration (¢,,,.), setting K = K, and u = u,

2
_ 5 s S (4342)

Thus the average transport-velocity c(x) over the distance x from the point of
release and related to the peak concentration, is given by
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u2x
= (4.3.43)

X
tmax -K + K2 " 2.2
s s ug x

and according to Eq.(4.3.37) the corresponding overall lag-coefficient 3,,,,., by

c(x) =

U, - K + \/Kszﬂtszx2
poverall(x) == - 1= -1
c(x) U, x

_ V1+Pe® -1 (4.3.44)

'B overall ~ Pe

with the Péclet number Pe = u - x/K,.

For the determination of the local value of the lag coefficient (8,,) the local
transport-velocity c¢(x) related to the peak concentration, has to be considered

1 dt x
= = d’"‘“ = (4.3.45)
clx * \/ Kf + us2x2
° ! R ' .= conservative
B local "' | AT matter
0.2 ¢ T A degradable matter
1 03 | ;/.. AN I
I 2 |
o4 “:5%7 i \ —+ R =0.06
0.5 ,/ﬂ - -~ AhﬂrA;Auu-dT - -~ a ‘SR = 06
g | | i
gla
_06 J E—
Wy
-0.7 A : _
/“
-0.8 7. ‘
-0.9 :
A‘] .“ —
0.1 1 10 100

Fig. 4.3.7 Distribution of the local 8-value with the dimensionless distance (Pe-
number) for conservative and degradable matter after Eqs (4.3.46)
and (4.3.49)
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Then the corresponding lag-coefficient becomes

u ux
ﬁlocal = f - 1= . -1
K +u x?
P,
Boos = ———— - 1 (4.3.46)

J1+Pe?

In Fig. 4.3.7 equation (4.3.46) is presented graphically. The negative value of the
lag coefficient is caused by the dispersion. Near the point of release the
concentration gradients are relatively large and consequently the dispersive
transport is large. This gives a relatively steep front of the concentration
distribution in the time domain with a relatively large tail: the distribution shows a
positive skewness (Fig. 4.3.8). At large distances from the point of release, 8
becomes zero: Pe-number > 10. In the River Rhine with a mean flow-velocity of
I m/s and dispersion coefficients smaller than 3000 m*/s (Fig. 2.3.9), the lag
coefficient has become zero at distances within 3 km from the point of release.
This means that in case of far-field studies the influence of the dispersion, resulting
into a negative value of the lag coefficient, is negligible.

concentration

time

Fig. 4.3.8 Concentration distribution in the time domain
with a positive skewness

If the pollution consists of a degradable matter with a first order decomposition
process and a decay coefficient &, Eq.(2.1.8) becomes

— M/A (x - u 1)}
o(x,t) = ——— exp| - ———— -
Jan Kt 4Kt

kot (4.3.47)
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and in succession Eq.(4.3.42)

_ 2 2y .2
_ K + (K. + (4K, k + ul)x 4.3.48)
4K k + ul

With the dimensionless distance Pe = u,- x/K, and by introducing the dimension-
less parameter % = K,-k/u;’ Eq.(4.3.48) becomes for degradable matter

Brocar = Pe -1 (4.3.49)

J1+ (4% + 1)-Pe?

This means, that the decay do increase the distance over which the local B-value is
negative (Fig. 4.3.7), moreover for large distances B, reaches a negative limit-
value, given by

Biocar = . (4.3.50)

V4R + 1

In Fig. 4.3.7 two values of the dimensionless parameter 3 are considered. In Table
4.3.1 R-values are presented, based on extreme values of the dispersion coefficient
K,, the degradation coefficient k and the flow velocity #,

TABLE 4.3.1 R-values
R K u, k
(m*/s) (m/s) (day™®)
mean value 7.10% 200 1.0 0.3
large value 6.10" 1000 0.1 0.5
small value 3.10° 100 2.0 0.1

It can be concluded that also for degradable matter the negative value of 8 is
negligibly small in case of far-field studies (see Eq. 4.3.50).

In a similar way the time corresponding with the peak concentration after the
Chatwin-model with a skewness parameter G, = 1 (Eq. 2.3.85) is determined (see
also Appendix E). In Fig. 4.3.9 the resulting distribution of the lag coefficient B is
compared with the distribution after the Taylor-model. In case of the Chatwin-
model the local B-value becomes negligible (-0.05 < B, < 0) at distances of
about 10 times the distance, found in case of the Taylor-model. The reason for this
increment is the effect of the Hermite-polynomial, which transforms the
concentration distribution after the Taylor-model in order to realise the skewness of
the distribution as mostly measured in nature (Fig. 4.3.10).
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Fig. 439 Comparison of the distributions of the local B-value with the
dimensionless distance (Pe-number) after the Taylor- and the
Chatwin-model for conservative matter
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Fig. 4.3.10 Comparison of the concentration distributions after the Taylor- and

the Chatwin-model
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In Fig. 4.3.11 the distribution of the overall value of the lag coefficient for the
Taylor- and the Chatwin-model are presented and compared with the distribution
after the numerical model, presented in Sub-section 4.3.1 by Eq.(4.3.3) with the
neglect of the two terms concerning the exchange of the dead zone (D, = 0). In
order to get the time the maximum concentration occurs exactly as possible, the
used time-step Af was 1 second. For the determination of the local value of the lag
coefficient the space step was chosen as small as possible. Referring to Eqs
(4.3.20) and (4.3.21) the space step Ax becomes 20 m, considering a longitudinal
dispersion-coefficient K, of 100 m*/s and a flow velocity u, of 1 m/s.

Or— =177 i

/3 overall -0.' 17— —

0.2 - it T
_0‘37,, rakrl - ‘ -

| +i%jg = Taylor-model

‘ '}1‘ | —+  Chatwin-model
B e numerical model

0.7 — +
0.8 —— Wit/
%

Tl
i
0.1

Fig. 4.3.11 Comparison of the distributions of the overall B-value with the
dimensionless distance (Pe-number) after the Taylor-, Chatwin- and
numerical model

For all models the influence of the dispersion at the transport time of the peak
concentration, represented by the overall value of the lag coefficient has nearly
been vanished at a distance corresponding with Pe =100. However, the differences
in the distribution of the overall lag-coefficient between the Chatwin-model and the
numerical model only concerns the transport time of the maximum concentration
itself and not the concentration distribution in the time domain as a whole (Fig.
4.3.12). The concentration distribution after the numerical model suits quite well
with the Chatwin-model.

In Fig. 4.3.13 the distribution of the Jocal B-value for the numerical model after
Eq.(4.3.3) with D, = 0 is plotted for two space steps. The step-wise variations in
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Fig. 4.3.12 Comparison of the concentration distributions after the Taylor-,
Chatwin- and numerical model at a distance from the point of release,
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I
5

T T

ﬁlocal =0.11~ K

space step

-0.2 - i #5 “

e AX=20m W

0.4 i’ﬂ ‘ j lA AX=100m

|
|
|
f |

i —

~
\1\

|
\
|4
i

RS
00

(o]
(=]

Fig. 4.3.13 Influence of the space step on the distribution of the local lag-

coefficient with the dimensionless distance (Pe-number) for the
numerical model after Eq.(4.3.3) with D, = 0
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4.3.51)

u- At 1

in the distribution for Ax = 20 m is caused by the time and space step

'Blocal - Ax
In the numerical model the time of the maximum concentration is approximated by
the time step for which the calculated concentration has a maximum value. Thus
is 0.5 s in this case (time step At = | s). After Eq.(4.3.51)

(4.3.52)

the accuracy of Af,,.
the distribution becomes smoother if the space step increases. Because Eq.(4.3.51)

is an approximation of
dt
max 1

ﬂlocal = us‘ dx

for small values of Pe the time step as well as the space step have to become

smaller in order to get more accurate $-values. In Fig. 4.3.14 the distribution of
the local B-value after the numerical model is compared with those after the

Taylor- and Chatwin-model.
Taylor-model

B T[T -
local _ 5 | AN RIS N o )
i —  Chatwin-model
T~ ‘ ) 1] X
TR - —~ numerical model
sl ¥
-0.15 7 7_,/, ‘
/ LAY
/ I 3 |
-0.2 ,4{!" T
r" / i i
~0.25 H—-f —
/ T i |
{ // D
0.3 P4 _ \ L
i !
- o ! . _‘,_L PO S i
RTAY | L
i3 300
B 1
10 100 1000

Fig. 4.3.14 Comparison of the distributions of the local 8-value after the Taylor-
and Chatwin-model with the numerical model (Ax = 100 m)

Based on the distributions of the overall as well as the local B-value it can be

concluded that the influence of the dispersion on the transport velocity of the peak
concentration has become negligible at a distance corresponding with a Pe-number
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of 100. This means for the examination of the influence of dead zones on the
transport velocity of the peak concentration by the numerical model, i.e. for the
analysis of the ratio of actuality x of the lag coefficient in relation with the dead-
zone parameter after Eq.(4.3.35) or Eq.(4.3.36), the dead zones in the model
concerned, have to begin not until Pe = 100.

4.3.4 Initial behaviour of the transport velocity in a river with one
single dead-zone parameter

For the determination of the influence of the stagnant zones on the transport
velocity near the point of release or just downstream of the starting point of the
dead zones (e.g. groyne-fields) computations were carried out with the numerical
model described in Sub-section 4.3.1. The values of the parameters for the
reference situation are mainly based on the situation in the River Rhine. The order
of magnitude of the flow velocity in the River Rhine is 1 m/s. The longitudinal
dispersion-coefficient is of the order of 10* till 10°. For an estimation of the
magnitude of the mass-transfer coefficient (D, ) Eq.(2.3.73) is considered

= P (4.3.53)
4,
With Eq.(2.3.74)
E =002 - u,
and defining the hydraulic radius by
A
R=_2 =g
PS
Eq.(4.3.53) becomes for o, = 1
A u u
D, = 002-—= - = =0.02-— (4.3.54)
y @ B-a
Considering the following average values, according to the River Rhine
8 ~ 10
u, = 1 m/s
a =~ S5Sm
the value of D, becomes of the order of
0
18] (Db) =0]102 - _100 ). 0 (107%) (4.3.55)
107! -10!
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Therefore the reference value of D, is 0.01 s

For the examination of the influences of the parameters K, and D, on the
distribution of the x-value four computations were carried out with a constant dead-
zone parameter of 0.20 (see Table 4.3.2). To be sure that the results show only the
effect of the dead zones on the transport velocity, in the model these zones start at
a distance corresponding with Pe = 10 from the point of release (Fig. 4.3.15). In
Table 4.3.3 the applied space and time step of the executed runs are collected.

TABLE 4.3.2 Input data of the computations for the analysis of the initial
behaviour of the k-value, related to the time-centroid of the
concentration distribution

run nor. K D, u, B &
(m*/s) (s (m/s) (Eq.4.3.34)
1 100 0.01 1 0.2 1
2 1000 0.01 1 0.2 10
3 100 0.001 1 0.2 0.1
4 1000 0.001 1 0.2 1
point of release dead zones

‘ 9 /1// o F/

—
5 7 Ll L]
| Pe =10 " v : / /

|

Fig. 4.3.15 Model schematization of the executed computations after Table 4.3.2

Figure 4.3.16 shows the distribution of the local -value with the distance in kilo-
metre from the starting point of the dead zones (Fig. 4.3.15) for two values of the
mass-transfer coefficient (run nrs 1 and 3). Both distributions of « are completely

156



TABLE 4.3.3 Numerical input-data for the computations, executed in the
frame work of the analysis of the initial behaviour of the «-
value (see Table 4.3.2)

run nr. space step time step distance without dead zones
Ax At (Pe = 10)
(m) (s) (km)
1 50 10 |
2 500 30 10
3 50 10 1
4 500 30 10

K , =100 mfs
K .
i _ -1
- =0.001s"
D b

1

—» distance from the starting point
of dead zones (km)

Fig. 4.3.16 Distribution of the local «-value in the vicinity of the starting point of
the dead zones for two values of the mass-transfer coefficient D,, (run
nrs 1 and 3)

equal. Comparing the results of run numbers 1 and 2 with different longitudinal
dispersion-coefficients (Fig. 4.3.17), it can be concluded that due to the dispersion
the transport velocity upstream of the starting point is also reduced by the stagnant
zones: the larger the coefficient the longer the distance over which this phenomena
can be observed. In case the dimensionless distance after the Pe-number is used,
there is no difference in the local k-distribution (Fig. 4.3.18). Thus the executed
run nrs 1 ... 4 show the same distribution.
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Fig. 4.3.17 Distribution of the local x-value in the vicinity of the starting point of
the dead zones for two values of the longitudinal dispersion-
coefficient K, (run nrs 1 and 2)
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Fig. 4.3.18 Distribution of the local «-value for two values of the longitudinal
dispersion-coefficient K, as a function of Pe (run nrs 1 and 2)
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Further the Figs 4.3.16 ... 4.3.18 present that there is more or less an
instantaneous adaptation of the transport velocity ¢ to the dead zones at the
beginning of these zones after Eq.(4.1.1)

c = b (4.3.56)

The reason for the instantaneous adaptation of the transport velocity is because also
the whole tail of the concentration distribution at x = L is taken into account for
the determination of the time-centroid after Eq.(2.3.62)

Y

o= [t (Lo dt (4.3.57)
my .,
with
my = [ @, (Lt)dt (4.3.58)

Moreover there seems to be no influence of the mass-transfer coefficient D, on the
results. Only the concentration distributions will be different. In case the mass-
transfer coefficient is smaller, there is less exchange of mass during the passage of
the pollution cloud. Consequently the peak concentration in the main stream will be
reduce less, but the tail will be longer with smaller concentration-values (see Fig.
4.3.19).

Neglecting the dispersion the concentration distribution can be given by Eq.(2.3.49)
as a combination of Eqs (2.3.44) and (2.3.48) (Kranenburg, 1988)

o, (x.0) _ 1 [Dy Dy (xfu) - (t - xpu)]'"t
6 2\/}; t - xlug

vexp [ - Dot + (D, - D) (xfu) + 2D, D (x[u) (¢ - xfu) | +

+exp [ - D, - (x/uy) ]
(4.3.59)

After this approximation two 'waves’ can be distinguished (Fig 2.3.5). The first
wave’ propagates with the flow velocity u, and the seccond *wave’ propagates more
slowly after Eq.(4.1.1)

¢ = s (4.3.60)
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Because the first *wave’ decreases with the distance after

() exp ( - D, X ) = exp [— p D, L2 ] (4.3.61)
" u u

S

the resulting transport-velocity ¢ of the combination of both ’waves’ equals more
and more the transport velocity of the second 'wave’ with the distance. In other
words there is no instantaneous adaptation of the transport velocity to the dead
zones, which is in contradiction with the results of the numerical model.

In principle the transport velocity of the combined waves over the distance the first
wave’ has not disappeared, could be determined by applying Eqs (4.3.57) and
(4.3.58) to Eq.(4.3.59). For simplicity the integration after Eqs (4.3.57) and
(4.3.58) can be executed numerically after

o

u, = 1 Y ot (x,0) At (4.3.62)
0 4
my = Z ¢ (x,t) At (4.3.63)

4

with ¢, > x/u,. This restriction means that an accurate determination of the time-
centroid by Eqs (4.3.62) and (4.3.63) of the combined ’waves’ after Eq.(4.3.59) is
not possible. Moreover, Eq.(4.3.59) yields only for large values of

p=2JDsDbui.(,_i‘_ =2D"J ﬂ.ui.[t_ui) (4.3.64)

5 5 s s

Consequently Eq.(4.3.59) does not give reliable results for small distances from the
point of release.

In Table 4.3.4 an example of the distribution of the transport velocity with the
distance, represented by the «-value, is given. Figure 4.3.20 shows the concentra-
tion distributions concerned. Referring to the condition that Eq.(4.3.59) is not
reliable for small values of p after Eq.(4.3.63) (see also the values of p,), the «-
values larger than unity for small distances in Table 4.3.4 confirm this restriction.
On the other hand, if Eq.(4.3.59) is reliable the transport velocity can be given by
Eq.(4.3.60), i.e. k = 1.

According to Eq.(4.3.64), smaller values of the mass-transfer coefficient D, means
a larger distance over which Eq.(4.3.59) is not correct. Thus in case D, is ten
times smaller (= 0.001 s') the results become accurate at a ten times longer
distance (= 20,000 m) with ¥ = 1.
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TABLE 4.3.4 The distribution of the transport velocity, represented by the «-
value, after Eq.(4.3.59) (Kranenburg, 1988)

g =10.20 D, = 0.01 s u, = 1l m/s
x L P K
(m) (s) N -
(with ¢ = t)) overall *) local ™)
200 200.02 0.018 2.1
500 500.05 0.045 1.3
1000 1000.1 0.089 1.05 0.88
2000 2002 0.56 1.00 0.98
3000 3003 0.85 1.00 1.00
D) over the distance x concerned
) at the distance concerned over 10 m
002'-77 002}» B 77 W‘I’;”; 1000"71*
®/P -
0.01 o 001 | -4 S - -
1800
0.02 0003 ———— i
1 o X = 3000m
( . P
- aoe | [T——first 'wave' |
001 |- : -} -
. :, — o001 [ %/\infiwave
¢ 2100 2500 2900 o 8800 4400 500
2000 ————  lime after release (s)

Fig. 4.3.20 Concentration distributions in the time domain after Eq.(4.3.59) at
four distances from the point of release (see also Table 4.3.4)

In comparison with the results of the numerical model, it can be concluded that the
neglect of the dispersion in the dead-zone model after Eq.(4.3.59) give the same
results as far as this approximation is applicable, i.e. at large distances of the point
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of release or large values of p °). In this context it has to be mentioned that at
short distances of the point of release, where the concentration gradients are large,
the dispersive transport has a significant influence on the transport velocity (see
also Sub-section 4.3.3).

In nature the very small concentration-values at the end of the tail cannot be
measured. Therefore the influence of a truncation of the tail of the concentration
distribution on the initial behaviour of the transport velocity has been examined
too. For practical sense a truncation of the tail at 1 percent or 3 percent of the peak
concentration is common (Yotsukura et al, 1970). In Tables 4.3.5 and 4.3.6 the
input data of the executed computations with the numerical model are summarized.
Because of the truncation there might be a slight influence of the dispersion on the
transport velocity related to the time-centroid as described in Sub-section 4.3.3 if
the transport is related to the peak concentration. Therefore in the computations
concerned the dead zones start at a distance corresponding with the Pe-number of
25 instead of 10. The resulting distributions of the local k-value are presented in
Figs 4.3.21 ... 4.3.28. The irregularities of the x-distributions in Figs 4.3.21
4.3.28 is caused by the relation of the truncation to a time step.

TABLE 4.3.5 Input data of the computations for the analysis of the initial
behaviour of the «k-value, related to the time-centroid of
truncated concentration-distributions

run K, D, u, B truncation &
nr. (m?/s) (s (m/s) (%) (Eq.4.3.34)
5 100 0.01 1 0.2 1 1
6 100 0.01 1 0.2 3 i 1
7 1000 0.001 1 0.2 1 1
8 1000 0.001 1 0.2 3 ]
9 100 0.001 1 0.2 1 0.1
10 100 0.001 1 0.2 3 0.1
__________________ B S e — - ——-
11 1000 0.01 1 0.2 1 10
12 1000 0.01 1 0.2 3 10
—————————————————— -(-————___..___.______ —-_— - —————
13 400 0.001 2 0.2 1 0.1
14 400 0.001 2 0.2 3 0.1
15 100 0.01 1 0.1 3 1
16 100 0.01 o 0.3 3 1
17 100 0.001 1 0.1 3 0.1
i8 100 0.001 1 0.3 3 0.1

%) The presented values of p, in Table 4.3.4 give a qualification of the expression
’large values of p’: p > 0.5
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TABLE 4.3.6 Numerical input-data for the computations, executed in the
frame work of the analysis of the initial behaviour of the -
value (Table 4.3.5) and the standard deviation of the «,,-value

run nr. space step time step distance without dead
Ax At zones I p I
(m) (s) (Pe = 25) *m
(km)
S 50 5 2.5 0.014
6 50 5 2.5 0.042
7 500 30 25 0.008
8 500 i 30 25 0.025
9 50 5 2.5 0.014
10 50 5 2.5 0.042
11 500 30 25 0.008
12 500 30 25 0.025
_____ -

13 100 10 5 0.028
14 100 10 5 0.085
15 50 5 2.5 0.085
16 50 5 2.5 0.028
17 50 5 2.5 0.085
18 50 5 2.5 0.028

1T T T B
K ost :
0.6 + i
(A.
i
[
0.4 %
///
0.2 i
#
oy
01 R
¥
0.2 +— -t
-5 0

= run 5 (1%)
+~ run 6 (3%)

K =100m7s
"% D, =001s"

, Ug =1m/s

15

Fig. 4.3.21 Influence of the truncation of the tail of the concentration distribution
on the initial distribution of the local k-value (run nrs 5 and 6)
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Fig. 43.22 Influence of the truncation of the tail of the concentration distribution
on the initial distribution of the local x-value (run nrs 9 and 10)
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Fig. 4.3.23 Influence of the truncation of the tail of the concentration distribution
on the initial distribution of the local k-value (run nrs 11 and 12)
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Because the local value of « is determined by

(,ll')m - (Il,),,,_l . B
B Ax uy - 1

(4.3.65)

K = om
"B B
time-centroid of the concentration distribution at the
upstream boundary of the space step m

n,,, = time-centroid of the concentration distribution at the

downstream boundary of the space step m,

the accuracy of the local , can be given by the variance of this parameter after
(see also Eq. 3.4.2)

with (u,)m

K Hy ﬁ .

with g, e standard deviation of the time-centroid

2
0 2=2g2- U (4.3.66)
Ax

Beside the influence of the truncation condition and the time step on the variance of
the time-centroid, Eq.(4.3.66) shows also the influence of the applied space step

j-——=~ dead zones ( f =0.2)

T - g qﬂ@*@«f' T T T T
' Tx *ﬁj ‘* & =01
S S [ R St (run 10)
| Ve |
e e &
? v | (run 6)
0.4 — ..._L._.‘.T-f_ 1 _ Z =10
[
!
or|— L S TR R
7 TL -
Y
O'2-5 o} 5 10 777715

Fig. 4.3.24 Influence of dimensionless mass-transfer parameter & on the initial
distribution of the local x-value for a 3 %-truncation of the tail (run

nrs 6, 10 and 12)
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on the accuracy of the k-value. In Table 4.3.6 the variance of the local «,-value
after Eq.(4.3.66) is given, assuming that the variance of the time-centroid is twice
the percentage of the truncation of the time step, which seems to be a good approx-
imation. The initial distribution of the local x-value shows a steep increment at the
beginning of the dead-zones as in case of no truncation (Fig. 4.3.18), but now up
to a certain value smaller than one. Thereafter the x-value increases slowly with
the distance until unity. Figures 4.3.21 ... 4.3.23 show the influence of the
percentage of the truncation of the tail. In case of a larger percentage of the
truncation the «-values are systematically smaller than the values in case of a
smaller percentage.

In Fig. 4.3.24 the influence of the mass transfer between the main stream and the
dead zones are presented explicitly by comparing three runs with different values
of the mass-transfer parameter & (= 0.1, 1 and 10) for a 3 %-truncation. Roughly it
can be stated that for values of & = 1 there is no difference with the situation
without truncation. In Figs 4.3.25 and 4.3.26 a comparison of the different runs
with equal mass-transfer parameters &, but different flow-velocities (u,), longitu-
dinal dispersion- (K} and mass-transfer coefficients (D,) is made. It shows that the
mass-transfer parameter constitutes a good qualification of the influence concerned
after Eq.(4.3.35) (see Sub-section 4.3.2).

——> dead zones ( f =0.2)

S
run 6 (3%) |
run 8 (3%)

Fig. 4.3.25 Comparison of the local x-distribution with equal &values (=1) and
truncation percentages, but different longitudinal dispersion- and
mass-transfer coefficients (run nrs 6 and &)
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e dead zones ( f =0.2)

1 ey e — — —_ — J— RS RS

o- run 9 (1%)
L~ un 13 (1%)

< run 10 (3%)

- run 14 (3%)

S S -
10

n

—— Pe
Fig. 4.3.26 Comparison of the local k-distribution with equal &values (=0.1), but

different longitudinal dispersion- and mass-transfer coefficients for
two truncation-percentages (run nrs 9, 10, 13 and 14)

— dead zones
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K 0.8 4+ — = S ~ B =01
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1 ° s B =02
(run 6)
0. .
o~ B =03
0. S . - } ‘ (run 16)
o 5 10 15
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Fig. 4.3.27 Comparison of the local k-distribution with equal #&values (=1), but
different dead-zone parameters for a 3 %-truncation (run nrs 6, 15 and
16)
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--— dead zones
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Fig. 4.3.28 Comparison of the local k-distribution with equal &values (=0.1), but
different dead-zone parameters for a 3 %-truncation (run nrs 10, 17
and 18)

However, a variation of the dead-zone parameter 8 with equal values of the mass-
transfer parameter & shows negligible differences in case & = 1 (Fig. 4.3.27), but
large differences in case of & = 0.1 (Fig. 4.3.28). As a matter of fact, the slow
exchange of mass in case of a small mass-transfer coefficient D, and a small
amount of exchange of mass in case of a small dead-zone parameter 8 cause less
reduction of the peak concentration in the main stream as well as a longer tail with
smaller concentrations than in case of a large values of the parameters D, and 8
(Fig. 4.3.29). Therefore a truncation of the tail for concentrations smaller than a
certain percentage of the peak concentration means that a relatively large part of
the tail is neglected in case of a small B-value. This phenomena effects the time-
centroid in such a way, that the instantaneous adaptation to the dead zones as
described above, cannot occur. Nevertheless the influence of the dead-zone
parameter is limited in case of large values of the mass-transfer parameter (& >1).

Thus, when the mass-transfer coefficient D, becomes very small (of the order 107)
and the dispersion coefficient K, remains small as well, which corresponds with a
mass-transfer parameter & < 1, there is a significant influence of the truncation on
the initial distribution of the transport velocity.

Summarizing, it can be said, that the distribution of the ratio of actuality x with the
distance (Pe-number) not only depends on the value of the mass-transfer parameter
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& after Eq.(4.3.35), but also on the dead-zone parameter 8 and the truncation
percentage.

0.05 = T T T T T
£
PN S« A S S R S I e =0.1
. A 17 e
- 3 run
(#M) 0 . 04 E ii T T 1 T 7‘{‘ {
SR, S N S S (PP
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o
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T
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-
— — .
% ﬁ, v 3% - truncation ( § =0.1)
0.01 — P — J——xe—t—-——1— ae, .
| Na i3t 3% - truncation ( p =0.3)
- | W — A [
0 e \K.h::hbgm-
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—— time after release (s)

Fig. 4.3.29 Concentration distributions for Pe = 10 (= 1 km from the starting
point of the dead zones), run nrs 17 and 18; comparison of the
influence of the dead-zone parameter on the truncation

Because the truncation criterion is more or less arbitrary, this criterion is
impracticable for an objective analysis of the distribution of « just downstream of
the starting point of dead zones. Moreover Nordin and Sabol (1974) stated that a
truncation will make the distribution more nearly Gaussian, which can lead to a
misunderstanding of the physical processes involved.

Therefore it seems better to consider the peak concentration next to the time-
centroid, all the more since the transport velocity of the peak concentration can be
compared with the transport velocity of the first ’wave’ after Eq.(4.3.59) as
presented in Fig. 4.3.20. In Tables 4.3.7 and 4.3.8 the input data of the executed
computations are collected. Again irregularities in the x-distributions are caused by
the numerical approach: the time of the peak value (£,,,) is linked with the time
step applied. According to Eq.(4.3.65) it yields

(sl ~ (s
B Ax u, - (4.3.67)
K =

"B p
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TABLE 4.3.7

Input data of the computations for the analysis of the initial
behaviour of the x-value, related to the peak concentration

run K D, u, B Z

nr. (m?/s) (s (m/s) (Eq.4.3.34)

19 100 0.01 1 0.2 1

20 100 0.001 I 0.2 0.1

21 | IOOQ_ 0.01 N 1 0.2 10 )
22 1000 0.001 1 0.2 1

23 400 O<OO_1 | 2 B 0.2 L 0.1 .
24 100 0.01 1 0.1 1

25 100 0.01 L r__ 1 1 0.3_ ) . 1

26 100 0.001 | 0.1 0.1

27 100 0.001 | 0.3 0.1

28 1000 0.01 1 0.1 10

29 1000 0.01 1 0.3 10

30 100 0.0005 1 0.2 0.05

31 100 0.0005 1 0.1 0.05

3_2 B 100 0.00Q§ 1 0.3 0.05

33 200 0.0001 | 0.2 0.02

34 100 0.0001 1 0.2 0.01

The inaccuracy in the calculated time of the peak concentration ¢, is < 0.5 Af,
thus the inaccuracy in the local k-value can be given by

[ )
_.-us
Ag, = ~——~

Ax (4.3.68)

B

This means that the time step Af has to be chosen as small as possible, while the
space step Ax has to be as large as possible. However, on account of the stability,
the value of the space step Ax is limited by two conditions. Beside the condition
after Eq.(4.3.21)

(4.3.69)

Ax 2 V2K -At

the space step is also limited by the cell Péclet number (Vreugdenhil, 1989)
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or

Ax <

(4.3.70)

This condition is important for the accuracy of the results over the initial distance
from the point of release, where the dead-zone parameter equals zero (Pe < 100)
and the concentration gradients are relatively large.

In Table 4.3.8 the applied time and space steps of the computations after Table
4.3.7 are presented, as well as the inaccuracies after Eq.(4.3.68).

TABLE 4.3.8 Numerical input-data for the computations, executed in the
frame work of the analysis of the initial behaviour of the -
value (see Table 4.3.7) and the inaccuracy of the local k-value

run nr. space step time step distance without
Ax At dead zones Ax,,
(m) (s) (Pe = 100)
(km) Eq.(4.3.68)

19 100 1 10 0.05

20 100 1 10 0.05

21 500 1 100 0.01

22 500 1 100 0.01

23 200 1 20 0.05 _
F 24 100 1 10 0.10

25 100 1 10 0.03

26 100 1 10 0.10

27 100 1 10 0.03

28 500 1 100 0.02

29 500 1 100 0.007

30 100 1 10 0.05

31 100 1 10 0.10
i 32 100 1 10 0.03 7

33 200 2 20 0.05

34 100 1 10 0.05
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If the peak concentration is used for the examination of the influence of the dead
zone on the transport velocity the dead zones in the model have to begin not until
Pe = 100 (see Sub-section 4.3.3). This means that in case of a dispersion
coefficient of the order 10° and a flow velocity of 1 m/s the dead zones have to
start at a distance of 100 km (Table 4.3.8).

Figure 4.3.30 shows the influence of the mass-transfer parameter & on the initial
distribution of the local k-value. The results are comparable with the cases the
time-centroid is considered with a 3 %-truncation of the tail (Fig. 4.3.24). For
values of & = 1 the transport velocity reduces more or less instantaneously at the
starting point of the dead zones to a value, corresponding with Eq.(4.3.60) after

with 8,.,/8 = k = 0.95
The presented distributions in Fig. 4.3.31 prove again that the mass-transfer

parameter & constitutes a good qualification of the influence concerned after
Eq.(4.3.35), based on the dimensional analysis (Sub-section 4.3.2).

- dead zones (f =02)
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Fig. 4.3.30 Influence of the mass-transfer parameter & on the initial distribution
of the local k-value, related to the peak concentration (run nrs 19, 20
and 21)
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Fig. 4.3.31 Comparison of the local «-distributions with equal &values, but
different longitudinal dispersion- and mass-transfer coefficients (run

nrs 19, 20, 22 and 23)
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Fig. 4.3.32 Comparison of the local «-distributions with equal values for the

mass-transfer parameter &, but different dead-zone parameters (run
nrs 19, 24 and 25)
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Fig. 4.3.33
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Fig. 4.3.34

Comparison of the local x-distributions with equal values for the
mass-transfer parameter &, but different dead-zone parameters (run

nrs 20, 26 and 27)
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mass-transfer parameter &, but different dead-zone parameters (run
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However, a variation of the dead-zone parameter 8 with equal &values shows also
negligible differences in case & = 1 (Figs 4.3.32 and 4.3.34), but significant
differences in case of & = 0.1 (Fig. 4.3.33).

For a more detailed examination of the influence of the dead-zone parameter 8 for
& < 1 the fluctuations of the k-value, due to the numerical inaccuracies after
Eq.(4.3.68) are reduced by smoothing the calculated time-distribution of the peak
concentration (£,,,,) after

(fmar)ey = (fmax),y * O [ (Pmar)yurg ~ (fmar),, | 4.3.71)

In Fig. 4.3.35 the original x-distribution of run nr. 20 (Tables 4.3.7 and 4.3.8) is
compared with the distribution based on the smoothed time-distribution. It indicates
that the smoothed distribution approaches the exact distribution quite well.

wee. dead zones
‘ run 20
K | T
o ‘ = original
' — smoothed after
- | Eq.(4.3.71) 1
0.
a1
0.24F— -
| 40 | 140 | 240 340 | 440 !
0 90 190 290 390 490

Fig. 4.3.35 Comparison of the original distribution of the x-value, related to the
peak concentration, with the distribution based on the smoothing of
the calculated time-distribution of the peak values after Eq.(4.3.71)

In Fig. 4.3.36 the smoothed distributions of the x-value for different 8-values and
one &value (= 0.1), as presented in Fig. 4.3.33, are given. The considered
distance from the starting point of the dead zones is ten times longer than in Fig.
4.3.33 (Pe = 500 instead of 45).
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Fig. 4.3.36 Comparison of the initial distributions of the local x-value with the Pe
number, related to the smoothed time of the peak concentration with
equal &values and different dead-zone parameters

Considering the analytical solution of the degenerated pair of coupled Eqs (2.3.19)
and (2.3.18), which is given by Eq.(4.3.59) (Kranenburg, 1988, personal
communication), it is stated that this solution holds for large values of the
parameter p after Eq.(4.3.64)

p=2D”J '3.1.(,_1) 4.3.72)
U u

s s

The distribution of the x-value, presented in Table 4.3.4 suggests that the transport
velocity has been adapted to the dead zones at a distance, which corresponds with
p = 1 and t = 1.001-(x/u,). The quantification of the corresponding distance can
be given after Eq.(4.3.72) by

p=p,D, ~ VB (4.3.73)

u

with p, = 2-+/ 0.001 = 0.06 andp > 1, or

D, X /B >158 (4.3.74)
u

)
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Fig. 4.3.37 Comparison of the local «-distributions with the dimensionless
distance x'D, 3" u," for & = 0.1 and different dead-zone parameters
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Fig. 4.3.38 Comparison of the local «-distributions with the dimensionless
distance x'D, 8% u,;' for & = 0.05 and different dead-zone parameters
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By way of comparison in Fig. 4.3.37 the «-distributions, presented in Fig. 4.3.36,
are related to the dimensionless distance x-D,-8”%-u,' (see also Sub-section 4.3.2,
Eq. 4.3.36). This presentation shows that the distributions for the different 8-values
become more or less similar, whereas the k-value achieves the value of unity at a
distance, which corresponds with the condition of Eq.(4.3.74): 095 < k < l ata
dimensionless distance x-D, 8%-u;' = 10 till 15. Comparable results are found for
a two times smaller value of the mass-transfer parameter & (see Fig. 4.3.38). Still,
the respective distributions for the different dead-zone parameters are not as similar
as in case of & = 0.1. Consequently there is no univocal relation between the
dimensionless parameters x, &and x-D, 8% u," in case of small &values.

A further reduction of the mass-transfer parameter & (< 0.05) means naturally a
different distribution of the local k-value (Fig. 4.3.39). Due to the deformation of
the concentration distribution as a result of dispersion and mass transfer between
the main stream and the dead zones, locally the transport velocity related to the
peak concentration can become even smaller than the velocity based on the dead-
zone parameter after Eq.(4.3.60). This means that in case of very small & values,
locally the actual lag-coefficient 8,, can become larger than the present dead-zone
parameter 3. However, the distance at which « becomes equal to unity, does not
change.

F:\ dead zones ( § =0.2)

1.6 [ —
} = & =01
Kk L4l e S — (run 20)
1.2 | o & =005
. (run 30)
- & =0.02
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e = & =0.01
0.4 (run 34)
0.2 - 7
ol
-5
1/2 -1
lus

Fig. 4.3.39 Influence of the mass-transfer parameter & on the initial distribution
of the local k-value, related to the peak concentration (run nrs 20, 30,
33 and 34)
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Considering the reference values of the mass-transfer coefficient D, (= 0.01 s),
the longitudinal dispersion-coefficient K, (= 100 till 1000 m?/s), the mean flow-
velocity u;, (= 1 m/s) and the dead-zone parameter 8 (= 0.2), based on the
situation in the River Rhine, the mass-transfer parameter & is of the order of 10°
till 10'. In that case it can be concluded that the transport velocity, related to the
peak concentration also shows more or less an instantaneous adaptation to the dead-
zones (k = 0.95) as it is in the case the transport is related to the time-centroid (x
= 1), which is comparable with the distance of adaptation of about 3.5 km after
Eq.(4.3.74).

4.3.5 The transport velocity in a river with a variable dead-zone
parameter

After the previous Sub-section 4.3.4 there is an instantaneous adaptation of the
transport velocity to the dead zones (dead-zone parameter 8) after Eq.(4.3.60)

U

1+

C:

in case the velocity ¢ is related to the time-centroid of the concentration
distribution. If the transport velocity is related to the peak value of the
concentration distribution the adaptation takes place in a more or less similar way
(x = 0.95 at the starting point of the dead zones) with the restriction that the mass-
transfer parameter & = 1. This means that the resulting lag-coefficient §8; over the
river reach j with a variable dead-zone parameter 8, can be given by Eq.(3.3.18)

(4.3.75)

wherein Ay, is the Jength of sub-branch i.

Considering the numerical model with one value for the mean flow-velocity u; and
one space step Ax;, Eq.(4.3.75) can be simplified by

: X’: s (4.3.76)

For the verification of this statement a few test-cases are carried out with the
numerical model. For the dead-zone parameter the River Waal over a distance of
about 80 km between Nijmegen (Rhine-kilometre 867.5, bifurcation Pannerden)
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Fig. 4.3.40 Distribution of the dead-zone parameter of the River Waal between
bifurcation Pannerden (River-kilometre 867.5) and Ewijk (River-
kilometre 896) for Q,,., = 3000 m?/s

and Vuren (Rhine-kilometre 952.3) for a discharge at Lobith of 3000 m'/s is
considered. After the SOBEK-model the dead-zone parameter is given every 500 m
river-reach. In Fig. 4.3.40 the considered distribution of the dead-zone parameter
is presented for the River Waal over a distance of about 30 km between the
bifurcation Pannerden and Ewijk (Rhine-kilometre 896). In Table 4.3.9 the
numerical input-data for the computations of the transport velocity related to the
time-centroid, are collected. Due to the restrictions of the computer program of the
numerical model®) the computations of run nrs 35 ... 38 were executed for a river
reach of 20 till 30 km, while in case of run nr. 39 with a space step Ax = 500 m
and a time step At = 100 s the River Waal between the bifurcation Pannerden and
Vuren was taken into account. The results of the computations are presented in
Figs 4.3.41 ... 4.3.50.

°) Running the computer program of the numerical model the computed
concentrations in the main stream and the dead zone are saved in a file for every
space and time step. For the computation of the time-centroid at the space steps
concerned, the needed data are loaded from this file. Because the dimensions of
this file are restricted, the river reach which can be considered, depends on the
dimensions of the space and time step.

181



TABLE 4.3.9 Input-data of the computations for the analysis of the behaviour
of the lag coefficient §; in relation to the time-centroid, in case
of a variable dead-zone parameter (3;
run K, D, u, & space | time distance
nr. step step without
Ax At dead zones
(m?/s) (s (m/s) (m) (s) (km) Pe
35 100 0.01 1 1 100 40 1 10
36 100 0.001 1 0.1 100 40 1 10
37 200 0.01 1 2 100 20 1 5
38 500 0.01 1 5 100 10 1 2
39 500 0.01 1 5 500 100 5 10

Figures 4.3.41 and 4.3.42 show an instantaneous adaptation of the lag coefficient
to the value of the dead-zone parameter. In Fig. 4.3.42 the results of run nrs 35
and 36 with different mass-transfer parameters & are compared. As already
observed in Sub-section 4.3.4 (Fig. 4.3.16) the mass-transfer parameter does not
effect the distribution of the lag coefficient, if this coefficient is related to the
transport velocity of the time-centroid of the concentration distributions.

Fig. 4.3.41
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Comparison of the distributions of the dead-zone parameter and the
local lag-coefficient, related to the time-centroid of the concentration
distribution after run ar. 35 (& = 1)
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Fig. 4.3.42 Influence of the dimensionless mass-transfer parameter & on the
distribution of the local lag-coefficient (run nrs 35 and 36)

In Fig. 4.3.17 (Sub-section 4.3.4) it is shown that the longitudinal dispersion-
coefficient K, influences the distance over which in the upstream direction the
transport velocity is reduced by the dead zones downstream: the larger the
coefficient, the longer the distance over which the influence can be observed. This
means that in case of a variable dead-zone parameter the local lag-coefficient
depends on the local as well as the downstream value of the dead-zone parameter.
The contribution of the influence of the downstream dead-zone parameter to the
local lag-coefficient increases with the value of the longitudinal dispersion-
coefficient (Fig. 4.3.43). If the distance over which the dead-zone parameter
varies, is relatively short and the longitudinal dispersion-coefficient is relatively
large, the local lag-coefficient cannot adapt completely to the local dead-zone
parameter, i.e. the local x-value will always differ from unity (Fig. 4.3.44). If the
value of the dead-zone parameter decreases, the upstream k-value is smaller than
unity and if the dead-zone parameter increases the upstream «-value is larger than
unity.

Therefore a length of the river reach over which the value of the dead-zone
parameter and the lag coefficient have to be averaged in order to get a x-value
between 0.9 and 1.1, has been determined. Because the distance of influence
depends on the longitudinal dispersion-coefficients the Péclet number is considered.
In Fig. 4.3.18 (Sub-section 4.3.4) the distance over which the dead zones effect the
transport velocity in the upstream direction, corresponds with a dimensionless
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Fig. 4.3.43 Influence of the dispersion on the distribution of the local lag-
coefficient in case of a variable dead-zone parameter per 500 m river

reach
5 A T " T (”7‘1 A T . "’"7"'1
; | J | H m K, -100ms |
4 ! e | & =1
1 ' ‘ (run 35)
R — R K =500m7s
| & -5
! : (run 38)

River-kilometre

Fig. 4.3.44 Distribution of the deviation of the x-value from unity; comparison of
two computations with different longitudinal dispersion-coefficients
(run 35 and 38)
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Fig. 4.3.45 Distribution of the overall value of « for three different values of the

longitudinal dispersion-coefficient K,

distance equal to Pe = 10. In Fig. 4.3.45 the overall value of the ratio of actuality

k after

with

wherein

2R

(K, = (F)y

= cu_ -1
g jAx :
B; dead-zone parameter of space step i
(;L,)j time-centroid of the concentration
stream boundary of the space step j
(”1)0

(4.3.77)

(4.3.78)

distribution at the down-

time-centroid of the concentration distribution at the upstream

boundary of the space step 1, i.e. the first space step with dead

zones

is presented for three different values of the longitudinal dispersion-coefficient K.
The distance is given by the Péclet number Pe. It shows that the condition
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09 < K < 1.1 4.3.79)

is achieved for Pe = 15. However, it should be noted that this result is based on
the situation in the River Waal. Large variations of the value of the dead-zone
parameter over a relatively short distance do increase the x-value. On the other
hand, in open channels such variations are mostly caused by harbours or lakes with
an open connection with the channel concerned. Because in this case a completely
mixed situation of the pollutant in the stagnant zone, i.e. harbour or lake, cannot
be expected. Thus the contribution of stagnant zones, caused harbours and lakes to
the actual dead-zone parameter and the lag coefficient respectively will be
restricted. The contribution depends on the dimensions of the part of the stagnant
zone, which exchanges with the main stream.

The dimensionless distance Pe = 15 means for the Dutch branches of the River
Rhine with a mean flow-velocity u, = 1 m/s and a longitudinal dispersion-
coefficient of about 3000 m*/s (see Fig. 3.4.20, Sub-section 3.4.4), an averaging
over a distance of about 45 km. Thus, it can be concluded that also from a
practical point of view an averaging of the dead-zone parameter and the lag
coefficient over a distance, corresponding with Pe = 15 is a good starting point for
a comparison of the dead-zone parameter and a measured lag-coefficient, based on
tracer measurements.

[ dead-zone parameter

i -+ lag coefficient
1 | l g 7

-1 L value l

S 10.9
16

— River-kilometre

Fig. 4.3.46 Comparison of the dead-zone parameter with the lag coefficient,
averaged over a distance, corresponding with Pe = 15 (K,=100 m*/s,
run nr. 35) and the ratio of these parameters
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Fig. 4.3.47 Comparison of the dead-zone parameter with the lag coefficient,
averaged over a distance, corresponding with Pe = 15 (K,=200 m*/s,
run nr. 37) and the ratio of these parameters

S
(6]

dead-zone parameter

\
l
—— lag coefficient l
J‘

{
I

VYa 1 -a k- value

V3 | o

6 8 10 12 14 16

—  River-kilometre

Fig. 4.3.48 Comparison of the dead-zone parameter with the lag coefficient,
averaged over a distance, corresponding with Pe = 15 (K,=500 m?/s,
run nr. 38) and the ratio of these parameters
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For verification of this starting point in Figs 4.3.46 ... 4.3.48 the distribution of
the averaged values of the dead-zone parameter and the lag coefficient are
compared for run nrs 35, 37 and 38 after

dead-zone parameter

1 j+15
15 5
lag coefficient
5 - (Behoss =By (4.3.81)
s 15-Ax :

The distributions of the dead-zone parameter and the lag coefficient show a good
agreement and the presented distribution of the corresponding «s-value lies
between the values 0.9 and 1.1 after Eq.(4.3.79).

0.5 —_— - - B S
— dead-zone parameter 1

lag coefficient

Jl—+ AX=100m
(run 38)

= AX=500m
(run 39)

16

River-kilometre

Fig. 4.3.49 Influence of the space step on the distribution of the local lag-
coefficient in case of a variable dead-zone parameter per 500 m river
reach (run nrs 38 and 39)

In Fig. 4.3.49 the distributions of the local lag-coefficients, computed after run nrs
38 and 39 with different space steps are compared with the dead-zone parameter. It
shows that due to the increment of the space step from 100 till 500 m, the
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distribution of the lag coefficient is shifted over a distance of 400 m: a numerical
consequence of the enlargement of the space step. Figure 4.3.50 shows the
comparison of the dead-zone parameter with the lag coefficient after Eqs (4.3.80)
and (4.3.81) and the corresponding distribution of the «,5;-value. Again the
distribution of the lag coefficient agrees quite well with the distribution of the dead-
zone parameter, whereas the k,s-value varies between 0.95 and 1.05. This result
proves that the averaging of the lag coefficient and the dead-zone parameter over
the dimensionless distance, corresponding with Pe = 15, is a good starting point
indeed for a comparison of these parameters.

ﬂ15

. dead-zone parameter

|
|

+ lag coefficient

—  River-kilometre

Fig. 4.3.50 Comparison of the dead-zone parameter with the lag coefficient,
averaged over a distance, corresponding with Pe = 15 (K, =500 m?/s,
run nr. 39) and the ratio of these parameters

For the examination of the behaviour of the transport velocity related to the peak
concentration, additional computations were carried out. The input-data of the
computations concerned are listed in Table 4.3.10. The results are presented in
Figs 4.3.51 ... 4.3.58.

Referring to the conclusion in Sub-section 4.3.4 that the transport velocity, related
to the peak concentration adjusts more or less instantaneously to the dead zones
after Eq.(4.3.60) for values of the mass-transfer parameter & = 1, the distribution
of the local lag-coefficient based on the peak concentration will also follow the
distribution of the variable dead-zone parameter as closely as the lag coefficient
based on the time-centroid (compare Fig. 4.3.51 with Fig. 4.3.41).
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TABLE 4.3.10 Input-data of the computations for the analysis of the behaviour

of the lag coefficient 8; in relation to the peak concentration, in
case of a variable dead-zone parameter §;

run K, D, u, & space | time distance
nr. step step without
Ax At dead zones
(m?/s) (s (m/s) (m) (s) (km) Pe
40 100 0.01 1 1 100 1 10 100
41 100 0.001 1 0.1 100 1 10 100
42 100 0.0005 1 0.05 | 100 1 10 100
43 500 0.01 1 5 100 1 50 100
44 500 0.01 1 5 500 1 50 100
45 500 0.002 1 1 500 1 50 100
46 500 0.001 1 0.5 500 1 50 100
47 500 0.0004 1 0.2 500 1 50 100
0-5 % 77‘ --------- dead-zone parameter
B 0.4 g{( i J - lag coefficient
0.3 4 % 5 ; E
0.1 f Wi L i ‘1
0 5 10 15
—_— szer-kllometre
Fig. 4.3.51 Comparison of the distributions of the dead-zone parameter and the
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local lag-coefficient, related to the peak value of the concentration
distribution after run nr. 40 (£ = 1)



| } — & =1
: (run 40)

- & =01
(run 41)

— River-kilometre

Fig. 4.3.52 Influence of the dimensionless mass-transfer parameter & on the
distribution of the local lag-coefficient (run nrs 40 and 43)

In Figs 4.3.52 and 4.3.53 the influence of the mass-transport parameter & on the
initial distribution of the ratio of the local lag-coefficient and the dead-zone
parameter (i.e. the x-value) is analyzed. Figure 4.3.52 shows that for & = 0.1 the
difference between the distributions of the dead-zone parameter and the local lag-
coefficient reduces with the distance. According to the analysis of the adaptation
length over which the local lag-coefficient (based on the peak concentration)
becomes equal to the dead-zone parameter by applying the dimensionless distance
x-DyB*u;' (Sub-section 4.3.4), the initial distribution of the local k-value is
presented for three values of the mass-transfer parameter in Fig. 4.3.53. The dead-
zone parameter in the expression for the dimensionless distance x-D, B8*-u," is
defined by

8, - 71 3 8 (4.3.82)
i1

Considering the tendency of the presented distribution, it can be concluded that the
overall adaptation-length corresponds with a dimensionless distance xDy B ut =
10 all 15, as found in case of a constant dead-zone parameter (see Sub-section
4.3.4). The local fluctuations of « are caused by the variation of the dead-zone
parameter. Since in case of a mass-transfer parameter & < 1, there is no
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instantaneous adaptation of the local lag-coefficient to the dead-zone parameter, if
the transport velocity is related to the peak concentration. An additional adaptation-
length for the concerned value of the dead-zone parameter is needed. However,
because the dead-zone parameter varies every 500 m river-reach, the additional
adaptation-length after a variation of the dead-zone parameter is overruled by the
adaptation to the next dead-zone parameter. The extremely large fluctuations of «
(larger than 1 or smaller than 0.8) indicate extremely large differences between two
successive values of the dead-zone parameter.

2 T T T T P T T
PR SR O = &=
K L. J:_ 1 B i (run 40)
1.4 = i f B & =01
- Jl'é (run 41)
1 ) -- & =0.05
. i (run 42)
0.
0.
15 1/2
_— X Db' ﬂj ) us

Fig. 4.3.53 Influence of the mass-transfer parameter & on the initial distribution
of the local k-value, related to the peak concentration (run nrs 40, 41
and 42)

The influence of the longitudinal dispersion-coefficient K, on the transport velocity,
related to the peak concentration is presented for values of the mass-transfer
parameter & = 1 in Fig. 4.3.54. As already found for the transport velocity related
to the time-centroid of the concentration distribution, due to the dispersion the
upstream lag-coefficient is influenced by the downstream dead-zone parameter-
value (see Sub-section 4.3.4, Fig. 4.3.43). If the distance over which the dead-zone
parameter is constant, does not vary, the deviation of the local value of the lag
coefficient from the dead-zone parameter will increase with the longitudinal
dispersion-coefficient (Fig. 4.3.54).

Also in case of the peak concentration an increment of the space step from 100 to

500 m only means a shift of the distribution of the local lag-coefficient over a
distance of 400 m (Fig. 4.3.55). Thus for the analysis of the influence of the
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River-kilometre

Fig. 4.3.54 Influence of the dispersion on the distribution of the local lag-
coefficient, related to the peak concentration, in case of a variable
dead-zone parameter per 500 m river reach

— dead-zone parameter

ﬂ 1 | N
0.4 - - SR | R ‘ lag coefficient
t L ; : t) - AX=100m
' i (run 43)
7]
0. , - #H1¥ = AX=500m
Ji b (run 44)
3 \ [
IR 3
. IR
h |
6 . 5 10 V 15 777742‘0

——— River-kilometre

Fig. 4.3.55 Influence of the space step on the distribution of the local lag-
coefficient, related to the peak concentration, in case of a variable
dead-zone parameter per 500 m river reach (run nrs 43 and 44)
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0
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0. L (run 45)
0.

——— River-kilometre

Fig. 4.3.56 Influence of the mass-transfer parameter & on the distribution of the
local lag-coefficient, compared with the dead-zone parameter for a
space step of 500 m and K, = 500 m*/s (run nrs 44 and 45)

longitudinal dispersion-coefficient for large values, a space step of 500 m can be
applied. After the results of run nrs 44 and 45 in Fig. 4.3.56 with a longitudinal
dispersion-coefficient K, = 500 m%/s, a reduction of the mass-transfer parameter &
from 5 to 0.5 has no significant influence on the local lag-coefficient. However,
after Fig. 4.3.53 in case of a smaller dispersion-coefficient (K, = 100 m’/s) a
reduction of the mass-transfer parameter shows a large difference between the
initial x-distributions. Defining the relative difference between the local k-value of
two comparable computations by

K K
Ax _ 75 74 (4.3.83)
K

wherein Kg = x-value in case of a large &value

Ky x-value in case of a comparable small &value

2

the k-distributions of run nrs 40 and 41 (with K, = 100 m%/s), as well as run nrs
44 and 45 (with K, = 500 m?/s) are compared in Fig 4.3.57.
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— K, =100m7s

& =1/041
\ (run 40/41)

Ak /K, .

e K¢ =500 ms

| & =5/05
: (run 44/46)

River-kilometre

Fig. 4.3.57 Influence of the dispersion on the effect of the mass transfer on the
initial distribution of the lag coefficient related to the peak
concentration, represented by the relative k-value after Eq.(4.3.83)

Ax /i I K, =500ms
0. — & =5/1
: ‘ (run 44/45)
I P P~ I A O ISR S o & =5/05
(run 44/46)
------ & =5/02
o | (run 44/47)
-0.

River-kilometre

Fig. 4.3.58 Influence of the mass-transfer parameter on the initial distribution of
the lag coefficient related to the peak concentration, represented by
the relative k-value after Eq.(4.3.83)
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Apparently a large dispersion-coefficient smooths the fluctuations of the «-
distribution, i.e. the dispersion reduces the adaptation length. The reduction
depends on the value of the dispersion coefficient K, as well as the value of the
mass-transfer coefficient D,, i.e. the mass-transfer parameter & The smaller the
mass-transfer coefficient, the larger the longitudinal dispersion-coefficient must be
in order to get a comparable reduction of the influence of the mass transfer on the
transport velocity, related to the peak concentration. In Fig. 4.3.58 the influence of
the mass-transfer parameter & on the initial k-distribution in comparison with the -
distribution for & = 5 (run nr. 44) is presented. It proves again that for the peak
concentration the instantaneous adaptation of the lag coefficient to the dead-zone
parameter holds for & = 1.

Considering the transport velocity related to the time-centroid of the concentration
distributions, it was stated from a practical point of view that for a good agreement
between the dead-zone parameter and the lag coefficient an averaging of these
parameters over a distance, corresponding a Péclet number of 15 has to be chosen.
Figures 4.3.59 and 4.3.60 show that this statement also prevails for the transport
velocity related to the peak concentration, if the mass-transfer parameter & = 1.

0.3 T [t o N
ﬁ15 ; ; 3 Z =5
1 0.25 o —t i F L R -
S B S dead-zone
parameter
0.15 )
—~+ lag coefficient
0.1 -+ K- value
0.05

—  River-kilometre

Fig. 4.3.59 Comparison of the dead-zone parameter with the lag coefficient,
averaged over a distance, corresponding with Pe = 15 (K,=500 m%/s,
& =5, run nr. 44) and the ratio of these parameters
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Fig. 4.3.60 Comparison of the dead-zone parameter with the lag coefficient,
averaged over a distance, corresponding with Pe = 15 (K,=500 m?/s,
& = 0.2, run nr. 47) and the ratio of these parameters

4.3.6 Conclusions

The transport velocity of a pollution cloud has been related to the time-centroid as
well as to the peak value of the concentration distribution. In case of the time-
centroid the transport velocity ¢ adjusts instantaneously to the dead-zone parameter
after

c= (4.3.84)

wherein u, is the mean flow-velocity in the main stream and B8 the dead-zone
parameter. However, due to the longitudinal dispersion the dead zones influences
also the transport velocity upstream of these zones. The distance concerned
increases with the longitudinal dispersion-coefficient K,. The distance can be
quantified by the Péclet number: Pe = 10 till 15. The mass-transfer coefficient D,,
representing the exchange of mass between the main stream and the dead zones,
has no effect on the transport velocity, related to the time-centroid. It only effects
the concentration distribution: the smaller the mass-transfer coefficient the longer
the tail of the concentration distribution will be.
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The instantancous adaptation of the transport velocity to the dead zones after
Eq.(4.3.84) means in case of a variable dead-zone parameter that the actual lag-
coefficient 8, after Eq.(4.1.3) varies with the dead-zone parameter, thus the ratio
of the actual lag-coefficient and the dead-zone parameter x will be equal to the
unity. However, this holds for small values of the longitudinal dispersion-
coefficient. Referring to the influence of the dead zones on the transport velocity in
the upstream direction, caused by the dispersion, the variation of the local lag-
coefficient will become smaller than the variation of the dead-zone parameter if the
dispersion coefficient increases. As a matter of fact, due to the dispersion the
distribution of the local lag-coefficient is a smoothed version of the distribution of
the dead-zone parameter. Therefore from a practical point of view it is suggested to
compare the values of the actual lag-coefficient and the dead-zone parameter
averaged over a distance, corresponding with Pe = 15, being the upstream river-
reach influenced by the down-stream dead-zones. In this case the actual lag-
coefficient deviates less than 10% from the dead-zone parameter (0.9 < x < 1.1)

If the transport of the pollutant is related to the peak value of the concentration
distribution, the adaptation of the transport velocity ¢ depends on the magnitude of
the mass-transfer parameter & = D, K, / u?. For values of & = 1 there is more or
less an instantancous adaptation of the local lag-coefficient to the dead-zone
parameter value. Consequently in case of a variable dead-zone parameter an
averaging over the dimensionless distance of Pe = 15 also gives comparable values
for these parameters (0.9 < « < 1.1).

2 —
I i
1.84+——— i
K i
1.6 —474.%
I
1.4 — :
[
12
t I;E
1 HRE o
R\ ¥1 1
0. : =
0.

Fig. 4.3.61 Influence of the mass-transfer parameter & on the initial distribution
of the local k-value, related to the peak concentration
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However, for & < 1 there is an adaptation length of the local lag-coefficient to the
dead-zone parameter. This distance can be given by the dimensionless parameter
x'Dy'B%u = 10 till 15. In case of a variable dead-zone parameter there are two
types of adaptation. There is an overall adaptation-length from the starting point of
the dead zones, which can also be given by the parameter x-D,-8*-u,' = 10 till
15, wherein B,- is the overall value of the dead-zone parameter. Locally the
variations of the dead-zone needs additional adaptation-lengths per change of the
dead-zone parameter. Because mostly the adaptation-length is much larger than the
distance over which the dead-zone parameter is constant, the adaptation to the local
value of the dead-zone parameter cannot be achieved and is overruled by the
adaptation to the next dead-zone parameter. The result is an overall adaptation of
the lag coefficient to the overall mean-value of the dead-zone parameter with a
locally fluctuated deviation, due to the variation of the dead-zone parameter (Fig.
4.3.61, see also Fig. 4.3.53). Relatively large fluctuations of the ratio of the lag
coefficient and the dead-zone parameter (¢ > 1.5) indicate relatively large
variations of the dead-zone parameter. By increasing of the longitudinal dispersion-
coefficient these fluctuations are smoothed.

These results mean that by tracer experiments the mass-transfer coefficient D,
cannot be determined explicitly by the transport velocity of a tracer cloud. If the
transport velocity, based on the time-centroid and the peak value of the measured
concentration distributions are equal, a lower limit for the mass-transfer parameter
can be given: & = 1. Considering the Dutch branches of the River Rhine with a
mean flow-velocity u, = 1 m/s and a longitudinal dispersion-coefficient K, =
3000 m*/s, for the mass-transfer coefficient D, a value larger than 3.5-10% s is
found (see Eq. 4.3.34), whereas the used reference value after Eq.(4.3.54) is equal
to 107 s,

If the transport velocity based on the time-centroid and the peak concentration
differ, it yields & < 1. In case of the River Rhine the mass-transfer coefficient
becomes smaller than 3.5-10* s,

It is because the mass-transfer coefficient D, does effect the concentration
distribution, its value has to be determined by comparison of measured and
calculated concentration-distributions. As already mentioned, an important effect of
the mass-transfer coefficient on the concentration distribution considers the tail of
the distribution. Therefore the measured concentration-distributions have to be as
complete as possible. If the tail of a concentration distribution is hardly measured
the determination of the mass-transfer coefficient becomes inaccurate.
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4.4 THE DUTCH BRANCHES OF THE RIVER RHINE

4.4.1 General

On account of the shipping traffic groyne-fields are built at both banks of the Dutch
branches of the River Rhine (Fig. 4.4.1). By these artificial dead-zones these river
branches are pre-eminently appropriate for comparison of the tracer experiments
04/89, 09/90 and 06/91 with computational results of the dead-zone model.
However, for a useful comparison the measured concentration-distributions have to
be reliable. After the analysis of the lag coefficient based on the measured
distributions (see Sub-section 3.4.5), not all measuring-stations seem to be suitable.
In Table 4.4.1 the most appropriate measuring-stations are collected.

& Kampen

Fig. 4.4.1 Overview of the Dutch branches of the River Rhine

For the analysis of the transport of a pollutant cloud in the Dutch Rhine-branches
there two aspects to be taken into consideration:

* the actual lag-coefficient 8, in relation to the dead-zone parameter 3, based
on the ratio of the cross-sectional areas of the groyne-fields (A,) and the
main stream (A,), and

* the mass-transfer coefficient D,.

200



Appropriate measuring-stations for the analysis of the dead-

TABLE 4.4.1
zone parameter and the mass-transfer coefficient
Tracer experiment 04/89 09/90 06/91
River discharge at Lobith (m%/s) 2979 954 2383
measuring station
Lobith X X
Bimmen X
Nijmegen ) X X
Vuren S S
Hagestin X X
Kampen xX)" X

" The tail of the concentration is not measured completely
In case of the analysis of the mass-transfer coefficient, next to the reliability of the

measured time-centroid or peak concentration the distribution itself must be as
complete as possible, i.e. the tail of the concentration distribution. The measured

concentration-distributions for which the tail is missing, are marked with (X) (see

Fig. 4.1.2).
p(rg/)
0.3 : o1z -
t IT;rT ~. L (5
I . e
0.2-—= == fg‘.—— — \,.3:‘7'_.%\ 0.08{— — — |
N = ’
n B / . i
0.14— ! 1 0.04— e
s ! -
I— I a -
0J “/. A — 0 4-;/, ' -"/
11 12 13 6 7 3 9 10
——> time after release (day)
| Vuren (09/90) |  Kampen (04/89) |
o - o ) j
at the measuring-stations

Fig. 4.4.2 Measured concentration-distributions
Kampen (tracer experiment 04/89) and Vuren (tracer experiment

09/90)
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For the comparison of the measured lag-coefficient with the dead-zone parameter,
the schematization of the Dutch Rhine-branches after the SOBEK-model are used
(Delft Hydraulics & Ministry of Transport, Public Works and Watermanagement,
1995). In Sub-section 3.4.5 the measured lag-coefficients have been compared
roughly with the dead-zone parameter. Because the dead-zone parameters after the
SOBEK-model are mostly given every 500 m river-reach, for simplicity the
averaged values (8,) have been determined by

n

B, = B, 4.4.1)

x|

i=1

The dead zones caused by lakes, river harbours etc. with an open connection with
the river, have been defined by values of the dead-zone parameter 8, > 0.8.
Excluding of these dead zones in the determination of the average dead-zone
parameter was made by replacing these values ( > 0.8) by zero.

TABLE 4.4.2 Dead-zone parameter for the Dutch branches of the River
Rhine after the SOBEK-model

river branch tracer experiment
09/90 06/91 04/89
river discharge at Lobith (m?*/s)
954 2383 2979 ™)
MHH ]| O | | O | O

Lobith/Bimmen - Nijmegen || 0.57 | 0.13 | 0.58 | 0.18 | 0.63 | 0.24

- Vuren 0.40 | 0.16 | 0.45 | 0.23 | 0.50 | 0.27

- Hagestein || 0.86 | 0.29 | 0.89 | 0.32 | 0.97 | 0.34

- Kampen 0.80 1 0.19 | 0.79 | 0.23 | 0.80 | 0.28
Nijmegen - Vuren 0.34 ] 0.17 | 0.41 | 0.24 | 0.45 | 0.28

B (1) inclusive harbours and lakes, which have an open connection with the river

2) for values of the dead-zone parameter > 0.5, the dead-zone parameter value is
replaced by the value of 0.5
™) the dead-zone parameter after the SOBEK-model is related to a river discharge at Lobith
of 3000 m*/s

Now the mean value of the dead-zone parameter has been determined more
precisely by taking the distance Ax; between two successive values of the dead-zone
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parameter into consideration after

p = i (4.4.2)

Z Ax
i=1

with B,  dead-zone parameter at the upstream boundary of the considered river
reach Ax;
B, dead-zone parameter at the downstream boundary of the considered
river reach Ax;

In Table 4.4.2 the values, averaged over the river branches concerned after
Eq.(4.4.2), are presented for the three river discharges at Lobith during the tracer
experiments 04/89, 09/90 and 06/91. Because there will not be a completely mixed
situation of the transported pollutant in large dead-zones as lakes and river
harbours, the dead-zone parameter has to be reduced at these river cross-sections.
In Table 4.4.2 the averaged values of the dead-zone parameter is presented, if 8-
values larger than 0.5 are substituted by a value of 0.5.

§ 100 - T
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go ___________ g
I
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[\R
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Fig. 4.4.3  Partial branch-length with values of the dead-zone parameter 8 equal
to or less than the considered one for the Rhine-branch between
Lobith and Vuren (River Waal) after the SOBEK-model
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Fig. 4.4.4

partial branch-length (%)

Fig. 4.4.5
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Partial branch-length with values of the dead-zone parameter 8 equal
to or less than the considered one for the Rhine-branch between
Lobith and Hagestein (Pannerden Channel and R. Lower Rhine) after
the SOBEK-model
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Partial branch-length with values of the dead-zone parameter 8 equal
to or less than the considered one for the Rhine-branch between
Lobith and Kampen (Pannerden Channel and R. IJssel) after the
SOBEK-model



The distribution of the river branch-length for which the dead-zone parameter is
smaller than or equal to the value concerned, are presented in succession for the
Rhine branches Lobith-Vuren (including the River Waal) in Fig. 4.4.3, Lobith-
Hagestein (including the Pannerden Channel and the River Lower-Rhine) in Fig.
4.4.4 and Lobith-Kampen (including the Pannerden Channel and the River IJssel) in
Fig. 4.4.5 (see also Fig. 4.4.1). Based on a rough comparison of Figs 4.4.3 ...
4.4.5 it can be concluded that the River Waal shows the smallest contribution of
lakes and river harbours to the distribution of the dead zones (about 20% the dead-
zone parameter 3 > 0.5), whereas the River Lower Rhine has the largest contribu-
tion (about 30%), partly caused by the weirs with lateral canals with ship locks at
Driel, Amerongen and Hagestein (Fig. 3.2.5). The part of the large stagnant-zone
which exchanges with the main stream, depends on the shape and dimensions of
the zone itself as well as the connection with the main stream. Because it is
impossible to determine on forehand which part of the stagnant zone will exchange
with the main stream of the river, the contribution of these zones to the mean value
of the dead-zone parameter cannot be given explicitly, unless after an analysis of
the local flow phenomena which predominate the exchange of a pollutant.
Moreover the pollutant has to be mixed homogeneously over the part of the dead
zone, which exchanges with the main stream.

Referring to the average ratio of the total width of the groyne-fields and the main
stream along the Dutch Rhine-branches (Section 4.2) of about 0.2 till 0.3, for a
first indication of the mean value of the dead-zone parameter the contribution of the
large stagnant zones is limited by a value of 0.5. The resulting mean values
correspond with a 50 till 60% of the branch-length, for which the dead-zone
parameter is smaller than or equal to the mean-value concerned (see Table 4.4.2
and Figs 4.4.3 ... 4.4.5). Due to the uncertainty of the representing dead-zone
parameter in case of large stagnant zones, the dead-zone parameter and the
measured lag-coefficient becomes less and less comparable, if the contribution of
large stagnant zones with incomplete exchange is increasing. Thus the Rhine
branch Lobith - Vuren (including the River Waal) will be the most appropriate
branch for the analysis of the influence of the dead zones, i.e. groyne-fields on the
transport velocity related to the time-centroid or peak concentration of the
measured concentration-distributions. The significance of the other Rhine branches
will be more indicative. Anyhow, they might give information about the valuation
of large stagnant-zones by a dead-zone parameter.

At last it has to be noticed that there is a slight increment of the dead-zone
parameter with the river discharge.

In Sub-section 4.4.2 an analysis of the measured lag-coefficient in relation with the
dead-zone parameter after the SOBEK-model as well as after the Rhine Alarm-
Model, is presented. The mass-transfer coefficient for the Dutch Rhine-branches
will be examined in Sub-section 4.4.3.
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4.4.2 Transport velocity and the dead-zone parameter

As indicated in Subsection 4.3.6 the lag coefficient becomes comparable with the
dead-zone parameter if this parameter is averaged over a distance, corresponding
with a Péclet number of at least 10 till 15. Therefore in Table 4.4.3 the Pe-number
is presented for the river reaches, considered in Table 4.4.2.

TABLE 4.4.3 The lengths of the river reaches concerned after the Péclet
number (Pe)
river reach length mean long. Pe-
flow- dispersion- | number
velocity | coefficient
u, K,
(km) (m/s) (m’/s)
tracer experiment 04/89
Lobith - Vuren 89.6 1.17 4476 23.4
- Hagestein 84.3 0.98 1016 81.3
- Kampen 132.3 0.85 635 177.1
tracer experiment 09/90
Lobith - Nijmegen 21.43 0.96 6103 3.4
Vuren 88.5 0.84 5650 13.2
Kampen 131.2 0.51 544 123.0
Nijmegen - Vuren 67.07 0.81 5528 9.8
tracer experiment 06/91
Bimmen - Nijmegen 19.71 1.14 4433 5.1
Vuren 86.78 1.08 4703 19.9
Hagestein 81.48 0.89 981 73.9
Nijmegen - Vuren 67.07 1.06 4776 14.9

The large longitudinal dispersion-coefficients of the river reach Lobith - Vuren
(River Waal) can be explained by considering the used semi-empirical expression
for the longitudinal dispersion-coefficient K, as derived by Fischer et al. (1979)
(see Eq. 2.3.86)

2 2
u, *B

a-u

*

(4.4.3)
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with  «, = coefficient of proportionality
B = width of the main stream
a = depth of the main stream
u. = shear velocity: u. = u, -V/(g) / C

With a calibrated value e, in the Rhine Alarm-Model for the Dutch Rhine-branches
of 0.02 7) and a river width between 250 and 350 m (Table 4.4.4) the value of the
dispersion coefficient becomes 4500 till 6000 m*/s. This means that relatively long
distances have to be considered for the comparison of the lag coefficient and the
dead-zone parameter. Thus the river reach Lobith/Bimmen - Nijmegen will not be
taken into consideration. Further, in case of the tracer experiment 06/90 with a low
river-discharge at Lobith of 954 m%/s the value of the lag coefficient over the river
reach Nijmegen - Vuren (River Waal) will be compared not more than in an
indicative sense with the averaged dead-zone parameter over this river reach.

TABLE 4.4.4 River width of the Dutch Rhine-branches after the Rhine
Alarm-Model

River reach river width
(m)

- River Rhine 340
Lobith - Pannerden bifurcation

- River Waal 260 - 340
Pannerden bifurcation - Vuren

- Pannerden Channel 135 - 140

- River Lower Rhine 100 - 150
1Jssel bifurcation - Hagestein

- River IJssel 80 - 150
Issel bifurcation - Kampen

For the determination of the lag coefficient, based the tracer experiments
concerned, the time-centroid of the measured concentration-distributions at the
stations mentioned in Table 4.4.1 are collected in Table 4.4.5. For the determina-
tion of the time-centroid the measured concentration-distributions are approximated
by the concentration distribution after the Chatwin-model (Eq. 2.3.85) by the
DUD-method (see Subsection 3.3.1) in order to be independent of the completeness

) Based on velocity profiles in a river Fischer et al. (1979) derived a value 0.011
for the coefficient of proportionality «,. However, after measurements in open
channels the coefficient can become four times larger or smaller (see also Table
3.4.9).
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TABLE 4.4.5 Time-centroid of the measured concentration-distributions

measuring Rhine- time-centroid (p,)
station kilometre (day)
after the Chatwin-model after Eq.(4.4.4)
by the DUD-method
tracer experiment 04/89 (discharge at Lobith 2979 mY/s)
Lobith 862.20 6.9383 7.0645
Vuren 951.80 8.0834 8.1597
Hagestein 946.50 8.2825 8.5679
Kampen 994.50 8.7358 9.1 ")
tracer experiment 09/90 (discharge at Lobith 954 m’/s)
Lobith 863.30 11.340 -
Nijmegen 884.73 11.691 -
Vuren 951.80 12.749 -
Kampen 994.50 14.046 14.5351
tracer experiment 06/91 (discharge at Lobith 2383 m*/s)
Bimmen 865.02 6.5320 -
Nijmegen 884.73 6.7589 -
Vuren 951.80 7.6919 -
Hagestein 946.50 8.0722 -
b Based on the extrapolated concentration-distribution as presented in Fig. 3.4.34

of the measured concentration-distribution. In this way the time-centroid can also
be approximated for the distributions with an incompletely measured tail of the
distribution as presented in Fig. 4.4.2. On the other hand the approximation does
not represent always the tail quite well (see Fig. 3.4.33), which means that the
derived time-centroid is too small. Therefore in Table 4.4.5 for a restricted number
of measuring stations at distances L from the point of release, the time-centroid
derived from the measured concentrations after (see Eq. 3.3.8)

+e

[t Gpeas o) - a1
== (4.4.4)

+o0

f @00 (Lo0) - dt

-0

is also presented. Figures 4.4.6...4.4.8 illustrate the restrictions of the approxi-
mation of the tail of the concentration distribution by the Chatwin-model after the
DUD-method. In case of the tracer experiment 09/90 (Fig. 4.4.7) with a low-water
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discharge at Lobith of 954 mY/s, the concentration distribution of the tail suggests a
second ’tracer’ wave, which disturbs the determination of the time-centroid by
Eq.(4.4.4) significantly, whereas the DUD-method neglects this wave. Because the
tracer Rhodamine WT is measured by the fluorescence, a small additional release
of a substance, which apparently can also be measured by the fluorescence, might
be the reason of this wave. Anyhow, with the correction for the background
concentration this wave was not be recognized as a non-tracer substance.

For a good approximation of the measured concentration-distribution by the
Chatwin-model the skewness G, of the distribution has to be more or less equal to
unity (see Sub-section 2.3.2, Egs 2.3.60 and 2.3.85). Therefore a variation of the
skewness in order to improve the reproduction of the tail, is limited and
consequently the time-centroid will hardly change.

Thus, the accuracy of the time-centroid still depends on the completeness of the
measured concentration-distribution, including the tail.

The presented lag-coefficients in Table 4.4.6 are determined after Eq.(3.4.3)

Ap
B, = ( '>"' -1 (4.4.5)
(ATu)m
with  (Ap,) = difference between the time-centroid of two
successive measuring-stations (river reach m)
(ATu)m = the flow time between the two successive

measuring-stations concerned (river reach m)

After the square propagation-law of errors the variance of the lag coefficient 8,
can be approximated by (see Eq.3.4.2)

Au)?
0,2 = 2-0;‘12 S S S+ 2~0TM2 . ———~( ’)'”4 (4.4.6)
" (A T ")m (A Tu)m
with @, = standard deviation of the time-centroid
oy, = standard deviation of the flow time

Based on the comparison of the time-centroid, determined with the DUD-method
and after Eq.(4.4.4) in Table 4.4.5 the variance of the time-centroid is estimated at
0.1 day.

In Table 4.4.6 also the flow time after the SOBEK-model is considered. The
differences between the flow time after the Rhine Alarm-Model and the flow time
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TABLE 4.4.6 Transport time and lag coefficient based on the time-centroid of
the measured concentration-distributions after Table 4.4.5
River reach transport time | flow-time (A7, ) lag coefficient 3, [ %, |
after after
time-centroid (day) %)
(Ap, )m
(day) M B) " @h
tracer experiment 04/89
Lobith - 1.1451 0.8867 | 0.8659 0.29 0.32 0.16
Vuren 4
Lobith - 1.3442 0.9786 | 1.1101 0.37 0.21 0.14
Hagestein D)
Lobith - 1.7975 1.6762 | 1.7784 0.07 0.01 0.08
Kampen (2.0355)%) 91 0.21%) | (0.14))
tracer experiment 09/90
Lobith - 1.409 1.2125 | 1.3348 0.16 0.06 0.11
Vuren
Nijmegen - 1.058 0.9553 | 1.0307 0.11 0.03 0.14
Vuren
Lobith - 2.706 2.7572 1 2.9093 -0.02 -0.07 0.05
Kampen (3.195)%) 0.16)%) | (0.10)%
tracer experiment 06/91
Bimmen - 1.1599 0.9303 | 0.9093 0.25 0.28 0.15
Vuren
Nijmegen - 0.9330 0.7309 | 0.6990 0.28 0.33 0.20
Vuren
Bimmen - 1.5402 1.0379 | 1.3147 0.48 0.17 0.13
Hagestein
D) (1)  Rhine Alarm-Model
(2) SOBEK-model
2 after Eq.(4.4.5) with g, = 0.1 day and o;, = 0.014 day.
o) transport after the tlme centroid, determined by Eq.(4.4.4) at Kampen, whereas
the time-centroid at Lobith is approximated by the Chatwin-model
4 flow time is related to a river discharge at Lobith of 3000m’/s instead of
2979m?/s.
%) based on the transport time after *)

after the SOBEK-model are remarkable. For the river reach Lobith - Vuren (the
River Waal) they vary between 0.02 day for discharges larger than 2000 m%/s at
Lobith till 0.1 day for low-water discharges. The differences at the river reach
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Lobith - Kampen is more than 0.1 day and at the river reach Lobith - Hagestein the
difference increases up to 0.3 day in case of the tracer experiment 06/91. These
large differences might be caused by changes of the morphology since the
schematization of the Dutch Rhine-branches, used for the Rhine Alarm-Model®). In
Fig. 4.4.9 the flow-time differences between the Rhine Alarm-Model and the
SOBEK-model for the river reach Arnhem (IJssel bifurcation) - Hagestein is
presented. It shows an large increment of the flow-time differences for river
discharges of 1400 till 2000 m*/s up to 1 till 2 days. These river discharges
concern the range for which the weirs in the River Lower Rhine are lowered.
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Fig. 4.4.9 Comparison of the flow times after the Rhine Alarm-Model and the
SOBEK-model for the River Lower Rhine and the River Lek between
the IJssel bifurcation (Arnhem) and Hagestein

Because of these large flow-times differences, the lag coefficient is listed for both
models in Table 4.4.6.

As already discussed in Sub-section 4.4.1 the dead-zone parameter along the Dutch
Rhine-branches is not so homogeneously distributed as it should be for a good
comparison with the measured lag-coefficient (see Figs 4.4.3, 4.4.4 and 4.4.5).
Moreover, the dead-zone parameter of a significant part of the river reaches
concerned is larger than 0.5. Because for these zones a completely mixed situation

8 For the flow times in the Rhine Alarm-Model the schematization after the
ZWENDL-model has been used, a one-dimensional hydrodynamic model.
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becomes doubtful, the average value B, after Eq.(4.4.2) has been determined for
three restrictive conditions: the considered B-values are less or equal to 0.3, 0.5 or
0.8. For instance, if 8; < 0.8 all values larger than 0.8 are substituted by a value
of 0.8. In Figs 4.4.10 ... 4.4.13 the 8 ,-distributions as a function of the discharge
at Lobith are compared with the lag coefficients, including the variance as
presented in Table 4.4.6.

Apart from the relatively large variance, the lag coefficient of the river reach
Lobith - Vuren (Fig. 4.4.10) corresponds fairly well with the average dead-zone
parameter with the restriction condition 8; < 0.5. As already indicated in Sub-
section 4.4.1, this agreement might be a result of the relatively homogeneous
distribution of the dead-zone parameter: over 80% of the river reach concerned the
dead-zone parameter is smaller than 0.5 (see Fig. 4.4.3). For low-water discharges
the results show a slight reduction of the dead-zone influence on the transport
velocity. The lag coefficient reduces more than the dead-zone parameter.

Although the length of the river reach Nijmegen - Vuren corresponds with a Pléclet
number smaller than 15 (10 till 15, see Table 4.4.2) and the concentration
distribution at Nijmegen shows a ’second wave’ (Fig. 4.4.7), the results show the
same tendency (Fig. 4.4.11).
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Fig. 4.4.10 Comparison of the average dead-zone parameter with the measured
lag-coefficient for the river reach Lobith - Vuren (R. Waal); tracer
experiments 04/89, 09/90, 06/91 and Sandoz-spill

215



g | [ dead-zone parameter
B S R A T N O e B < 08 ‘
o — B < 05 }
' 0.3 7— P - Cloab T T Tl | e ﬁ < 03 J
.. S

. lag coefficient

| Rhine Alarm-
Model

oz L L
900 1300 1700 2100 2500 2900 3300
1100 1500 1900 2300 2700 3100

River discharge at Lobith (m%/s)

Fig. 4.4.11 Comparison of the average dead-zone parameter with the measured
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As discussed in Section 4.2 the velocity

mixing layer head Ah,, defined by

2
AR = & (4.4.7)
2-g

has to be larger than the loss of energy head
over the longitudinal distance between the
groynes in order to get an eddy in the
groyne-field, needed for a completely mixed
stream of a groyne situation  (Fig. 4.4.14). Although this
condition is independent of the flow velocity
(see Eq. 4.2.2), it will be reasonable to expect that for very small values of the
velocity head (less than 0.01 or 0.02m) the strength of the eddy as a mixing tool
will reduce. This might be an explanation for the slight reduction of the value of
the lag coefficient in comparison with the dead-zone parameter for low-water
discharges in Figs 4.4.10 and 4.4.11.

Fig. 4.4.14 Mixing layer down-

The results of the river reach Lobith - Hagestein (Fig. 4.4.12) present the effect of
the flow-time difference between the Rhine Alarm-Model and the SOBEK-model
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explicitly. The difference decreases with the increase of the river discharge (see
also Fig. 4.4.9). Averaging the flow-time differences it can be stated that for river
discharges larger than 2300 m’/s at Lobith (free runoff) the lag coefficient
correspondents more or less with the average dead-zone parameter with the same
restriction condition as for the River Waal: 8, < 0.5.

During the tracer experiment 09/90 with low-water conditions the tracer cloud
passed the measuring station Hagestein about a week earlier than expected (see Fig.
3.4.32), thus no measurements are available. Analysis of the transport times
between Lobith and Hagestein by time-series of chloride concentrations for low-
water conditions proved, that the transport velocity can be described by the flow
time plus/minus 10 till 15%, based on detailed information of the discharge and
water-level distribution along this river reach during the passage of the pollutant
(van Mazijk and Wuijts, 1995). This means that the influence of the dead zones
with an averaged value 0.30 (Fig. 4.4.12) can be neglected for low-water
conditions. This agrees with the assumption, that for small values of the velocity
head the mixing in the groyne-fields reduces. In Fig. 4.4.15 the velocity head for
the Dutch Rhine-branches is related to the river discharge at Lobith. If the
discharge is controlled by the weirs in the River Lower Rhine, the velocity head
becomes about 0.003 m.
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Fig. 4.4.15 Mean velocity-head for the Dutch Rhine-branches

In case of the river reach Lobith - Kampen (River Ussel) the lag coefficient is
about zero (Fig. 4.4.13). If the tail of the concentration distribution is taken into
account for the determination of the time-centroid more properly by applying
Eq.(4.4.4) (see Table 4.4.5 and Figs 3.4.33 and 3.4.34) the lag coefficient
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corresponds with an average dead-zone parameter for the restriction condition of B8,
< 0.3 or less. The velocity head of the river reach Lobith - Kampen lies between
0.02 and 0.04 m, which corresponds with the velocity head of the river reach
Lobith - Vuren in case of low-water conditions for which a reduced influence of
the dead zones is found (Fig. 4.4.10). A first provisional conclusion could be that
for a velocity head of 0.01 till 0.05 m the lag coefficient corresponds with an
average dead-zone parameter with the restriction condition of B: = 0.2 (Fig.
4.4.16). Further investigations about the relation between the flow velocity, i.e.
velocity head and the effect of dead zones on the transport velocity of a pollution
cloud are necessary for the confirmation of the assumptions concerned.
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Fig. 4.4.16 Comparison of the average dead-zone parameter with the measured
lag-coefficient for the river reach Lobith - Kampen (R. IJssel); tracer
experiments 04/89 and 09/90

During the transport of the pollution cloud, caused by the fire at the Sandoz plant
at Schweizerhalle (Switzerland), a lot of chemical and biological parameters has
been measured at Lobith, Vuren, Hagestein and Kampen, as Rhodamine
determined by the fluorescence. With the measured Rhodamine concentration-
distributions the lag coefficient for the Dutch Rhine-branches has been determined,
based on the time-centroid after the Chatwin-approximation with the DUD-method.
In Table 4.4.7 the results are collected. Because during the passage of the pollution
cloud (from the 9th till the 13th November 1986) the discharge at Lobith varied
significantly (Fig. 4.4.17), two river discharges at Lobith are considered. In Figs
4.4.10, 4.4.12 and 4.4.13 the resulting lag-coefficients are compared with the
dead-zone parameters.
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TABLE 4 4.7 Transport time and lag coefficient based on the time-centroid of
the measured concentration-distributions of the Rhodamine,
released at the Sandoz plant

River reach transp.time | flow-time (AT, ) lag coefficient 3, | L7 |
after after
time-centroid (day) 2
(A, )m
(day) (" @"h H"hH )"
river discharge at Lobith 2316 m’/s
Lobith-Vuren 1.2382 0.9674 | 0.9494 0.28 0.30 0.15
Lobith-Hagestein 1.5804 1.0785 1.3884 0.46 0.14 0.12
Lobith-Kampen 1.8554 1.8942 | 1.9799 -0.02 -0.06 0.07
river discharge at Lobith 2010 m%/s
Lobith-Vuren 1.2382 1.0183 | 0.9978 0.21 0.24 0.14
Lobith-Hagestein 1.5804 1.1568 | 1.8969 0.36 -0.17 0.10
Lobith-Kampen 1.8554 2.0568 | 2.0603 | -0.10 -0.10 0.07
h (1)  Rhine Alarm-Model
2) SOBEK-model
2 after Eq.(4.4.5) with ¢, = 0.1 day and o,, = 0.014 day.
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Fig. 4.4.17 River discharge at Lobith during the passage of the pollution cloud of
the Sandoz-plant
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For the river reach Lobith - Vuren (Fig. 4.4.10) the lag coefficients are
comparable with those after the tracer experiments. According to the increase of
the flow-time difference between the Rhine Alarm-Model and the SOBEK-model
for river discharges between 2300 and 2000 m’/s at Lobith there is a large
difference between the lag coefficient related to the flow time after the Rhine
Alarm-Model and to the flow time after the SOBEK-model (Fig. 4.4.12).
Assuming that the flow time after the SOBEK-model is more true than the flow
time after the Rhine Alarm-Model, the results show a decrease of the influence of
the dead zones with the decrease of the river discharge. Referring to the decrease
of the velocity head for smaller discharges (Fig. 4.4.15), such a decrease might
confirm the conclusion that the influence of the dead zones becomes negligible in
case of low-water conditions for which the discharge is controlled by the weirs in
the River Lower Rhine.

The lag coefficients for the river reach Lobith - Kampen (Fig. 4.4.13) show the
same deviation from the dead-zone parameter as the tracer experiments 04/89 and
09/90. In Figs 4.4.18 and 4.4.19 the measured concentration-distributions are
compared with the approximation after the Chatwin-model by the DUD-method®).
All the concentration distributions missed the tail, thus it cannot be stated that the
negative values of the lag coefficient is only caused by the failing of the tail of the
concentration distribution. On the other hand it might confirm that due to the small
velocity head of a few centimetres (Fig. 4.4.15), the effect of the dead zones on
the transport of a solved substance becomes negligible.

TABLE 4.4.8 Mean value of the actual dead-zone parameter of the Dutch
Rhine-branches (Q, ., = 2300 m%/s)
River reach lag coefficient / dead-zone parameter
actual dead-zone parameter after the Rhine Alarm-Model
Lobith/Bimmen - 0.24 0.18
Vuren
Lobith/Bimmen - 0.32 0.27
Hagestein
Lobith/Bimmen - 0till 0.14 0.02
Kampen
Nijmegen - Vuren 0.26 0.18

°) Notice that the peak concentration at Lobith is smaller than at the measuring-
station Vuren. The presented concentrations are the measured values corrected by
a background-value, for which the value just before the front of the pollution
wave, is token.

223



In Table 4.4.8 the lag coefficient e.g. the actual dead-zone parameter is
summarized in case of a free-runoff situation in the River Lower Rhine (@ =
2300 m’/s). The values are compared with those after the calibration of the Rhine
Alarm-Model. The dead-zone parameter after the Rhine Alarm-Model is
systematically smaller than the values, based on the time-centroid of the
approximated distribution after the Chatwin-model. Besides of the differences
between the flow times of the Rhine Alarm-Model (ZWENDL-model) and the
SOBEK-model, it has to be noticed that for the calibration of the dead-zone
parameter in the Rhine Alarm-Model the concentration distribution around the peak
value has been considered (concentration values larger than 0.3 of the peak value,
see Sub-section 3.3.1).

On account of the inaccuracy of the lag coefficient (Tables 4.4.6 and 4.4.7) a
determination of the lag coefficient based on the peak value of the concentration
distribution in order to get a first indication about the value of the mass-transfer
parameter & has been dropped.

4.4.3 Mass-transfer coefficient

For the determination of the mass-transfer parameter &, i.e. the mass-transfer
coefficient D, in the Dutch Rhine-branches the river reach Bimmen - Vuren, tracer
experiment 06/91 is considered. This river reach has been chosen preferably,
because the concentration distributions at Bimmen and Vuren seem to be
completely measured (Fig. 4.4.20, see also Table 4.4.1).

o T & | measuring station
(ng/t) o371~ fi ' = Bimmen

I 0.25 l ) - | (Rhine-km 865.02)
02—t — |~ Vuren |
s T Jay || (Rhineckm 931.8) |

[y ~

0.1 7/* "**"H"\ "%*' S —

0.05 +———4— L7 ——% - -

o " + ,,7;, ;F,,,,&,,W 1

5 6 7 8 g 10 11

— time after release (day)

Fig. 4.4.20 Measured concentration-distributions at Bimmen and Vuren, tracer
experiment 06/91
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Fig. 4.4.21 Measured concentration-distributions at Bimmen and Hagestein, tracer

experiment 06/91
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Fig. 4.4.22 Comparison of the measured concentration-distributions at Lobith
(right river-bank) and Bimmen (left river-bank), tracer experiment

06/91
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For the verification of the results of the river reach Bimmen - Vuren, the river
reach Bimmen - Hagestein is used. In Fig. 4.4.21 the measured concentration-
distribution of the stations concerned, are presented. The concentration level of the
distributions at Vuren and Hagestein is much less than the level of the distribution,
measured at Bimmen. The differences cannot be explained by the decomposition of
the used tracer Rhodamine WT. A comparison of the concentration distributions at
Lobith and Bimmen in Fig. 4.4.22 (see also Sub-section 3.4.5, Fig. 3.4.23) shows
the same differences. In Table 4.4.9 the mass flux & per unit of discharge of the
station concerned, are collected, whereas # is defined by

F = f (pmeas(L’t). dr = E [‘pmeas.(l"t)]‘- . (tl — ti-l) (448)
el i=1

wherein [@,,,, (L,)]. is the measured concentration at the time # and m, the total
number of measured concentration-values.

TABLE 4.4.9 Mass flux per unit of river discharge F after Eq.(4.4.8), tracer
experiment 06/91

measuring station mass flux &
(g-m-day)
Bimmen 0.300
Lobith 0.236
Vuren 0.197
Hagestein 0.207

For the analysis of the mass-transfer coefficient D, the numerical dead-zone model
after Eqs (4.3.22) and (4.3.23) in Sub-section 4.3.1 has been applied. In this model
the decomposition of a substance is not taken into account and therefore the flux &
after Eq.(4.4.8) will be constant. Consequently, if the measured concentration-
distribution at Bimmen is used as the initial concentration distribution in the main
stream @ after (see Sub-section 4.3.1)

0<t¢t<i-A and x=0 0,(0,0) = [Peas),
the measured concentrations at Vuren and Hagestein have to be adjusted after the
mass-flux ratio Fgimmen Fvuren A F pimen! F ttagesiein TESPECtively for a correct compari-

son of the measured and calculated concentration-distributions. In Table 4.4.10 the
input data for the computations, executed with the numerical model, are collected.
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TABLE 4.4.10 Input data of the computations for the analysis of the mass-
transfer coefficient D, with the numerical dead-zone model
river reach mean long. disp. | dead-zone mass-
flow- coeff. parameter transfer
(length) velocity coeff.
uS Ks B Db AX At
(m/s) (m®/s) ©) (s (km) | (s)
Bimmen - 0.0100
Vuren 1.082 4700 0.2756 0.0010 8.5 | 7200
0.0002
(85 km) 0.0001
Bimmen - 0.0100
Hagestein 0.704 980 0.1715 0.0010 2.0 | 1800
0.0002
(80 km) 0.0001

The time and space step are based on the time step of the measured concentration
distribution, as well as the conditions for stability and accuracy of the calculations
after Eqs (4.3.20), (4.3.21) and (4.3.70) (see Sub-sections 4.3.1 and 4.3.4). For
simplicity the dead-zone parameter is kept constant over the whole river-reaches
concerned, and is equal to the mean value based on the time-centroid,
approximated by the Chatwin-model and the flow-time after the SOBEK-model (see
Table 4.4.6). Consequently, the mean flow-velocity is also based on the flow times
after the SOBEK-model as presented in Table 4.4.6. For the longitudinal disper-
sion-coefficients the values of Table 4.4.2 are used. Because the initial condition
for the concentration in the main stream is given by a concentration distribution,
the dead zones are present from the beginning of the model: x = 0 corresponds
with the measuring-station Bimmen.

The results of the computations are presented in Fig. 4.4.23 ... 4.4.26. Figures
4,423 and 4.4.24 show the influence of the mass-transfer coefficient D, on the
calculated distributions explicitly. The influence of the magnitude of the mass-
transfer coefficient is mainly demonstrated by the differences in the peak value of
the calculated concentration-distribution, whereas the differences in the tail of the
distributions are negligible small (0.001 ug/l, or < 0.5% of the peak value). As
suggested in Sub-section 4.3.6, a comparison of the measured with calculated tails
for the quantification of the mass-transfer coefficient seems to be useless, all the
more since the accuracy of the measured concentrations in the tail of the distribu-
tion amounts 0.005 pg/l. This means that the quantification of the mass-transfer
coefficient has to be left to the fitting of the peak of the concentration distribution.
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Fig. 4.4.23 Influence of the mass-transfer coefficient D, on the concentration
distribution at Vuren, based on the measured concentration-
distribution at Bimmen, tracer experiment 06/91
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Fig. 4.4.24 Influence of the mass-transfer coefficient D, on the concentration
distribution at Hagestein, based on the measured concentration-
distribution at Bimmen, tracer experiment 06/91
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The decrease of the calculated peak-value is due to the increase of the difference
between the mass transfer from the main stream into the dead zones and in the
opposite direction. After Eqs. (4.3.1) and (4.3.2) in Sub-section 4.3.1 the mass
transfer can be described as a decomposition process of the first order for

the concentration in the main stream, if ¢_> ¢, by

do,
dz

= - D9, - ¢,) = - B-D,(9, - ¢,) (4.4.9)

and the concentration in the dead zone, if ¢_< ¢, by

do
_dti’ =D, (¢, - ¢,) (4.4.10)

A small value of the mass-transfer coefficient D, means that the transport from the
main stream into the dead zone will last relatively long: a relatively large part of
the passage time of the tracer cloud, it yields ¢, > ¢,. During the passage of the
tail of the cloud it yields @ < ¢, and the transport takes place in the opposite
direction.

@ V}E&ured distribu%r? j{
(”g/l) - Blmmen |

|

-+ non mass-corrected | ‘
—= mass-corrected |

{ Vuren
I

calculated dzstnbutzon
\ Vuren

— D, =001 s

- Db =0.0001 s B

5 7 8 9 o1
— time after release (day)
Fig. 4.4.25 Comparison of the measured non mass-corrected and mass-corrected

concentration-distribution at Vuren with the calculated distributions
for two mass-transfer coefficients D,, tracer experiment 06/91
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Fig. 4.4.26 Comparison of the measured non mass-corrected and mass-corrected
concentration-distribution at Hagestein with the calculated distribu-
tions for two mass-transfer coefficients D, tracer experiment 06/91

In Figs 4.4.25 and 4.4.26 the calculated distributions for two values of the D,-
coefficient are compared with the non mass-corrected and mass-corrected measured
concentration distributions at Vuren (Fig. 4.4.25) and Hagestein (Fig. 4.4.26). It
shows that the adjustment of the concentration distributions by the mass-flux ratios
results into a good agreement with the calculated distribution for a mass-transfer
coefficient D, = 10* s', which, however, is 100 times smaller than based on
Eq.(4.3.54) (see Sub-section 4.3.4). Because the applied mass-flux ratio depends
on the accuracy and completeness of the distributions concerned, whereas the
variation of the peak concentration is relatively small in comparison with the
related variation of the mass-transfer coefficient, the reliability of this result is
questionable. The difference between the peak concentrations at Lobith and
Bimmen (Fig. 4.4.22) underlines this conclusion.

Further, the tail of the distribution, measured at Bimmen is much shorter than the
tails, measured at Lobith (Fig. 4.4.22), Vuren (Fig. 4.4.20) and Hagestein (Fig.
4.4.21). For that reason additional computations have been carried out for the river
reach Lobith/Bimmen - Vuren with the concentration distribution, measured at
Lobith as the initial boundary-condition in the main stream. The results are
presented in Fig. 4.4.27. Using the same input data as in case of the measuring-
station Bimmen (Table 4.4.10), a good agreement with the measured concentration-
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calculated distributions for different parameter-values, based on the
measured concentration-distribution at Lobith, tracer experiment

06/91

distribution at Vuren without any adjustment of the mass flux, is obtained for a
value of 107 s for the mass-transfer coefficient D,, if the shape of the distributions
are considered. However, the calculated distribution shows a time shift with the
measured one, due to the 4-hours difference between the measured distributions at
Lobith and Bimmen (see Sub-section 3.4.5, p.110). The tracer cloud passes
Bimmen earlier than Lobith, although Lobith lies upstream of Bimmen. This means
that the measured transport-time between Lobith and Vuren is smaller than between
Bimmen and Vuren. Consequently the lag coefficient, i.e. the dead-zone parameter
has to be reduced up to about 0.10 in order to get a good fit. However, after
Eq.(4.4.9) a reduction of the dead-zone parameter means less "decomposition” in
the main stream and in succession a larger peak-concentration. In order to reduce
the peak concentration (see also Figs 4.4.23 and 24) the mass-transfer coefficient
has to become smaller: after Eq.(4.4.10) the increment of the concentration in the
dead zone reduces and the "decomposition” in the main stream lasts longer.
Apparently the period of "decomposition" is predominant compared to the
magnitude of the "decomposition parameter" 8D, after Eq.(4.4.9).

Further, the results in Fig. 4.4.27 show a better fit of the tail of the concentration

distribution than in Figs 4.4.25 and 4.4.26. This caused by the initial condition of
the measuring station Lobith with a longer tail than measured at Bimmen.
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Referring to the differences in the mass flux of the measured concentration-
distributions on one hand (Table 4.4.9) and the relatively small effect of large
variations of the mass-transfer coefficient on the calculated concentration-
distributions on the other hand (Figs 4.4.24 and 4.4.25), further analysis of the
mass-transfer coefficient, based on the tracer experiments 04/89 and 09/90 have
been left out of consideration. Moreover, due to these differences of the mass flux
and the relatively small effects of the mass-transfer coefficients, the determination
of a representative D,-value for the Dutch Rhine-branches by the measured concen-
tration-distributions turns out to be impossible .

4.4.4 Conclusions

In case of artificial dead-zones, like groyne-fields, the reproduction of the transport
velocity of a pollution cloud, i.e. the actual lag-coefficient, representing the
difference between the mean flow-velocity and the transport velocity is equal to the
dead-zone parameter @: the ratio of the cross-sectional areas of the main stream
and the dead zone. However, the influence of large dead-zones as river harbours is
restricted. A good approximation of their influence is given by the limitation of the
B-values at 0.5.

Because fluctuations of the lag coefficient, due to a variable dead-zone parameter
are smoothed by the longitudinal dispersion-coefficient, a river reach with a length,
corresponding with a Péclet number of at least 10 has to be considered in order to
get a good agreement of the lag coefficient and the dead-zone parameter. For
shorter distances the deviation of the average lag-coefficient from the mean dead-
zone parameter depends on the magnitude of the dispersion-coefficient as well as
the local dead-zone parameter. The deviation increases with the dispersion
coefficient as well as the fluctuations of the dead-zone parameter.

The equivalence of the lag coefficient and the dead-zone parameter presumes a
completely mixed situation in the dead zone. In case of groyne-fields this situation
is achieved if the distance in the flow direction between two successive groynes is
smaller than 30 times the water depth of the main stream, which is mostly the case
along the Dutch Rhine-branches. This condition is related to the velocity head in
comparison with the slope of the energy head (see Section 4.2). The analysis of the
relation between the lag coefficient and the dead-zone parameter showed that the
completely mixed situation also depends on the velocity head itself. For values
smaller than 0.05 m, a reduction of the influence of the dead zone has been
observed. Apparently for very small values of the velocity head the propulsion
force for the eddy in the groyne-field is vanishing. This means among others that
for suppressed flow the influence of the dead zones on the transport velocity of a
pollution cloud is negligible.
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The lag coefficient is determined by comparison of the transport time, related to
the time-centroid of the measured concentration-distributions, and the flow time.
For the flow time, two models have been considered:

* the Rhine Alarm-Model with tables for the relation between the water level
at Lobith and the flow times in the Dutch Rhine-branches, based on the
schematization after the ZWENDL-model, and

* the SOBEK-model for which recently the cross-sectional areas of the main
stream and the stagnant zones have been determined every 500 m river reach
of the Dutch Rhine-branches. The cross sections are related to the river
discharge at Lobith as well as the discharges in the Rhine branches.

The observed differences in the flow times between both models, especially in case

of the transition of a free runoff and a suppressed flow in the River Lower Rhine,

oblige to update the flow times in the Rhine Alarm-Model.

The transport velocity related to the time-centroid is not influenced by the mass-
transfer coefficient. This coefficient only influences the shape of the concentration
distribution. It appears that large variations of the coefficient (D, = 102 till 10* sh
cause variations in the tail of the distribution, which are negligible in relation to the
accuracy of the measured concentrations. Although the resulting variations in the
peak concentration are significant, they still are smaller than the concentration
differences, caused by the decay of the tracer or otherwise. Thus, it turns out that
tracer experiments with degradable matter are unsuitable for the determination of
the mass-transfer coefficient. Moreover, the measured concentration-distributions
have to be complete, including the tail with a high accuracy of measurement.
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Chapter 5

TRANSPORT VELOCITY
IN CASE OF
A RELEASE AT A RIVER BANK

5.1 INTRODUCTION

The transport velocity just downstream of the release at a river bank is strongly
influenced by the transversal flow-velocity distribution. Near the river bank the
flow velocity is smaller than in the centre of the river. Consequently the transport
velocity will be smaller than the mean flow-velocity, if the moment of inertia at the
point of release is so small, that the transport of released substance is completely
determined by the local flow-velocity. Based on the exponential velocity-profile an
analytical expression has been derived in Sub-section 2.2.1 after the ’/inear-
spreading method’. The overall value over the dimensionless distance X is given by
(see Appendix A, Eqs A.12 and A.18)

YA n’ -

B(X,)) = (2-X)" M -1 (5.1.1)

(n+ 1)(n - 1y

for X < 0.5 and

D
B(X,) = X [0.5

Xl[ n’ -%-[2—(2—25)" |- 1] ae

n3 1}
(n+1)(n-1) )

(5.1.2)

n-1

+

1.
Xl
for 0.5 < X < 1.

The second term at the right part of Eq.(5.1.2) is solved numerically with steps AX
= 0.01. In Eqs (5.1.1) and (5.1.2) the parameter n reproduces the transversal
flow-velocity distribution. In rivers the n-value is about 8 to 12. The dimensionless
distance X is related to the transverse mixing distance L, after

X

X -2
Lm

(5.1.3)

with
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L ~04- = (5.1.4)

(see Section 2.1, Eq.(2.1.4))

In Fig. 5.1.1 the distribution of the overall lag-coefficient after Eqs (5.1.1) and
(5.1.2) is presented graphically for three values of the parameter n. Because after
the linear-spreading method the influence of the transversal flow-velocity
distribution on the transport velocity can be given by analytical expressions (Eqs
5.1.1 and 5.1.2), the practical applicability of this theoretical approach will be
simpler than the flux method’, as presented in Sub-section 2.2.1.

|

Fig. 5.1.1  The distribution of the overall lag-coefficient, due to the transversal
flow-velocity distribution after Eqs (5.1.1) and (5.1.2) for three
values of the exponent n

For the examination of the practical applicability of the linear-spreading method,
the tracer experiments 05/90 and 07/91 are considered (see Section 3.1). The river
reach, which will be taken into account for this examination, concerns the River
Rhine with its lateral canals from the point of release at Huningue at the left bank
(Rhine-kilometre 169.0, see Fig. 3.1.4) downstream to the end of the Rheinseiten
Canal (Rhine-kilometre 226.6). The verification of the calibrated Rhine Alarm-
Model by these two tracer experiments shows deviations of the travel time T, of
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Fig. 5.1.2 Deviation of the travel time T, in case of a release at the bank of the
river (tracer experiments 05/90 and 07/91)

more than 10% along this river reach (Fig. 5.1.2, see also Fig. 3.4.2, Sub-section
3.4.1), for which the deviation is defined by (see Eq. 3.3.5)

T = (Tc)mea& - (Tc)comp.
4 (T peas.

(5.1.5)

wherein (T),,,, concerns the measured travel-time related to the peak concentra-
tion and (7,),,,,. the calculated travel-time after the Rhine Alarm-Model.

The distribution of the deviation in Fig. 5.1.1 confirms the influence of the
transversal flow-velocity distribution. In Section 5.2 the overall lag-coefficient,
based on the time-centroid of the measured concentration-distributions will be
compared with the theoretical approach after Fig. 5.1.1. In Section 5.3 conclusions
will be drawn for the practical applicability in the Rhine Alarm-Model.

5.2 COMPARISON OF EXPERIMENTAL DATA WITH
COMPUTATIONAL RESULTS

For the analysis of the lag coefficient, due to the transversal flow-velocity
distribution the measured concentration-distributions at a distance smaller than the
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transverse mixing distance L, from the point of release will be considered. For the
determination Eq.(5.1.4) has been rewritten. Because the transversal dispersion-
coefficient K| is defined by (see Eq. 2.1.5)

K=o a-u (5.2.1)
and the shear velocity u.
u = s V8 (5.2.2)
' C
Eq.(5.1.4) becomes
2.,
L -o04- B °C (5.2.3)

" a},~a\/§

In Table 5.2.1 the transverse mixing distances of the measuring stations concerned,
is presented for a, = 0.6, as a mean value’). The mean values of the river width
B and depth a, as well as the Chézy-coefficient C are based on the river schemati-

TABLE 5.2.1 Transverse mixing distance L, and the dimensionless distance
X after Eq.(5.1.3), tracer experiments 05/90 and 07/91

measuring Rhine- | averaged values of the river reach/canal concerned
i k . .
station m distance | width | depth [ Chézy-
coeft.
x B a C L X

m

(km) (m) (m) | (m'/s) | (km

tracer experiment 05/90
point of release at Rhine-km 169.0

Kembs 174.0 5.0 176 8.75 47 35 0.14
Kembs 180.5 11.5 154 8.04 46 29 0.40
Kembs-Niffer 185.5 16.5 148 7.88 46 27 0.60
Ottmarsheim 194.6 255 144 7.74 46 26 0.97

tracer experiment 07/91
point of release at Rhine-km 169.1

Kembs 174.1 5.0 176 8.87 47 35 0.14
Kembs-Niffer 185.5 16.4 148 8.00 46 27 0.61
Ottmarsheim 194.6 25.5 144 7.86 46 26 1.00

%) For natural streams the coefficient «, lies between 0.3 and 0.9 (Fischer et
al, 1979).
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zation in the Rhine Alarm-Model. Figure 5.2.1 shows the schematized river-reach
from Basel (Rhine-km 167) downstream to the end of the lateral canal of
Marckolsheim (Rhine-km 242.5) with the measuring stations concerned. The point
of release is situated at Huningue, Rhine-kilometre 169.0 or 169.1 (see Table
5.2.1).

(canal) _ \ ) km 234.3

Marckolsheim ( 2 — km2425
(km 234.66)

/Sﬁ - km 226.6

Rheinseiten | |
) C‘g@! B “© measuring station

’*i' L

| | River Rhine

]
[ i
|

Ottmarsheim
(km 1946)~ —

Kembs—Niffer
(km1855) . .

(km 180.5) —— l
Kembs k
(km174) —— il — km173.6
Huningue |y .
(km 169) - (Basel 1

Fig. 5.2.1 Schematized river-reach Basel - Marckolsheim with the measuring
stations, tracer experiments 05/90 and 07/91

In case of the tracer experiment 05/90 with a river discharge of 1008 m’/s at
Rheinfelden, the discharge of the River Rhine downstream of the bifurcation at
Kembs (Rhine-km 173.6) will be negligibly small (about 30 m*/s). Thus, the tracer
released at the left bank of the river at a distance less than 5 km upstream of the
bifurcation, will flow completely into the Rheinseiten canal. However, in case of
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Fig. 5.2.2  Comparison of the measured and calculated concentration-distributions
at Markolsheim (canal), tracer experiment 07/91

the tracer experiment 07/91 with a discharge of 1722 m’/s at Rheinfelden, the
discharge of the River Rhine downstream of the bifurcation amounts more than 300
m®/s. Because the distance between the point of release and the bifurcation is
relatively small in comparison with the transverse mixing length of 35 km (see
Table 5.2.1), it is not improbable that even in this situation the tracer will flow
completely into the Rheinseiten canal. The concentration distribution, measured in
the lateral canal at Marckolsheim (Rhine-km 234.66) confirms this assumption by
showing one tracer wave (Fig. 5.2.2). After the one-dimensional Rhine Alarm-
Model, which presumes a completely mixed situation over the cross-sectional area
of the river at the point of release, there are two tracer waves due to the two flow-
paths (by way of the Rheinseiten canal and the River Rhine) between the point of
release and the measuring point at Marckolsheim (Fig. 5.2.1).

Afier these considerations the concentration distributions of the measuring stations
along the Rheinseiten canal of both tracer experiments can be used for the analysis
of the theoretical approach of the lag coefficient, described by the Egs (5.1.1) and
(5.1.2).

For the determination of the overall lag-coefficient § from the point of release
downstream to the measuring station concerned, the transport time based on the
time-centroid after the DUD-method has been used. However, because the tracer
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Fig. 5.2.3 Measured concentration-distributions at Kembs (Rhine-km 174)

has been released into the river during a period of 40 minutes (tracer experiment
05/90; van Mazijk, June 1991), the concentration distribution, measured at the
nearest station Kembs (Rhine-km 174) show still a period, the tracer concentration
is more or less constant (Fig. 5.2.3). Therefore the time-centroid of the
concentration distributions at this station is related to the centre of this period.
Moreover, because the time is related to the beginning of the release, the time-
centroid of this station has been reduced with half of the release period (the release
period of the tracer experiment 07/91 is assumed to be equal) in order to get an
accurate transport-time'®).

In Table 5.2.2 the results are presented. The flow time has been deduced from the
hydrological schematization after the Rhine Alarm-Model, which is related to the
river discharge at Rheinfelden (see also Section 3.2). In Fig. 5.2.4 the results of
Table 5.2.2. are compared with the distribution of the overall value of the lag
coefficient for three n-values of the exponential velocity-profile. It shows that the
best fit is achieved for a m-value between 3 and 5, which, however, is much
smaller than the usual value of 8 to 12.

As a matter of fact, the dimensionless distance X in Table 5.2.2 depends on the
transverse mixing distance after Eq.(5.1.3). Beside the dimensions of the cross-
sectional area of the river reach concerned, the transverse mixing distance L, also
depends on the value of the coefficient @, (Eq. 5.2.3). A large a,-value means a

19 The release period of the tracer experiment 07/91 is assumed to be the

same as in case of the tracer experiment 05/90.
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TABLE 5.2.2 Overall lag-coefficient in case of a bank release, tracer
experiments 05/90 and 07/91

measuring Rhine- | dimensionless | transp. | flow- overall
station kilometre distance time time lag-coefficient
X T, B

# u
(day) | (day)
tracer experiment 05/90 (Qpeinsessen = 1008 m’/s)

point of release at Rhine-km 169.0

Kembs 174.0 0.14 0.1632 | 0.0889 0.84
Kembs 180.5 0.40 0.2362 | 0.1650 0.43
Kembs-Niffer 185.5 0.60 0.2894 | 0.2235 0.29
Ottmarsheim 194.6 0.97 0.3899 | 0.3300 0.18

tracer experiment 07/91 (Qgueinfeszen = 1722 m°/s)
point of release at Rhine-km 169.1

Kembs 174.1 0.14 0.0937 | 0.0533 0.76
Kembs-Niffer 185.5 0.61 0.1824 | 0.1510 0.21
Ottmarsheim 194.6 1.00 0.2573 | 0.2290 0.12

_ 1. PR - (R

; |

B theoretical approach
‘‘‘‘‘‘‘‘ n =3
I o wes
— n =8

0. T T T

tracer experiment

- 05/90
o~ 0791

Fig. 5.2.4 Comparison of the overall lag-coefficient after the tracer experiments
05/90 and 07/91 with the theoretical approach after Eqs (5.1.1) and
(5.1.2)
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fast transversal spreading and consequently a short transverse mixing-distance. This
means on its turn that the value of the transverse mixing-coefficient @, can be
fitted, if the n-value should be known explicitly by measurements of the transversal
velocity-profile. Because the 25 km river-reach between Rhine-km 169 and Rhine-
km 194.6 concerns the Rheinseiten canal over a distance of more than 20 km, a
value of 8 for the velocity-profile exponent n is assumed to be a good
approximation. The fitted a,-values for n = 8 are collected in Table 5.2.3 and

presented graphically in Fig. 5.2.5.

TABLE 5.2.3 Distribution of the fitted transverse mixing-coefficient e, for a

transverse exponential velocity-profile with n = 8, tracer
experiments 05/90 and 07/91

measuring Rhine- transverse dimensionless mean flow-
station kilometre | mixing coeff, distance velocity
a, X u,
(m/s)

tracer experiment 05/90 (Qryineizen. = 1008 m'/s)

Kembs 174.0 0.06 0.0133 0.65

Kembs 180.5 0.14 0.0933 0.81

Kembs-Niffer 185.5 0.22 0.2100 0.85

Ottmarsheim 194.6 0.27 0.4365 0.90
tracer experiment 07/91 (Qrpeinpotzen = 1722 m'/s)

Kembs 174.1 0.08 0.0182 1.08

Kembs-Niffer 185.5 0.35 0.3558 1.26

Ottmarsheim 194.6 0.40 0.6667 1.29

It shows that the transverse mixing increases with the distance from the point of
release. The more the tracer is spread over the cross section of the river or canal,
the larger the transverse mixing-coefficient «, becomes, i.e. the transverse mixing.
Apparently, the increase of the flow velocity with the distance y from the river
bank, described by the exponential velocity-profile after Eq.(2.2.1) fory < 0.5 B

1
n+l [y ;-u (5.2.4)
0.5B

u(y) =

s

corresponding with an increase of the turbulence, causes this increase of the
transverse mixing-coefficient. The influence of the flow velocity on the transverse
mixing-coefficient can also be observed by comparing the fitted ,-values of both
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tracer experiments (Fig. 5.2.6). In case of the tracer experiment 07/91 with a river
discharge at Rheinfelden of 1722 m'/s the flow velocities are larger than in case of
the tracer experiment 05/90 with a river discharge of 1008 m*/s (Table 5.2.3).

Partly due to the influence of the flow velocity, i.e. the turbulence on the
transverse mixing-coefficient, in Fig. 5.2.6 the fitted a,-values are compared with
the results of tracer experiments, carried out by Holley (1971) in two Dutch Rhine-
branches: the River Waal and the River IJssel. Because of the groynes along the
river banks of these Rhine branches, which generate additional turbulence, he
found relatively large transverse mixing-coefficients: between 0.4 and 0.5. In order
to demonstrate the effect of the groynes explicitly, he also examined the transverse
mixing in an undistorted, fixed bed river model of the River 1ssel (with groynes)
as well as in a rectangular flume with and without groynes. The dimensions and
spacing of the groynes in the rectangular flume were chosen to correspond to the
average conditions in the river model. Based on the results of the experiments, he
concluded that in case of no groynes the transverse mixing-coefficient becomes
about three times smaller: o, = 0.16. This result agrees quite well with the fitted
a,-values after the tracer experiments 05/90 and 07/91, referring to the fact that the
river reach between Rhine-km 169 and 194.6 has no groynes. Moreover, 80% of
this river reach concerns the Rheinseiten canal, which will be more or less
comparable with a rectangular flume.

In  Sub-section 2.2.1 the flux
t.-_,u_.‘__.ﬁ L S method is presented next to the

linear-spreading method after Eqgs
(5.1.1) and (5.1.2). Because the
flux method takes into account the
spreading of the tracer over the
width, described by Eq.(2.1.3) (see
Section 2.1), which results into a
spreading of the tracer near the
\\\\\ linear-spreading method point of release over a larger part
----- filux method of the river width as assumed by
the linear-spreading method (Fig.
5.2.7), it has been concluded that
the influence of velocity profile is
not as much as the linear-spreading
method suggests. Therefore, in
order to get comparable values for
the overall lag-coefficient unusual nr-values of about 36 has to be applied for the
linear-spreading method. However, this conclusion is in contradiction with the
presented comparison of the fitted a,-values and the overall lag-coefficient after the
linear-spreading method for » = 8 in Fig. 5.2.5. Obviously, the transverse mixing
near the point of release in case of the tracer experiments 05/90 and 07/91 is so

I/ Z

Fig. 5.2.7 Difference of the tracer width
along the river for the linear-
spreading method and the flux
method
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small, that the linear-spreading method with a usual n-value gives a good
approximation of the overall lag-coefficient. Moreover, the relatively small values
for the transverse mixing-coefficient confirm this. Because the transverse mixing
also depends on the occurrence of net transverse velocities, which can exist due to
changes in channel geometry and velocity distributions, the practical applicability
of the results of the tracer experiments 05/90 and 07/91 are restricted.

5.3 PRACTICAL APPLICATION

The transport velocity of a pollutant, released at the river bank is mainly
determined by the local flow-velocity in relation to the amount of spreading of the
pollutant over the cross section of the channel. If the transversal velocity-
distribution is described by the exponential profile after (see Sub-section 2.2.1, Eqs
2.2.1 and 2.2.2)

_n+l [y Y. (5.3.1)
v == (0.53) “
fory <05B
1 (B . (5.3.2)
n+l (B-y\a., 3.
“(y) (0.53) ;

for0O5B<y<B

and the spreading of the pollutant is assumed to be homogeneous over a part of the
channel width, determined by linear interpolation between the point of release and
the transverse mixing distance L,, after (see Eq. 5.2.3)

2,
L -04-2°C (5.3.3)

«, - ayg

the actual transport-velocity, i.e. the overall lag-coefficient can be given by Egs
(5.1.1) and (5.1.2)

for X <05

n3
(2°X)" -1 (5.3.9)

X)) =
A% (n + 1)(n - 12

and for 0.5 < X < 1.
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1 n3
X)=—- 05| —2 1]+
PO X, ( [<n+1)(n—1)2 U

(5.3.5)
1 X 2 I [ n-1
+ — n '—‘2‘(2‘2£>n}_1 dg
X, Ofs ni-1 2E
wherein the dimensionless distance X is defined by
X = (5.3.6)

x
Lm

For a good estimation of the lag coefficient after Egs (5.3.4) and (5.3.5), beside
the channel geometry, two parameters have to be estimated:

° the transverse mixing-coefficient e, and

° the exponent n of the velocity profile.

The transverse mixing coefficient a, depends on the intensity of turbulence and the
occurrence of net transverse velocities. Generally spoken, in rivers with protective
structures such as groynes, which cause additional turbulence the transverse mixing
coefficient is three times larger than in case the river cross-section is more
rectangular like canals. Based on the results of tracer experiments, the transverse
mixing-coefficient can be estimated at 0.5 for river reaches with groynes and at
0.15 for river reaches without groynes.

If there are no transversal velocity-profiles available, a first estimation of the
overall lag-coefficient can be made by n = 10, referring to the usual values for
rivers and canals of 8 to 12. If it is done so for the River Rhine from Basel (Rhine-
km 163.8) downstream to Vuren (River Waal, Rhine-km 951), at first the
transverse mixing distance L,, has to be determined after Eq.(5.3.3). On account of
the variation of the river width and the presence of groyne-fields the river is split
up into a number of river branches as presented in Fig. 5.3.1. Based on the
hydrological conditions during the tracer experiment 04/89 the mean values of the
parameters concerned for these river branches are derived from the Rhine Alarm-
Model (Table 5.3.1). The results show the large influence of the transverse mixing
coefficient o, as well as the river width B on the magnitude of the transverse
mixing distance L,,.

In order to get in succession an indication about the magnitude of the overall lag-
coefficient B in comparison with the calibrated dead-zone parameter in the Rhine
Alarm-Model, a distance of 20 km from the point of release is considered (Table
5.3.2). For the exponent n of the transversal velocity-profile two values have been
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Fig. 5.3.1 The splitting of the River Rhine between Basel (Rhine-km 163.8) and
Vuren (R.Waal, Rhine-km 951), based on the presence of groyne
fields and the variation of the river width

TABLE 5.3.1 Distribution of the transverse mixing distance L,, for the River

Rhine between Basel (River Rhine) and Vuren (River Waal)
River branch averaged values
Rhine-km length groynes width depth Chézy-
(km) coeff.
ay B a C Lm
(m) (m) (m"s) | (km)
163.8 - 291.4 127.6 no 0.15 147 8.33 47 104
291.4 - 351 59.6 yes 0.5 170 9.63 47 36
351 -376 25.0 yes 0.5 315 3.49 40 290
376 -428.5 52.5 no 0.15 315 3.31 40 1020
428.5 - 647.5 219.0 no 0.15 369 4.61 42 1056
647.5 - 762 114.5 yes 0.5 401 5.06 43 349
762  -951 189.0 yes 0.5 289 7.49 46 131

used: the usual value of 10 as well as the value of 36, for which the flux method

with n

10 corresponds with the applied linear-spreading method (see Fig. 2.2.8,

Sub-section 2.2.1). The results are visualized in Fig. 5.3.2. The distribution of the
dead-zone parameter § after the Rhine Alarm-Model is also plotted for comparison.
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TABLE 5.3.2 Indication of the overall lag-coefficient along the River Rhine
for two n-values of the transversal velocity-profile

River branch distance from overall value of the lag coefficient
point of release B
x = 20 km
Rhine-km X n =10 n =36
after Eq.(5.3.6)
163.8 -291 4 0.19 0.23 0.06
291.4 - 351 0.55 0.11 0.03
351 -376 0.07 0.37 0.09
376 - 428.5 0.02 0.55 0.13
428.5 - 647.5 0.02 0.56 0.13
647.5 - 762 0.06 0.39 0.09
762 - 951 0.15 0.26 0.06
N e R iy
p | ‘ ;—i-r-"l“-r: | oo \‘ overall lag-coeff.
' 0.5 ~’+ —- l: T ll b for 20 km
I [ | :
J I I | - \
; i 1 i - == n =10 1
0. 4 ’I_- _T I-ll__ .#_. *__LJ__Ii_t _!, — n - 36
' l ! . — —_— —_— —_— —
0.3 — 4——— ] = At ,7",“ — dead-zone parameter
‘ ! 1 T '-‘—-—L—- ’ after the Rhine
iy (] ’ } jL Alarm-Model
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Fig. 5.3.2  Distribution of the overall lag-coefficient in case of a release at the
river bank for two m-values in comparison with the dead-zone
parameter after the Rhine Alarm-Model

As concluded in Sub-section 2.2.1, due to the larger transversal spreading than
assumed by the linear spreading-method the overall lag-coefficient is not as much
as this method suggests. However, if the transversal mixing-coefficient @, increases
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with the distance from the point of release (Fig. 5.2.6), the transversal spreading
will be less than found by Eq.(2.1.3) for a constant «,-value

/57 [y
e(xy) _ 1 . [exp

Po Jrox! a=e

_ O - 2'1)2} ] (5.3.7)
4-x'

This means that after all the linear spreading-method might be a better
approximation than the flux method. In that case the additional lag-coefficient due
to the inhomogeneous cross-sectional mixing downstream of a release at the river
bank can become as much as 0.2 till 0.5 (Fig. 5.3.2, with n = 10).

However, it has to be noticed that relatively small variations of the n-value as well
as the a,-value have large influence on the additional lag-coefficient. Because the
reliability of these values without verification by tracer experiments in the river
concerned are restricted, it has to be emphasized that the results for n = 10 and
a, = 0.15 (without groynes) or 0.5 (with groynes) have to be handle very
cautiously, since the prediction of a late arrival-time of a pollution cloud is mostly

unacceptable.
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Chapter 6

CONCLUSIONS AND RECOMMENDATIONS

In the Rhine Alarm-Model the transport of a pollution cloud is calibrated by the lag
coefficient 8, which describes the difference between the mean flow-velocity u,,
based on the hydraulic schematization of the River Rhine and the measured
transport-velocity ¢ after

c = (6.1)

For the calibration and verification of this parameter a series of tracer experiments
has been carried out between Basel downstream to the Dutch Rhine-branches.

In this study the determination of the lag coefficient 8 is based on the comparison
of the measured transport-time and the flow time. The transport time can be related
to the time-centroid of the measured concentration-distribution as well as to the
peak value of the distribution. For the determination of the time-centroid the zeroth
and first moment of the distribution has to be computed. Because in practice the
measured concentration-distribution is mostly incomplete (a part of the distribution
is missed, which is mostly the tail) the time-centroid has been determined by
minimizing the difference between the measured distribution and the theoretical
approximation after the adapted Taylor-solution by the third Hermite-polynomial
after Chatwin. For the minimizing a derivative-free Gauss-Newton algorithm,
called DUD (Doesn’t Use Derivatives) has been applied. The accuracy of the
calculated lag-coefficient, based on two successive measured concentration-distribu-
tions is highly influenced by the distance between the measuring stations concer-
ned: the smaller the distance the smaller the difference in transport and flow time
between these stations. This means that the flow time between two stations must be
at least more than the passage time of the tracer cloud at the considered measuring-
stations. Due to the long distance over which the tracer experiments were carried
out (Basel - Netherlands), this condition could not be fulfilled all the time.

The flow velocity u,, i.e. the flow time has been derived from the relevant data of
the Rhine Alarm-Model. For the Dutch Rhine-branches these data are based on a
schematization after the one-dimensional hydrodynamic ZWENDL-model. Recently
the SOBEK-model for the Dutch Rhine-branches has been developed. In this model
the cross-sectional areas of the main stream and the dead zones have been
determined every 500 m river reach. The cross sections are related to the river
discharge at Lobith as well as the discharges in the Rhine branches. The observed
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differences in the flow times between the SOBEK-model and the Rhine Alarm-
Model, especially in case of the transition of a free runoff and a suppressed flow in
the River Lower Rhine, oblige to update the flow times in the Rhine Alarm-Model.

For the calibration of the lag coefficient in the Rhine Alarm-Model the peak
concentration was considered as well as the concentration distribution for values
larger than 30% of the calculated peak-value. This meant that the tail of the
concentration distribution was not taken into account. The difference between the
calibrated B-values after the Rhine Alarm-Model and the values obtained by the
DUD-method were within the range of accuracy

A detailed analysis of the distribution of the lag coefficient along the River Rhine,
based on the tracer experiments, shows that in general a significant lag-coefficient
(>0.05) is obtained if artificial dead-zones like groyne-fields are present.

Downstream of the main tributaries of the River Rhine (River Neckar, River Main
and River Mosel) B-values larger than 0.05 have been observed too. This in
contrast with the expectation, based a theoretical approximation of the two-dimen-
sional transport-phenomena downstream of a tributary by schematizing the traced
river-branch as a number of point releases over a certain width of the river. It has
been demonstrated that the value of the local lag-coefficient depends on the
discharge ratio between the tributary concerned and the River Rhine as well as on
the discharge of the River Rhine itself. In case of low-water the tributaries Neckar
and Main influence the transport of substances significantly (8 ~ 0.20). In case of
high-water situations there is also a significant influence, if the discharge of the
tributary constitutes a significant part of the total discharge of the River Rhine
(more than 10%). Conversely, the inflow of the River Mosel effects the transport
of the pollution cloud only in case of low-water conditions.

Therefore, it is assumed that the retardation of the transport downstream of a
tributary is mainly caused by the exchange of substances between the main stream
and the inflow of the tributary and the difference of the flow velocities between
both zones. Thus, for a more detailed quantification of the lag coefficient in
relation to the river discharges, measurements of flow-patterns downstream of the
tributaries are recommended.

Further, it can be concluded that the theoretical approximation mentioned above,
might be a simplification, which does not hold without any restriction.

The influence of islands in the middle of the river on the overall transport-velocity
remains negligible as long as the length of the lateral branch does not differ
significantly from the length of the main branch. Because in the River Rhine the
branches, surrounded islands are more or less equal, there have not been found any
influence on the lag coefficient explicitly. On the other hand the islands might
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influence the shape of a measured concentration-distribution. In case of relatively
short distances between two successive measuring-stations (see above), the
significance of the calculated lag-coefficient is restricted, especially if the peak
concentration has been considered.

Between Basel and Strasbourg the River Rhine has five lateral canals with power
stations. Here the lag coefficient represents deviations of the actual flow-velocity
from the flow velocity, based on the German-French agreement concerning the
discharge ratio between the canals and the River Rhine. This deviation depends on
the rise-level control by the power stations. Because for small river-discharges the
storage period of water is mostly longer than during larger river-discharges, the
difference between the mean flow-velocity after the German-Freuch agreement and
the actual transport-velocity will be larger in case of small river-discharges and
smaller in case of larger discharges. Consequently the lag coefficient varies with
the river discharge: large values for low-water situations and small values for high-
water situations. However, because the lag coefficient is constant in the Rhine
Alarm-Model, an average value has been used. An adaptation of the Rhine Alarm-
Model by which it becomes possible to feed the model with the actual discharges at
the power stations has to be avoided from a practical point of view. Moreover, this
adaptation is not a necessity, since the verification of the calibrated model by tracer
experiments during low- and high-water conditions showed differences between
calculated and measured transport-times of about 5% or less.

For the analysis of the influence of the artificial dead-zones, as groyne-fields, a
numerical with an explicit scheme has been used. The Dutch Rhine-branches were
considered for the verification of the model results. If the transport velocity is
related to the time-centroid, it has been shown that the actual lag-coefficient varies
instantaneously with the dead-zone parameter 8,,,,,,.., defined by

A
b
ﬂdeadfzone = - (62)
AS
with A, = cross-sectional area of the dead zone
A = cross-sectional area of the main stream

5

The dead-zone parameter has been derived from the schematization of the Dutch
Rhine-branches after the SOBEK-model.

As a matter of fact the local lag-coefficient and the dead-zone parameter are
similar. However, because fluctuations of the lag coefficient, due to a variable
dead-zone parameter are smoothed by the longitudinal dispersion-coefficient K,, a
river reach with a length x, corresponding with a Péclet number Pe, defined by
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pe - =% (6.3)
K

s

of 10 till 15 has to be considered in order to get a good agreement of the lag
coefficient and the mean dead-zone parameter over this distance (The deviation of
the actual lag-coefficient from the averaged dead-zone parameter is less than 10%).
Beside groyne-fields, there are large dead-zones as river harbours and lakes. The
contribution of these dead zones to the actual lag-coefficient is restricted. A good
approximation of their influence is given by the limitation of the 8,4 ..-values at
0.5.

It is recommended to verify these results by comparing the measured lag-
coefficients with the dead-zone parameter of the German reaches of the River
Rhine, which are regulated by groyne-fields (between Rhine-km 290 and 375, and
between Rhine-km 740 and 862).

However, it has to be realized that the equivalence of the lag coefficient and the
dead-zone parameter presumes a completely mixed situation in the groyne-field.
This situation is achieved if the distance in the flow direction between two
successive groynes is smaller than 30 times the water depth of the main stream,
which is mostly the case along the Dutch Rhine-branches. This condition is related
to the velocity head in comparison with the slope of the energy head. The analysis
of the relation between the lag coefficient and the dead-zone parameter showed that
the completely mixed situation also depends on the velocity head itself. For values
smaller than 0.05 m, a reduction of the influence of the dead zone has been
observed. Apparently for very small values of the velocity head the propulsion
force for the eddy in the groyne-field is vanishing. This means among others that
for suppressed flow the influence of the dead zones on the transport velocity
becomes negligible. A verification of this statement by tracer measurements in the
main stream and the in the groyne-fields is recommended.

The mass transfer between the main stream and the dead zones only effects the
shape of the concentration distribution in the main stream, but not the transport
velocity related to the time-centroid. It appears that large variations of the mass-
transfer coefficient D, from 107 till 10* s' cause variations in the tail of the
distribution, which are negligible in relation to the accuracy of the measured
concentrations. The influence of the mass-transfer coefficient on the shape of the
concentration distribution means also that the transport velocity related to the peak
concentration is effected by this coefficient and consequently the adaptation of the
transport velocity ¢ to the dead-zone parameter after Eq.(6.1). For the analysis of
this influence the dimensionless mass-transfer parameter & = D, K, / u? has been
used. It came out that for values of & = 1 there is more or less an instantaneous
adaptation of the local lag-coefficient to the dead-zone parameter value.
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Consequently in case of a variable dead-zone parameter an averaging over the
dimensionless distance of Pe = 15 also gives comparable values for these para-
meters.

It has been tried to quantify the mass-transfer coefficient D, for the Dutch Rhine-
branches by fitting the measured concentration-distributions with the numerical
model. Although the considered variations of the mass-transfer coefficient (107 till
10 s') result into significant variations in the calculated peak-concentration, these
variations were still smaller than the measured concentration-differences, caused by
the decay of the tracer or otherwise. Thus, it turns out that tracer experiments with
degradable matter are unsuitable for the determination of the mass-transfer
coefficient. Moreover, the measured concentration-distributions have to be
complete, including the tail with a high accuracy of measurement.

Apart from the reduction of the transport velocity of a dissolved substance by
stagnant zones in case of a completely mixed situation over the cross section of the
main stream, the transport velocity can also differ from the mean flow-velocity in
case the substance is inhomogeneously distributed over the cross section. Now the
difference is caused by the variation of the flow velocity over the river width. The
analyzed situation concerned a release from the river bank. The distance L, over
which a completely mixed situation is achieved, is given by

u_-B*
L, =04 2 6.4
K
y
with K| = transversal dispersion-coefficient
B = river width

The transversal dispersion-coefficient is defined by
(6.5)

wherein @, = transverse mixing-coefficient
Ui = shear velocity
a = water depth

If the flow-velocity profile over the river width B is approximated by an
exponential expression with the exponent n after

1
_nrl oy s (6.6)
v = — (0.53) %

fory < 0.5 B
and
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1
u(y) = 1 .(B—y);.us 6.7)

for0.SB<y<B

the overall lag-coefficient from the point of release downstream to a certain
distance x can be determined, assuming a linear spreading of the substance between
the point of release and the distance x = L, with a homogeneous distribution over
the spreading width. There are two important parameters, determining the overall
lag-coefficient: the transverse mixing-coefficient «, and the exponent n. The
verification of this approximation of the lag coefficient by two tracer experiments
with a release at the river bank, about 5 km downstream of Basel demonstrates its
applicability. Thus, a good fit has been obtained for , ~ 0.2, which agrees with
other investigations in rivers without groynes. The corresponding value of the
exponent n is about 10, which is a usual value for rivers. Based on the results of
other investigators the transverse mixing-coefficient should be about 0.5 or more in
case of groynes: a larger value, due to the additional mixing caused by these
groynes. However, it has been noticed that relatively small variations of the n-
value as well as the a,-value have large influence on the lag coefficient. Thus, a
first estimation for the River Rhine, based on these a,- and nr-values results in
overall lag-coefficients for a distance of 20 km of 0.1 till more than 0.5.
Therefore, it has to be emphasized that the use of these values without verification
by flow-velocity measurements as well as tracer experiments in the river
concerned, has to be discouraged, since the prediction of a late arrival-time of a
pollution cloud is mostly unacceptable.

The longitudinal dispersion-coefficient K, has been analyzed roughly. Instead of the
coefficient itself the coefficient of proportionality «, of the semi-empirical
expression after Fischer et al. (1979) has been considered for the dead-zone model

2 2
B
Ks = e L ) (1 * ﬂlziead-zane) (68)
a-*u

*

The a,-value varies from 0.001 between Basel and Strasbourg, with an averaged
value of 0.007 between Strasbourg and Lobith, till about 0.02 for the Dutch Rhine-
branches. After Fischer et al. (1979) the semi-empirical value of «, is 0.011, but
can be 4 times smaller and larger. Tracer experiments in the Albert Canal and the
Kempen Canals (Belgium) gave values of about ten times smaller, due to the small
flow-velocities and therefore relatively uniform flow-velocity profiles over the cross
section (Craenenbroeck et al., 1985). Thus it can be concluded that the calibrated
values for the canal-reaches between Basel and Strasbourg confirm the values of
the Belgium canals, while the values for the river-reaches correspond with those,
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found by Fischer et al. (1979). The «,-values for the Dutch Rhine-branches are
twice the semi-empirical value of 0.011. The reason for these relatively large
values could be the presence of the groyne-fields along the Rhine branches in the
Netherlands. The additional turbulence, they excite as well as their influence on the
cross-sectional velocity-profile, can increase the longitudinal dispersion.

257



258



symbol

SR TOREE NS

-

dimension

[L7]
(L]
(L]
[L]
(L]
(L]
(L]
(L]
[-]

(L]

(L]
(L]

[Ll/2 ,T-I]
[LT]
[LT]
[-]

[T]

(T

[T']

[T]

(L]

(L]

(L]
LT
[M-L2T]
[M .L»3 'T]
[-]
[L-T?]
[-]

[-]

[-]

[-]

LIST OF SYMBOLS

definition

cross-sectional area

cross-sectional area of the main stream

cross-sectional area of the dead zone

water depth

water depth in the main stream

water depth in the groyne-field

river width; width of the main stream

width of the polluted branch at a confluence
dimensionless width over which the pollutant has been
spread in case of a release at the river bank (= B, /B)
width of the groyne-field (perpendicular to the flow
direction in the main stream)

river width downstream of a tributary (Fig. 2.2.12 only)
maximum width of the stagnant zone (i.e. eddy
downstream of a tributary)

Chézy-coefficient

transport velocity

actual transport-velocity

coefficients

mass-transfer coefficient for the transport from the main
stream into the dead zone

mass-transfer coefficient for the transport from the dead
zone into the main stream

mass-transfer coefficient for the bottom dead-zone
mass-transfer coefficient for the wall dead-zone

depth of the trapped eddy in the dead zone

depth of the trapped eddy in the bottom dead-zone

depth of the trapped eddy in the wall dead-zone

transfer velocity of the pollutant

mass transport; flux

mass flux per unit of discharge

wall roughness after Darcy-Weisbach (= 8 g/C?)
acceleration due to gravity

skewness coefficient

H,(z) = 13 - 3.1 (third Hermite-polynomial)

H,(t) = «* - 617 + 3 (fourth Hermite-polynomial)
Hi(t) = t° - 15-1* + 4512 - 15 (sixth Hermite-
polynomial)
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[L]
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[T]

[T]
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(1]

[T]
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energy gradient

mean slope of bottom; slope of the energy gradient,
which is equal to the bottom slope in case of uniform
flow-conditions

one-dimensional longitudinal dispersion-coefficient
one-dimensional longitudinal dispersion-coefficient for
the dead-zone model

dispersion coefficient in x-direction

dispersion coeff. in y-direction; transversal dispersion-
coefficient

dispersion coeff. in the main stream in the x-direction
dispersion coeff. in the main stream in the y-direction
dispersion coeff. in the main stream in the z-direction
decay coefficient

equivalent sand roughness after Nikuradse

distance; distance from point of release; length of a river
branch (around an island)

length of adaptation of the actual lag-coefficient to the
dead-zone parameter

length of groyne-field (distance in flow direction
between two successive groynes)

transverse mixing distance

length of stagnant zone (i.e eddy downstream of a
tributary)

mass of an instantancous release; measured flux

zeroth moment of concentration distribution

exponent of the exponential velocity-profile

Péclet number

wetted perimeter

dimensionless parameter defined by

p=2D,J B (x/u) -[t - (x/us)]

discharge

hydraulic radius

Laplace variable

travel time; flow time

travel time related to the flow velocity

travel time related to the transport velocity of the
dissolved substance

deviation of the measured travel time from the calculated
one, related to the measured travel time

time

truncation time of the tail of a concentration distribution
time corresponding with the maximum concentration
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mean flow-velocity

flow velocity in x-direction as a function of y

mean flow-velocity in the main stream

mean flow-velocity in the middle of the main stream
net flow in the dead zone: mean flow-velocity in the
slow-moving zone

average velocity in the vicinity of the walls

average velocity in a eddy

shear velocity (= V(g a i,) = u,V(g)/C)

mass of a constant release

dimensionless distance defined by X = x/L,,
coordinate in flow direction

dimensionless distance defined by x’ = xK fu;-B?
distance

coordinate in transversal direction

dimensionless position in the cross section y'=y/B
vertical coordinate

constant of proportionality in relation to the contact area
between main stream and dead zone (0 < o, < 1)

coeff. of proportionality, concerning the longitudinal
dispersion-coefficient

overall value of «, from the point of release downstream
to the distance concerned

mean a,-value over the distance between two successive
measuring-stations

overall value of &, from the point of release downstream
to the measuring station concerned

transverse mixing-coefficient

lag coefficient; dead-zone parameter

overall value of 8 from the point of release downstream
to the distance concerned

local value of 8

mean lag-coefficient 8 over the distance between two
successive measuring-stations

overall lag-coefficient B from the point of release
downstream to the measuring station concerned

actual lag-coefficient

mean value of the lag coefficient over a distance
corresponding with Pe = 15

dimensionless parameter defined by I'=(s/D, + 1)
kurtosis of the concentration distribution in the time
domain
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ML)
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[

velocity head

loss of energy head

time step in the description of the numerical model

space step in the description of the numerical model
Diracdelta-function

dimensionless mass-transfer parameter (= D, 'K, /u?)
rate of loss of matter over the distance between two
successive measuring-stations

ratio of actual lag-coefficient and the dead-zone
parameter

mean value of k over a distance corresponding with Pe
=15

parameter in the description of the numerical model after
A=1+ (D, + D) - At

time-centroid of the concentration distribution

mean deviation of measured and calculated concen-
trations

standard deviation of the concentration distribution in the
time domain

standard deviation of the flow time

standard deviation of the lag coefficient per river reach
between two successive measuring-stations

standard deviation of «,,

standard deviation of the time-centroid

dimensionless parameter, defined by t = (¢ - p,)/(0,)
concentration

concentration, averaged over the cross section
concentration, averaged over the cross section after
9,=W/Q. average concentration at the point of release;
initial concentration-distribution

concentration, averaged over the cross section after
@ =M[(A u)

concentration in the main stream

concentration in the dead zone

average concentration in the flow zone just above the

bottom with dead zones
average concentration in the flow zone just aside of the

walls with dead zones

dimensionless decay-parameter defined by
R = K, -kin’



super-/subscripts

- N N B N e

main-stream branch; fast-flowing zone

by-pass branch; slow-flowing zone

main stream; fast-flowing zone

dead zone; slow-flowing zone

number of the (sub-)branch; river reach; space step
number of the time step in the description of the
numerical dead-zone model

number of the concerned series of (sub-)branches or
river reaches 7, counting from the point of release
number of the space step in the description of the
numerical dead-zone model

number of the river reach between two successive
measuring-stations;  indication of the downstream
boundary of the river reach m

total number of time steps in the description of the
numerical dead-zone model

number of the concerned series of (sub-)branches: river
reaches or space steps i

number of the considered series of river reaches m,
while n indicates the concerned (sub-)branches or parts
of (sub-) branches i, counting from the point of release
total number of space steps in the description of the
numerical dead-zone model
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oever-beschermingsconstructies en het ontwerp van de drempel in de Stormvloed-
kering.

In oktober 1980 kreeg hij een aanstelling bij de toen nog geheten Technische
Hogeschool in Delft, Afdeling Civiele Techniek, Vakgroep Vloeistofmechanica als
Wetenschappelijk Hoofdmedewerker. Naast het basisonderwijs vloeistofmechanica
is hij in deze periode begonnen met het onderzoek op het gebied van de dispersie
in rivieren in samenwerking met de Werkgroep Hydrologie van de RIWA (Samen-
werkende Rijn- en Maaswaterleidingbedrijven). In september 1984 kwam hij bij de
Vakgroep Civiele Gezondheidstechniek, die kort daarop in het kader van een
reorganisatie samenging met de Vakgroep Hydrologie & Waterhuishouding en
thans bekend staat onder de naam Vakgroep Waterbeheer, Milieu- & Gezondheids-
techniek. Binnen deze Vakgroep behoorde hij tot de Sectie Gezondheidstechniek.
Werkzaam als Universitair Hoofddocent heeft hij met name het onderwijs verzorgd
op het gebied van de "winning, transport en distributic van drinkwater” en de
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"modellering van de waterkwaliteit van oppervlaktewater”, terwijl het onderzoek
"dispersie in rivieren” zich ging concentreren op het ontwikkelen van stoftransport
modellen: calamiteitenmodellen en representativiteit van waterkwaliteitsmeetpunten
langs rivieren. Daarbij was er een nauwe samenwerking met zowel de RIWA als
de Rijkswaterstaat en in het verlengde daarvan met de Internationale Rijncommissie
(IRC). Centraal stond naast de ontwikkeling van het één-dimensionale Maascalami-
teitenmodel en het twee-dimensionale Calamiteitenmodel voor het IJsselmeer, het
Rijnalarmmodel. Met betrekking tot het laatste is hij gastlid geweest van de
IRC/CHR comité van deskundigen, die belast was namens de Internationale
Rijncommissie (IRC) en Internationale Commissie voor de Hydrologie van de Rijn
(CHR) met de verdere ontwikkeling, calibratie en evaluatie van het Rijnalarmmo-
del. Tijdens deze activiteiten heeft hij een nauwe samenwerking opgebouwd met de
Albert-Ludwigs-Universitit, Professur fiir Hydrologie te Freiburg.

Vanuit zijn onderwijstaak met betrekking tot het transport van drinkwater heeft hij
nauwe banden met het Keuringsinstituut van Waterleidingartikelen (KIWA) te
Nieuwegein.

Tussen 1984 en 1987 is hij betrokken geweest bij een viertal postacademiale
cursussen: Vloeistofmechanica voor de waterleidingingenieur, Transportverschijnse-
len in Grond- en Oppervlaktewater, Waterkwaliteit en Waterkwaliteitsbeheer. Bij
de laatste twee was hij cursusleider.
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Appendix A

Linear spreading method

The solution of the convection-diffusion equation for a continuous release at a river
bank can be given by

o (x'y) _ 1 3
9 Joox! n

(A.1)

exp(~ 0’ - 2n)2)

4x’

with

@y average cross-sectional concentration (W/A)
w constant release

A cross-sectional area of the river

B width of the river

and the dimensionless parameters for

the concentration e (x'y)/ e
the longitudinal distance x' = xK, / [u-B’]
the transversal distance y =y/B

wherein K; stands for the transversal dispersion-coefficient.

Fig. A.1 Distribution of ¢/¢, as a function of x’ and y’ (constant
release of a conservative substance at y' = 0)
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In Fig. A.1 the dimensionless concentration ¢(x'.y")/ ¢, 1s presented as a function
of the dimensionless distance x' for some dimensionless positions in the cross
section y'.

If the completely mixed situation is defined by ¢(x'.y")/¢, = 0.95 for y' = 1, then
the "transverse mixing distance” x = L, can be derived from Fig. A.1, being the
distance over which the released substance is "completely mixed" over the cross
section. Because the corresponding dimensionless x' = 0.4, the "transverse mixing
distance” becomes

u, - B?
L, ~04- = (A.2)
KY

Over the transverse mixing reach the transport velocity ¢ will be less than the mean
flow velocity u, due to the velocity distribution over the cross-sectional area of the
river (Fig. A.2).

X

N\

V7

Y/ y1

N
. u( y1 ) \

L ' 1
* |
J’ Z

point of release i

Fig. A2 Average velocity over the width of the plume of the released
substance

In order to formulate a relation between these two velocities, the velocity
distribution over the width of the river (depth averaged) is supposed to be
symmetrical to the centre of the river and is defined by (for 0 < y < 0.5 B)

_nel (o y N (A.3)
“) = (0.53) s
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wherein £ stands for a constant between 3 and 10, depending on the distribution of
the velocity profile in relation to the wall roughness (Fig. A.3).

Because in practice the transport
velocity is determined by the travel
time of a pollution, the average of the
reciprocal value of the velocity has to
be considered

y (A.4)
u(y,) J

with Fig. A3 Velocity profiles in relation
T travel time per unit of distance. to the n-value

c

o -3
1
—
o

|

|

|

|

|

|
\X\¥\\\\\¥\\\§\\\\I\\\\\\\\\\\\ NN

Integration of Eq.(A.3) from 0 to y, (y< 0.5 B) after the relation, given by
Eq.(A.4) gives in succession

st

1 1 1 1 (A.5)
Tc(x) - - = — d
c(x) (u(yl)] Yy { u(y) v
1 1 v \;
n 1
= - . SN R |
c(x) y -{ n+1 ( 05B J u v
1 1__1 »
s :i(05.3)" n _n {w "}0
c(x 1 n+ n-1
Ug n2 0.5'B _,1, (A.6)
C(X) n -1 y1

Assuming a linear transversal spreading of the pollutant with the distance to the
point of release and a completely mixed situation over the distance ¥, (see also Fig.
2.2.3 in Section 2.2), the travel time, i.e. the transport velocity at a certain
distance x; is determined by the average value of 1/u(y) over the spreading width y,
with (Fig. A.2)

Hop (A7)
L

m

Yy =
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thus Eq.(A.6) becomes, dropping the subscript 1

1/n
U, n? ( 05-L, (A.8)
c(x) n?-1 x

and with the dimensionless distance X = x/L,,

2 J1
Us _ _n S2X) " (A.9)
c(X) n?-1

Substitution of Eq.(A.9) into the expression for the lag coefficient 8

B = s 1 (A.10)
c
gives
2
ﬁ(X) - Z . (2.X)‘1/" -1 (All)
n“-1

being the local value of 8 at a distance X from the point of release.

The overall value of the lag coefficient between the point of release and X = X, <
0.5 is found by integration of Eq.(A.11)

"

xl
2
B(X)) if n C(2E) U - 1| dE
X, 0

2 _
n"-1 (A.12)

n3
= (2:X) " -1
(n+ D(n - 17

For values of B =y, > 0.5 B the average travel time T, becomes with y, =
B - y,', while y,' is the distance from the opposite river-bank.

o L[ 1 ).
e [u(yl)J
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which gives in succession

/
1 058 1 Y 1
us n 1

:—._.0‘582.2 ‘;d _ 7;d
o iy 0B {w w{ww

c?;) i nTnf] 105 By .(2 ,[wl-ﬂ:” i [wl-ﬂ;q )

1
u 2 2 RN
s _ h .i.(0~53)"-(2-[0.58] "—f)’/l} n)
c(x)  nt-1 L

Substitution of y," = B - y, gives

u n? 1 B-y |4 A.14
s - c— - (05B) |2 -| 2" (A-14)
c(x) n?-1 0.5B
Substitution of Eq.(A.7) and applying the dimensionless distance X = x/L,, into
Eq.(A.14) yields
u 2 1 L
s_- 1 -—-[2—(2—2)()"} (A.15)
c(X) np%2-1 2X

Applying Eq.(A.10) gives the following expression for the local lag-coefficient

n-1

I S T P S el I (A.16)
B(X) =1 2% {2 (2 - 2X) ] 1

The overall value of the lag coefficient for 1 = X, > 0.5 is found by integration
of Egs (A.11) and (A.16)

1 0.5 2 1
PO = 3| [| s ea -1 de -
PR
Lo (A.17)
X, n-1
1 n? 1 e
L1 N NI SN B T
1 [ R ]
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Because the second term at the right part of Eq.(A.17) cannot be solved analyti-
cally, it can be done numerically with steps AX = 0.01.

- 1 n3
X)=— |05 —2—— -1+
) X, ( [ (n+1)(n-1y H

n-1

n? 1 , .
Lo |-
25[ ( 28) " |

(A.18)

.

In Fig. A.4 the expression for B(X)) according to Egs (A.12) and (A.18), is
presented graphically.

Fig. A4 Effect of the velocity distribution on the travel time, i.e. the
transport velocity
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Appendix B

Influence of islands on the lag coefficient

An island in a river can be regarded as a bifurcation and a confluence connected by
two branches with different geometry. This difference in geometry will cause a
difference in the magnitude of the mean flow-velocity, which will give additional
dispersion. For the estimation of this effect on the lag coefficient 8. i.e. the
transport time of a pollutant, passing an island the flux method is applied.
Backwater effects as well as differences in longitudinal dispersion-coefficients and
two-dimensional effects of both bifurcation and confluence are neglected.

Fig. B.1 Schematization of an island in a river

When the pollutant is completely mixed over the cross-sectional area of the river at
the upstream end of the island, i.e. the concentration distribution over the cross
section is homogeneous, the mass will distribute over the branches in the same
ratio as the discharges. The average travel-time of the pollutant 7, from the
upstream end of the island to the downstream end can be given by

o0 gk

N B 2

T - Tcz'M1+Tc2'M2= : Uy 2”2 (B.1)
‘ M, + M, Q +Q

wherein

T, = travel time

M = mass, passing the branch
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0 = discharge of the branch

L = length of the branch
u = mean flow-velocity in the branch
index 1: main-stream branch

index 2: by-pass branch

The "time of arrival" of the water is determined by the mean flow-velocity over the
total area of the two branches (flow time), with a correction to counteract for the
difference in length

- L, _ L,
‘ 4 4 L L
. + . .- + Di——
updy + Ui, L Q +Q L (B.2)
A+ A, Q. Q
U U,
The lag coefficient 8 can be found by
T
= _< -1 (B.3)
g T,
Substitution of Eqs (B.1) and (B.2) into Eq.(B.3) yields
ﬁ _ Al Ll . Ql L2 -1 (B4)
A
1.2 1+ -2
Q, 4,

The relation between the discharge ratio Q,/Q, and the ratio of the cross-sectional
areas of the branches (A,/A,) is determined by applying the Chézy-formula on both
branches, assuming the flow is uniform

Q=C'A'R1’2'i”2 (B.5)
with
C = Chézy-coefficient
R = hydraulic radius
i = energy gradient

Assuming that the water depth a in both branches is relatively small in relation to
the width B, the hydraulic radius R can be approximated by the water depth
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(B.6)

The ratio of the equilibrium discharges according to Chézy yields

Q] C A 11/2 (B 7)
—_— = 1 2 .
, C,- A, a2 2/

Equation (B.7) can be simplified by the assumption that the water depths as well as

the Chézy-coefficients in the branches do not differ significantly

.1/2
@ Ak (B.8)

RT
192 A, i

Because the head over both branches is equal, Eq.(B.8) can be rewritten by

e
& Ah (B.9)

Q 4, L"

Thus the ratio of the cross-sectional areas of the branches becomes

L
ﬁ ~ < L (B.10)
A Q, L]1/2
Substitution of Eq.(B.9) into Eq.(B.4) gives
23
B = A L @ L) (B.11)
1 + QZ 1+ & & °?
Ql Ql Ll

In case the flow time T, is based on the flow velocity in the main stream
L (B.12)

U
Uy
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Thus Eq.(B.4) becomes

[1+%.2.£‘1] (“ﬁ.fz)
5 - QLiw) U AL (B.13)
1 + _% 1+ g%
Q] Q]
Substitution of Eq.(B.10) into Eq.(B.13) gives
[1 + Q2. L 1.5]
g - QL] ), (B.14)
Q
1+ =
Q

If the difference of the lengths of the branches is not taken into account, Eq.(B.2)
becomes

Ll Ll
T - =
ul .Al * u2'A2 QI + Ql (B.lS)
A+ A, _Q_1 . —Q_z
Uy Uy
and Eq.(B.4)
[1 + I_4£~£2_)
5 - AIA Ly (B.16)
1+ 2
4,
which gives with Eq.(B.10)
2]
g = QA |k -1 (B.17)
[1 . & & 0.5]
L L
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| e 0.10

’ .. 025
.. 050

- 1.00

Fig. B.2 Influence of the length ratio of the river branches
surrounding an island on the lag coefficient 8 for several
discharge ratios after Eq.(B.11)

i
p = Eq(B.11)
I | . Eq.(B.17)
—
'~ Eq.B.14)
1
|
\
i
.
4
1.8
Fig. B.3 Influence of the length ratio of the river branches

surrounding an island on the lag coefficient 8 after Eqgs
(B.11), (B.14) and (B.17) with a discharge ratio of 0.5
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Figure B.2 presents the relation after Eq.(B.11). In Fig. B.3 the relations of the
Egs (B.11), (B.14) and (B.17) are compared for @,/Q, = 0.5. It can be concluded
that in all cases the lag coefficient is negligible as long as the difference in lengths
of the branches remains small.
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Appendix C

Determination of the lag coefficient
and the longitudinal dispersion-coefficient
in the Rhine Alarm-Model

The calibration of the Rhine Alarm-Model concerns two parameters
L the transport velocity ¢ after

c - b (.1

i.e. the lag coefficient 8, by which the model flow-time T, is corrected in
order to get a good fit with the measured transport-time 7, of the tracer

T
=< 1 (C.2)
B T
° the longitudinal dispersion-coefficient after Fischer et al. (1979)
2 p2
K-o 58 (€.3)
a-u

*

i.e. the coefficient of proportionality «, in Eq.(C.3).

Because in the model the River Rhine and its tributaries are split up in a number of
branches and sub-branches, these parameters have to be determined per river (sub-)
branch i.

For the determination of these parameters the moments of the measured
concentration-distributions are used:

° for the lag coefficient 8, the time-centroid g, is considered
and
° for the dispersion coefficient, i.e. the coefficient of proportionality e, the

variance in the time domain ¢
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Because the time-centroid as well as the variance of the concentration distributions
concerned, are related to the release time of the tracer. Consequently the values of
8 and a, based on these parameters concern the river reaches from the point of
release to the considered measuring-point. For the calibration of the Rhine Alarm-
Model these overall values (subscript j) have to be related to the values per river
(sub-)branch (subscript 7).

The lag coefficient

In terms of overall values Eq.(C.1) becomes

¢ = ! (C.4

The overall transport-time (T,); from the point of release to the considered
measuring-station can be given by

L J. oAx, J. (Ax
(T) =(p) =2 =Y — :E[—"(l +ﬂi)] (€.5)
i j A= Tl
with
L = overal] distance from the point of release to the measuring point
J
L = ZI: Ax,
i
Ax; = length of the river (sub-)branch i as well as the distance between the

point of release or the measuring station and the downstream or
upstream boundary of the (sub-)branch concerned

From Egs (C.4) and (C.5) the following relation can be derived

Z Ax, Ax
(1 + ﬁj) .=l = [___'.(1 + ﬁi)]
i=1

uj U;

(C.6)

The mean flow-velocity from the point of release to the measuring station, 1.e. the
overall flow-velocity can be given by

=—J == (C.7

u.
g (Tu)j zj: xi
i=1 U
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£ T 1 ﬁs [eoo— ‘
S ﬁz [ l ]
By cexf AX, boo-
| | IR I _l_,___l_l__ ,,,,,
A 1 ! T 1 ‘
| || A
point of o i
release | river sub-branch
[ ) o
| boundary of a river sub-branch or
- location of a measuring station
Fig. C.1 Model schematization with sub-branches and the relation between the

overall value 8; and the local value 8; per sub-branch

Substitution of Eq.(C.7) into Eq.(C.6) gives the relation between the overall value
of the lag coefficient §; and the local value per (sub-)branch 8,

! Ax, / (Ax,
B, - w - [T : ﬁi] (C.8)

i=1 i i i

Because the overall values for the flow velocity and the transport velocity is
defined by

the overall value of the lag coefficient can be determined from the measured time-
centroid after Eq.(C.4) by

5, - )y . '(p,), 1
(T,); i Ax, (C.9)

In general the measuring stations do not coincide with the boundaries of the river
(sub-)branches. Therefore the river reaches between two successive measuring
stations are numbered by 1, ..., m and the model (sub-)branches between two
successive measuring stations by #,,,, ..., n, while n indicates the (sub-)branches
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concerned, counted from the point of release. Thus Eq.(C.8) can be rewritten into

MoAx, Ax, i
Y ny s T
ﬁn _ f=ny+1 i i=p, 1+1 ] (C 10)
m n, Ax.
%

f
N J | mver sub branch boundary\

' point of B
 release | locatzon of a measurmg statzon i
Fig. C.2 Model schematization with sub-branches and the relation between

the overall value 8, and the local value 8, between successive
measuring-stations

Starting from the point of release the local lag-coefficients per river reach between
two successive measuring stations are determined stepwise (see also Fig. C.2)

g = ——L " -p, (C.11)
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-1 ¥ =1 %
B, = - (C.12)
z‘ Ax!
i=n +1 i
= Ax, MOAx, " Ax
p X (ﬂlz—wzz -
,63 _ i=1 i i i=p,+1 i (C13)
i Axl.
i=ny+1 Y
or generally written
n n n
" AX, 'UAx, o Ax =l Ax,
'Bnmz—_ '312— ﬁzZ*“'*ﬂmE —
,B u' i=1 u,‘ i=n 1 i i=n, ,+1 u,'
" "2"‘ Axi
i=n, +1 TI
(C.14)

Now the lag coefficients 8; of all the river (sub-)branches between two successive
measuring-stations will be equal to 3,,.

If the location of the measuring station is between the boundaries of a sub-branch
the lag coefficient of this branch (8, is the average value of the lag
coefficients of the upstream and downstream river-reach

Ax,  Ax, ] _ B Ax R Bin " Axy (C.15)

ﬁ composed ’ ( +

u. u

i i+] U u;

i i+]

wherein B, = upstream value of the lag coefficient
Bi1 = downstream value of the lag coefficient
Because the flow velocity in a sub-branch is constant &, = u,., = u, thus Eq.

(C.15) can be simplified by
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H x’
p PSR metn bt o)
composed Ax, + Ax,, Ax; + A%y |

The coefficient of proportionality

For the determination of the coefficient of proportionality (e,); per sub-branch the
composed longitudinal dispersion-coefficient K after the Rhine Alarm-Model (van
Mazijk et al., 1991) is considered

£-%. (C.17)
C2

“R2 r2.
B  uB™C (C.18)

X. a_u* X a ‘/—g

For the determination of the relation between the overall value (subscript j — n,,)
and the local values (subscript ) of the coefficient of proportionality the time £ in
Eq.(C.17) is substituted by the transport time 7. It yields

"mo K Kn
( ) E —2 i > T, (C.19)
P =1 ¢ C, "

N“]
0

3

H

wherein T stands for the transport time T,

Because T = T, = L/c, Eq.(C.19) becomes

LY § (C.20)

> Ma -
i=1 Ci3 Cn

Thus substitution of the Egs (C.1) and (C.18) into Eq.(C.20) gives

2
Ry, BZC 1 . 3 ax" .Bn,,l .Cn," (1 + n )3
E (ax), i 1'( +ﬁ1) 'Ax- - m . ﬁ m .L (C21)
i=1 ai uiz ! a, unZ k
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With L = Ax u = = (C.22)
~ E‘: Ax,
=1 Y

Equation (C.21) gives the following relation between the overall [(a,), ] and local
[(«,); ] values of the proportionality coefficient

a, ;Axi > | (), "B}C, Ax, \
(), == 3 3 L+8)
" B, C,-(1+8,) "oar |2 a, ul
i=1 ui
(C.23)

Considering the situation along the River Rhine the relation between the
longitudinal dispersion-coefficient and the time-variance can be given by (see also
Subsection 2.3.3, Eq.(2.3.76))

afz[z—?J’{K-mﬂ)’J

Us

or

(03,7 = | =\ [ K, -1+ 8, 7] (C.24)

M

Substitution of Eqs (C.18) and (C.22) into Eq.(C.24) gives the expression for the
overall value of the coefficient of proportionality, using the measured time-variance

(0, a3 2 A%
(%), == "7 ;- - (C25)
" B,>C, - (1+B,) [ Ax

i

I

with
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and

For the determination of the local coefficient of proportionality per (sub-)branch of
the Rhine Alarm-Model Eq.(C.23) is considered. To be able to find an explicit
expression for the local value the following substitutions are made

B %-C 2,
Hn - Ilu Ilm H<=Bi C‘-
m a 1 a.
! (C.26)

(C.27)

For further simplification the next substitutions are introduced

P, EH 1+/3)

u

P-ZH A% 1+p)

i=n,+1 u;

or in general
nm A
- Y H ey

i=n ui

m-1"
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by which Eq. (C.27) can be rewritten into

C 3t

n, Ax.
Hnm' <1+ﬁnm>3 . _xl (C28)

i1 U

i

[Py (@) Py v (), P, |

From Eq.(C.28) the local coefficient of proportionality (e,), can be expressed
explicitly

o Ax, : .
(ax)nm Hnm “ —;— ' ( b+ ﬁnm )
(%), = . *
P, - ¥ Ax (C.29)
T
P, P P
n Rt
B (ax)l F_] (ax)z. ?7 Tt <a1)mw1 P

As in case of the lag coefficient, the coefficients of proportionality (a,); of all the
river (sub-)branches between two successive measuring-stations will be equal (e,),,.

In case the measuring station lies between the boundaries of the sub-branch the
coefficient of this branch [(a,).,.,..q 15 the average value of the coefficients of the
upstream and downstream river-reach

Ax. Ax,, o) * Ax, (o)., * Ax,
(ax)compased | : = ( * a i (C3O)
u; ui*l u; u,‘+1
wherein (o), = upstream value of the lag coefficient
()11 = downstream value of the lag coefficient

Referring to the fact that the flow velocity in a sub-branch is constant, Eq.(C.30)
can be simplified by
;Ax, . ¢ Ax,
- (ax)t X * (ax)nl xul (C31)
Ax; + Ax,

( oy ) composed
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Appendix D

Derivation of the convolution integral

The one-dimensional convection-diffusion equation reads

do(x,1) , , . 901 _ . Yok _, (D.1)
ot s ox dx?

(x>0,t>0)

with @ (x,1) = concentration
X = coordinate in flow direction
t = time
K = longitudinal dispersion-coefficient
u, = mean flow-velocity

For the solution of Eq.(D.1) two boundary conditions and one initial condition are
needed:

Boundary conditions

lim ¢(x,£) = 0 (D.2)
X0
@(0,1) = y (1) with £ = 0 (D.3)

Y (t) is an arbitrary function of ¢.

Initial condition
@(x,0) =0 with x > 0 (D.4)

The Laplace transforms of the Eqs (D.1) ... (D.4) after

o

®(x,s) = f et g(x,t) dt (D.5)
0
become
— 2 _
le " - @(x,0) |5 + 5:®(x,5) + u, 9P (x,5) _ A G5 (D.6)
ox ox?
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lim ®(x,s) =0

X

L%

®(0,8) = [ y(n)dt = ¥(s)

0

d(x,0)=0

Because after Eq.(D.4) it yields

[e " @(x,0) ] = - 9(x,0) =0

Equation (D.6) becomes
P 3’

s ®+u +—-K-—=0

d ox x2

The general solution of Eq.(D.10) is achieved by

®(x,8) = a, exp(Q,x) + a, exp(Q, x)

with

After Eq.(D.7) it yields a, = 0, so Eq.(D.11) becomes
®(x,5) = a,  exp(Q, x)

After Eq.(D.8) a, becomes for x = 0

a, = E(S)
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by which the solution of Eq.(D.10) results into

2
m U* _ x ks (D.13)
®(x,s) = ‘e _x v g
(x,8) = ¥(s) - exp T e
With
ll,2
«=X A p=_ (D.14)
JK 4K

Eq.(D.13) can be rewritten into

@(x,5) = $(s) - exp(a- VB) - exp(- a5 + B) (D.15)

In order to get the solution of Eq.(D.1), - i.e. an explicit expression for the
concentration @ (x,t) -, the inverse Laplace-transform of Eq.(D.15) has to be
derived. If the inverse Laplace-transform is indicated by &, the following functions
can be defined

F(s) =L [f(r)] =exp(a:yB) "exp(- o« s + B ) (D.16)

and
G(s) = € [g(t)] = Y(s) (D.17)
or
®(x,s) = F(s) * G(s) (D.18)
After Eq.(D.8) it yields
g(t) = ¥(x) (D.19)

Using the properties of the inverse Laplace-transforms, indicated by <

9 [AH(s)] = A - L[H(s)] (D.20)

QU[AH(s +€)] = A -exp(-e-1) - LH(s)] (D.21)

the function f(1) in Eq.(D.16) can be rewritten in succession by
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i}

QVIF(s) ] = €7 [exp(a-yB) - exp(- a-y/s + B =
exp (¢ /B) - exp(-B-t) - L' [exp (- a+y/5)] =

f(v)

1

]

exp (¢ /B) - exp(-B ) + ———o -exp{‘ “2}

24/ m-t? 4t

(D.22)
if @ > 0 (Abramowitz and Stegun, 1965)

Substitution of « and P after Eq.(D.14) transforms Eq.(D.22) into

MJ (D.23)

f(z) = —Z—— -exp (
2y K? 4K

Applying the following property of the inverse Laplace-transform

9 F(s) - G($)] = [ f(x) gt - 7) de (D.24)
0

and considering Eqs (D.19) and (D.23) the solution concerned becomes

o(x,t) = L1 [0(x,9] = L [F(s) - G(s)]

or

t _ . 2
o0t = [ W) ———— -exp[— Bzl } - d
0 2 -yn K -1 t

(D.25)
The derivation of the solution after Eq.(D.25) for the one-dimensional convection-
diffusion equation (D.l1) has been formulated by analogy with Becker and
Sosnowski (1969).

For x = 0 the integrand becomes singular. This means that it is not allowed to
evaluate @ (x,¢) for x = 0 by taking x = 0 in the integrand. By means of the
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following reasoning (Veling, 1996) it becomes clear that still

lim @(x,1) = ¥(1) (D.26)
x-0

With the substitution of © = p? Eq.(D.25) becomes

V1
— 2
et = [ w@-p?)  —2— - =
{ 2 -yn - K p2
x* u, , ux (D.27)
* exp | - - + dp :

4K p? 4Kp 2K

Rewriting of Eq.(D.27) gives in succession

Vit
_ ux x 2
o(x,1) = exp( . J Y(t-p?) - — = *
K LY R R
U X 1]2 usx} ( U X ]
* jexp |- p+ — . p | —— - +
2JK  2/KP 2K 2/K  2/Kp?
us X 1]2 ux us X
- exp |- p-———— || -exp |- —] " + *
2K 2JK°P 2K ( 2yE  2/Kp?

(o]

* {exp (— zf)  exp [;s;) ((112‘; - exp (— zf) * exp [- ;S;J Z—Zp } dp

(D.28)
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u
with 7 = —= 1

X
: Pt ——
2JK 2/K P

(D.29)

Since Eq.(D28) is a nonlinear transformation, special attention has to be paid to the
substitution of Eq.(D.29) into Eq.(D.28). Therefore the integration range is split up
into two parts (O,\/;/E ), ( m,ﬁ ). Because the verification of Eq.(D.25) for
x ¥ 0 1is concerned, there is no doubt about that \/?/—u: </t

After Eq.(D.29) it yields in succession

us X 1
Z, = —=p, + ———
U
s ol -z.p, + X =0

(D.30)

where the +-sign holds for the interval (,/x/us,\/—t ), and the —-sign for the
interval (0, /x/u_ ) (see Fig. D.1)

Fig. D.1
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In a similar way it yields

zVJK ux (D.31)
us Z,zK

(p_)l’z =

where the -+-sign holds for the interval (‘/x/us,\/; ), and the —-sign for the
interval (0,/x/u_, ). Remark that for 0 < p < /xfu_, the value of z_ is negative
(see Fig. D.2)

Fig. D.2

Now Eq.(D.28) becomes

T ux
1) = - ex *
ex P 5K

VE
* { w(e-(p)," ) L exp (-7 - exp (;—‘;) dz +

VL x
K 2K ) 1 5 ux
+ f ll’(t”(PJl > : F ~exp { -z%) - exp 2K dz +
= "
NGe
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2vk 2Kt ! ux
- - 2y 2. _2) . ="\d
{ w(t-pD") = exp ( -2*) exp(ZK) z

(D.32)

For x 0, there holds (all following approximations are valid up to order O(x),
x - 0)

z. VK u_x VK Ux
(p.), = VK 1- 1-23 ~ \/_1— - ’2 =
U Z+K U 2Z+K
_ X
2z,VK
z_yK ux 7z vK u_x
(P_)2=_\/— 1- |1+ = ~ \/- 1- + == =
U ’K U 22°K
_ X
2(-z.)WK
and
2z,yK
(p+)1 -
uS
2z JK
(P,)l -
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So, for x ¢ 0 Eq.(D.32) becomes

0
o (x,t) ~ - (1) - — -exp(-z?)dz +
[ror-— ’
v
2K ,
+ f 1I!(t‘422K) 1L cexp ( -z%)dz +
u, T
¥ 1
- [ W) — -exp( -z*)dz +
[vo &
ugy/t
2vK
42’k 1 )
- (- ) -exp (- z?%) dz
f usz \/E
o
=y(0) [ — -exp(-2z%) dz = ¥(¢)
I =
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Appendix E

Transport velocity related to the peak
concentration after the Chatwin-model

Considering the Chatwin-model after Eq.(2.3.85) in Sub-section 2.3.3, neglecting
the stagnant zones (8 = 0)

Qp(x,1) = Mo - exp | - (t - x/u)’ * |1 + _"H3 t-xfu
V4 -n-K-tju® 4-K-t/u’ 6 [2°K-t]u?

with (third Hermite-polynomial)

H( t-Lfc ] _ ( t-Lfc )3 _ . _t-Ljc ] (E.2)
3 - .
V2K t/c? V2 -K-t]c? V2-K-t/c?

and (skewness)

G, =1 (E.3)
wherein
M = released mass
0 = river discharge
u = u,, mean flow-velocity
K = longitudinal dispersion-coefficient
x = L, distance from the point of release

For the determination of the transport velocity ¢ of a pollution cloud related to the
peak concentration, for which the concentration distribution is well fitted by the
Chatwin-model, the peak-value time ¢, of the distribution in the time domain has
to be considered. The time ¢,, as a function of the distance x = L from the point
of release will be given by

99 _ 0 (E.4)
t
and the transport velocity ¢ for the peak concentration by
_de
dx

¢ (E.5)
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Elaboration of Eq.(E.2) gives an implicit relation for £,

2K%m15+EL L _xY G, _x). 2Kt
uz 6 L u 2 mu u2

*

2Kt 21
u2
t -
2 (o] |
+_G_t_ ; _xY_ Ktmax . l1- u _ 0 (E6)
2 " u u2 2tmax

Therefore t,,, is determined by trial and error by comparing the two terms

term 1
15
2Ky +_G_’- t X 3_&. t X 2Kt"'ax x
u2 6 ey 2 ™ u u2
2
o)
A7 SRR PR 5 (E.7)
2Kt 2t
u?
term 2

& [z (2] [d) €8

The accuracy of ¢, depends on the value of £ in

lterm 1 - term 2| = ¢ (E.9)

In the following computations ¢ < 0.01.
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Fig. E.1 Distribution of the local lag-coefficient 8 as a function of the Pe-
number for two values of the skewness G, after the Chatwin-model

Now the transport velocity ¢ has to be determined numerically

(tmax)i+ - (tmax)i Atmax
€)= R (E.10)

i+1

With Ax = 10 m the distribution of the local lag-coefficient 8 can be determined
after

— u —
ﬁ(x,u,l) - C(xiﬂ) 1 (Ell)

or with the Péclet number after Pe = x,,,-u /K

=¥ E.12
B(Pe) c(Pe) 1 ( )

The results are presented in Fig. E.1 for two values of the skewness G,. In Fig.
E.2 these results are compared with the Taylor-model, which is equal to the
Chatwin-model for G, = 0. The comparison shows that the negative value of the
lag coefficient reduces with the skewness.
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These results are caused by the large concentration-gradients near the point of
release, by which the dispersive transport is relatively large. The result is a
relatively steep front of the concentration distribution with a relatively long tail.
Consequently the concentration distribution becomes skew. In the Chatwin-model
the third Hermite-polynomial enlarges this skewness of the concentration
distribution after Taylor-model. The enlargement depends on the value of the
skewness G,.

 Chatwin-model

-0.05 - /' e - - S A g
VAl = 6 =1 |
|- ot |
‘}‘ /—/./‘ ‘ ‘ ‘ L j | t | i
0.2 /T ST S
[/ s LWL T e g T
02577 | | , il Taylor-model
-0.3 ], — 1‘, i _ﬁ—" |
-0.35 // ; . . I R _l. ! /‘
| ‘ L M“ R
-0.45 ]
— Pe
Fig. E.2 Comparison of the distributions of the local lag-coefficient 8 as a
function of the Pe-number after the Chatwin-model and the Taylor-

model

Figure E.2 shows that these effects on the lag coefficient related to the peak
concentration are significant for Pe < 30 (8 < - 0.05). In case of the River Rhine
with a mean flow-velocity of 1 m/s and an average dispersion-coefficient of about
1000 m?/s, the negative B-value occurs over a distance of about 30 km downstream
of the point of release.
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