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ABSTRACT

The study of the sediment transport in open-channel as well as in river flow is of gréat
importance for fluvial hydraulics. While the transport of sedimentary particles at the bed, as the
bed-load, has been the subject of much research, less attention has been paid to the transport of
sediments in suspension. This thesis is a contribution to our knowledge of the transport of
sediments in suspension.

The most important theory on the vertical distribution of the mean sediment concentration in
suspension flows is the diffusion-convection theory, given by the Rouse equation. This
equation is rather simple and contains few parameters. About one of these parameters, the f3-
value, there is little known, despite its importance and physical meaning. One of the main aims
of this thesis is to experimentally measure the B-values for different suspension flow
configurations.

The major objective was to investigate suspension flows over moveable beds without bed
forms and this in capacity condition. Since flows are at times not in capacity, i.e. the flows are
not saturated with sediments, an additional study (see Appendix C) was also performed.

Furthermore, two special runs were done (see Appendix D), where the bed was covered with
artificial bed forms.

In order to evaluate the J-values, the vertical profiles of the mean velocity and its
fluctuations as well as the mean concentration and its fluctuations had to be measured. This
could only be done by using the new ultrasonic instrument (Acoustic Particle Flux Profiler,
APFP), developed and assembled at the Laboratoire de Recherches Hydrauliques (LRH).

Suspension flows were investigated focusing on the possible modification of the clear-water

turbulence by suspended sediments. The concentration was carefully measured and interpreted
by the Rouse equation. In particular, the ratio of the sediment, £,(y), and momentum, &, (y),

diffusion coefficients, being the S(y)-value, was for the first time, directly measured.

The strongest effect of particles on the flow was noticed on the vertical component of the
turbulence intensity, \/v_Tz /u,, which was considerably suppressed, when compared to clear-
water flow. The longitudinal velocity, u(y), its turbulence intensity component, \/—:7_2 / u., and
the Reynolds stress, —pu’v’, were only slightly affected.

By using the APFP instrument, the instantaneous sediment concentrations, c¢,, were, for the
first time, directly measured. The calibration of the APFP instrument was achieved by
measuring the mean concentration profiles, cs, with the suction method. The largest measured
fluctuating concentrations, -\/ZTZ , and sediment flux, c_;17 profiles were observed close to the
bed, where the mean concentration is also very large.

The sediment, €, and the momentum, &,, diffusion coefficients, which represent the

“ability” of sediment and fluid particles to be diffused in the flow by turbulence, were computed

from the APFP measurements. For suspension flows over plane-bed, the sediment diffusion-
coefficient profiles are always smaller than the momentum ones, €, <¢,. This indicates that
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sediment particles undergo less diffusion than fluid particles; consequently the B-values are less
than unity, f<1. Thus, the usual assumption of €, =¢_, that leads to B =1, is not justified
for the present measurements.

The Rouse equation gives a better agreement to the concentration distributions measured with
the suction method, by using the experimental obtained B-values, m , rather than by using
B=1.

For practical use, the experimental B_A,;-values and the ones obtained by a best-fit (least-
squares method) of the Rouse equation to some concentration distributions taken from the
literature are summarized in a plot. It seems that the S-values increase with either scaling
parameters, v, /u,, and (v, /u.)-(C, [caa).

The effects of suspended particles on the clear-water turbulence was also investigated in non-
capacity suspension flows having increasing concentrations. The measurements show that, the
suppression (damping) of the vertical component of the turbulence intensity — caused by
suspended particles — increases with the depth-averaged concentration. The tendency of the
m-values to decrease approaching the capacity condition, i.e. increasing the concentration,
was also found.

Suspension flows over bed forms were also investigated; in this study special attention was
paid to the evolution of the flow structure behind the bed-form crest as well as the effect of bed
forms on the B-values. The bed-form crest seems to generate a high-turbulence region with
consequent peaks in both the longitudinal and vertical turbulence-intensity profiles as well as in
the Reynolds-stress profiles. This high-turbulence region enhances the sediment diffusion
coefficient but suppresses the momentum one. As a consequence, we found that for suspension
flows over beds with bed forms, &, > €, , leading to > 1.

The most important result of this thesis is a recommendation that the Rouse equation with an
improved B-value — itself to be estimated from the experimental plots obtained in this study —
can be used to establish the dimensionless concentration profile of suspension flows. For beds
without bed forms the B-values are B<l, while for beds with bed forms the B-values are
B>1.

The correlation between the velocity fluctuations, associated with coherent structures (burst
cycle), and the concentration was also investigated. From this study it becomes evident that the
ejection event, being the most important phase of a burst cycle, is responsible of the erosion of
sediment on the bed, behaving as an “injector” of sediments into the main flow.



RESUME

L’étude du transport de sédiments dans les écoulements 2 surface libre et dans les rivieres est
primordiale pour I’hydraulique fluviale. Si le transport de sédiments au fond a largement été
étudié, I'étude du transport de sédiments en suspension a suscité moins d’attention. Ceite thése a
pour but d’améliorer les connaissances du transport de sédiments en suspension.

La théorie de convection-diffusion est la plus importante sur la distribution verticale de la
concentration moyenne de sédiments en suspension. Grice a cette théorie I’équation de Rouse,
largement utilisée en pratique, avait été obtenue. Cette équation est facile a utiliser tout en
contenant peu de paramétres. Parmi ces derniers, le parameétre B est peu connu malgré son
importance. Un des buts de ce travail consiste 2 mesurer expérimentalement la valeur de f (B
représente sa valeur moyennée sur la profondeur) pour différent types d’écoulement.

L’objectif majeur était d’étudier les écoulements en suspension sur fond mobile sans formes
de fond et en condition de capacité (saturation). Dans la mesure oit les écoulements peuvent
également exister en condition de non capacité, i.e. I’écoulement n’est pas saturé par les
sédiments, une éude supplémentaire (Appendix C) a été prévue. De plus, d’autres expériences

ont été effectuées (Appendix D) dans lesquelles le fond du canal était couvert de formes
artificielles.

Pour 1’évaluation des valeurs de f3, les profils verticaux de vitesse et ses fluctuations ainsi que
la concentration et ses fluctuations doivent étre mesurés. La vitesse bidimensionnelle instantanée,
u(y,1) et v(y,1), et la concentration instantanée, c,(y,t), ont été mesurées a I’aide d’un nouvel
instrument, I’ APFP (Acoustic Particle Flux Profiler), développé et construit au Laboratoire de
Recherches Hydrauliques (LRH).

La concentration a ét¢ mesurée soigneusement et a été interprétée a 'aide de I’équation de
Rouse. En particulier, le rapport du coefficient de diffusion de sédiments, £ , et de quantité de

mouvement, €, , qui définit la valeur de f§, a été mesuré pour la premiére fois. Une attention
particuliere a également été consacrée a la modification de la turbulence en eau claire produite par
les particules suspendues.

Les écoulements en suspension montrent une forte diminution de la composante verticale de

intensité de turbulence, \/v’z/u., par rapport aux écoulements en eau claire. La vitesse

longitudinale, E(y), la composante longitudinale de I’intensité¢ de turbulence, «]F/u., et la
tension de Reynolds, —pu’_v', sont peu affectées.
Le calibrage de I’ APFP a été effectué en mesurant les profils de concentration moyenne, c;,

avec la méthode de succion. La concentration fluctuante, +/c,’, et les flux de sédiments, cV’,

maximaux, ont été observés au voisinage du fond ou la concentration est également maximale.
Les coefficients de diffusion de sédiments, £, et de quantit¢ de mouvement, £,, qui

représentent les taux de diffusion des particules solides et fluides dus a la turbulence, ont é&€
calculés a partir des mesures faites avec I’ APFP. Pour les écoulements sur fond plat le coefficient
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de diffusion des particules est toujours inférieur a celui de quantité de mouvement, €, < ¢,,. Cela
signifie que les particules solides sont moins diffusées que les particules “fluides™, donc B est
inférieur a I'unité, i.e. B < 1. Par conséquent, I'hypothése classique €, =¢,, qui méne a =1,
n’est pas justifiée par nos mesures.

L’équation de Rouse comparée avec les profils de concentration mesurés par succion donne de
meilleurs résultats si on utilise les valeurs expérimentales moyennées sur la profondeur, [7,;;,
plutdt que B =1.

Pour une utilisation pratique, les valeurs expérimentales de m et celles obtenues avec la
méthode des moindre carrés appliquée a quelques distributions de concentration reportées dans la
littérature, ont été résumées dans un graphique. Les valeurs de B sont proportionnelles aux
paramétres v, /u,, et v, [u. C,[Csu.

Les effets des particules sur la turbulence en eau claire ont également été examinés dans le cas
des écoulements en suspension en condition de non-capacité pour des concentrations croissantes.
Les résultats montrent que la diminution de !’intensité de turbulence, provoquée par les
particules, augmente avec la concentration moyenne. De plus, les valeurs de m , diminuent en
se rapprochant de la condition de capacité, c’est a dire en augmentant la concentration.

Dans cette these on a également étudié les écoulements en suspension sur des formes de fond.
En particulier, nous avons examiné 1’évolution de la structure turbulente derriere la créte d’une de
ces formes de fond. L’effet des formes de fond sur les valeurs de B a également été déterminé.
Les résultats montrent que la créte des formes génére une région de haute turbulence qui se
traduit par des pics observés dans les composantes longitudinales et verticales de 'intensité de
turbulence ainsi que dans les profils de tension de Reynolds. Cette région accroit également le
coefficient de diffusion des sédiments et, au méme temps, diminue le coefficient de diffusion de
quantité de mouvement. Par conséquent, pour les écoulements en suspension sur des formes de
fonds, on obtient: €, > €, ce qui implique, > 1.

Le résultat majeur de cette thése est représenté par la détermination des valeurs correctes de f,
qui peuvent étre obtenues aisément & ’aide de graphiques expérimentaux, pour I’établissement
des profils de concentration moyenne. Pour des écoulements sur fond plat les valeurs de J sont
petites, B<1, mais pour des écoulements sur des formes de fond on obtient S>1.

Dans ce travail on a aussi étudié les corrélations existantes entre les fluctuations des vitesses
reliées aux structures cohérentes (comme les bursts) et la concentration. On observe que la phase
la plus importante d’un cycle de burst, appelée éjection, est responsable de I’érosion des
sédiments au fond du canal. Cette phase représente une sorte d’injecteur de sédiments dans
I’écoulement.



RIASSUNTO

L’attenzione della ricerca scientifica nel campo del trasporto solido in idraulica fluviale &
sempre stata rivolta prevalentemente al trasporto di sedimenti al fondo (bed-load). In questa tesi
si & cercato di dare un contributo significativo all’altro possibile modo di trasporto solido: il
trasporto di sedimenti in sospensione.

L’approccio teorico probabilmente pili importante nello studio delle correnti in sospensione &
rappresentato dalla teoria di convezione-diffusione. Da questa deriva I’equazione di Rouse,
ampiamente utilizzata per la determinazione del profilo verticale della concentrazione media di
sedimenti in sospensione. Nell’equazione di Rouse compare un parametro, usualmente
denominato f, del quale poco si conosce nonostante la sua importanza ed il suo significato
fisico. Uno degli obiettivi di questa tesi & la misura sperimentale del corretto valore di  per
diverse configurazioni delle correnti in sospensione.

Lo studio sperimentale ¢ stato effettuato principalmente su correnti sature di sedimenti, su di
un Jetto mobile ed in assenza di forme di fondo (fondo piatto). In appendice sono anche riportati
i risultati di un ulteriore studio effettuato su correnti non sature (appendice C) e su correnti in
presenza di forme di fondo (Appendice D).

Per una corretta valutazione del valore di [, sono stati misurati i profili sperimentali della
velocita, della concentrazione e delle rispettive fluttuazioni intorno al valore medio. Questo tipo
di misura € stato possibile grazie all'utilizzo di un nuovo strumento (Acoustic Particle Flux
Profiler, APFP) concepito e sviluppato al Laboratoire de Recherches Hydrauliques (LRH).

I profili di concentrazione sono stati interpretati per mezzo dell'equazione di Rouse. In
particolare, il rapporto fra il coefficiente di diffusione dei sedimenti, €,(y), e della quantita di
moto, €,(y), che rappresenta il valore di B(y), é stato per la prima volta ottenuto
sperimentalmente.

Nello studio si € anche cercato di valutare I'influenza dei sedimenti in sospensione sulla
turbolenza del fluido portante (acqua dolce). L'effetto piu consistente € stato osservato nel
profilo della componente verticale dell'intensita di turbolenza, \/T’_; / u,, che risulta
considerabilmente diminuito rispetto a quello normalmente osservato in caso di correnti di acqua
limpida. I profili della velocita longitudinale media, u(y), della relativa intensita di turbolenza,
«/7 / u,, ¢ della tensione di Reynolds, —p;'T’, risultano invece modificati solo debolmente.

Utilizzando il suddetto strumento (APFP) € stato possibile misurare per la prima volta, ed in
modo diretto, la concentrazione istantanea di sedimenti, ¢,. La necessaria calibratura dello

strumento APFP ¢ stata ottenuta deducendo la concentrazione media con il classico metodo per
suzione. I valori piu elevati della concentrazione fluttuante, w/cs'z , ¢ del flusso di sedimenti,
ch’, sono stati registrati in vicinanza del letto, dove maggiore ¢ la concentrazione media.

I coefficienti di diffusione dei sedimenti, € , e della quantita di moto, €, , che indicano

rispettivamente la facilitd con la quale le particelle solide (sedimenti) e liquide (acqua) sono



diffuse dalla corrente ad opera della turbolenza, sono state calcolate a partire dalle misure
effettuate dallo strumento APFP. Per le correnti in sospensione su fondo piano, il coefficiente di
diffusione dei sedimenti € sempre minore del coefficiente di diffusione della quantita di moto,
g, <&, . Questo indica che i sedimenti si diffondono meno facilmente delle particelle liquide;
conseguentemente i valori di f risultano inferiori all’unitd, f<1. La pratica corrente di porre
€, =&, ¢ di conseguenza ipotizzare § =1, non sembra quindi giustificata.

L’aderenza fra I’equazione di Rouse ed i profili di concentrazione media misurati per suzione
risulta notevolmente migliorata utilizzando i valori sperimentali di S, B_A;F—,,, piuttosto che il
valore classico di B, f=1.

Per un utilizzo pratico, i valori sperimentali di 8, B, € quelli ottenuti adattando (metodo
dei minimi quadrati) l'equazione di Rouse ai profili di concentrazione disponibili in letteratura,
sono stati riassunti in un unico grafico. Il valore di B sembra direttamente proporzionale ai
parametri: v, /u, € (v,,/u.)-(C,/Cx).

L'effetto delle particelle in sospensione sulla turbolenza dell'acqua limpida é stata studiata
anche per correnti non sature di sedimenti aventi crescenti livelli di concentrazioni medie. Le
misure mostrano che la diminuzione (soppressione) della componente verticale dell'intensita di
turbolenza, causata dalle particelle sospese, & proporzionale alla concentrazione media. E stata
anche evidenziata la tendenza dei valori sperimentali di B, m , a diminuire avvicinandosi alla
condizione di saturazione della corrente.

Nello studio sperimentale delle correnti in sospensione, in presenza di forme di fondo, si é
cercato di evidenziare l'evoluzione spaziale del flusso in vicinanza delle creste delle forme di
fondo. L'effetto globale delle forme di fondo stesse sul valore di S, € stato ugualmente
quantificato. Le creste sembrano generare nella loro scia dei picchi di entrambe le componenti,

orizzontale e verticale, dell'intensita di turbolenza come pure della tensione di Reynolds. In
questa scia il coefficiente di diffusione dei sedimenti, €, € incrementato mentre quello della

quantita di moto, €,,, risulta diminuito. Nella sezione in cui sono state effettuate le misure si €
ottenuto che £ >¢,, . Si & potuto quindi affermare che in presenza di forme di fondo il valore di
ﬁ_APF—,, & probabilmente superiore all'unita, B> 1.

I risultato principale di questa tesi € rappresentato dal miglioramento dell'equazione di Rouse
ottenuto per mezzo dei valori sperimentali di . Detti valori possono essere valutati facilmente
con l'ausilio dei grafici proposti in questo studio. Per correnti in sospensione in presenza di
forme di fondo si ha B > 1, mentre in presenza di fondo piano si ha f<1.

La correlazione fra le fluttuazioni di velocita associate a strutture coerenti, come il ciclo di
burst, e la concentrazione istantanea di sedimenti é stata anche oggetto di indagine
(appendice E). Si € osservato che l'eiezione (fase principale del ciclo di burst, caratterizzata da
un rapido allontanamento dal letto, v’ >0, di un fluido lento, %’ <0) é la principale
responsabile dell'erosione e messa in sospensione dei sedimenti altrimenti giacenti sul letto.

IX



1. Introduction
1.1 Motivation of the research

The hydraulics of sediment transport represents an intensively studied topic (see Graf, 1984,
Yang, 1996). In particular, the sediment transport at the bed — the bed-load — has been the
subject of innumerable works. Less attention has been paid to the transport of sediment in
suspension. In the last decade great interest has been aroused in the study of the complex
interaction between turbulence and suspended particles. This interest lead to a massive
investigation on suspended-laden flows using sophisticated instruments such as Laser Doppler
Velocimeter (Muste and Patel, 1997), Particle Image Velocimeter (Garcia et al., 1996), or Sonar
Doppler Velocimeter (Thorne et al., 1996). The importance of the coherent structures on the
diffusion of suspended particles in the flow as well as the effect of sediment particles on the
turbulence intensity, has been pointed out. Much work must be still done to clearly describe the
processes of interaction between the solid (sediment particles) and the fluid (water flow) phase
for different conditions of flow and of concentration.

The most important theory on the vertical mean distribution of suspended concentration in
sediment-laden flow is the diffusion-convection one. By this theory, the well-known equations,
the Rouse or Hunt equations, have been derived. These equations have the merit to be rather
simple and to contain few parameters. One of this parameter, the [-value, is little known even
if it is important and physically meaningful.

This thesis represents an effort, undertaken to fill the existing knowledge gap on the
interaction of suspended sediment particles and the fluid. The experimental measurement of the
B-values has also been performed to improve the Rouse and Hunt equations by providing a

criterion to choose better the parameters to use in these formulae.
1.2 Vertical concentration distribution

The distribution of sediment as suspended load is commonly obtained by consideration of
the diffusion-convection equation, (see Graf, 1984, §8.3). In its general formulation it is
expressed as:

Qé:—ﬁa—zi—ia—z’—wa—an»—‘i(e Qz—’)+—a—(s,é—zi)+i(ss a—zf) (1.1)
ot ox  dy &k x\T K/ o\ V) &\T &
where ¢;(y) = ¢, — ¢/: mean suspended sediment concentration
¢,, ¢! instantaneous and fluctuating concentration
¢ time
X, y, Z :streamwise, vertical and lateral coordinate
u, u, w':streamwise instantaneous, mean and fluctuating velocities; u = u + u’
v, v, v': vertical instantaneous, mean and fluctuating velocities; v =v+v’

1-1



w, w, w’: transversal instantaneous, mean and fluctuating velocities; w = w + w”
£, &, €, streamwise, vertical and lateral sediment turbulent diffusion coefficients
Eq. 1.1 is valid for incompressible, turbulent flows in which the turbulent diffusion coefficients
— predominant over the molecular ones - do not vary with concentration.

Assuming a steady-state condition, one-dimensionality — no change of concentration with
respect to the time, t, to the longitudinal, x, and to the lateral, z, direction —eq 1.1 leads to the

following equation:

= dc
Vi, Cs+E, =L=Cte=0 (1.2)
oy

In this equation the velocity of the suspension flow is assumed equal to the liquid and to the

sediment particle ones. It is customary to assume that the vertical mean velocity of the sediment
particles represents the settling velocity of the particles in the fluid, v=-v,. To simplify the

computation the settling velocity is assumed in pure still clear water, v_,. The constant of
integration is taken as Cte=0, which does imply that at the water surface ¢, =0 for € =0. Eq.

1.2 can be rewritten on the form:

- oc .
V- Cs+E"L=0 (1.2bis)
o

where v is settling velocity (assumed in still clear water) and €, = €, is the sediment diffusion

coefficient along the vertical direction.

Note, that eq. 1.2bis remains reasonably valid for small concentrations, say
¢, <0.05 [m’/m*] =132 [kg/m’].

Above eq. 1.2bis implies that the downward flux due to the gravitational settling, v_c;, and
the upward sediment flux due to the turbulence of the flow, W, are in equilibrium; the latter is

commonly expressed as:

v = —¢, 96 (1.3)

: oy

Usually, it is assumed that the sediment diffusion coefficient, €, and the momentum

s?

diffusion coefficient, which is nothing else than the turbulent (eddy) viscosity, €, =V,, are

closely related, such as:
8s=ﬁ'8m (14)

where ¢, is defined using the shear stress, —p-u’v’, by:

v = ¢ i (1.5)

oy

For uniform and unidirectional open-channel flow the vertical distribution of the momentum
diffusion coefficient is given (see Graf, 1984, p. 173) by:
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€m='<'u.~%(h—y) (1.6)

where h is the flow depth, u, is the shear velocity. The Karman constant, kK, has been

assumed to be k =0.4 for both clear-water and suspension flows according to Coleman’s
findings (Coleman, 1981).

Upon substitution of eq. 1.4 and eq. 1.6 into the diffusion-convection equation, eq. 1.2,
after separation of the variables and upon integration in parts between the limits, a <y <h, the

well known solution — often referred to as Rouse equation — is obtained:

s h—y a ‘
- 1.7
sa ( y h—a] ( )

Im

o

where the Rouse number is defined such as:

h

- 1
or z'= X where: =

o~ Z?:m =% h_ajﬁ(y)dy (1.8)

The reference concentration, ¢, is usually evaluated at a = 0.05- h, which represents a vertical
position in the flow. For y>a the sediments are supposed to be transported in suspension
while for y < a the sediments are part of the bed load. With such a definition of the reference
concentration, the resulting sediment transport as suspended load is in full capacity (saturation).

A sediment-laden flow is defined as capacity flow when a layer of sediment, composed of
the same sediment as is in suspension, is present on the bed. When flow transports the full
capacity of sediment - at saturation - one may consider the flow to be in a sedimentary
equilibrium, this means that deposited particles can be readily replaced by eroded ones. Any
further addition of sediments to the flow leads to a deposition of sediments on the channel bed
without an increase of the suspended sediment concentration. If a flow is in non-capacity
condition there is no active sediment layer on the bed. All the sediments added to the flow are
kept suspended. A further addition of sediment to the flow leads to an increase of the sediment
concentration without a deposition on the bed.

If the concentration can not be considered small, say ¢, > 0.05 =132 [kg/ m3], the following

equation — firstly given by Hunt (see Graf, 1984, p.185) — must be used instead of eq. 1.2bis,
such as:

v, o(1-2)+[e, + s(e, -s,)]%fy—x =0 (1.9)

Eq. 1.9 is a general differential equation for the vertical distribution of suspended matter; this

equation is valid for every value of suspended concentration taking into account the volume of
sediment particles, c;, and the volume of water, (1-c¢s), per unit volume of mixture. If the

solid concentration can be considered small, eq. 1.9 is reduced to eq. 1.2bis. Note, that eq. 1.9
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do not take into account the interactions among particles and between fluid and particles. These
interactions could be important for hyperconcentrated flows when the concentration is very
high, ¢;>10%. Introducing egs. 1.4 and 1.6 into the eq. 1.9 one obtains the following
equation:

Ko yo 396 (-¢)es
- ~(h~) 8y+B+Es-(1—B)_O (1.10)

Upon integration in parts between the limits, a<y<h, eq. 1.10 gives the so-called Hunt

equation:

1
—s "'—s ? - :
_C_=(1 < J (h y_a J (1.11)
Csa l-cw y h-a

Note that eq. 1.11 is an implicit equation. The plot and the fit of eq. 1.11 to the measured

vertical mean concentration profile has to be done in a numerical way.
1.3 Diffusion coefficients

One of the key aspects of the theory on the vertical concentration distribution is the relation
between the turbulent sediment and momentum diffusion coefficients. It is customary to
correlate them by using a coefficient, usually called 3, by the following equation:

e, =pe, (1.4)

The B-value represents the difference in the diffusion of a sediment particle and the diffusion
of a liquid (water) particle in the flow. If B>1, this means that the solid particles diffuse more
readily than the liquid ones; this is usually the case in sediment-laden jet (and open channel)
flows in which the solid particles are “ejected” from turbulent eddies by centrifugal forces. If
B=1, this means that the solid particles follow readily the movement of the fluid; this is the case
for very small particles or particles with density, p,, close to the density of the water, p,, . If
B<1, this means that the solid particles are diffused less readily than fluid particles; this is
possible if solid particles follow the turbulent eddies only for a part of their lifetime or if the
turbulence is so strong for the solid particles to follow the high intensity fluid movements.

The turbulent Schmidt number, Sc, is usually defined as the ratio of the momentum
diffusion coefficient and the molecular transport coefficient (Hinze, 1975, p. 293).
Analogously, some authors introduced the turbulent Schimdt number defined as Sc =€, /€, .
The relation of Sc with the -value used here is simple: Sc =1/8.

In this thesis using a Sonar instrument — Acoustic Particle Flux Profiler (APFP) — it has been
possible to measure at the same time both the profiles of the instantaneous suspended sediment

concentration and the instantaneous longitudinal and vertical velocities (see Appendix A). Thus,
the sediment flux profile, c/v{y), has been measured directly and the vertical profile of the

sediment diffusion coefficient, £ (y), could be computed by its definition, see eq. 1.3, such as:
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&( )=—3"£'(()y,)) (1.12)

dy

The velocity covariance, u’v’, has been measured using the same APFP instrument. This led
to the evaluation of the Reynolds-stress profile, —p-u’v/(y). The longitudinal mean velocity
profile, u(y), has also been measured, therefore the momentum diffusion coefficient profile,
see eq. 1.5, could be calculated, such as:

wv(y)
e, (y)=—==5 1.13
0)=="5] (1.13)

dy

The depth-averaged values of the sediment and momentum diffusion coefficient can also be
computed:

1 h h

— — 1
£, =h_——a;‘:8’(y)dy’ £, =;£em(y)dy where h: flow depth (1.14)

Since both the sediment and the momentum diffusion coefficient profiles were known, also
the vertical distribution of the measured [-value could be calculated. In fact, by its definition,

see eq. 1.4, it is possible to write:

Wy_
9c,y)
2 A (1.15)
£,(7) “%
oy

The depth-averaged value of the f(y)-value has been calculated, such as:

™
—_
~
~—
i
o~
~
N—
]

1
h—a

B(y)dy (1.16)

a

B=

C—

Using the definition of eq. 1.16 the B(y)-values have been evaluated experimentally (see
Appendix A and §3.22) using the APFP instrument. The S(y)-values have also been obtained

by a best-fitting technique of the Rouse equation, eq. 1.11, to the vertical mean concentration
profiles measured by the suction method (see Appendix B).

1.4 Thesis content

The diffusion-convection approach has been used to interpret the results of the experimental

investigation of suspension flows in capacity condition over plane bed. Two kinds of sediments
have been used, namely sand I (d,, = 0.135 [mm)) and sand II (ds, = 0.230 [mm]); the results
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can be found in ch. 3. The description of the installation facilities and the APFP instrument is
presented in ch. 2 and Appendix A, respectively. :

Suspension flows (sand I) in non-capacity condition over plane bed have been investigated
as well. The results are shown in Appendix C.

A literature review (see Appendix B) put into evidence a substantial difference between the
B-values obtained investigating suspension flows in capacity condition over plane bed and over
bed forms.

For sake of comparison, an investigation of suspension flows (using sand I) in capacity
condition over bed with bed forms has been performed (see Appendix D).

As underlined in section 1.1, the coherent structures (especially the bursting cycle) are
thought to be responsible for the suspension mechanics. A study of the complex mutual
interaction between bursting cycles and suspended sediments (sand I and sand II) is presented
in the Appendix E.

1.5 Conclusions

In this chapter the diffusion-convection theory is presented and the resulting equation — the
Rouse equation, eq. 1.7 — is discussed. In case of very large suspended concentration,
cs>0.05=132 [kg/ m3], one should use the Hunt equation, €q. 1.11, instead of eq. 1.7. The
Rouse and Hunt equations express the vertical suspended concentration distribution, for
a < y<h, in case of suspension flows in uniform condition. Close to the bed, for y<a, the

sediments are thought to be part of the bed load. Note, that the reference concentration, c,,, is
defined at y=a and represents, thus, the largest concentration of sediments transported in
suspension.

The experimental determination of the B -values to be used in the Rouse equation is one of
the major goals of this thesis. The APFP instrument, able to measure simultaneously the

instantaneous suspended concentration and velocity, has been used to obtain the sediment flux,
c/v/(y), the momentum, &, (y), and the sediment, ¢(y), diffusion coefficient. Subsequently,

the B(y) -value has been computed by its definition B(y)= €,(y)/€,(y) and its depth-averaged

value, B, used in the Rouse or Hunt equation.
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2. Experimental facilities and procedure
2.1 Introduction

In this chapter are described the flume used in the experiments and the flow circuit.
Subsequently, the bed and sediment characteristics and the measuring equipment are
presented. The methods to reduce the measured time series into hydraulic parameters which

characterize the flow are also discussed.
2.2 Description of the flume and its circuit

The measurements were done in a 16.8 [m] long, 0.60 [m] wide and 0.80 [m] high
flume at the Laboratoire de Recherches Hydrauliques (LRH) at the Ecole Polytechnique
Fédérale de Lausanne (EPFL). The flume can be tilted around a pivoting point, from slopes
of -1 [%] up to + 9 [%]. The flume has glass walls and a smooth steel floor which can be
modified according to the purpose of the investigation. In Fig. 2.1 a view of the channel is
shown. A detailed description can be found in Suszka, 1988.

In Fig. 2.2 a sketch (not to scale) of the flume and the flow circuit is presented. A grid
(1) and a straightener (2) were placed at the entrance of the channel to attenuate flow
irregularities. The first 3 [m] of the channel have a rigid bed made of concrete cubes (3) to
generate a fully-developed turbulence. A floating polystyrene plate (4), fixed to the channel
structure, attenuates waves due to the entrance in the channel.

The measuring section (8) is located 13 [m] from the entrance of the channel; in this
section both the suction equipment and the sonar instrument (APFP) operate. The suction
equipment is used to draw samples from the suspension flow. It is composed by a pipette
(5) connected by flexible tubes to an air-compressed pump (6) that draws mixture samples
(7) from the flow. The pipette can be regulated vertically in order to sample at different
levels. The pump can be regulated to draw samples in an isokinetic condition, i.e. the
velocity of the flow into the pipette top is equal to the velocity of the flow surrounding it.
This condition is important to avoid a perturbation of the flow.

The sonar instrument (Acoustic Particle Flux Profiler, APFP) (9) operates in the
measuring section (8). By emitting and receiving ultrasonic waves this instrument measures
both the instantaneous velocity profiles — exploiting the Doppler effect (see Rolland, 1994)
~ and the instantaneous suspended concentration profiles — exploiting the proportionality
between the suspended concentration and the ultrasonic echo intensity (see Shen, 1997).
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The APFP instrument has been calibrated, for each run, by comparing the mean echo-
intensity profile (measured with the APFP) and the mean sediment concentration profile
(measured with the suction method) in the same measuring section (8). In this way, a
calibration curve could be obtained. A detailed description of the instrument principle can
be found in Appendix A; for more information about the instrument electronics see Shen,
1997, and Shen and Lemmin, 1996. The APFP instrument is connected to a Macintosh
computer (10) that controls the acquisition and records the velocity and echo-intensity
profiles. The sonar transducers (11) emitting and receiving ultrasonic waves are installed
above the flow surface and below the channel bed; this instrument does not perturb the
flow except very close to the free surface.

At the end of the channel, a control weir (12) can be regulated to adjust the uniformity of
the flow; subsequently, the flow falls in a collection tank (13). A hydrocyclone (14) was
used, at the end of every run, to separate a part of the sediment particles from the water. In
this way it was possible to recycle some sediments.

Two pumps, P1 (45 [kW]) and P2 (15 [kW1]), were connected to the collection tank.
They can be used separately or in parallel according to the discharge needed. The
recirculation is generated, closing V7, with pump P1 or P2, opening the valve M1, and the
valves M4-V3-V1 or M2-V2 respectively. The other valves were closed.

| 13 (m}

-~ :>1
o suction |
EI ® Pipe“sc floating J
level control weir 32 & polysiylar fiqw straightener P
(12) =8 / . s
! o | 5%
4 pipene =
collection tank E v ECY W top =z y
a3 u-ansduEels/\vA—| / P %
hydrocyclone (1) & !
(14) I Y i
¥ | ! B=0.6 {m)

<,
1 10
o amses

air-compressed
pump (6) —

main reservoir
V1 % (clear water) as
1T L
LF ]

15kW Dﬂ' ;>

DG water drain

Fig. 2.2: Schematic of the flume and water circuit (not to scale)
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Clear water was taken from the main reservoir (15) of the LRH (Laboratoire de
Recherches Hydrauliques) by using the pump P7 and keeping open the manual valve V7.
Once part of suspended sediments was separated using the hydrocyclone (14), the
sediment-laden water was stocked in two sump tanks (16), (17) in which coarser particles
settled down. A filter (18) was normally used to eliminate the finest particles. A magnetic
flowmeter (19) measured continuously the discharge flowing in the circuit.

2.3 Flume’s bed characteristics

The original steel floor of the channel was covered by rough plates. Each plate was
waterproofed using putty to avoid infiltration of sediments on the steel floor. In Fig. 2.3 is
shown a schematic of the rough plate installation. To simulate flow with bed forms, some
artificial sand waves were also glued on the rough plate (see Appendix D).

A mean height of roughness, k,=0.0048 [m], was obtained by averaging the measured

height of 40 individual elements randomly selected on the surface layer of the plate.

FIIIIIT OIS IS4

Fig. 2.3: Rough plate and original steel floor

Most of the research deals with flows in capacity condition. In this condition the rough
plate was covered with a layer of the same sediment as is in suspension. The existence of
the sediment layer on the bed was verified optically by observing if the orange colored
rough plates were covered by the white sediment layer. Subsequently, the thickness of the

sediment layer was measured by limnimeters. Usually, the sediment layer thickness was
constant along the channel, =2 [mm]; in this case the bed slope, S,, was equal to the
channel slope, S;. The latter was read on a graded scale, previously calibrated using a

precise optical instrument.

Some flow in non-capacity condition were also investigated (see Appendix C). In this
condition all the sediments injected to the flow were kept suspended and no accumulation
of sediment on the plate were observed.



2.4 Sediment characteristics

Two types of sediment were used in this study: sand I and sand II. Their principal
characteristics are summarized in Table 2.1.

Type |Commercial name Diameter Density |Settling vel.
ds, dy dyy Ps Vss
[mm] | [mm) | [mm] | [ke/m?]| [mmys)
SandI [DPTF AFA 96 +6 0.135 | 0.121 | 0.171 2650 12.0
Sand II |Molochite™ 50-80DD{ 0.230 | 0.180 [ 0.280 2650 21.0

Table 2.1: Summary of sediment characteristics

The sediment sand I was natural sand normally used as aggregate in several
applications. Sand II (Molochite™) is a hard, abrasion resistant alumino-silicate refractory
aggregate material produced by the calcination of specially selected china clays.
Characteristic diameters as well as density were furnished by the producer, G. Gauthier
(GE, Switzerland) and ECC International (UK) respectively, and checked by a
granulometric analysis made in the Rock Mechanic Laboratory at the EPFL.

The settling velocity in still clear water was evaluated from the characteristic diameter,
dy, (see Graf, 1984, p.45).

The sediment particles chosen fulfilled the requisites imposed by the Author:

i) Particles small enough to follow the high-frequency movements of the flow,

it) Particles large enough to avoid diffraction of the emitted ultrasonic waves,

iit) non-cohesive particles

2.5 Experimental procedure

In this section all the procedures, the set-up of the flume and of the capacity flow, the
performance of the suction method, the set-up and the calibration of the APFP instrument,
are discussed.

2.5.1  Set-up of the flume

To obtain a suspension flow it is firstly necessary to generate a clear water flow having
the same channel slope, S, and flow depth, h. Firstly, the channel slope, S;, was fixed

mechanically and its value was read on a graded scale, previously calibrated using a precise
optical instrument. Fresh water was then taken from the main reservoir (see Fig. 2.2) and
recirculated adjusting the discharge by manually operating the pumps P1 or P2. The value
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of the discharge, Q[m3/s], given by a magnetic flowmeter installed in the recirculating
circuit, was chosen in a way to give the flow depth, h, equal to £#=0.12 [m]. This depth
permits to investigate efficaciously the flow using the APFP instrument (see Appendix A).

The uniformity of the flow was obtained by adjusting the level control weir (12) and
was verified by measuring the flow depth in some sections along the channel by using
limnimeters. Only after the uniformity of the flow was assured, sediments were added
slowly to the recirculating flow until the capacity flow was achieved. The capacity
condition of the flow was verified observing if the white-colored sediment layer covered
the orange-colored rough plates (see § 2.4). The measurements started after 4 [h] of flow
recirculation in capacity condition. In Appendix C the results of an investigation of flows in
non-capacity condition are presented while in Appendix D are reported the results of the
investigation of suspension flow over bed form in capacity condition.

2.5.2  Set-up of the APFP instrument

The operation and installation of the APFP instrument are widely described in Appendix
A. Here, the procedure followed to use the APFP are reported.

The APFP instrument was set-up only after that the suspension flow, having the assigned
bed slope, S,, and flow depth, h, was verified to be in the required conditions. The set-up
of the APFP instrument consists of two parts, namely: i) transducers’ installation and ii)
elimination of acoustic noises.

The first part of the set-up deals with the installation of the transducers in their correct
position (see Appendix A). It is important to verify the coaxiality of the vertical transducers
and the position of the tilted transducer, but also to verify that the mylar-film — plastic film
normally used to separate the transducers’ housing and the flow (see Appendix A) — of the
surface housing is permanently in contact with the water flow surface. If the contact is not
assured the ultrasonic waves cannot propagate along the flow column.

More difficult is the control of the contact between the flow and the mylar film at the
channel bed. The mylar film is acoustically transparent: almost all the acoustic energy
passes through this film, but if the film is dirty or if air bubbles are present, see Fig. 2.4,
the waves can not penetrate into the flow because of reflection by air bubbles. It is
sufficient to clean the film and eliminate the air bubbles to solve the problem.
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The ultrasonic waves can
pass through the sediment
layer but the air bubbles
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mylar film.
\- J

Transducer
~—1 below the bed

Fig. 2.4: Air bubbles below the bed mylar film

The APFP instrument emits and receives high-frequency ultrasonic waves. Good sound-
proofing is then very important to avoid fixed ultrasonic echoes due to acoustic multi-
reflections. A fixed ultrasonic echo in fact can affect seriously the measurements of both
velocity and concentration if it is superimposed on the useful signal coming from the flow.
The fixed echoes affecting the measurements are produced by a wrong installation of the
APFP instrument. Here, the three main causes of fixed ultrasonic echoes are presented.

1) Multi-reflection of ultrasonic waves

If the transducer installed below the bed is exactly vertical, the emitted ultrasonic wave
can be multi-reflected (see Fig. 2.5). For this reason the bed transducer is tilted on the
vertical (along the transversal direction) by an angle of nearly 1°. In this way the emitted
ultrasonic wave, reflected by the sediment layer, can not be recorded more than once, see
Fig. 2.5.

MODE 2
(Correct position)
bed

MODE 2
(Wrong position)

",
"""" RRRARRZ 1§
The emitted ultrasonic mylar A
waves are multi-
reflected by the near
bed sediment layer and | Tb
the transducer surfacej emitter/

receiver

near bed sediment

( The emitted waves areW
i reflected once by the !
i sediment layer and are |
Lnot recorded by theJ

emitter/
receiver

transducer

Fig. 2.5: Wrong and correct position of the bed vertical transducer



2) Not correct sound-proofing of the water filled housing

Ultrasonic waves are also reflected by the housing walls. The consequent multi-reflection
can be attenuated by glueing a layer of soundproof material on the housing walls. In Fig.
2.6 a sketch of the possible path of multi-reflected waves is presented.

With sound-proofing

Without sound-proofing (carpet layer)

emutters
receiver Tafgpeivel

Example of a path
followed by the emitted

Example of a path
followed by the

acoustic wave emitted acoustic wave
I~ mylar ‘ ; "~ mylar
water s \ water
surface T:e wrb pmet lai'er ) surface
< flow absorvs the ultrasonic < flow
acoustic waves
bed bed

water-filled
housing

water-filled
emitter/ housing
receiver

Fig. 2.6: Housing with and without sound-proofing

Generally a layer of carpeting leads to good results especially if the Pulse Repetition
Frequency (PRF) is not too high ( PRF = 1000 [Hz], see Appendix A).

3) APFP energy level

The~intensity of the emitted wave can be adjusted by operating on the power of the
electronic ultrasonic wave generator. The emitted wave intensity should not be too high
because the electronic device converting the ultrasonic echo signal into electric signals
would be saturated. On the other hand, the signal must be strong enough to dominate the
inevitable electronic noise.

The final check of the APFP instrument is performed with an oscilloscope visualizing the
ultrasonic signal. As described in Appendix A the APFP instrument works alternatively
into two modes. In mode 1 the surface transducer works alternatively as emitter and
receiver while the bed transducer receives only the forward scattered signal. In Fig. 2.7 is
presented a typical (correct) echo-intensity signal observed on the oscilloscope in mode 1.
The backscattered signal recorded by the surface transducer represents the echo intensity
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that is proportional to the suspended concentration. In the signal of Fig. 2.7 the two mylar
echoes and the echo due to the sediment layer on the bed are clearly evident. The part of the
signal recorded on a magnetic support is the one corresponding to the gates shown in the
upper part of the oscilloscope screen.

Signal coming
from the surface
transducer

=

Signal coming
from the bed
transducer

=>

A

50ws od +
" 12-FEB-97 17: 12

2 0 .9?' v
L LR BT

gates range

bed mylar film
echo 1

surface mylar
film echo

usefukecho
intensyty signal

Fi

N—

‘
\

Emission time of
the ultrasonic wave

at= 172us 1/at=3.81kn

Tt ey
arriving time at the reeeiver (surface transducer)

distance from the e‘-:itter (surface transducer)
~—~y

AN forward scattered
echo

1k “1/80P -

g, 2 .13 3 0.5¢

Fig. 2.7: Correct APFP signal (mode 1)

The signal recorded by the bed transducer, forward-scattered echo, represents the
reception of the emitted wave that has traveled from the surface transducer (emitter) to the
bed transducer (receiver). Since the emitted wave is an ultrasonic pulse, the received
forward-scattered signal will also be an ultrasonic pulse. The signal between the surface
mylar echo and the sediment layer echo is the useful signal recorded to compute — after the

calibration of the APFP - the instantaneous vertical suspended concentration profiles.

In Fig. 2.8 is presented a typical signal visualized on an oscilloscope during the mode 2.
The signal coming from the bed transducer shows the two mylar echoes and the echo due
to the sediment layer. Note the parasite echo close to the surface mylar film: this echo has
no physical meaning but does not perturb the measurements being not recorded (out of the

gates range).
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Fig. 2.8: Correct APFP signal (mode 2)
2.5.3  Suction method

The vertical mean suspended sediment concentration profile is directly measured by the
suction method. A total of 12 samples were drawn at the following depths: y/h=0.05,
0.075, 0.1, 0.125, 0.15, 0.175, 0.2, 0.25, 0.5, 0.7, 0.9, 0.95. The samples were
collected in 2-liters’ bottles. As shown in Fig. 2.2, the pipette top, having a diameter of 4.8
[mm)], draws samples directly from the flow. The suction velocity, regulated by operating
on the air-compressed pump, was equal to the velocity of the fluid surrounding the pipette
head. This condition, known as isokinetic condition, assures a minimal perturbation on the
flow. Subsequently, the samples were filtered to obtain the suspended sediment
concentration. The filtration was performed under pressure using special filters.

The calibration of the APFP instrument (see Appendix A) is performed comparing the
vertical mean-echo intensity profile and the vertical mean concentration profile measured by
the suction method. The vertical mean concentration profile was also used to compute the
best-fit B-values using the Rouse or the Hunt equations (see Appendix B).

2.6 Determination of the hydraulic parameters

The measurements of the instantaneous velocity and concentration profiles have been
performed using the APFP instrument. The definition of the hydraulic parameters measured
and computed are described next.
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2.6.1  Velocity and resistance parameters

The following parameters were measured or computed using the APFP instruments.

1)
2)

3)

4)

5)

6)

7)

8)

Longitudinal and vertical instantaneous velocity profiles: u(y,?) [m/s] , v(y,?) [m/s]
Longitudinal and vertical mean velocity profiles: u(y) [mys] , ¥(y) [m/s]

Longitudinal and vertical rms. velocity profiles: vu’2(y) [m/s] , vv’2(y) [nys]
where the fluctuating velocities are defined as: wi(yt)=u(yt)-v(y)

v(nt)=v(n1)-wy)
Velocity covariance (also called Reynolds stress):  w/v/(y) [m2/s2]

Depth-averaged velocity (bulk velocity), U [my/s]: obtained by integrating the profile
h

of the longitudinal velocity, such as: U = %Jﬁ(y) -dy
0

Maximum velocity, u. [m/s]: observed at the height y = 4.

Shear velocity, u, [m/s]

Several methods for the determination of the shear velocity are found in the

literature (see Nezu and Nakagawa, 1993). The following methods were used:
i) Energy-gradient method, u.; [m/s}

Using the energy slope, S,, - equal to the bed slope, S,, in case of uniform

flow— and the flow depth, h, the shear velocity can be calculated as:

Ui = +/8hS, = +/ghs,

il) Reynolds-stress method, u., [m/s]
The measured Reynolds-stress profiles, —p-uv(y), extrapolated towards
the bed give the value —p-u?. Thus, the shear velocity can be evaluated.
Usually this is the value of the shear velocity used in computation.

Coles’ wake strength, IT[--]: as given in Coles’ velocity-defect law, is defined

as the deviation of the mean velocity profile from the log-law.

In the defect form their expressions are:

log-law: 2= 4= —lln(l)

U, Kk \é
Coles’ law: %% = _lzn(l)+ Ecasz(ﬂ)
u, K \0 K 2:6

where:  u.: maximum velocity measured at y =&
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K = 0.4 [- -]: Karman constant ( for clear and sediment-laden flow)
U=t ue,)
The Coles wake strength, IT, was obtained by best-fitting the Coles’ law to the
measured velocity-defect profile, u(y).

9) Constants of integration, Br(--], Bs[--], Bt[--]: appearing in the
logarithmic velocity law, they were computed according to the flow regime. The
classical forms of the log-law for each regime are:

i %ln(i—}) + Br: for rough bed, where k&, [m] is the equivalent bed roughness
U.

s

L= %ln(%) + Bs : for smooth bed, where u, = (., u.,)
UR

U _ lln(lj + Bt . for transitional bed
u, x \k

S

The criterion to chose the integration constant was:
if Re, = k. < 5 then the bed was hydraulically smooth: Bs=35.5.
v

ku,
v

was deduced graphically (see Graf and Altinakar, 1991, pp. 427).

if Re, = Ef:— > 70 then the bed was hydraulically rough: Br=38.5 .

if S<Re.= < 70 then the bed was hydraulically in transitional condition: Bt

10)  Friction factor, f[--]: calculated using: f =8(u./U)2.
11)  Equivalent bed roughness, k [m]: calculated using the Colebrook and
b
White relation: |1 =-2-Io k‘/R"+ L where: a; =115, b, =3
f a, Ref

(see Silberman et al., 1963, pp. 97-143) and R, [m] is the hydraulic radius.
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2.6.2  Concentration parameters

The following parameters were obtained from the APFP instrument after calibration with
the vertical mean concentration profile measured by the suction method.

1) Instantaneous suspended concentration profile: ¢ (y f)[m3/m3], represents the

volume of suspended sediment per volume of mixture; the concentration can be also
defined as massic, cm(y,?) [kg/m?], in this case it represents the mass of suspended

sediment per volume of mixture.

2) Mean concentration profiles: ¢ (y) [kg/m?], were measured by the suction method
to calibrate the APFP instrument and to deduce the best fitting S-values, B, .

3) mms. fluctuating concentration profile: +/c’2 [m3/m3], where the fluctuating
concentration is defined as: c2(y,7) =c,(y,1) - ¢,(y)

4) Reference concentration, ¢z [m3/ms3], measured by the suction method, is defined
as the one at the height: y=a=0.05-h.

5) Depth-averaged suspended concentration (bulk concentration), C, [m3/m3], was

obtained by depth-integrating the mean concentration profile, such as:
h

1 —_
Cs = h_a_(cs(y).dy‘

a

2.6.3 Diffusion parameters

The following parameters were calculated using the data obtained with the APFP
instrument.

1) Sediment flux: c/v/(y) [mys], was calculated knowing the instantaneous suspended

concentration and the vertical velocity measured simultaneously by the APFP
instrument, or:

cv(y) = (e, 1) = () - ({3 1) = W)

2) Momentum diffusion coefficients: €, (y) [m2/s], also known as the eddy viscosity,
V,, is given by:
uv’
£,0)=-r)

ufdy
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3) Sediment diffusion coefficient: €(y) [m2/s], is defined as:
cv()
ac, /oy

4) B, B [--]-values: are important parameters in the diffusion-convection theory,

g(y)=-

being the ratio of the sediment and the momentum diffusion coefficients:

( Clvl(}/ /ay . 5

2104

f; hich: = -d

Bly) = e (y) " T0) rom which: = P a!ﬁ()’) y
Oufdy

Note that: B,z : B-value obtained using the APFP instrument,

By, : B-value obtained by best-fitting the Rouse or Hunt equation to the

vertical mean concentration profile measured with the suction method.

5) Richardson number: Ri [--], characteristic of stratified fluids, was calculated using
the definition of Coleman, 1981, such as:
iz 8Py =a)-p,(y=H)]

pm u‘
where: p,(y=a)=p, + (ps - pw) - Csa ¢ mixture density close to the bed

pa(y=h)=p, +(p, - p,) cs(y=h) : mixture density at the surface

p..p, : water and sediment density

h
P = % J p.(y)-dy : depth-averaged mixture density

6) Rouse number: z[--], is defined as: z = Kv"
. u.

7) Modified Rouse number: z’ [--], is defined as: 7’ =% = e

B Bxu.



2.7 Conclusions

The channel, the sediment particles and the procedure to create the suspension flows
have been described. While the APFP instrument, used to measure the velocity and
concentration, has been widely described in Appendix A, here the procedure followed to
perform the measurements are discussed. All the velocity and concentration and diffusion
parameters used in this thesis have been defined and discussed.
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3. Measurements of Suspension Flow
3.1 Introduction

The total load of sediment, transported by open-channel flows, is composed of a
bed load, transported close to the bed, and the suspended load, transported in
suspension. For the determination of the suspended load knowledge of the vertical
distribution of the concentration of the suspended particles is of importance. It is a
common procedure to determine this distribution by solving the diffusion-convection
equation under appropriate boundary conditions (see ch. 1).

In natural alluvial channels and waterways the sediment-laden flow is usually in
capacity (saturation) condition, implying that the flow will charge (saturate) itself with
particles, which are available in the bed load and/or on the bed itself. Thus, it is
fundamental to investigate the laboratory flows under the same (capacity) condition
because only in such a case the flows are in a sediment equilibrium reflecting a natural
condition, i.e.: deposited particles can be readily replaced by eroded particles. The
results of experimental investigations of flows in under-capacity condition should not
be used for natural alluvial channels (see Appendix C).

Another interesting aspect of suspension flows is the mutual interaction between
suspended particles and the carrying fluid (water). The Navier-Stokes equations,
representing the classical theoretical approach to clear-water flow, have to be modified
because of the bi-phasic nature of suspension flow. One should re-write the equations
of mass conservation as well as the equations of motion for both the fluid and solid
phases taking into account the relative interactions (see Cao et al., 1995, pp. 726).
Regrettably, the resulting system of equations becomes so complicated to discourage
every analytical or numerical resolution. In order to give simple, but reasonably
correct, theoretical-empirical tools to investigate suspension flows, it is a common
procedure to still apply the clear-water equations also for suspension flows (see
Itakura and Kishi, 1980, and Coleman, 1981). This approach leads to good results if
the size of the particles and the suspended concentration are small enough to be able to
neglect the interactions among particles. In addition, the sediments should not be
cohesive otherwise the clear-water rheological law (Newtonian law) has to be
modified.

If the theory of suspension flow is complicated due to the presence of suspended
particles, also the experimental investigation of suspension flows renders itself as
difficult. The moving suspended particles can destroy sophisticated but fragile
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measuring apparatus such as hot film or hot wire. Non-intrusive instrument, such as
Laser-Doppler velocimeter has been used with success to measure high-frequency
instantaneous velocities but for very low concentrations due to the problems of laser
wave propagation (see Muste and Patel, 1997). In the past Einstein and Chien, 1955,
used Pitot tubes to measure the velocity profiles without investigating high frequency
velocity fluctuation. To sum up, a key problem is the presence of suspended particles
that, to measure instantaneous velocity, obliges the experimenter to use a non-intrusive
instrument and, at the same time, forms a barrier for the instrument itself.

Another key problem deals with the experimental measurement of the suspended
concentration. The frequently used method to measure the mean suspended
concentration is the suction method. More difficult is the measurement of the
instantaneous suspended concentration. The importance of measuring the
instantaneous — and also of evaluating the fluctuating — suspended concentrations is
related to the need of high-frequency correlations between velocity and concentration
fields to study the suspension-flow dynamics.

An answer to the problem concerning the simultaneous measurement of both the
high-frequency velocities and concentrations in suspension flows is, for the moment,
obtained using ultrasonic instruments such as the Acoustic Particle Flux Profiler
(APFP), conceived and developed at the Hydraulics Laboratory (LRH) of the Ecole
Polytechnique Fédérale de Lausanne (EPFL), by dr. C. Shen and dr. U. Lemmin.
This instrument permits the measurement of the instantaneous velocity profiles by
measuring the back-scattered echo signals (see Lhermitte and Lemmin, 1994)
generated by the emission of high-frequency sonar pulses. In addition, by measuring
the forward and backward-echo signals, an echo intensity can be measured (see Shen
and Lemmin, 1996 and Shen, 1997) which is indicative of the sediment concentration.
However, to obtain the concentration a calibration — using the suction-sampling
method - has to be performed. Since the sonar transducers of the APFP are placed
above the water surface and/or below the channel bed, this instrument does not perturb
the flow.

In this chapter we report on experiments performed in the laboratory on suspension

flows using the above-mentioned APFP instrument. The experiments have been done
by using two kinds of sand particles, (sand 1, having dy, =0.135 [mm] and sand II,

having d,, = 0.230 [mm)]). The flows were steady and uniform carrying sediment

particles — at capacity — over a bed where a layer composed by the same sediment
was available. The size of the sediment particles and the suspended concentrations
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were small enough to justify the use of clear-water formulation. The accuracy of this
hypothesis will be verified at the end of this chapter.

A detailed description of the ADVP/APFP instrument can be found in the Appendix
A. The results presented in this chapter refer to flow in capacity condition in presence
of a plane bed. In the Appendix B some data on suspension flows found in the
literature are presented, summarized and compared to the results of this study. The
results of the investigation of flow in non-capacity condition are presented in the
Appendix C, while the results of the measurements conducted on flows over bed
forms can be found in the Appendix D. In ch. 1 the diffusion-convection theory
applied to suspension flows has been presented while in ch. 2 the experimental
facilities as well as the investigation procedures have been described.

3.2 Presentation of data

The measurements were made in a recirculating tilting channel, 16.8 [m] long and
0.60[m] wide. The measuring section was located 13 [m] from the entrance at the
channel, where the boundary layer is assumed to be established; all measurements
were performed at the centerline of the cross section. The measurements started at 4[h]
after the injection of the amount of sediment (=120 [kg]) that can be transported by the
flow at its capacity. This amount was added slowly until an uniform layer of
sediments, (=2 [mm] thick) was observed on the channel bed. If additionally particles
were added, the thickness of the bed layer would be simply increased. The velocity
and concentration measurements were made with a sonar instrument, the APFP. The
experimental facilities and the procedure followed to create the suspension flow are
described respectively in ch. 2.2 and ch. 2.5. The detailed description of the APFP
instrument can be found in the Appendix A. The details of each run are given in
Appendix B.

In Table 3.1 for sand I and Table 3.2 for sand I, are summarized all the hydraulic
and sediment parameters and the results of the runs, namely:

Flow discharge: Q [m3/s], was adjusted to maintain constant the flow depth. A
magnetic flowmeter measured continuously the discharge. Since the
presence of suspended sediments perturbed the flowmeter readings, the
discharge has been posedtobe: Q=U-h-B

Flow depth: h [m]=0.12 [m], being fixed for all runs

6 tmy is the height where the maximum velocity, u_ (m/s], has been measured

Aspect ratio: B/h [--]=5.0, where B=0.6 [m] is the channel width
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h
Depth-averaged longitudinal velocity: U [m/s] = %jﬁ(y)-dy, where u(y) is the
0

longitudinal mean velocity measured at the centerline by the APFP
Bed slope: S, [- -], read on a graded scale, previously calibrated using a precise

optical instrument
4-U-R,

Reynolds number: Re [--} =

where R, [m] is the hydraulic radius and v, [m2/s] is the mixture
p, (1+25-C)
po+(p.=p.) C,
viscosity is v[mz?/s], the water and sediment density are, respectively,
p, [kg/m3] and p, [kg/m?3], while C,[m3/m3] is the depth-averaged
concentration. Since the detected highest depth-averaged concentration was
Crm =6.29 [kg/m3] giving v, /v =1.002, it has been posed v, = v
Froude number: Fr[--]=U/\gh

Shear velocity:
u., [m/s], obtained by extrapolating the measured Reynolds-stress profile
towards the bed
u.s [m/s], obtained by the energy method, u.; = \/ghS, , where:
S;[--] (energy slope)=S,[--] (water slope)=S,[--] (bed slope)

kinematic viscosity, v, [m2/s]=v- The water

(uniform-flow condition)
In this chapter only the shear velocity obtained by the Reynolds-stress
profile, u. , has been used in the computation, such as: u, = u.,.
Friction factor: f [--] = 8(u./U)’
Equivalent roughness: k, [mm], computed by Colebrook & White formula

Particle Reynolds number: Re, [--]= uk,
v

Integration constant: Bs, Bt [--], if the bed was hydraulically smooth, or
uk, /v, <5 Bs=55 was taken; if the bed was hydraulically in
transition, or 70 > u.k, /v, >5, Bt was deduced graphically (see Graf and
Altinakar, 1991, p. 427)

Coles wake strength: IT[- -], obtained by best-fitting the Coles’ velocity-defect
law to the measured velocity profile

Karman constant: x[--]= 0.4 taken as a constant

Nominal particle diameter: d, [mm)] of the sediment particles in suspension

Sediment density: p, [kg/m?] of quartz sand



Settling velocity: v, [m/s], taken in still, clear water (see Graf, 1984, p. 45)

Depth-averaged concentration: Cr [kg/m3], computed from the suction
method measurements

Reference concentration: cs. [kg/m3], measured with the suction method at the
reference height y=a =0.05h.

Depth-averaged mixture density: p, [kg/m3]=p, +(p, - p.)-C,

gh[pa(y = a)— pu(y = h)]

p,u?
where: p,(y)=p, +(p, —p.) cs(y), cs(y) is the local mean suspended

Richardson number: Ri[--]=

concentration

12
Rouse number: z[--]=—2—

‘U,

Modified Rouse number: z{--}= obtained best-fitting the Rouse

s XL
cu-B B

equation to the concentration profile measured with the suction method

B - values {

B.rer [--] » depth - averaged B - values, measured with APFP
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Table 3.2: Summary of data (sand II)

3-6

- Q | h s | w |8l U S, |Re0s) Fr| ue | wg | f | k |SF|Bs Bl I
[m3/s)| [m] | [m] | [m/s]]| [--]| [mys] | [%]| (-] [ [--] | [mys} [Qmys) | [--] | [fmm] | [--]| [--] | [--]
Q40S003 | 0.049{ 0.120 [ 0.105] 0.786] 5.0 | 0.680 | 0.030] 2.330 | 0.63 | 0.028 | 0.019 | 0.014 | 0.050] 1.4 [5.5 0.355
Q455005 [ 0.058 ] 0.120] 0.103]0.902] 5.0 ] 0.806 | 0.050] 2.761 | 0.74 | 0.034 | 0.024 | 0.014 ] 0.063 | 2.2 |5.5 0.467
4850075] 0.060] 0.120 [ 0.103[0.941 ] 5.0 [ 0.829 | 0.075| 2.840 | 0.76 | 0.037 | 0.030 | 0.016] 0.108 | 4.0 [3.5 0.556
505010 | 0.057] 0.120 [ 0.108[ 0.930{ 5.0 | 0.792 | 0.100] 2.712 [ 0.73 | 0.039 [ 0.034 [ 0.019] 0.175| 6.8 [5.5 0.548
Q5350125[0.059 [ 0.120[0.114] 0.951] 5.0 | 0.824 [0.125] 2.822 | 0.76 | 0.040 | 0.038 | 0.019 0.148 | 5.9 [5.5 0.543
Q555015 [ 0.062] 0.120 [ 0.099 1.008| 5.0 | 0.858 | 0.150] 2.938 | 0.79 | 0.043 | 0.042 | 0.020| 0.222 9.5 | 9.02] 0.538
S7S0175] 0.062 ] 0.120] 0.109{ 0.968| 5.0 | 0.855 10.175] 2.927 ] 0.79 | 0.044 | 0.045 | 0.021| 0.292 | 12.8| 9.98} 0.528
(605020 [ 0.065 [ 0.120] 0.097| 1.045] 5.0 | 0.905 | 0.200] 3.098 | 0.83 | 0.045 | 0.049 | 0.020[ 0.207 | 9.3 | 9.92| 0.459
(6550225] 0.066 0.12010.099] 1.046] 5.0 | 0.9167[ 0.225] 3.135T ©. 0.04610.05170.02010.231 [ 10.6] 9.97] 0.558
Q705025 | 0.066] 0.120 [ 0.103| 1.084] 5.0 | 0.917 | 0.250] 3.138 | 0.85 | 0.049 | 0.054 | 0.023 | 0.422 | 20.6] 9.97] 0.5
Q75503 | 0.065 [ 0.120] 0.110] 1,064] 5.0 | 0.897 | 0.300] 3.069 | 0.83 | 0.055 | 0.059 [ 0.030| 1.234 [67.8| 9.14] 0.542
dy | p, v, Cr = 5 Ri =Yu z Bau | Buwr
run 4 m k-u, | (bestfit) (best fit) | (APFP)
[mm]|(kg/m?] | [mmys] | [kg/m3]| [kg/m3] | [kg/m3] [ [--] [--] [--] [--] | [
Q405003 | 0.135| 2650 | 120 | 2.05 | 24.62 | 1001.28 | 21.364 | L.071 2.15 | 0498 | 0.728
Q455005 1 0.135] 2650 | 12.0 | 2.81 | 28.62 | 1001.75] 17.563 | 0.882 1.35 | 0.652 | 0.469
Q4880075] 0.135| 2650 | 12.0 | 2.94 | 31.62 | 1001.83 | 16872 | 0.811 .48 | 0.548 | 0.422
Q508010 ] 0.135] 2650 12.0 3.61 | 39.33 [ 1002.25 ] 18.830 0.769 1.72 1 0.447 ] 0.534
Q5380125 0.135] 2650 | 12.0 | 3.32 | 36.04 | 1002.07 | 16450 | 0.750 1.51 | 0.498 | 0.499
355015 | 0.135| 2650 | 12.0 | 4.41 | 46.05 | 1002.75| 18.120 | 0.698 1.60 | 0.436 | 0.532
Q5750175] 0.135| 2650 | 12.0 | 4.73 | 49.41 | 1002.95] 18.610 | 0.682 145 | 0471 | 0464
Q605020 ] 0.135] 2650 12.0 4.91 48.58 | 1003.06 | 17.380 0.667 156 10427 ] 0.568
Q6350225 0.135| 2650 | 12.0 | 5.08 | 50.82 | 1003.16 | 17490 | 0.652 138 | 0472 | 0519
Q705025 [0.135] 2650 | 12.0 | 598 | 3004 | 1003.72 ] 14.990 | 0.612 T.26 | 0.486 | 0.563
Q75503 [ 0.135] 2650 | 12.0 | 6.29 | 6247 | 1003.92 [ 14.960 | 0.545 T.46 | 0.373 | 0514
Table 3.1: Summary of data (sand I)
B u ek,
o Q h A S e U S, |Re10s| Fr U, U f k, v. Bs Bt| 1
(m3s)| [m] | [--}| [m] | [os] [ [m/s]{ (%] | [--] | {--]| [my/s] | [mys] | [--] |[mm]{ [--]} [--} | [--]
Q50S01_IT [ 0.058 ] 0.120] 5.0 |0.109] 0.916] 0.801] 0.100] 2.743 | 0.74 | 0.039 | 0.034 | 0.019] 0.153] 6.0 /5.5 0.220
555015_11] 0.060[0.120[ 5.0 |0.109] 0.959 | 0.833] 0.150 | 2.855| 0.77 | 0.044 | 0.042 | 0.022]0.334| 14.5 | 9.99[0.263
[Q5750175_11] 0.060 ( 0.120{ 5.0 [0.105] 0.953] 0.836] 0.175 | 2.864 | 0.77 | 0.043 | 0.045 | 0.02140.290] 12.5| 9.97]0.206
Q60S02_I1 1 0.061 ] 0.120] 5.0 70.105] 0.971[0.850] 0.200 | 2.911] 0.78] 0.04570.04970.023] 0.435] 19.3 9.95]0.222
550225_11] 0.062 | 0.1201 5.0 {0.105] 0.997] 0.865] 0.225 | 2.964 | 0.80 | 0.047 ] 0.051 | 0.023] 0.444] 20.6 | 9.931 0.310
70S025_11] 0.063 | 0.120] 5.0 |0.105] 0.994 | 0.868] 0.250 | 2.974 | 0.80 | 0.048 [ 0.054 | 0.024[0.524| 24.9 | 9.86] 0.197
: dy P, v Cr cn P Ri =t | & | B | B
run N ’ - - k-uo | (bestfit) | et fiv)| (APFP)
{fmm] |[kg/m>]| [mmys] | [kg/m3]] [kg/m3] | [kg/m3] | [--] [--] [--] -1 | [
Q50S01_II'] 0.230 | 2650 21 1.57 21.31 | 100098 [ 10.25 1.346 [ 2.009 [ 0.670 | 0.80¢
Q555015_11| 0.230 | 2650 21 2.30 | 28.07 | 1001.43 | 10.87 | 1.207 | 1.717 | 0.703 | 0.65
Q5750175_1] 0.230 | 2650 21 201 | 24.77 | 1001.25 | 9.80 1.221 | 1.724 | 0.708 | 0.680
Q _ 0.230 | 2650 21 1.90 2329 | 1001.18 | 8.26 1.154 1.766 | 0.654 | 0.
6550225 _11] 0.230 | 2650 21 2.78 | 34.36 | 1001.73 | 11.37 | 1.128 | 1.796 | 0.628 | 0.5
Q70S025_11| 0.230 | 2650 21 2.84 | 33.83 | 1001.77 | 10.91 1.103 | 1.667 | 0.662 | 0.586_




3.3 Velocity profiles

The longitudinal mean velocity profiles, u(y), — measured with the APFP instrument
~ for 11 flows with sand I and 6 with sand II, are shown in Fig. 3.1.

[
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Fig. 3.1: Longitudinal mean velocity profiles for sand I and sand II

Some typical dimensionless velocity profiles, u/u,, — for sand I and sand II — are
plotted in Fig. 3.2 in smooth, u,y/v,, and rough, y/k , dimensionless coordinates.

Velocity measurements performed within the inner region, limited to y/h < 0.2, can be

discussed in the framework of the universal law of the wall (log-law):

- u,
ULy %Y Y\, (Bs Br) (3.1)
u., kK \v, k,
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® Quaswrs) 02 | o
Us : Us
2 Log-law M -
<X 20 !
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Fig. 3.2: Dimensionless mean velocity profiles for sand I and sand II
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For six flows (5 with sand I and 1 with sand II) the roughness Reynolds number
was small, u.k /v, <35, indicating that the bed (represented by the sediment layer on

the channel bed) was hydraulically smooth. The other flows investigated were in
transitional condition, 70 > u.k /v, > 5. Four typical dimensionless velocity profiles,
two having a smooth and two having a transitional bed, are plotted in Fig. 3.2; also
shown are the log-laws (dashed lines, eq. 3.1), plotted by using the hydraulic
parameters, specified of each run, as shown in Table 3.1 and 3.2.

For all the mean velocity profiles, only 4 measuring points were usually available in
the inner region. This means that the integration constants, Bs, Br, deduced by best
fitting the log-law profile in the inner region, see eq. 3.1, may be affected by errors.
For this reason the values of the integration constants in Table 3.1 were obtained by
the following equations:

if Re, = k‘:‘ * <5 (smooth bed) Bs =5.5 was taken, and

if S<Re, = %’— < 70 (transitional bed) Bt was deduced graphically (see Graf

and Altinakar, 1991, pp. 427)

The distinction between a smooth and a transitional bed condition is not sharp; a
flow having 3 <u.k, /v, <8 can be modeled indifferently using smooth or rough
coordinates; in this case the coordinates leading to a better agreement of the theoretical
profiles to the experimental points have been chosen. Note, that the log-laws in Fig.
3.2 (dashed lines, eq. 3.1) were not fitted to the measured velocity profiles but are
only plotted for the sake of comparison. The two measuring points closest to the bed
deviate from the theoretical profile (log-law). This is probably due to the vicinity of the
sediment layer where the exchange between eroded and deposited particles occur, but
could also be due to ultrasonic echo (noise) caused by the vicinity of the bed.

In the outer region, y/h>0.2, another deviation from the standard log-law is
evident. It is customary to formulate this deviation as being a wake-like function of
y/8. The law of the ‘wake, also known as Coles’ law, is formulated for smooth and
rough boundaries as follows:

Lo -llc-zn(‘:/—‘y, kl) +(Bs, Br) + %sinz(lzi - %) (3.2)

m $

where:  II: Coles’ wake strength
y = & height where the maximum velocity has been measured

The Coles’ law can be advantageously written in the defect form, as follows:
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uc-u 1 y) 21T z(n-y)
LN PN BT 520 33
u, K (6 x \26 3-3)
where: u.: maximum velocity measured at y=§.

Note that the relation, eq. 3.3, is valid in both the inner and outer region for both
smooth and rough beds. Furthermore it is independent of the bed roughness, k,. The
Coles’ wake strength, IT, was determined by best fitting the Coles’ defect form, eq.
3.3, to the measured defect velocity profile. Only data in the outer region, y/& > 0.2,
are used, since in the inner region the data are probably of questionable quality. In Fig.
3.3 the velocity profiles are plotted in defect form:

ac - E = l
u, f((s)
The wake-strength values, IT, obtained with the fitting technique are given in Table
3.1 for sand I and Table 3.2 for sand II. In Fig. 3.3 the defect velocity profiles are
compared with the Coles defect law, eq. 3.3, using average IT -values computed from

Table 3.1 and Table 3.2, namely I7=0.50 for sand I and T1=0.24 for sand II. The
agreement is judged satisfactory.
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Fig. 3.3: Longitudinal velocity profiles in defect form

The values of Coles’ wake strength, IT, measured for sand I are larger than the
ones measured for sand II. In both cases the IT-values are larger than the clear-water
values obtained by Kironoto, 1992, IT =0.1. Cioffi and Gallerano, 1991 also found
large values of IT, IT=0.3. Coleman, 1981, investigating velocity profiles of



sediment-laden flows, found an useful correlation between the Coles’ wake strength,
I1, and the Richardson number, Ri. The values obtained in the present study (gray
symbols) are compared in Fig. 3.4 with the Coleman results (black symbols). The
agreement is satisfactory only for the sand I results. For sand II the experimental
points fall below. However, the overall trend of the IT-values to increase with larger
values of the Richardson number is confirmed.

" L T LB =T T T
© 03mn

12 b2 -B0me 5 Coleman, 1981
8 420mm

& 0.135 mm(EPFL. 1997) Sand ] .
10 [F& 0230 mm (EPFL, 1997) Sand H}Cellmo. 1998

8k

Fig. 3.4: Coles wake strength as a function of the Richardson number

The profiles of the vertical component of the velocity, normalized using the shear
velocity, v/u. , are shown in Fig. 3.5. Note that a positive value of the vertical velocity

means that the velocity is directed upwards (towards the water surface). The vertical

velocities are very small, especially for sand II, when compared to the longitudinal
component. The largest (downwards) vertical velocities, v/u, =—0.7, have been

observed — for both sand I and sand II — close to the surface.
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Fig. 3.5: Dimensionless profiles of the vertical velocity
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3.4 Turbulence intensity

For uniform clear-water open-channel flow the turbulence intensity profiles have
been extensively investigated. Nezu and Nakagawa, 1993, p. 53, suggested that the
turbulence intensity is distributed according to an universal exponential law.
Kironoto’s, 1992, experiments show that for a rough bed, the turbulence-intensities
distributions can be expressed as:

N _ 5 04. exp(—0.97%) (3.4)
U,

D2 14 x -0.761) (3.5)
u, )

The measured longitudinal and vertical turbulence intensity profiles for sand I and II
have been plotted in Fig. 3.6a,c and Fig. 3.6b,d respectively.

The measured longitudinal turbulence-intensity profiles (symbols in Fig. 3.6a,c) are
comparable to the experimental clear-water profiles measured by Song, Graf and
Lemmin, 1994, (gray lines) and the ones, eq. 3.4, (black lines) proposed by Kironoto,
1992. In the inner region, y/h < 0.2, the measured profiles are lower, probably due to
the effect of the concentration of suspended sediments. On the other hand, in the outer
region, y/h>0.2, it is somehow evident that the experimental profiles are slightly
enhanced. Both for sand I and II the vertical trends are rather similar, which means that
the longitudinal component of the turbulence intensity is apparently independent of the
size of the particles investigated.

The experimental vertical turbulence-intensity profiles (gray symbols, see Fig.
3.6b,d) do not agree with the experimental profiles measured by Song, Graf and
Lemmin, 1994, and the ones proposed by Kironoto, 1992. It is rather obvious that the
presence of suspended sediments suppresses the vertical turbulence intensity. Note that
in the inner region, y/h < 0.2, the clear-water turbulence intensity profile proposed by
Sohg, Graf and Lemmin, 1994, (gray lines) deviates from the universal profile
proposed by Nezu and Nakagawa, 1993. The present data show the same kind of
deviation in the inner region. Comparing the profiles measured by Song, Graf and
Lemmin, 1994, in clear water (gray lines) and the present profiles (symbols) it
becomes evident that the presence of suspended sediments operates an uniform
suppression of the turbulence over the entire flow depth.
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Fig. 3.6a,b,c,d: Longitudinal and vertical turbulence intensity profiles

Investigating non-capacity flows (see Appendix C) it has been shown that the
turbulence damping increases approaching the capacity condition (see Fig. C2a,b).
This means that the turbulence damping increases when the concentration increases.
Other researchers observed the same phenomenon using sand (see Muste and Patel,

19_97, p. 749) and also using polymer (see Best, 1993).

3.5

The determination of the shear-stress profiles in open channel flow is important for

theoretical and practical considerations. From the measured shear-stress distribution
the wall shear stress, 7,, can be obtained. The total shear stress, 7, is expressed as an

Reynolds-stress distribution

addition of the viscous stress and the turbulent (Reynolds) stress, such as:

=v%7+(-W)

T
p
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where v[m2/s] is the kinematic viscosity

(3.6)




It is well known that the viscous stress is maximum at the bed and decreases very
rapidly with the distance from the bed, becoming negligible as compared with the
Reynolds stress at y/h > 0.05. Thus, the total shear stress, 7, is well approximated by
the Reynolds stress, over a large distance from the bed.

Itis also known that in uniform flow the total shear stress decreases linearly from
the bed, where it is equal to the bed shear stress, 7,, towards the surface, where it is

equal to zero, such as:

—:5 = —u’_v’ = uz(l - %) (37)

Extrapolating the Reynolds stress profiles — measured with the APFP instrument —
towards the bed, the shear velocity, u,, can be evaluated (see eq. 3.7). This shear

velocity, denominated u, = u.,, has been used for all computations. The Reynolds-
stress profiles, normalized using u., are presented in Fig. 3.7.
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Fig. 3.7: Reynolds-stress profiles

The Reynolds-stress profiles — measured by the APFP instrument — show some
scatter, while it is evident that these profiles retain their linear trend implying that the
flow is a uniform one. In the inner region, y/h <0.2, the experimental Reynolds-
stress profiles deviate from the linear trend falling to zero rather rapidly. This deviation
is probably due to the region close to the bed where the sediment layer interacts with
the flow (erosion and deposition of particles) and where the local suspended
concentration is very high. Also the vicinity of the bed can generate ultrasonic echoes
affecting the APFP measurements (see Appendix A). The linearity of the Reynolds
stress profiles in suspension flows has also been observed by Muste and Patel, 1997,
p. 749, by Lyn, 1988, p. 12, and by Tsujimoto and Gotoh, 1995, p. 5.
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3.6 Energy spectra distribution

The turbulence spectra, E(n), of the fluctuating components of the velocity,
w, v/, w, represent the distribution of the turbulent energy, u’2, v’2, w’2, with
respect to the frequency, n, of the turbulent eddies. The spectra analysis is an useful
tool to understand how the energy is distributed with respect to the frequency, n, of the
turbulent eddies and how it is modulated by the introduction of sediment particles to
the flow. The spectra have been obtained by taking the Fourier transform of the
complex random wave form of the turbulent motion.

The integral of the turbulence spectra is equal to the mean square value of the
fluctuating velocity. For the vertical direction, for example, one can write:

TEV(n)dn =v?

The spectra is usually normalized such as:

TF(n)dn=1

In our analysis the spectra have been computed analyzing only the vertical
fluctuating velocity signal at three locations: near the bed, near the surface and in the
middle of the flow depth. Amongst the three regions of the spectra, i.e. production,
inertial and dissipation subranges, the APFP instrument is capable of detecting only the
first two.

In Fig. 3.8 are shown the spectra of 4 typical runs for sand I (Q50S01, Q55S015,
Q60S02, Q70S025, black symbols) and 4 spectra for sand II (QS50SO1_II,
Q55S015_11, Q60S02_II, Q70S025_II, gray symbols) and 4 spectra measured in
clear-water flows (Q50S01_CW, Q55S015_CW, Q60S02_CW, Q70S025_CW, open
symbols). The spectra refer to flows having the same bed slope, S,. The spectral
distribution in the inertial subrange follows the form of F(n) e n-53, as was suggested
by Kolmogoroff for locally-isotropic turbulence (see Hinze, 1975, p. 228). It is not
possible to observe the spectral distribution for frequencies larger than 39 [Hz] in the
dissipation subrange.

Differences between the spectral distribution observed using sand I and the ones
using sand II are not evident. The influence of the suspended-sediment size on the
spectral distribution is not discernible either. Similar spectral distributions have been
measured in the Conwy Estuary by West and Oduyemi, 1989, p. 463. The modulation



of the turbulence due to suspended particles and in particular the diminution of the

turbulent energy associated to largest eddies (small frequencies),

as shown

investigating the energy spectra of non-capacity flows (see Appendix C), is confirmed
comparing the spectra measured in clear-water flows. In fact, also in this case it has

been found that increasing the concentration the energy spectra decreases only towards
small frequencies.
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Fig. 3.8: Typical energy spectra for suspension flows using sand I (black symbols)

and sand II (gray symbols)
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3.7 Turbulence scale

The turbulence may be thought of as a group of various scales of eddies. It is
customary to identify two characteristic scales of turbulence, namely the micro scale,
A, and the macro scale, A. The micro scale, A, represents the size of the eddies
responsible of the energy dissipation, while the macro scale, A, represents the
characteristic size of the eddies containing the turbulent energy. Since the turbulence is

not isotropic, the turbulence scales along the longitudinal and vertical directions have to
be distinguished. In this way the both scales have been divided into longitudinal, A,

and A, and vertical, A, and A,, components. The turbulence scales along the

longitudinal and vertical directions are empirically related as follows (see Graf and
Altinakar, 1991, p. 271):

A,=~Z-2, and A =2-A, (3.8)

It is possible to compute these scales knowing the correlation coefficients of a time
series of the longitudinal or vertical velocity fluctuations. The correlation coefficients
are computed measuring in two points — a distance of r apart ~ both the fluctuating
longitudinal and vertical velocities (see Fig. 3.9). In eq. 3.9 and 3.10 are presented the
expression of the longitudinal and vertical correlation coefficients, respectively:

_
Ru(r)————ﬁ' N (3.9)
R()=—22 (3.10)

The correlation coefficient for the same point, when r=0, is equal to unity. The
correlation coefficient is equal to zero if the fluctuating velocities are not correlated, this
is the case if r — e=. An example of the correlation profiles is plotted in Fig. 3.10.
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Fig. 3.9: Measurements points Fig. 3.10: Characteristic trend of the

correlation coefficients
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The integral of the correlation coefficients (equal to the gray surface in Fig. 3.10)
gives the macro (integral) scale of the turbulence, A; the longitudinal and vertical macro
scales are defined as:

A =[R(r)dr; A, = [R(yr (3.11)
0 0
The longitudinal and vertical micro scales are defined as:
1__10 1__1,
A% 2 (9]‘2 Ru( )l,_,ov A% - 2 &2 Ry( 1,_,0 (312)

Since it is difficult to compute the micro scales according to these relations, a
definition given by Nezu and Nakagawa, 1993, p. 73, will be used:
_0) )

A, oA, (3.13)
(ou/ox)’ EYESH

Invoking the Taylor frozen turbulence hypothesis, eq. 3.13 can be written as:

PR R NN (3.14)

@ 3
ot or

The macro-scale profiles, computed with eq. 3.11, for suspension flows carrying
sand I and sand II, are presented in Fig. 3.11. For the sake of comparison, also the
macro-scale profiles measured in a clear-water flow (run CW_S015, see Appendix C)
are shown. The longitudinal macro-scale profiles, A,, for both sand I and sand II,
increase in the inner region (y/h<0.2) with the distance from the bed (see Fig.
3.11a,c) while in the upper part of the flow (y/h>0.2) they remain rather constant.
The vertical macro-scale profiles, A, also increase near the bed reaching a maximum
value around y/h=0.2, they decrease towards the flow surface. In both cases the
profiles reach a maximum value at the height y/h=0.3. Note, that the longitudinal
macro scales are always larger than the vertical ones. The longitudinal and vertical
macro-scale profiles measured in clear-water are larger than the ones measured using
sand II whereas, for sand I, the profiles are similar.

The longitudinal and vertical micro-scales distributions for sand 1 and sand II are
plotted respectively in Fig. 3.12a,b and Fig. 3.12c,d. The tendency of the micro-scale
profiles is rather evident. All the profiles, for both sand I and sand II, increase with the
distance from the bed reaching the maximum value close to the water surface,
y/h=0.8. Very close to the flow surface, y/h>0.9, the profiles slightly decrease;
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this effect is probably due to the vicinity of the water surface. For both sand I and sand
I it is evident that, increasing the depth-averaged concentration, the micro scales
increase. This is confirmed by the profiles measured in clear-water flow (run
CW_S015), which are smaller than the suspension flow ones. This tendency will be
examined later. The longitudinal micro scales are slightly larger than the vertical ones.
For sand II, both the longitudinal and vertical micro scales, are larger than the ones

measured in case of sand I.
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Fig. 3.11a,b,c,d: Macro-scales distributions (sand I and sand II)

The depth-averaged values of the micro and macro scales were calculated as well,

such as:

1.=1 _oz'{dy, %j dy;, A= jAdyand =%j Ady (3.15)

)’
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Their values are summarized for the different runs in_Table 3.3. The turbulence scale
= , have been superimposed

range (for both sand I and sand II), in the form —
21t ‘ ( Vs Av)

on the turbulence spectra (gray surface, see Fig. 3.8).
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Fig. 3.12a,b,c,d: Micro-scales distributions (sand I and sand II)

The average value of the ratio between the depth-averaged longitudinal and vertical
macro-scale lengths, A./A, =2.96 for sand I and A./A, = 3.18 for sand II (see Table
3.3), are larger than the empirical one (see eq. 3.8), or A,/A, =2. The average ratios
of the micro-scale lengths, A./A, =1.20 for sand I and A./4, = 1.31 for sand II, are
close to the empirical one (see eq. 3.8), or A, /A, =+/2 = 1.41. This result confirms the

reliability of the scale length — especially the micro-scale one — profiles measured by
the APFP instrument. The longitudinal macro-scale profiles are always larger than the
vertical ones (see Fig. 3.11); this means that the largest eddies are not circular being

stretched by the longitudinal velocity. On the contrary, the longitudinal and vertical
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micro-scale profiles are similar (see Fig. 3.12) showing that the smallest eddies are
close to be circular even in presence of suspended particles.
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[em] | [em] | [--] | [em]) | [em] | [-~] |[kg/m3]|[kg/m3]| [--) | [%]
Q408003 | 10.60 3.75 2.82 1.81 1.42 1.28 2.05 2462 | 0.512 | -30.71
Q458005 | 9.72 3.05 3.19 1.99 1.71 1.17 2.81 28.62 | 0.444 | -40.02

Q48S0075] 8.45 2.8 3.04 2.11 1.78 1.19 2.94 31.62 | 0.399 | -46.11

Q50801 10.77 4.09 2.63 2.21 1.74 1.27 3.61 39.33 | 0415 | -43.92

Q5380125| 9.47 3.18 2.98 2.19 1.94 1.13 3.32 36.04 | 0.505 | -31.67
Q558015 | 10.99 4.30 2.55 2.25 1.89 1.19 441 46.05 | 0.436 | -41.05

Q57S0175} 10.66 3.27 3.26 2.38 1.90 1.25 4.73 4941 | 0434 | -41.33

Q60802 [ 12.15 4.03 3.02 239 1.96 1.22 491 48.58 | 0.449 [ -39.32

Q6550225 9.98 3.57 2.79 2.60 2.26 1.15 5.08 50.82 | 0411 { -44.38
Q708025 [ 12.87 448 2.87 2.67 2.28 1.17 5.98 50.04 | 0433 [ -41.52
Q70803 | 1051 3.06 3.44 2.79 2.32 1.21 6.29 6247 | 0473 | -36.00

[Caverage | 10.56 | 3.60 | 2.96 | 231 | 1.93 | 120 | 419 | 42.51 | 0.446 | -39.64 |
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Q50S01_II | 9.01 2.98 3.02 2.4 2.15 1.27 1.57 21.31 | 0433 | -41.59
Q558015_1I{ 8.99 2.86 3.14 3.02 2.30 1.32 2.30 28.07 | 0436 | -45.27
Q5780175_10} 9.71 3.09 3.14 2.98 2.28 1.31 2.01 2477 | 0448 | -39.54
Q60S02_IT | 9.36 2.92 3.20 3.13 2.40 1.30 1.90 23.29 | 0446 | -39.86
Q6550225_11]  9.65 2.86 3.37 3.28 247 1.33 2.78 3436 | 0434 | -4141
Q708025_II| 9.16 2.85 3.22 3.34 2.56 1.31 2.84 33.83 | 0418 | -43.53

[Caverage | 931 | 293 | 3.8 | 3.08 | 236 | 131 | 2.23 | 27.61 | 044 | -41.87 ]

Table 3.3: Depth-averaged micro and macro scales (sand I and sand II)

Also shown in Table 3.3 are the depth-averaged concentrations, C~, and the
reference concentrations, cs, measured with the suction method (see Table 3.1 and

Table 3.2). The measurements of the concentration will be discussed later. There is a

weak increasing trend discernible observing the longitudinal, A., and vertical, A.,
depth-averaged macro scales, plotted against the depth-averaged concentration, Cr,

for sand I (see Fig. 3.13a,b). No tendencies are discernible observing the sand II

measurements (see Fig. 3.13c,d). The longitudinal and vertical macro scales measured
in clear water, C!" =0, are the largest ones. In Fig. 3.13e,f the longitudinal and

vertical depth-averaged macro scales, measured using sand I and II, are compared.
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Apart the clear-water runs, an overall tendency of the turbulence macro scales to
increase with the concentration is somehow evident.

In Fig. 3.14 for clear water and for both sand I and sand II, are shown the
dimensionless depth-averaged longitudinal, A./k, and vertical, A,/h, micro-scale
ones plotted against the depth-averaged concentration, Cm. There is a clear, but weak
tendency of (Z.,4.)/h to increase with the concentration. In Fig. 3.14e,f the results,
for sand I and II, are compared. Both the dimensionless longitudinal micro and macro

scales, measured in presence of sand II, are larger than the ones measured with sand 1
and clear water. This is probably due to the size of sand II (d,, = 0.230 [mm]) which

is larger that the sand I one (dy, =0.135 [mm]}). The larger particles (sand II) are
probably partially ejected away by the smallest eddies — by centrifugal forces —
increasing the apparent micro-scale length (see Fig. 3.14e,f). For sand I this effect is
weaker leading to values similar to the clear-water ones. This “centrifugal” effect is not
important for larger eddy scales (macro scale, see Fig. 3.13e.,f).
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Fig. 3.13a,b,c,d,e,f: Influence of depth-averaged concentration on macro scales
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Fig. 3.14a,b,c,d,e,f: Influence of depth-averaged concentration on micro scales

Gore and Crowe, 1989, summarized experimental data — taken from the literature -

on the turbulence modulation due to the addition of particles to the flow and proposed

”?

. ), where u; and u;,

for scaling the turbulence modulation (expressed as (\/;;_2 -

are the fluctuation of the velocity of mixture and correspondent clear-water flow,
respectively) the ratio of particle diameter, d, to the integral length scale, A, such as:

\ﬁl’_w;\/u? 100 = f(—) (3.16)

The data collected by Gore and Crowe, 1989, are shown in Fig. 3.15. These results
refer to air-solid, liquid-solid and liquid-air suspensions. Even for such a variety of
different mixture flows it was evident that for values of d/A< 0.1 the turbulence is
suppressed whereas for d/A> 0.1 an enhancement of the turbulence takes place.
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Fig. 3.15: Relationship between turbulence damping and macro scale

The relation given with eq. 3.16 shall be used to try to explain our data. In case of
suspension flows we shall compute the left-hand side of eq. 3.16, such as:
A = ______:/;?F_ :/.v_'cz; .100

72
Vew

(3.17)

where: :}vgz , depth-averaged value of the rms. fluctuating vertical velocity measured
y=h
in suspension flow: /v =% J,/W(y)dy
y=0
:/@W_ , depth-averaged value of the rms. fluctuating vertical velocity measured

y=h
in clear water flow: /vZ, =% J,lW(y)dy (the measurements presented by Song,
y=0

Graf and Lemmin, 1994, have been used for computation).

In Table 3.3 (sand I) and in Table 3.4 (sand II) the depth-averaged values of the
vertical turbulence-intensity profiles, NV u,, are reported. The difference between
these values and the ones measured by Song, Graf and Lemmin, 1994, in clear-water
flows, Av2 [%], represents the modulation of the vertical turbulence intensity due to
suspended particles. An average modulation of AV = 40 [%)] was found for sand I
and ANV? =42 [%] for sand II; these values are compared with Gore and Crowe’s,
1989, results, in Fig. 3.15. The results obtained with sand I (gray circles) and sand I
(gray box) confirm the suppression of turbulence for values of d/A<0.1. The
tendency of the turbulence modulation, AV, to increase with d/A is evident only
for non-capacity flows (open gray circles, see Appendix C). Enhancement of the
turbulence would be observed if, for the given flow and its characteristic value of the
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vertical macro scale, namely: A = 0.03 [m], the diameter of the sand particles was:
d>0.1-A, =3 [mml].

The relation between the turbulence modulation, Avv’2, and the parameters,
dso /(s . Z.) (called here dimensionless micro scale) and dy, /(7. , A,) (called here

dimensionless macro scale), shall investigated more closely. The respective plots are
shown in Fig. 3.16 (macro scale) and in Fig. 3.17 (micro scale).

i 1
i o .| 0 T
i ol
i {Sand I ‘SandI'!
sgaosor ] 2) send1]! o] Sana1!
+Q458005 | 2
X Q4850075
0Qs0S0! | AVVT (%) AT (%) s x
xQ5380125 . o
0QSsS01S | -40 ot s -40 002 -+
-Q5780175 x o - x
4Q60502
—Q6550225
oQrose2s ;60 60
Q75503 0 dyfAR. 0001 0.002| 0002 dyfA, 0004 0.006
0 : 0
B Sandn] . [d] ‘Sand 11|
-20 ¢l
ATV (%) v (%)
0Q50S01_IT i} i )
oQsssoisit |0 - 4 .0 | 0l
° ;
-Q5750175_11
S02_11 :
38?5)30235 n|-60 — 160
oQrosoas_u | 0002 dyo /A 0.0025| 0006  dyofA,  0.007 0.008
1] ) 0
E; eSand 1
oSand I
20 i .20 r
ANV [%) . | 147 %) .
H [
-40 ° : ‘-40 ® o °
¢ | . "{ l | L Q
-60 i 60
0 de[As 0.002 0003 0 dy/A, 0004 0006  0.008

Fig. 3.16a,b,c,d,e,f: Turbulence modulation against macro scales (sand I and sand II)

In Fig. 3.16a,b (sand I) a correlation between the turbulence modulation and the
dimensionless macro scale, d,/(A., Av), is not discernible. On the contrary, for
sand II (see Fig. 3.16c¢,d), the turbulence modulation seems to decrease for increasing
values of the dimensionless macro scale. By comparing the results of sand I and sand
II (see Fig. 3.16e,f), an overall weak tendency of the turbulence modulation to
decrease for increasing values of the dimensionless macro scale becomes somehow
evident. This result is in contrast with the overall tendency shown in Fig. 3.15.
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The turbulence modulation, plotted against the dimensionless micro scale,
dy,/(A., .), using sand I (see Fig. 3.17a,b) and sand II (see Fig. 3.17¢,d), seems to
increase weakly. In Fig. 3.17e.f, the turbulence modulations, measured using sand I
and sand II, are compared. Again, a very weak tendency of the turbulence modulation
to increase with the dimensionless micro scale can be observed. By investigating non-

capacity flow (see Appendix C, Fig. C9), the same tendency has been observed much
more clearly. '
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Fig. 3.17a,b,c.d,e,f: Turbulence modulation against micro scales

To sum up, the dimensionless macro scale, d/A, can be used as a discriminant

parameter to judge whether suspended particles enhance or suppress the turbulence of
the carrying fluid. Gore and Crowe, 1989, showed that for value of d/A>0.1 the
suspended particles enhances the turbulence while for d/A <0.1 the turbulence is

partially suppressed. This tendency has been confirmed by our measurements. In other
words, if the particles are small, compared to the size of the macro eddies, d/A <0.1,

the suspended particles operate as a turbulence suppresser. On the contrary, if the
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particles can be considered large, a turbulence enhancement takes place. Some
researchers tried to explain the latter effect as a consequence of the wake region
generated behind these “large” particles (see Hetsroni, 1989).

3.8 Concentration profiles

The APFP instrument has been used to measure simultaneously the instantaneous
velocities, u(y,r) and v(yt), and concentration profiles, c,(y,f). The mean

concentration profiles, c:(y), have also been measured by the suction method to
calibrate the APFP instrument (see Shen and Lemmin, 1996). Comparing the vertical
mean echo-intensity profile, measured by the APFP instrument, and the vertical mean
concentration profile, measured by the suction method, a calibration curve was
obtained. Since a calibration is very important to obtain precise results, it has been
performed for every run investigated. In Fig. 3.18 are presented some typical
calibration curves, being linear fits.
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Fig. 3.18: Typical calibration curves

The mean concentration profiles, c¢'(y) — measured with the suction method — as
well as the profiles of the dimensionless fluctuating concentration, /c7z/cia —
measured with the APFP instrument — are plotted in Fig. 3.19. The reference
concentration, cy[kg/m3] evaluated at a=0.05-h, as well as the depth-averaged
concentrations, Cm[kg/m3] — both measured with the suction method — are given in
Table 3.1 and Table 3.2.
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The dimensionless fluctuating concentration profiles, +/c72 /ct, (see Fig. 3.19)

have their maximum values close to the bed (y/h<0.2) for both sand I and sand II; in
the upper part of the flow the fluctuating concentrations remain rather constant. These

profiles are rather similar to the ones measured by Thorne et al., 1996, p. 351.

The sediment-flux profiles, c/v’, are also shown in Fig. 3.19, being normalized

with their values at y=a. Some scattering is present, but globally all profiles (for sand I
and sand II) are of similar shape.

The dimensionless mean concentration profiles, ¢5/c — measured with the suction
method - are plotted in Fig. 3.19; they are used to obtain the B,,, -values, computed by
best-fitting (least-squares method) to the Rouse equation, eq. 1.7. The resulting B, -

values are listed in Table 3.1 and Table 3.2, being considerable different from the
“theoretical” value of B =1. These results will be further discussed later.
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Fig. 3.19: Mean concentration profiles measured by the suction method, fluctuating
concentration and sediment-flux profiles measured by the APFP instrument
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3.9 Diffusion coefficients

The simultaneous measurements of both the instantaneous velocity and
concentration permitted a direct calculation of both the momentum and sediment

diffusion coefficient profiles, according to their respective definitions:
cv’

sediment diffusion coefficients:  £,(y) [m?/s] = - —= (1.12)
ac, /oy
in dimensionless form: 8’()% -]
momentum diffusion coefficients €, (y) [m?/s]= - 3? (1.13)
U
in dimensionless form: 8"'(}% p [--]
ﬂ.value: B(y) — gs(y) = c;v'/(&c:/ay) (y) (16)

£,()  wv/(du/y)
In Fig. 3.20 the dimensionless form of the experimental — obtained with the APFP
instrument — sediment diffusion coefficient, €,, profiles (black points) are compared

with the experimental (gray points) and the theoretical (full line) clear-water momentum
diffusion, ¢€,, coefficient profiles. The shapes of the sediment and momentum
diffusion coefficient profiles of the different runs for both sands are rather similar.
However, scattering is large and even the dimensionless form does not take care of
this; apparently the concentration and the sand size should still be considered.

Close to the bed, where the concentration is high, the momentum diffusion
coefficients are always larger than the sediment diffusion coefficients for both sands.
In the middle of the flow depth the difference is still very large, but in the upper part of
the flow, where the concentration is small, the two diffusion coefficients become rather
similar. Near the bed and near the water surface the momentum diffusion coefficient
profiles (gray points) are similar to the theoretical (full line) clear-water one, while in
the middle of the flow depth the difference is rather large.

Despite the scatter, there is sufficient evidence, that the sediment diffusion
coefficients, £,(y), are always smaller than the momentum diffusion coefficients,

£, (y); the latter is almost always smaller than the theoretical value, eq. 1.6, postulated

for clear-water flows.
In Fig. 3.21 the experimental momentum diffusion coefficient profiles, €,(y/h),

are compared to the corresponding sediment diffusion coefficient profiles, £,(y/h), for
some typical runs. From the bed — where the concentration is very high — to y/h = 0.8,

the momentum diffusion coefficient is always larger than the sediment diffusion one.
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This means that the sediment particles are less diffused than the momentum ones. The
diffusion coefficients profiles become similar close to the flow surface (see Fig. 3.20
and Fig. 3.21).
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Fig. 3.20: Dimensionless sediment and momentum diffusion coefficient profiles
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Fig. 3.21: Some typical sediment (gray points) and momentum (black points)
diffusion coefficient profiles (sand I and sand II)
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3.10  Experimental B-values

The ratio of the sediment and momentum diffusion coefficient defines the B(y)-
value, given with eq. 1.15. Some typical vertical distributions of the B,,.,-values —
the index recalls that the data are taken with the APFP instrument — are plotted in
Fig. 3.22.

The B,..»-values are close to zero at the bed and increase with the distance from the
bed, up to y/h < 0.5. Above the mid-depth and towards the water surface, the f,,.,-
values reach their maximum, but a clear tendency is not evident. From these plots it
becomes also clear, that the higher the concentration, ¢ (see Fig. 3.19), the lower are
the fB,prp-values. In Fig. 3.22 are also shown the depth-averaged values, f5,,.» (see
Table 3.1 and Table 3.2), which are always smaller than the “theoretical” value of

B=1.
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Fig. 3.22: Vertical profiles of the f3,,,-values (sand I and sand II)

Another way of obtaining a m-value ~ the index recalls that the data are taken with

the suction method - is by best-fitting (least-squares method) the Rouse equation to the
concentration profiles directly measured with the suction method. The f-values obtained
with these two independent methods, B, and B, , shall be compared, as seen in
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Table 3.1 and Table 3.2, being both smaller than unity, B,sp, Bgy <1. Such a

comparison is also shown in Fig. 3.23 for some selected runs; while agreement is not

perfect, it is considered to be reasonable. Also shown is the Rouse equation, using a
value of B=1 and the measured data points, used to obtain the S, -values. In either

cases, it is rather obvious that the B-values for suspension flow of small particles,
should be taken to be B <1. This conclusion is in agreement with Jobson and Sayre,

1970, p. 706 and Graf, 1984, p. 177.
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Fig. 3.23: Dimensionless concentration profiles.

3.11  Practical use of B-values

In the laboratory, where the experiments were performed, the suspension flows can
be well established and their hydraulic parameters are thus well known. In field
situations (river, waterways) the direct investigation of the sediment concentration
profile is generally problematic. Therefore, it is useful to correlate the experimental -

values with a parameter easily obtainable in situ. An important parameter involved in
the diffusion of sediments is the settling velocity, v,. On the other hand, another

important parameter involved in the momentum diffusion is the shear velocity, u..

Thus, it seems reasonable to scale the experimental JB-values, B,p7,, Wwith the

parameter v, /u,; this is shown in Fig. 3.24a.

In a second approximation also the sediment concentration affects the diffusion of
fluid and sediment particles (see the effects of the high-concentration region on the
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diffusion coefficient profiles, see Fig. 3.22 and Appendix C). For this reason the scaling
parameter, v,, /u, - C,/csa, has also been used.
The plot of B, = f(v,/u.) is presented in Fig. 3.24a, while the plot of

Birer =1 (v“ Ju.-C,/ zsa) is presented in Fig. 3.24b.
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Fig. 3.24a,b: Correlation between the B-values and the scaling parameters

For both sand I and sand II a tendency of the B,,.,—values to increase with the
scaling parameters, v, /u., is evident. For the sake of comparison the B, —values

measured over bed forms (see Appendix D) are shown; note that in this case f,pzp > 1.
A linear relationship using a regression line might be suggested (taking only the plane

bed values), such as:

R = 3 vs: 3 2
B=PBum =7 =410 [R? =0.762] (3.18a)
R=R _ = vss/u‘ —
B=B.rrr =18 e [R* =0.935] (3.18b)

Even if agreement is not excellent, eq. 3.18a or Fig. 3.24a can be used to obtain an
approximated f-value if the settling velocity of the suspended sediment, v, and the
shear velocity of the flow, u,, are known. If the depth-averaged concentration, C,,
and the reference concentration, cs, are also known, eq. 3.18b or Fig. 3.24b can be

used.
In the literature, there has also been reported evidence, that B 21 (see Appendix B,

Nordin and Dempster, 1963, Coleman, 1970 and Rijn, 1984, p. 1621). Carefully

study of this, points to the fact that the bed forms on the moveable bed might be
responsible for these large B—values. In the investigation reported in Appendix D, we
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address this question. In Fig. 3.25, are shown two runs, each one having a plane bed
and (hydraulically equivalent) beds with bed forms. Here, it is evident that the B-
values in the presence of bed forms are always larger. Such large values are mainly
due to the effect of the high turbulence region, generated by the bed-form crest, where
the sediment diffusion coefficient is considerably enhanced and the momentum
diffusion coefficient is suppressed, leading to an augmentation of the B-values.
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Fig. 3.25a,b: Profiles of f3,,, -values for plane bed and bed forms

Several suspension flows over beds with bed forms taken from the literature, have
been evaluated in Appendix B. The results refer to both channel and river data. Here is
to be observed that the B-values are always large, B>1 (see Fig. 3.26), and have a
tendency to increase with both the parameters, v, /u. and v, /u.-C,/csu.
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Fig. 3.26a,b,c,d: Data of the literature on flows over bed forms

3-33



All the data (channel with plane bed, channel with bed forms and river data) taken
from the literature and analyzed in Appendix B as well as the results of this thesis are
summarized in Fig. 3.27. Also shown are the regression line obtained by best-fitting
(least-squares method) the data referring to flows over beds with bed forms (channels
and river) as well as the one for the flows investigated in this thesis (beds without bed
forms), eq. 3.18. Here it is particularly evident that for the suspension flows over beds
without bed forms: B<1, while for the ones over beds with bed forms: B>1.
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Fig. 3.27: Summary of all data considered

Figs. 3.24, 3.26 and 3.27 or the regression lines of eq. 3.18a,b can be used to
obtain an approximated J-value to establish the dimensionless concentration profile
using the Rouse equation when few flow parameters are known, namely v, and u,
(v /u.) or v, u., C, and cu (v, /u.-C,[cs). This is typically the case of natural

rivers. Note, that the reference concentration, ¢z [kg/m3], measured at a = 0.05h, must
be known to compute the sediment concentration profile in dimensional form, in fact:
z:=._v.n_=1
et (h- o —m h- B B
G- Bya ) o ) [ke/me] = 20) [ke/me] 2220
Csa y h-a y h-a

If the longitudinal velocity profiles, u(y) [m/s], and the suspended concentration

profiles, cs'(y) [kg/m3], are known, the suspended load can be easily calculated as
follows (see Graf, 1984, p. 173):

8ss [k%,s] = Zu(y) -cs (y)dy

where g, [k%s] is the suspended-load rate in weight per unit time and width.
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3.12 Verification of the hypothesis of Fortier, 1967

In this thesis it has been supposed that the particles are small enough to justify the
use of the clear-water formulation. This supposition is basically correct if the
suspended particles have the same velocity than the surrounding fluid. Other
conditions to be satisfied are related to the particle size and concentration that should
not to be too large.

The local velocity of a suspension flow is usually defined as the weighted average
of the local velocity of the fluid and of the sediment particles (see Fortier, 1967, p.
20), such as:

_ p:cs(ux, vs) + pw(l —-c, )(uw, vw)

V)= 1

where: p, [kg/ m’ ]: density of sediment particles
. [kg/ mS]: density of the water
¢, [m*/m?®]: local instantaneous suspended-sediment concentration
(#,.,v,,) [m/s]: longitudinal and vertical instantaneous velocity of suspension
(u,,v,) [m/s]: longitudinal and vertical instantaneous velocity of the sediment
(4, v, ) [m/s]: longitudinal and vertical instantaneous velocity of clear water

In this thesis only suspension flows in which suspended particles have the same
instantaneous velocity than the surrounding fluid are investigated. In this way eq. 3.19
is simplified as follows:

(s V) = (w0 v,) = (.9, (3.20)

The velocity of suspended particles can be assumed equal to the surrounding fluid
(water) one if the relaxation time' of suspended particles is very small compared to the
characteristic time of turbulence. This can be verified with the following expression
proposed by Fortier, 1967, p. 92, reads:

’ ' _ N2 2
\/E 9 pl| vt

where: 7, [s]: characteristic time of turbulence
v, =v, = vw [m/s]: vertical fluctuating velocity of the fluid (clear water)

! The relaxation time of a particle represents the time that the particle spend to adapt its velocity to the
new one produced by a sudden acceleration of the surrounding fluid.
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v, = v, ~ v, [m/s]: vertical fluctuating velocity of the sediment
p. [kg/ m3]: density of the water
d [m]: sediment diameter
1% [m2 /s]: viscosity of the water
If the right-hand term of eq. 3.21 is very small, say < 0.01, it is possible to confuse
the sediment and the fluid fluctuating velocities, such as:
(vl =) o e
=< 001 = v, =v, =V, (3.22)
vw
If the sediment particles are smaller than the micro scale of turbulence, A, they can
follow the smallest eddies (having the highest frequency movements). This condition
is verified by comparing the radius of the characteristic sediment particle, d, and the
micro-scale of the fluid, A. Thus, the expression to evaluate is:

d/%<<l (3.23)

If eqs 3.21 and 3.23 are verified, the suspension flow can be treated as it was
mono-phase. In addition, if the fluid is also Newtonian ~ as usually the case if the
sediment is not Kaolin and if the concentration is not large
(Cs<1% = C7 <26.5[kg/m’], (see Graf and Altinakar, 1996, p.104) - it
becomes possible to use the clear-water formulation also for suspension flows. The
only corrections to do concern the suspension viscosity, v, , and density p,,.

In the first condition, expressed by eq. 3.21, the characteristic time of the
turbulence can be calculated as being the ratio of the characteristic vertical micro-scale,
A., and the characteristic fluctuating vertical velocity, Nzl (the movement of
sediment particles along the vertical direction is supposed to be the most
representative):

T, = A/ V72 (Fortier, 1967, p. 92) (3.24)

The evaluation of eq. 3.21 has been made in Table 3.4. In all the cases the criterion is
satisfied.

The geometrical condition expressed in eq. 3.23, that reflects the possibility of the
suspended particles to follow the micro-scale eddies, and the concentration condition,
that limits the depth-averaged concentration, C;<1% = C; <26.5 [kg/ m3], are

shown in Table 3.4. In all cases the criteria proposed by Fortier, 1967, are widely
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verified. Thus, the suspension flows investigated in this chapter can be treated as
monophase and newtonian; the clear-water formulation can be applied.

ol IR CEil PPPe I 32 | Cr
Sand 1|1/ | | B30 | R | B3 :
[s] | [=-] -] [kg/m3]

Q405003 | 0.991| 0,0017|<<I verified| 0.0047|<<l venfied| 2.05
Q455005 | 1.132] 0.0015|<<I venified] 0.0040]<<I verified| 2.81
Q48S0075] 1.207] 0.0014|<<I verified] 0.0038|<<1 verified| 2.04
Q30501 | 1.076] 0.0016]<<I verified] 0.0039]<<l verified| 3.61
Q5350125]  0.058] 0.0017|<<I verified] 0.0035|<<l venified| 332 |< 26.5 [kg/m’]
Q555015 | 1.008] 0.0017|<<I verified| 0.0036]<<I verified| 4.41 verified

Q5750175] 0.997| 0.0017|<<I ver,fied] 0.0035|<<1 verified| 4.73
Q60502 | 0.972] 0.0017|<<I verified 0.0034]<<1 verified| 4.1
Q6550225]  1.105] 0.0014|<<1 verified] 0.0030(<<1 verificd| 5.08
Q705025 | 1.075| 0.0016|<<1 verified] 0.0030]<<1 verified| 5.08
Q70503 | 0.880] 0.0019|<<I verified| 0.0029]<<I verified| 6.29

[Caverage | 1.045] 0.0016] 0.0036
T ) dol2

Cr

Sand 1 |5 vez| TP Eq.320 | £~ | Eq.322
s] -~ -1 [kg/m3]
Q30501 1T | 1.275] 0.0032[<<i verified] 0.0049|<<1 venfied| 1.7
Q555015 1| T.212] 0.0033|<<1 verified] 0.0029|<<1 verified| 2.30 3
Q5750175 M| T.185]0.0034|<<T verified| 0.0030|<<] venfied| 2.01 | < 265 [ke/m’]
Q60S02_ 1T | 1.185| 0.0034|<<1 verified| 0.0028|<<1 verfied | 1.00 | verified
Q65502251 1223 0.0033|<<1 verified, 0.0027|<<l venfied| 2.78
Q708025_11 1.284] 0.0031]<<1 verified] 0.0026{<<1 verified| 2.84

[Taverage | 1.227] 0.0033]
v Table 3.3: Verification of the Fortier criteria (sand I and sand II)
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3.13 Conclusions

Suspension flows have been investigated by using an ultrasonic instrument (APFP)

that allowed the simultaneous measurements of the instantaneous concentration and
two-dimensional velocities. The direct evaluation of both the sediment, ¢v’, and the

momentum flux, u’v’, allowed the computation of the ratio, B(y), of the sediment,
£y, and of the momentum, g,(y), diffusion coefficients. The experimentally
obtained [B(y)-values — sensibly smaller than the unity (see Fig. 3.22) — have
been correlated with the parameter v, /u, (see Fig. 3.27 or egs. 3.18) leading to a
graphic of practical use. For beds without bed forms the B-values are B<1, while for
beds with bed forms the S-values are B>1.

The profiles of the longitudinal component of the turbulence intensity, V2 /u. (see
Fig. 3.6a,c), measured in suspension flows are reasonably comparable to the clear-
water ones. However the profiles of the vertical component of the turbulence intensity,
~vV2/u, (see Fig. 3.6b,d), are clearly lower than the clear-water ones. The
correspondent change of turbulence intensity, AVv’2, has been scaled by using the
particle diameter / turbulence macro-scale ratio (see Figs. 3.15, 3.16 and 3.17)
according to the popular diagram proposed by Gore and Crowe (1989). Our results
confirm the tendency that “small” particles, d/A,6 <0.1, operate as turbulence

SUpPIessors.

3.14 References

BEST, J. L. (1993). “On the interactions between turbulent flow structure,
sediment transport and bedform development: some considerations from recent
experimental research”, in Turbulence, Perspectives on Flow and Sediment Transport
Wiley & Sons Ltd. Chichester, UK, pp. 61-92.

‘CAO, Z., WEI, L. and XIE, J. (1995). “Sediment-laden Flow in Open-channels
from two-phase Flow viewpoint.” J. Hydr. Engr., Vol. 121, N° 10, pp. 725-735.

CIOFFI, F. And GALLERANO, F. (1991). “Velocity and concentration profiles of
solid particles in a channel with movable and erodible bed” J. Hydr. Res., vol. 29,
N.° 3, pp- 387-401.

COLEMAN, N. L. (1970). “Flume Studies of the Sediment Transfer Coefficient.”
Water Resources Research, vol. 6, N.° 3, pp. 801-809.

COLEMAN, N. L. (1981). “Velocity profiles with suspended sediment.” J. Hydr.
Res., vol. 19, N° 3, pp. 211-229.

3-38



EINSTEIN, H. A. and CHIEN, N. (1955). "Effects of Heavy Sediment
Concentration Near the Bed on the Velocity and Sediment Distribution.” Uni. of Cal.,
Berkeley, US Army Corps of Engr., Missouri River Div.

FORTIER, A. (1967). Mécanique des suspension, Masson, Paris.

GORE, R. A. and CROWE, C. T. (1989). “Effect of Particle size on modulating
turbulent intensity.” J. Fluids Engnr., vol. 113, pp. 304-307.

GRAF, W. H. (1984). Hydraulics of Sediment Transport, Water Resource
Publications, Littleton, CO, USA.

GRAF, W. H. and ALTINAKAR, M. S. (1991). Hydrodynamique, Eyrolles,
Paris.

GRAF, W. H. and ALTINAKAR, M. S. (1996). Hydraulique fluviale Tome 2,
Presses Polytechniques et Universitaires Romandes, Lausanne.

HETSRONI, G. (1989). “Particles-Turbulence interaction.” J. Multiphase Flow,
vol. 15, N° 5, pp.735-746.

HINZE, J. O. (1975). Turbulence, McGraw-Hill, New York.

ITAKURA, T. and KISHI, T. (1980). “Open channel flow with suspended
sediments”, J. Hydr. Div., vol. 106, N° HYS, pp. 1325-1343.

JOBSON, H. E. and SAYRE, W. W. (1970). “Vertical Transfer in Open Channel
Flow.” Proc. Am. Soc. Civil Engrs., vol. 96, N° HY3, pp. 703 - 724.

KIRONOTO, B. (1992). "Turbulence characteristics of non-uniform Flow in rough
Open-channel”, Doctoral dissertation n° 1094, Ecole Polytechnique Fédérale,
Lausanne.

LHERMITTE, R. and LEMMIN, U. (1994). “Open-Channel Flow and Turbulence
Measurements by High-Resolution Doppler Sonar.” J. Am. Oceanic Tech., vol. 11,
No. 5, pp. 1295-1308.

LYN, D. A. (1988). “A similarity approach to turbulent sediment-laden flows in
open channels” J. Fluid Mech., vol. 193, pp. 1-26.

MUSTE, M. and PATEL, V. C. (1997). “Velocity profiles for Particles and Liquid
in open-channel flow with suspended sediment” J. Hydr. Engr., vol. 123, N°. 9, pp.
742-751.

NEZU, 1. and NAKAGAWA, H. (1993). Turbulence in open-channel flows, A.A.
Balkema, Rotterdam.

NORDIN, C. F. and DEMPSTER, G. R. (1963). "Vertical Distribution of Velocity
and Suspended Sediment Middle Rio Grande New Mexico.”, U.S. Geol. Survey;
Professional Paper 462-B.

3-39



RIIN, L. C. van (1984). “Sediment transport, part II: Suspended Load Transport.”
J. Hydr. Engr., vol. 110, N° 11, pp. 1613-1641.

SHEN, W. (1997). "An acoustic instantaneous sediment flux profiler for turbulent
flow." Doctoral dissertation No. 1630, Ecole Polytechnique fédérale, Lausanne.

SHEN, W. and LEMMIN, U. (1996). “Ultrasonic measurements of suspended
sediments. A concentration profiling system with attenuation compensation.” Meas.
Sci. Tecn., vol. 7, pp. 1191-1194,

SONG, T., GRAF, W. H. and LEMMIN, U. (1994). “Uniform flow in open
channels with movable gravel bed”, J. of Hydr. Res., Vol. 32, N° 6, pp. 861-876.

THORNE, P. D., HARDCASTLE, P. J. and HOGG, A. (1996). “Observation of
Near-bed Suspended Sediment Turbulence Structures using Multifrequency Acoustic
Backscattering”, in Coherent Flow Structures in Open Channels, Wiley & Sons Ltd.,
Chichester, UK.

TSUJIMOTO, T. and GOTOH, H. (1995). "Turbulent Structure of Open-channel
Flow with Suspended Sediment", KHL Progressive Report, December 1993,
Hydraulics Laboratory, Kanazawa University.

WEST, J. R. and ODUYEMLI, K. O. K. (1989). “Turbulence Measurements of
Suspended .Solids Concentration in Estuaries.” J. Hydr. Engr., vol. 115, N°%,
pp.457-474.

3-40



4. Conclusions
4.1 Introduction

The main object of this thesis was to investigate (experimentally) the turbulence and
concentration characteristics of suspension flows in open channels. Two sediments (sand
particles) were used, namely sand I (dy, =0.135 [mm]) and sand II (d,, =0.230 [mm])
respectively. The suspension flows investigated were in capacity condition i.e. the flows were
saturated with suspended sediments. A few runs in non-capacity condition were also
performed. Both flows over plane beds and beds with bed forms were investigated.

The instantaneous two-dimensional velocity as well as the instantaneous suspended
concentration were measured using a new ultrasonic instrument (Acoustic Particle Flux Profiler,
APFP) developed and assembled at the Laboratoire de Recherches Hydrauliques (LRH) of the
Ecole Polytechnigue Fédérale de Lausanne (EPFL) by Dr. U. Lemmin and Dr. C. Shen.

The turbulence characteristics of suspension flows were studied focusing the attention on the
modification of the clear-water turbulence induced by suspended sediments. The instantaneous
concentration was also carefully measured and interpreted by the classic diffusion-convection
approach (Rouse equation). The ratio of the sediment and the momentum diffusion coefficients,
labeled B, was, for the first time, directly measured. This led to a significant improvement of
the agreement between the Rouse equation and the measured concentration distributions. A
correlation (of practical use) between the corrected B-values and two parameters, namely
v, /4., and v_ju,-C,[c., is proposed. Note that the first parameter, v, /u,, is easily
obtainable in situ.

The main conclusions of the present study are summarized next.
4.2 Conclusions

The well-known Rouse equation, eq. 1.7, obtained with the diffusion-convection theory and
expressing the dimensionless concentration profile, ¢;/c., was applied to suspension flows in
capacity and non-capacity condition over beds with and without bed forms. The ﬁouse equation
contains a parameter, f3, that is little known.

In our study the B-values were obtained, for the first time, by measuring the momentum,
€,.(y), and the sediment, £ (y), diffusion coefficients. The diffusion coefficients were obtained
by measuring the vertical profile of the velocity, #(y), and of the concentration, c,(y), as well
as of the momentum flux, #’v’(y), and of the sediment flux, cv'(y).

These measurements were successfully performed by using the APFP instrument (see
Appendix A). A calibration of the APFP instrument, performed by measuring the mean
concentration profiles with the suction method was necessary. The longitudinal and vertical
instantaneous velocities were extracted from the frequency shift between the emitted and the
received ultrasonic waves (Doppler effect); in this case the calibration was not needed.
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In all, 17 suspension flows in capacity condition over plane beds were investigated (11 runs
for sand I, and 6 runs for sand II). In addition, 8 flows in non-capacity condition over plane
beds and 2 flows in capacity condition over beds with bed forms were also investigated (in both
cases sand I was used).

The following conclusions can be drawn:

i) The most important result of this study is a recommendation, that the Rouse equation,
eq. 1.7, with an improved f-value - itself to be estimated from Fig. 3.27 or eqgs. 3.18 — can be
used to establish the dimensionless concentration profile, c¢s/cs.. For beds without bed forms
the B-values are B<I1, while for beds with bed forms the B-values are f>1.

ii) The longitudinal mean velocity profiles, u(y), measured with the APFP instrument,
plotted in defect form, can be described reasonably well by the Coles’ law; the agreement is
good in the upper part of the flow, y/& > 0.2, while the agreement is not satisfactory close to
the bed, y/6 <0.2. The values of the Coles wake strength, IT, are larger than the ones
measured by Kironoto, 1992, in clear-water flow; this is in agreement with the data obtained by
Coleman, 1981. The tendency of the wake strength, I, to increase with the Richardson
number, Ri (see Fig. 3.4), is confirmed by both sand I and I measurements. To sum up, the
stratification effect of the flow, due to suspended particles and expressed by the Richardson
number, Ri, influences the outer region of the flow.

ili) The vertical mean velocity profiles, (y), are always very small compared to the
longitudinal ones. The largest vertical velocities, usually observed near the surface, are directed
towards the bed (see Fig. 3.5); they are probably associated to weak large-scale movements or
secondary currents.

iv) The profiles of the longitudinal component of the turbulence intensity, ~u’2/u.,

measured with the APFP instrument, show reasonable agreement with the profiles measured by
several researchers in clear-water flow (see Fig. 3.3a). However, the presence of suspended
sediment particles seem to enhance slightly the turbulence intensity.

v) For both sand I and sand 11, the profiles of the vertical component of the turbulence
intensity, ~v72/u,, are clearly suppressed by sediment particles (see Fig. 3.3b,d). The link
between turbulence suppression (also called turbulence damping) and suspended particles has
been clarified by measuring the turbulence-intensity profiles in suspension flows for increasing
sediment concentrations (see Appendix C). The results clearly show that the larger is the
suspended concentration, the larger will be the turbulence suppression (see Fig. C2). In the
case of suspension flow in capacity condition a turbulence suppression of nearly 40 [%] has
been observed for both sand I and sand II (see Fig. 3.3b,d and Table 3.3).

vi) The Reynolds-stress profiles, Z’_v’, measured in suspension flows, for both sand I and
sand II, retain the same linear trend observed in clear-water flows (see Fig. 3.7). However, in
the inner region, y/1<0.2, the experimental profiles deviate from the linear trend, falling to zero
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rather rapidly. A physical phenomenon as the interaction between flow and sediment layer on
the bed (erosion and deposition of particles) and/or the instrumental ultrasonic noise generated
by the vicinity of the bed can explain this deviation.

vii) The energy spectra of the vertical fluctuating velocity show the diminution of the
turbulence energy, associated to smaller frequency (larger eddies), due to the presence of
suspended sediments. Note, that only the vertical velocity fluctuation has been taken in
consideration being the one mainly responsible of the suspension of particles in the flow.
Regrettably, it was not possible to investigate high-frequency (small eddies) fluctuating
velocities due to the instrument restrictions.

viii) In the inner region, y/h<0.2, the longitudinal and vertical macro-scale profiles,
A,(¥), A(y), increase going from the bed towards the water surface. In the upper part of the
flow, y/h>0.2, the longitudinal macro scales remain rather constant while the vertical ones
slightly decrease (see Fig. 3.11a,b). These profiles are similar to the ones measured in clear-
water flows; this means that the suspended particles investigated do not influence the size of the
largest eddies.

ix) The longitudinal and vertical micro-scale, A (y), A,(y), profiles increase monotonously
going from the bed towards the surface. Also in this case the profiles are similar to the ones
measured in clear-water flows. A proportionality between the depth-averaged micro scales and
the depth-averaged concentration (see Fig. 3.12, 3.14 and Table 3.3) is rather evident. This is
probably due to the smallest (micro) eddies, characterized by high bending radius of the fluid
trajectories, that partially eject — by centrifugal forces — the suspended particles. The ejection
leads to an apparent augmentation of the micro-scale lengths; this effect increases with the
concentration and with the size of the particles. The same phenomenon is weaker in the case of
macro scales due to the small value of the bending radius of the largest (macro) eddies.

x) The suppression of the vertical component of the turbulence intensity, AVV2, has been
correlated to the dimensionless macro, dy,/(A,, A,), and micro, dg,/(A,,4,), scales. There are
no evident tendency of AV 1o vary with the dimensionless scales. However, our results

corroborates with the findings of Gore and Crowe, 1989, (see Fig. 3.15) who suggested the
use of the parameter d,,/A <0.1 (where A is the characteristic integral turbulence scale equal

to the vertical macro scale, A,, in our measurements) as discriminant to judge whether the
turbulence is enhanced, d,,/A > 0.1, or suppressed, ds,/A < 0.1, by the suspended particles.

xi) By comparing the mean concentration profiles — measured with the suction method — to
the echo-intensity profiles — measured with the APFP instrument — the calibration curves have
been obtained (see Fig. 3.18) being linear fits.

xii) The dimensionless mean concentrations, ¢s/csx , measured with the suction method (see
Fig. 3.19) are, as expected, very high close to the bed and they decrease rapidly towards the
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surface. The dimensionless fluctuating concentration profiles, /c72/c«, (see Fig. 3.19) have

their maximum values close to the bed (y/<0.25). In the upper part of the flow the fluctuating
concentrations remain rather constant. The same tendency has been observed by Thorne et al.,
1996, p. 351.

xiii) The sediment-flux profiles, c’v’, (plotted in Fig. 3.19) being normalized with their
value at y=a, present some scatters but globally all profiles are of similar shape. The largest
sediment fluxes have been observed, as expected, close to the bed where the suspended
concentration is large.

xiv) The sediment diffusion coefficient profiles, €,(y), have been computed according to the
definition of eq. 1.12. In the same way, the momentum diffusion coefficient profiles, &, (y),

have been computed using eq. 1.13. Despite the scatter, there is sufficient evidence, that the
sediment diffusion coefficients, ¢ (y), are always smaller than the momentum, &,(y), ones;

the latter are always smaller than the theoretical value, eq. 1.6, postulated for clear-water flows.

xv) The ratio of the sediment and momentum diffusion coefficient defines the B(y)-value,
given with eq. 1.15. The experimental B,,.,-values, are close to zero at the bed and increase
with the distance from the bed, up to y/h<0.5. Above the mid-depth and towards the water
surface, the f,,.p-values reach their maximum, but a clear tendency is not evident. From these
plots it becomes also clear, that the higher the concentration, cs (see Fig. 3.19), the lower are the
B.prp-values. In Fig. 3.22 are also shown the depth-averaged values, B, (see Table 3.1 and
Table 3.2), which are always smaller than unity, §=1.

xvi) Another way of obtaining a B, -value — the index recalls that the data are taken with the

suction method — is by best-fitting (least-squares method) the Rouse equation to the concentration
profiles directly measured with the suction method. The B-values obtained with these two
independent methods, B,,., and B, , shall be compared, as seen in Table 3.1 and Table 3.2,

being both smaller than unity, B,prp, Boy <1-

xvii) The concentration profiles, ¢s/cs.., measured with the suction method agree well with
the Rouse equation, eq. 1.7, using the B, -values — obtained with the diffusion coefficients,
eq. 1.15 — as well as the best-fit B, -values. Again, the usual value of B =1 is not justified for

the present measurements.

xviii) The B,,»-values have been scaled using two parameters: v /u, and v, /u.-C,/Cs;
the former is reasonably easy to compute/measure in practical situations. In both cases a
reasonable correlation has been found (see Fig. 3.24a,b); consequently, two regression lines

have been computed (eq. 3.18a,b).

xix) The analysis of the results, taken from the literature (see Appendix B), of some
suspension flows over bed with bed forms (see Fig. 3.26) and the results (see Fig. 3.25) of the
investigation reported in Appendix D, clearly indicates that in case of flows over bed with bed
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forms the f-values are always large, B>1 (see Figs. 3.25 and 3.26). These values have a
tendency to increase with both the parameters v, /u, and v, /u, - C,/cs . This corroborates with

the conclusion drawn by Rijn, 1984, p. 1621.

xx) All the data taken from the literature (see Appendix B) as well as the results of this thesis
are summarized in Fig. 3.27. The regression lines computed by using the results of the present
investigation (eqs. 18a,b) agree reasonably only with the data referring to plane bed. On the
contrary, the regression lines obtained by using the data of flows over bed forms (channel and
river data) give a poor correlation (see Fig. 3.27).

4.3 Further research topics

In this thesis suspension flows in capacity and non-capacity condition over plane bed and
over beds with bed forms were investigated in detail. However, further research topics can be
suggested to add to our understanding of the structure of suspension flows.

The measuring frequency of the APFP instrument was of 16 [Hz] for concentration and
velocity measurements. The measuring frequency could be increased up to 39 [Hz] for the
velocity only. The development of an ultrasonic instrument capable to measure both
concentration and velocity at high frequency (>50 [Hz]) could help to investigate the influence
of suspended particles on very small turbulence eddies. Moreover, the effect of suspended
particles on the high-frequency energy spectra could be also investigated.

A new ultrasonic instrument, characterized by focused transducers, has been recently
developed. This instrument will be able to measure the instantaneous three-dimensional velocity
profiles reducing the dimension of the measuring volume. With this instrument it would be
interesting to investigate the generation region (where the most part of the turbulence generation
and dissipation takes place) by using a 8-quadrants filtration technique. In this way our
knowledge on the complex interactions between coherent structures and suspended transport
could be improved.

This new ultrasonic instrument could be refined to discriminate the solid and the liquid
velocity by extracting the Doppler signal coming from the suspended particles and the one
coming from the surrounding water. This would allow to investigate larger particles and to
analyze the bi-phasic nature of suspension flows.

Suspension flows with small (d;, < 0.1 [mm]) and large particles (dy, > 0.3 [mm}) can be
investigated to supplement the present results. The summary plot, relating the B-values to the
hydraulic parameter, v, /u, (see Fig. 3.27) could be useful for practical use.

The study of suspension flows over bed forms should be refined by measuring the
concentration in several sections located along an entire bed-form wave length. Only then it
would be possible to take the non-uniformity of the flow into account. It is obvious that the

convection-diffusion theory should be re-formulated to integrate the spatial-dependent terms as
dcsfox.
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APPENDIX A

The Sonar ADVP/APFP Instrument

A1 Introduction

The ADVP (Acoustic Doppler Velocity Profiler) is a non-intrusive sonar instrument that
measures the instantaneous velocity profiles of the water in open-channel flows. It is not
necessary to calibrate the instrument because the velocity is extracted directly from the Doppler-
frequency shift. Subsequently, the ADVP instrument was modified to simultaneously measure
the instantaneous velocity and the instantaneous sediment concentration in suspension flows;
the resulting instrument was called Acoustic Particle Flux Profiler (APFP). These instruments
were developed at the Hydraulic Laboratory of the Ecole Polytechnique Fédérale de Lausanne
(Switzerland) by Dr. U. Lemmin (Lhermitte and Lemmin, 1994, Lemmin and Rolland, 1997,
Rolland and Lemmin, 1997), Dr. T. Rolland (Rolland, 1994) and W.C. Shen (Shen, 1997).

A2 Doppler effect

The ADVP instrument can measure the instantaneous velocity of flow, exploiting the
Doppler shift of the ultrasonic waves introduced in the medium by transducers. The ultrasonic
waves are reflected by "targets” moving with the flow. These targets may be suspended
particles, air bubbles dissolved in the medium (water) or density fronts due to temperature
gradients resulting from turbulent dissipation.

Let us imagine a target, having a velocity, ?/, in the acoustic field of two acoustic

transducers: one emitter and one receiver (see Fig. Al). The emitter transducer emits ultrasonic
sound waves with a certain frequency, f,, and speed, c, (sound speed in the medium).

emitter
(fix)

Transducers:
Panametrix A302S-SU

diameter @ =28 [mm)]
frequency: f, =1 [MHz]

V.: (approaching) velocity of the target "seen” by emitter
V.. (approaching) velocity of the target "seen” by receiver

<d

' target
(mobile)

Fig. Al: Doppler effect



The axial components of the velocity are defined as:
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where e, and e, are two unit vectors whose direction is from the target to the emitter and

receive transducers respectively.
The target receives the sound waves with a frequency, f;, different from the emitted one,

f.» because of the axial component of the velocity, V,. The frequency of the wave received by

the target is:

Ve, c+Vee,
f f+ f fe( ] (A3)

c

The target represents, for the transducer receiver, a sound source moving with a velocity V,.

For the receiver, the frequency of the sound waves coming from the target is:

f=1

)

= (A4)
- €

‘<l

~

c—
Substituting eq. A3 into eq. A4, one obtains:

f,={f,+v'e'f,] — -f(HY.'e_i} (AS)
¢ c—V-e, c-V-e '

r

The Doppler frequency, f, defined as the difference between the received frequency and
the emitted one, is:
e+V-e
h=f-f.=1 ——‘—_,T’ (A6)
c-V:

€

r

Since the iarget velocity is very small compared to the speed of the sound in the medium, above
eq. A6 becomes:

Vet Ve |_ [V+V,
ffﬂ[ C }=fe[ L] (A7)

Eq. A7 is the formula used to extract the target velocity from the signal recorded by the
ADVP instrument.

The transducers used (in our experiment) to emit and receive the sound waves are
piezoelectric ceramics, produced by Panametrics, model A302S-SU, (see Fig. Al). Their
diameter is @ = 28 [mm] and the nominal frequency is 1 [MHz]. The space ensonified by the



transducer has an irregular shape in the first 10 [cm] behind the transducer surface (near field).
For larger distances (far field) the acoustic beam is conical with an angle of 8 =3.4° (see Fig.
A2).

Relative acoustic intensity [dB] conical acoustic beam
(defined at -6dB)

ear field far field

[cm) 10 20 30
Distance from the transducer [c¢m]

Fig. A2: Acoustic Beam

The acoustic beam represents the water column that will be investigated by the ADVP
instrument. The transducer has been mounted in a water-filled housing to avoid measurements
in the near field. The contact between the housing and the flow is made by a Mylar film, being a
plastic film transparent to acoustic waves, (see Fig. A3).

Data of EPFL installation:

ultrasound wave: f, = k [MHz]

sound speed in water: ¢ = 1500 [m/s]: 4, =15 [mm]
(pick-up of turbulence: 4, /2 = (.75 [mm])

inclination of transducers: ~45° < a < 45°

water depth: 5 <h [em] <90 i

maximum flight length: L, =24, = 2(5;4»0. lo[m])

transducer
emitter / receiver

water-filled housing

E—

—

Flow

acoustic beam
Bed

g
AN AN TSV )

,/

In Fig. A3 is presented the installation scheme of one transducer operating as emitter and/or

)

Fig. A3: Transducer installation

receiver. The dimension of the ultrasonic beam can be calculated by the experimental formula:

D, =2-d,-tan(6/2) (A8)



The ADVP instrument can be used in different configurations according to the number of
transducers available. The four configurations presented here have been used with success to
measure the instantaneous bidimensional velocity and concentration profiles in open-channel
flow. They are:

* Monostatic mode (Velocity), (Lhermirte and Lemmin, 1994, and Lemmin and Rolland,
1997): The transducer is both emitter and receiver of the sound waves.

* Bistatic mode (Velocity), (Rolland, 1994, and Rolland and Lemmin, 1997): One
transducer is both emitter and receiver, the second one is only receiver.

 Tristatic mode (Velocity), (Rolland, 1994): One transducer is emitter, while there are two
transducers receivers.

* APFP (Acoustic Particle Flux Profiler) (Velocity and concentration), (Shen and Lemmin,
1996 and Shen, 1997): Two transducers are emitter and receiver to measure the sediment
concentration, one of them measures the vertical velocity as well. A third transducer, tilted on
the vertical, measures the longitudinal component of the velocity.

A 3 Monostatic mode

As mentioned before, one single transducer is both emitter and receiver of the sonar waves.
The same transducer is used three times consecutively to detect the vertical component of the
velocity and two tilted ones. The transducer emits short trains of several sinusoidal waves
(pulses) at regular intervals (the pulse-repetition frequency, PRF). Between two pulses the
transducer operates as a receiver. An electronic system detects the difference between the
emitted and received frequency, the Doppler frequency, f,, computing the velocities of the

target, according to eq. A7.
The backscattered signal, coming from the targets, is gated in time, T,, where i=1,....,N;

N is the number of gates needed to cover the measured water depth. Each gate corresponds to a

certain time needed for the wave to propagate from the emitter to the target and back to the
receiver. Thus the distance, d,, from the transducer to the target, ¢;, is (see Fig. A4):

4=(cT)2 (89

Each single target, that corresponds to a certain gate, can be positioned spatially by eq. A9.
Furthermore, the distance across a target is:

Ad=d, -d =c-(T, -T)[2=c AT/2 (A10)
By fixing AT = 6us, the height of the measuring volume (target) is:
Ad=c-AT/2=1500-6-10°/2=4.5-10" [m]



emitter/ e

receiver Measuring volume dimensions

D,

water-filled | target

housing —F—

ad,

{  (if= 02 [m) and =30%)

. 80245 [mm) (f AT=6p8) ‘

I 59 bum ] <¢,~<20[m]
\_ \uocsunae  awebeo J

Fig. A4: Position of the target

A conical water column is covered by the sound waves. The measuring volume, positioned
at a distance d, from the transducer and containing the target ¢;,, has a diameter given by the

relation: @ =2-d,-tan(6/2). The angle 6=3.4° is the span of the conical water column
ensonified by the transducer: this region is delimited by an attenuation of -6 [dB] of the emitted
ultrasonic intensity, (see Fig. A2). The first target (i=1) positioned near the mylar, where the
mylar is Jlocated 0.10 {m] below the transducer, has the measuring volume
@, =5.9[mm]x Ad =4.5 [mm]. The last target, in case of a flow depth of £=0.2 [m] and
transducer inclination of & = 30°, has the measuring volume @y =20 [mm]Xx Ad =4.5 [mm].

In Fig. AS is presented the configuration used to measure the velocity and turbulence
characteristics using the monostatic mode.

-
o Ty

Fig. A5: Velocity decomposition in monostatic mode



The measurements are made by three acquisitions, made consecutively by the use of the
same transducer. First, the transducer is placed in the position, called T1. At a certain position
the target, #,,, has an instantaneous velocity, ‘—/:(ul,vl). The instantaneous velocity seen and
recorded by the transducer, V), is the projection along the transducer axis. Applying eq. Al

one has:
(v.=Va)=(v=V-2)=v

The velocity can be calculated, see eq. A7, knowing the Doppler frequency, fj, , recorded by

the transducer T1, such as:

c'fD,
VI_2'_f, (AllD)

where f, is the frequency emitted by the ADVP. The geometrical relationship among V; and

the unknowns velocity components, ‘_/:(u,, V) is:
V) =y sin(@, )+ v, cos(a;) (A12)

Subsequently, the transducer is placed in the vertical position, called T2. For the target ¢,,, the
velocity seen and measured is V,, where V, is calculated in the same way as V|, or:
_S

=37

Note, that a positive vertical velocity is directed from the channel bed to the flow surface. The

v,

geometrical relationship among V, and the instantaneous velocity components, ‘_/;(uz, Vv, ) , i8¢
V,=v, (A13)
In the position T3 the transducer measures the velocity V. Applying eq. A7 one has:

=c'fD’
2-f,

|4
The geometrical relationship among V; and the instantaneous velocity components, ‘—/;(u.j v3),
is:

V, = w, sin(—at; ) + vy cos(—a; ) (Al4)

For the mean quantities one can write, by taking o, = a; = ¢

V, = u, sin(a) + v, cos(c) (A15)
= (A16)
V, = —u, sin(a) + v, cos(c) (A17)



For the fluctuating components, defined with the Reynolds decomposition, one obtains:

Vi=V+V's wy=u+ul sv,=v,+v,  i=12,3 (A18)
and therefore:

W = ;l’—zsm (@) + ujv sin(2a) +v] cosz(a) (A19)

VE =12 (A20)

V2= ugz sin®(a) — ujv} sin(2ax) + ?cos2 (o) (A21)

In case of fully developed uniform flow the turbulence is horizontally homogeneous and
stationary; the time averaged quantities such as the mean velocity, turbulence intensities and
Reynolds stress are function of the vertical position only. Thus, it is possible to write,:

=W = =u; v =y =V =y (A222)
@ﬁ?ﬁfﬁ@@f (4220
ulv, u2v2 u3v3—uv =u'V (A22c)

By subtracting and adding eqs. A15 and A17 and eqs. A19 and A21 it is possible to deduce the
formulae useful to compute the mean velocity, turbulence intensities and Reynolds stress from
the three consecutively measurements made by the transducers:

u=1=Vs (A23)
2sin(@)
v=ath o 5o¢ (A24)
2cos(ar)
— [5r.ohk o2
2 = Vi +V; .22V2 cos“ () (A25)
2sin* ()
V2 =4V (A26)
Vl2 __I_Z
_ulvl=_ 1 ‘/3 (A27)
2sin20

The Pulse Repetition Frequency, PRF, should not be too small otherwise the number of
velocity profiles measured per second would not be enough to detect the high-frequency
turbulent movement. On the other hand, it exists an upper limit for the PRF; in fact between
two emissions the transducers operate as receivers and the sonar waves must have the time to
propagate until the last target (i = N) and to be reflected to the receiver.



By assuming a flow depth of h=0.2 [m], a distance from the emitter to the water surface of
0.10 [m] and an angle & = 30°, the longest path made by the sonar waves is:

_ _ h _ 0.2[m] -
L. =2d, 2{Cos(a) +0. l[m]J 2(—_cos(30°) +0. l[m]J 0.662[m]

The time needed for the wave to propagate, to be reflected and to be received by the transducer
is:
T, = L. - 0.662[m]

=4.413-10-
¢ 1500[m-s-1] ]

and thus the maximum PRF allowed is:

PRF, =-L =2266[Hz]

TN

In reality it is not possible to choose a PRF larger than 1500 [Hz) because of the noise that
would affect the backscattered signal. Accurate measurements can be made with a 1 [MHz]
transducer having a PRF of 1000 [Hz] and gate width of AT =6 [,us] (it means one measure
every 4.5 [mm)] along the vertical). By using a gate width of AT =6 [#s] and investigating a
flow having a depth of £#=0.20 [m], one obtains a velocity profile composed by a number of

points, N, equal to the number of gates in the water columns: N this can be calculated as:

N = h/ cos(a%d = 0.20[m})/cos(30) 4.5-10-(m] = 51 gates or measuring points

The maximum longitudinal velocity that can be measured by the ADVP in monostatic mode
is limited by the frequency PRF. By using an algorithm eliminating the aliasing ambiguity the
maximum Doppler frequency that can be measured is:

fou, =PRF

Thus, by eqgs. A1l and A12, neglecting the vertical velocity, one obtains:
c-PRF
Uy =5 7y n
wr 2. f,-sin{a)
By assuming PRF = 1000 [Hz], ¢ =1500 [m/s], f, =1000000 [Hz] and ¢ = 30° one obtains
that the maximum longitudinal velocity measurable with the ADVP is 1.5 [m/s].

Some results obtained with the monostatic configuration can be found in Song, 1995.



A4 Bistatic mode

In this mode two transducers work simultaneously. The vertical transducer, placed on the
surface or below the bed, emits a pulse of ultrasonic waves with a frequency PRF (Pulse
Repetition Frequency) and operates as receiver of the backscattered signals the remaining time.
A wide angle transducer, tilted on the vertical, receives all the time the backscattered signals. In
Fig. A6 is presented a possible configuration of the bistatic mode.

The backscattered signal is gated in time, T;, where i=1,....,N; where N is the number of

gates needed to cover the measuring volume over the water depth. The determination of the

spatial position of the targets is more complex than in the monostatic case because of the angle
«; that exists between the transducers and the target (see Fig. A6).

emitter/

water filled receiver

housing

water mylar—
surface \ Vi
4 ™
Measuring volume dimensions

¢

| target ¢

- (if h=0.2 {m})
5.2 [mm] > Ad; > 4.7 (mm]

) A 2-d,-tan(6/2) |
at the surface at the bed | e e Y
5.9[mm] < d)i < 20 [mm} ’ ¢
\_ at the surface at the bed y N

Fig. A6: Position and dimension of the target

Ad
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The distance covered by the waves can be calculated:
d, +d, =c-T, (A28)

where d, and d, are the distances from the emitter to the target and from the target to the

receiver, respectively. According to geometrical considerations (see Fig. A6), one can write:

d] . dz ) d3

, - . (A29)
sin(90°-ca;)  sin(90°)  sin(a,)




which leads to;
d;

d, =d, -cos(e;) and d, = sin(a) (A30)
Substituting eqs. A29 and A30 into eq. A28, one obtains:
d d 1+ cos(a;)
I'=d +d, =d d, =—2 ; = '
c . +d, , -cos(a;)+ 2 = (@) cos(at; )+ pr o [ sin(a,) :I
this renders:
d, _ _sinfa;) (A3D)
¢ T, 1+cos(a;)
According to eq. A29 one can write:
d
d =—23 A32
S pog (A2

The angle «; can be calculated at gate time 7, by eq. A31, and then the vertical position of
the target, d,i , is obtained with eq. A32. The distance between two consecutive targets, being

the height of the measuring volume, can be computed as:

d, )-(c-T-d,)

H

Ad,=d, -d, =(c-T,

i+1
subsequently, one can write:

Ad,=c-AT-| — d___ .d3 where: AT=T, -T (A33)
sin(a;,,)  sin(c;)

Use of eq. A33 shows that the height of the measuring volume depends on the position of the
target with respect to the emitter.

The width of the acoustic beam that represents the width of the measuring volume, can be
obtained from eq. A8, namely:

P, =2-d, tan(6/2) (A8)
The range of Ad, and @, values are shown in Fig. A6 for a flow depth of #=0.20 [m].

In Fig. A7 is presented the decomposition scheme of the velocity of the target. Let us

-

consider a target having an instantaneous velocity of V. The emitter-receiver transducer, T,
measures the vertical component of the velocity, f)/;: =V, whereas the tilted transducer, 7,,

measures the velocity, (see eq. A7):

(V-a+7-8)=(u+w)

A-10



Geometrical relationships among the components of {/’(ui, v;) and the projection velocities, V]

and V,, are:

- o . .

Ve, =V, = u sin(-0;) + v, cos(~a;) = —u, sin(a;) + v, cos(ct;) (A34)
- -

Ve, =V, =v, (A35)

T, T,
emitter-receiver D] Jreceiver wide angle
— N __4— water filled housing

mylar film

Fig. A7: Schematic of the bistatic mode

Firstly, the velocity, V| = f/’ 21 , is calculated with eq. A1l knowing the Doppler frequency
measured by the transducer 7,, f,. Subsequently, the velocity V, = if)e_; is deduced by
applying eq. A7 to the bistatic case, such as:

Voot Ve,
sz=f{l__2}

c
this leads to:

e, =~2c-V-e (A36)

4

<{

Introducing eq. A11 in eq. A36 one obtains the formula to calculate V,:

SN c fa,

Ve, =V, = 'Z(fo, - 7) (A37)
where f), is the Doppler frequency measured by the transducer 7.

Once the projection velocities, V| = ?/;: and V, = {/’-e:;, are calculated, it is possible to

compute the velocity ?’(u v), using eqs. A34 and A35, such as:

U, = -V e,+ V e cosQ, - "Vz +"’I cosQ; = c [_fD +_fD_|(1 +COS(Z,~)] (A38)
sina, sinQ; f.sina; P2
- - c fp
=V.e =V = '
A=y (A39)



From the instantaneous velocity profiles the mean quantities can be computed, such as

_ 1=Tyess

u; = u(y) = T 2“ () Atyypys (A40a)
MEAS 1=0

_ t=Tyeas

v = D01 Aty (A40b)

H

MEAS =0
where T, is the measurement time length, (usually T,,.,, =180 [s]), and A4t,,.,; =1/PRF is
the time lag between two consecutive velocity acquisitions.

The fluctuating velocities are defined in the following way:
u,(y) for the longitudinal direction (Adla)

w(yt)=u(y.1)—u

(3,t)=v,(y,£)-v,(y) for the vertical direction

Therefore, the turbulent quantities as turbulence intensity and Reynolds stress can be calculated

(A41b)

such as:
1 =T, 1=Tyeas _ )
F()’) = f;i, (1) Aty = 2 [ui()’» 1)~ ui(y)] Aty (A42a)
TMEAS =0 MEAS =0
t=Tyras =T, _
V2(y) = —L ﬁv,ﬂ(y, 1) Alyygys = — f[v,.(y, =V - Atyypas (A42b)
Typas 1=0 Tyeas 0
1=Tyras _
up) = —— D {00 - O] [0 ) - VON} - At (A420)
MEAS 1=0

Assuming that the flow depth is equal to h=0.2 [m], a distance from the emitter to the water
surface of 0.10 [m] and an angle o, = 21°, the longest path covered by the sonar waves is:

L,=d +d, with d, = _d3 and d,=0.117 [m] (fixed)
i N Y osinoy

this leads to:
d, =020 [m]+0.10 [m] =030 (m} d, = 172£ff‘] 0.326 [m]
sin

L. =0.30[m]+0.326 [m]=0.626 [m]
The time needed for the wave to propagate, to be reflected and to be received by the

transducer is:

0.626[m] _ 4 173.104[s]
¢ lSOO[m

and thus the maximum PRF allowed is:

PRF, =-1 =2396[Hz]
TN
An advantage of the bistatic configuration is the possibility to investigate the flow close to

obstacles as wall or cylinders because of the vertical shape of the water column ensonified
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A5 Tristatic mode

In the tristatic configuration the vertical transducer emits the sound waves while the wide
angle transducers receive the backscattered signals. In Fig. A8 is presented a scheme of the
velocity decomposition in case of tristatic mode. The formulae used to deduce the vertical
position of the targets are the same as the ones presented for the bistatic case.

emitter receivers wide angle

water-filled housing

mylar film

Fig. A8: Schematic of the tristatic configuration

Using geometrical relationships it is possible to write (see Fig. A8):

Ve, =V =v, (A43)

Ve, =V, =u, sin(—a;) + v, cos(-a;) = —u; sin(e;) + v cos(¢t;) (A44)

V-e, = V, = u sin(e, )+ v, cos(a,) (A45)

5o Ve+Vee V,+V,

Ve=—2 3| =23 A46
“ " eos(@) 1 2cos(a) (A40)

The tilted transducers, T, and T, measure respectively the Doppler frequencies, f, and

fb,» and permit to calculate, according to eq. A36, the velocities V, = 72 e, and V,=V-e, by
the equations:

- - - = . C-

A A AE |- SR L | (A47)
f. f.

- = - - . C:

Ve3=—V-el+CffD’ =V,=-V, ;"3 (A48)



The instantaneous vertical velocity, v,, is obtained introducing eqs. A48 and A47 in eq.
AA46, the result is:

o ¢ (fath)

v=Ve=V= . A49
b 2o f 1+ cos(a)] (A49)

Subtracting eqs. A44 and A45 one obtains the equation to compute the longitudinal

instantaneous velocity along the whole depth.

e T Y

_Ve-Ve, C(fo, ‘fo,)

~ 2sin(e;)  2f sin(at,)
From the instantaneous velocity profiles the mean and fluctuating quantities can be computed
with eqs. A40a, A40b, Ad4la and A41b. Subsequently, the turbulence intensity and Reynolds

stress can be calculated with eqs. A42a, A42b and A42c. The calculation of the maximum PRF
allowed, PRF, _ , is the same than the one presented for the bistatic case, (see page A-12).

(A50)

In this study the tristatic mode was applied when the instantaneous velocities at high-
frequency were required (velocity profiles, energy spectra and micro and macro-scale profiles);
in this case the measuring frequency was approximately of 39 [Hz].

A6 APFP mode (Acoustic Particle Flux Profiler)

This configuration has been set up to measure simultaneously the velocity and the suspended
sediment concentration profiles (see Shen, 1997). The transducer below the bed and the tilted
transducer measure the instantaneous velocity profiles in the same manner than the ADVP in
bistatic configuration. To measure the instantaneous suspended sediment concentration profiles
the vertical transducers record alternatively the intensity of the ultrasonic echo coming from the
targets in the water columns ensonified. Shen and Lemmin, 1996, showed that the local
sediment concentration is proportional to the intensity of the ultrasonic echo.

In Fig. A9 is presented the scheme of the APFP. The instrument works alternatively in two
modes: one time the transducer 7, works as emitter and, with T, receiver of the backscattered

signal while T, works as receiver of the forward-scattered signal only (Mode 1); after, is the
transducer T, that emits and receives the backscattered signal while T, receives the forward-
scattered signal (Mode 2). This alternate working makes, as shown afterwards, possible the
compensation of the ultrasonic-intensity attenuation.

For the measurement of the velocity, as shown in Fig. A9, the APFP works one time as
bistatic instrument (Mode 1) and one time as simply monostatic (Mode 2). The measurement of
the concentration is made by the vertical transducers.

The position of the targets can be easily deduced by the formulae already presented. In Mode

1, similar to the bistatic mode, the position of the target i is calculated by the equation:
__ 4%
" 1an(a,)

(AS1)

a;

with the angle ¢, calculated by eq. A31, see Fig. A10.
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Fig. A9: Scheme of the alternative working of the APFP
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In Mode 2, similar to the monostatic mode, the position of the target i is deduced by:
c-T,

d, === (AS52)
! 2
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emitter/
Teceiver :
receiver d, T | water-filled inactive receivcr‘j -

housing

\\

- mylar v /*- mylar
_z-dal -tan(1.7°) ad| B :" . g<}.= flow e
‘ g;LD, =2-d, -tan(1.7°)
5 I bed

T, | T,
receiver = emitter/
receiver

Fig. A10: Position of targets

In Fig. All is presented the decomposition of the velocity. The wide angle transducer 7.
works always as receiver of the Doppler signal to measure the velocity (V, +V,) such as, (see
bistatic mode):

V+V, = c'}{”'“ (A53)




where f;,_ and f, are respectively the Doppler frequency measured by the transducer T, and the
frequency of the wave emitted by T .
The vertical velocity V, is measured in Mode 2 by the transducer 7T, (see monostatic mode):

_'_C'fD.b
Vi= _2.f; (A54)

The sign in eq. AS4 comes from the convention about the vertical velocity: positive if directed

from the bed to the surface.

-
The instantaneous velocity, V(u,v,), can thus be obtained.

_V,-Veosl@) [t ]
Y ) fema) Pt 2 (1+ cos(e,)) (AS5)
Kk _25% (AS6)
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(only Doppler signals) T Doppler signals and
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mitter-receiver of

ultrasonic echo intensity
il

Fig. A11: Velocity decomposition

In suspénsion flow, the intensity of the back-scattered waves is attenuated by the presence of
the sediment particles. By an iterative procedure, considering the echo-intensity profiles
obtained from the two transducers, T, and T,, the attenuation has been corrected numerically.
The water column between the vertical transducers is segmented into N volumes at position i
(targets), see Fig. A12. Let u, be the attenuation coefficient of volume ¢,, defined as the ratio of
the outgoing acoustic intensity to the incident intensity at 7, and let B, be its back-scattering
cross section, defined as the ratio of the backscattered intensity to the incident intensity at ;.
When the T, and T, work in Mode 1, one finds :

HHy...ly=Kolgo (AS7)
Buips. . ul =Kl (AS8)
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When T, works in Mode 2, one obtains :
Bl My = Ko i (A59)
I 50 is the signal power of the sound pulse emitted by T, and received by T,,. I and I are
the backscattered intensities received by T, and T, respectively. Since the emitted sound is not

an ideal plane wave, its intensity is attenuated along its propagation path. Therefore I,; and I
have to be corrected by a factor J;, given by :

I[= sinz[f(\/af +dl - di)] (A60)

0
where 2, is the acoustic wavelength. a, is the radius of the transducer and d; is the distance
from the investigated region, t,, to the transducer from which the sound is emitted.

The iteration solution for eqs. A57, A58 and A59 is:

#iz - il i1 :-21 i=2, N (A61)
Fai-i18i
B, = K1K221A2iIBi—l ._-11 i=2 N (A62)
KoIso

with the initial values B, = K,J4 and p’=pK3I30/K2In. Constants Ko, Ki and K, are
sensitive to this iteration algorithm and have to be determined precisely. They are found by a
calibration with a rigid sphere of known scattering cross section.

water-filled
housing

. - Slave
mylar . Micro-
Alternative
\V4 — water | Emittor computer
a; surface
Bi mi and
target Log-amplifier Master
Computer

Fig. A12 Schematic of the APFP echo-intensity attenuation



In a dilute suspension, multiple scattering is negligible. Hence, the volume scattering cross
section is proportional to its concentration, c,; = K - B;. The constant K can be obtained in situ
by measuring the vertical mean intensity profile and the vertical mean concentration profile. In
this study the vertical mean concentration profile has been measured by suction with the
installation shown in Fig. A13.

( . .
Suction installation W,

Fig. A13: Schematic of the suction installation

After this calibration on averaged values, the instantaneous concentration profile can be

calculated from the instantaneous intensity profile. The vertical velocity profile v; is measured
by T, working in Mode 2. Doppler information from this transducer is demodulated and then

computed by a "pulse-pair” (PP) algorithm (see Lhermitte and Lemmin, 1994). Since v; and c,;

are measured at the same time, the vertical sediment flux, F;, can be obtained:

E=v{, i=1,N (A63)

In Fig. A14 is shown a typical signal visualized by the oscilloscope always connected with
the APFP in order to check the presence of ultrasonic parasite echoes.

It is interesting to note that all the components of a typical signal are evident on the
oscilloscope screen. The signal containing the information about the echo intensity is delimited
by the two mylar echoes. The gates track shows the portion of the signal that will be recorded
on magnetic support. The parasite echoes, usually present, do not disturb the measurements
because they will not be recorded. The signal recorded in Mode 1 and 2 are then used to
compensate the attenuation giving the vertical profile of the echo intensity; multiplying it by the
constant K one obtains the suspended sediment concentration profile.

In this study the APFP instrument could be used reaching a measuring frequency of 19 [Hz].
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Fig. A14: Typical echo-intensity signal recorded by the APFP
A7 Conclusions

In this Appendix, the ultrasonic instrument measuring the velocity, called ADVP (Acoustic
Doppler Velocity Profiler), and the one measuring simultaneously the velocity and
concentration, called APFP (Acoustic Particle Flux Profiler), have been described. Special
attention has been paid on the physical principles exploited to extract the velocity (Doppler
effect) and the concentration (back and forward-scattered signals).

In this study the ADVP instrument, in tristatic configuration, was used when the velocity
measurements at high-frequency were required (velocity profiles, energy spectra and micro and
macro-scale profiles); in this case the measuring frequency was of 39 [Hz]. When using the
APFP instrument (measurements of the simultaneous velocity and concentration, fluctuating
concentration, sediment flux) the measuring frequency was of 19 [Hz].
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APPENDIX B

Concentration distribution; Analysis of literature data

B1 Introduction

This Appendix presents and summarizes available data on suspension flows as found in the
literature. Only data which are considered to be capacity or pear-capacity flow data will be
analyzed. The flow has been defined as capacity flow when a layer of sediment, composed of the
same sediment which is in suspension, is also present on the bed. Any further addition of
sediments to the flow leads to a deposition of sediments on the channel bed without increment of
the suspended sediment concentration. If a flow is in non-capacity condition there is no sediment
layer on the bed. All the sediments injected to the flow are kept suspended. A further addition of
sediment to the flow leads to an increment of the sediment concentration without deposition on the
bed.

The data have been drawn from the following publications:

1) Einstein and Chien, 1955

2) Coleman, 1986 |

3) Lyn, 1988

4) Wang and Qian, 1989

S) Sumer, Kozakiewicz, Fredspe and Deigaard, 1996

6a) EPFL, 1997 (Results of this thesis)

6b) EPFL, 1998 (Results of this thesis)

7)Y Vanoni, 1946

8) Vanoni and Nomicos, 1960

9) Coleman, 1970

10) Nordin and Dempster, 1963

Table B1 summarizes the important hydraulic and sedimentary characteristics of the experiments
which provide the concentration distributions (publications 1-5). Other types of experiments
(publications 7-10) are summarized in Table B2a and B2b. They still refers to near-capacity or
capacity flows but do not provide the concentration distributions.

The equations used in this Appendix are the following:

- 4
Rouse eq.: L= (h_—y_ a ) with: z [--] Rouse number;z = —=
Csa y h-a K-u,
Modified Rouse eq.: L= (i’:__}i . hL) with: z’[--] modified Rouse number; z’ = —%—
Csa y -a
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Hunt eq.:

o)
£
[
/N
Lol S
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L

g ]!

S— S
™I~

Momentum diffusion coefficient: & =-4Y-

™ du
dy
Sediment diffusion coefficient: £, = _a_%;v_' ore, =f-¢,
oy
— - z 1k
-value: =—= d
B B=—=12 | B(y)dy

When flow transports the full capacity of sediment — at saturation — one may consider the flow to
be in a sediment equilibrium, i.e.: deposited particle can be readily replaced by eroded particle.
The channel and river data have been divided into three categories:

a) Capacity condition
This group includes the runs made in capacity condition. The criterion used to consider the
flow saturated was the presence of a sediment layer on the bottom, composed of the
sediment in suspension,

b) Near-capacity condition
In this group have been included all the runs in which the near-bed concentration was the
largest possible without a presence of sedimentation on the bottom.

¢) Non-capacity condition
All the runs that were not in the above conditions have been considered in non-capacity
condition.

The capacity condition group has also been divided into two sub—categories:

a—1)Plane bed
In this category have been included the sediment flow, in capacity condition, in which the
sediment layer on the bed was plane.

a-2) Bed forms
In this category are included saturated flows over a sediment layer having bed forms.

In order to make evident the importance of saturation (capacity) on the concentration distribution
— parametrized by the B—value — we shall show experimental runs performed by Coleman (1986,

p. 1378) where sediment was added to the flow till “near-capacity” flow is achieved. It is evident
that by increasing the concentration, thus approaching the capacity condition (going from Run 2 to



Run 20 and from Run 22 to Run 31), the B—value that best fits the Rouse equation to the
experimental points, decreases (see Fig. Bla,b). Thus, the B—value would be over—estimated, if
the flow was in non-capacity condition.

) c  Run 2, light concentrasion ,

.
© o Run8. medium concentration |

o Run 20, high concentration (pear capacily flow) |
Rousceq. with f=1

=L

, o Run 22, light concentration

: o Run 28. medium concentration

o Run 31, high concentration (near capacity flow) !
Rouseeq. with p=1

I
I
]

Rouse eq. with B =1.434

Ibw ﬁmn&vmﬁew'y condition the

04 0.6 08 1

Fig. Bla,b: Importance of saturation on concentration

B2 Analysis procedure

The following analysis , procedure was performed on experiments which provided the
concentration distributions; the data are summarized in Table B1.

i) The data considered are classed in one of the categories presented above.

Sometimes it has been difficult to judge if the flow was saturated or only in near—capacity
condition. In this case, by comparing similar flows, the one having the largest reference
concentration is considered in near—capacity condition. In case of doubt the run is assumed to be in

non-capacity condition. The analysis has been made only for runs falling in categories a and b.
il) The next step is to determinate the reference level,
C:a [kg/m3], measured at the reference level.

a[m], and the concentration,

The reference level is defined as the upper limit of the bed-load layer. Due to the difficulty of
measuring this layer it is usually assumed that the reference level, a, is the 5% of the depth:
a =0.05- h. If measurements on this level were not available the reference concentration has been
taken equal to the one measured closest to 0.05- 4.

ili) The hydraulic characteristics are taken from the publications (numbers written in italic) or
computed by the author of this thesis (numbers written in regular).

Flow discharge: Q [m3/s]

Flow depth: A [m]

Aspect ratio: B/h [--], where B is the channel width

Depth-averaged streamwise velocity: U [my/s], if taken from the publication

U [my/s]= Q/(B- h), if computed
Bed slope: S, [%]
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Reynolds number: Re [--]=

= (\{ £ , where R, [m] is the hydraulic radius and v, [m?2/s]

m

is the mixture kinematic viscosity, v, =v-(1+2.5- Cs)@‘i
Pn
Froude number: Fr[--]=U/./gh
Shear velocity: u, [m/s], usually taken as: u, =./gR,S,
Friction factor: f [--]=8(u./U)’
Equivalent roughness: k, [mm], computed by the Colebrook and White formula
uk,

Reynolds particle number: Re, [--]=

m

Karman constant: x[--]=0.4
iv) The sedimentary characteristics are taken from the publications (numbers written in italic) or
computed by the author of this thesis (numbers written in regular).

Nominal particle diameter: d, [mm]
Sediment density: p, [kg/m?]
Settling velocity: v, [mmy/s], taken in still, clear water
Depth—-averaged volumetric suspended concentration: C, [m3/m3]
massic suspended concentration: Cr [kg/m3]
Reference concentration volumetric: ¢s. [m3/m3]
massic: cs [kg/m?3]
Depth-averaged mixture density: p, [kg/m3]=p, +(p, - p.)-C,
ghp,(y=0)-p,(y="h)]

Richardson number: Ri[--]=

Ptk
Rouse number: z [--] = —
K-u,
. v 4
modified Rouse number: z'[--]= —&===
1= o

v) Subsequently, the Rouse equation for cs. <0.05[m3/m3] or the Hunt equation for
Cwa >0.05 [m3/m3] are evaluated by a best-fitting (least-square method) to obtain the f-values.
The corresponding Rouse number is z*[--] = z/B.

vi) The relative dimensionless sediment concentration profile, ¢/cs. vs. y/h, has been plotted.
For sake of comparison the Rouse equation with [_3 =1 is also plotted.

The scheme of the procedure is presented in Fig. B2.

The data of each investigation are commented on the following pages and are summarized in
Table B1. The data of each run are found on individual worksheets which are put at the end of this
Appendix.
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Fig. B2: Block diagram of the analysis procedure
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B 3 Remarks on the concentration distribution data used

The experimental installations in which the experimenters performed the runs (whose hydraulic
characteristics are summarized in Table B1) are described as follows:

1) Einstein and Chien, 1955

The experiments were conducted in a recirculating steel flume, 31 [cm] wide by 36 [cm] deep
and 12 [m] long. The velocity distribution was measured by a Pitot—tube special conceived to
operate very close to the bottom. The concentration distribution was measured by point integrating
samples siphoned from the flow through an iso—kinetic sampling tube. The water was separated
from the sediment and returned to the flume while the particles were dried, weighted and sieved to
determine the composition.

The bed roughness was composed by glued sand of the same kind of the suspended load. After

that a certain amount of sediment was added to the flow the measurement of velocity and
concentration was performed. Three sands were used: coarse, d,, =1.30[mm], medium,

dy, =0.94 [mm], and fine, d, =0.274 [mm]. The run was terminated when the amount of

sediment in the flow reached the saturation point and further increase in supply induced excessive
sediment deposition to the bed. All the flows investigated were supercritical ones.
A total of 16 runs was made but only 3 runs are considered as near-capacity flows.

2) Coleman, 1986

The recirculating flume was a rectangular Plexiglas channel 35.6 [mm] wide and 15 [m] long.
Velocity profiles were measured with a Pitot-static tube. Suspended concentration profiles were
obtained by a suction technique using an iso—kinetic pipette. When the clear—water uniform flow is
established, sand was added in 0.91 [kg] increments; measurements being made after each
addition. The sand was injected at the upstream end of the flume. Experiments were continued until
a highly concentrated continuously moving sheet of sand was observed on the flume bottom. The
experiments were repeated with three sands with nominal diameters of 0.105, 0.210 and 0.420
[mm]. A total of 40 runs were performed, but only three were in near-capacity condition: run 20,
31 and 40. All flows were subcritical ones.

3) Lyn, 1988

Experiments were performed in a 13 [m] long, 26.7 [cm] wide, tiltable recirculating flume. The
velocity profile was obtained with a laser Doppler velocimeter while the concentration profile was
measured by a suction method. The bottom was covered by a layer of erodible sand 2 [cm] thick.
The flow was thus a capacity flow. The lower boundary was defined as the point at which the bed
is found after the cessation of the flow. The runs performed were 10 but only 4 had a bed in
equilibrium. The 3 flows investigated were all subcritical ones.
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4) Wang and Qian, 1989

The experimental installation was composed by a recirculating tilting flume 20 [m] long, 30 [cm]
wide and 40 [cm] high. The bottom was hydraulically smooth. Only a 1% bed slope was
investigated. The velocity was measured using a total pressure probe. The concentration was
measured with the suction method. The longitudinal turbulence-intensity profile, shown in the
paper, is smaller than the clear-water one. The loss of turbulent energy is attributed by the authors
to collisions between suspended particles and turbulent eddies. No information about the vertical
turbulence intensity is reported. All the flows investigated were supercritical ones. A total of 12
runs were performed but only one was considered as near-capacity flow.

5) Sumer et al., 1996

Experiments were carried out in a recirculating tilting flume, 10 {m] long, 0.3 [m] deep and 0.3
[m] wide. Some tests were performed with a free surface and some with a flat lid on the surface to
avoid perturbation of the surface. The velocity profile was obtained with a Pitot tube while the
concentration was measured with a Delft-Hydraulics conductivity—type concentration meter. The
maximum concentration that this instrument can measure is nearly 50% in volume. A stationary
sediment bed, of the same composition as the sediment load, was present on the bottom assuring
the saturation of the flow. The authors provided the vertical concentration profiles for 9 of the 158
runs made, which are considered as capacity flow. Since the data are all duct-flow data and the
definition of the y-axis is not too clear, they must be considered with reservation.

6a,b) EPFL, 1997; EPFL, 1998

The recirculating flume was a rectangular channel 60 [cm] wide and 16.8 [m] long. The flume
had glass walls and a steel bottom on which an artificial roughness was glued by adequate
supports, see Ch. 2. The measurement of instantaneous velocity and concentration profiles was
made with an ultrasonic (APFP) instrument described in Appendix A. A calibration by suction was
made to calibrate the ultrasonic instrument. Sediments were added slowly to the flow; the
measurements started only after 4 [h] of flow circulation when the presence of a sediment layer
(= 2 [mm] thick) on the bed is assured. Two kinds of sediments were used: Sand I (EPFL, 1997)
with characteristic diameter of dy,=0.135[{mm] and Sand II (EPFL, 1998) with
ds, =0.230 [mm]. The measuring section is 13 [m] from the entrance of the channel, where the
boundary layer is assumed to be established. All flows were subcritical and considered as capacity
flows.

In the same flume used to investigate uniform suspension flows (EPFL, 1997, 1998), two runs
(capacity flows) were performed over bed forms (EPFL, 1997) using Sand I. The complete
description of the installation and the results can be found in Appendix D.
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B4 Other types of experiments

Here we evaluated experiments, which do not give concentration distribution directly but still
refer to capacity or pear-capacity flows. They are commented in the following page and are
summarized in Table B2a,b. The data have been drawn from the following publications:

7) Vanoni, 1946

8) Vanoni and Nomicos, 1960

9) Coleman, 1970

10) Nordin and Dempster, 1963

7) Vanoni, 1946

The experiments were performed in a channel 84.5 [cm] wide and 18.3 [m] long in which both
the bed slope and the discharge could be varied. The bottom of the channel was a steel plate
artificially roughened with sand. Water depths were measured with a point gage with a precision up
to 0.305 [mm]. Velocities were measured with a pitot static tube having a diameter of 4.8 [mm] of
the standards Prandtl design. The sediment distribution was determined by suction with an iso—
kinetic pipette having a diameter of 7.9 [mm)]. The 1 liter sample was filtered, dried and weighted to
compute the mean concentration. Sediments used as suspended load were graded sand whose
settling velocity in clear water was calculated theoretically.

In the first series of experiments the bed slope was kept constant and the discharge was varied.
The bottom roughness was composed of sand different from the one used as suspended load. In
the second series three sizes of suspended load, two depths and two bed slopes were investigated.
A total of 22 runs were performed but only one (run 11) has been judged to be in near-capacity
condition. The vertical mean concentration profiles were not given.

8) Vanoni and Nomicos, 1960

The flume was 12.2 [m] long and 27 [cm] wide. The velocity profile was measured with a
Prandtl pitot-static tube while the concentration profile was obtained by suction. A run with
uniform flow was first established with determination of depth, water discharge, sediment
discharge and slope. Subsequently, the flow was stopped and the water drained off. The bed,
having bed forms, was then solidified by spraying with chemicals. After the chemical had set,
experiments with the stable bed were made, first using clear water and then varying small amounts
of sediment added to the system. The four runs, on a total of 25, considered here had a bed of
loose sand covering the fixed bed. These runs, were classed in category a-2.

Both authors, Vanoni (1946) and Vanoni and Nomicos (1960) evaluated their measured vertical
concentration profiles (not given in the publications) and obtained the modified Rouse number, z’,

. . . . . 17 1
being a best fitting to the modified Rouse equation. One can write: 2" = —=—. —[—-3-
K-u,



The settling velocity, v, and the shear velocity, u,, were taken from the authors, while the

Karman constant was posed equal tok = 0.4. Thus, the S-value could be evaluated.

9) Coleman, 1970

The recirculating flume was a rectangular Plexiglas channel 35.6 [mm] wide and 15 [m] long. A
combination probe measured both the velocity profile —by a pressure transducer — and the
concentration by suction. A total of 16 runs were performed with two particle diameters and 8 flow
conditions. In the experiments a flow depth and a discharge were selected, and the flume slope was
adjusted until flow was uniform in the vicinity of the measuring section. Sand was then added to
the flow in small amounts until the flow was carrying sand in suspension at capacity without
forming a sand bed.

Coleman (1970), does not present the vertical suspended concentration profile but gives the
vertical distribution of the sediment diffusion coefficient calculated according to:

v’ — -
5 where: ¢/ =cs-v
L)

55
oy
The sediment flux, ¢/, was computed by Coleman, knowing the vertical mean concentration
profile, c,(y), and the settling velocity, v,.. Dimensionless sediment diffusion coefficient profiles,

E =

as presented by Coleman, are plotted in Fig. B3.

b u
ocelg %
0.347 Q.64
0.414 g oen :
0.4 ¢ 02 ¢
0.008 04> ¢ 0.706 ¢
04 o 088 ¢
0004 081 ¢ 0.840 g
’ ! 0% ¢ 0084 g
o8O ¢ 0.908 g

Fig. B3: Sediment diffusion coefficient as presented by Coleman, 1970.
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The depth-averaged -value can be calculated as being the ratio of the depth-averaged value of

the sediment and the momentum diffusion coefficient;

1 h
N h_aJ8s~dy -
f=—Ft——== (B1)
1 En
Zjlem'dy
0

The depth-averaged value of the sediment diffusion coefficient, €, has been obtained by
numerical integration of the profiles in Fig B3, while the depth-averaged value of the momentum
diffusion coefficient, €x, can be easily obtained by its theoretical value:

K-u-h

e (B2)

y=h
£, =Ku.%(h—y) =  Em= -;;y!osm dy=

10) Nordin and Dempster, 1963

Samples of suspended sediment and measurements of velocity in a vertical were used to define
vertical concentration distribution and velocity profiles for cross sections in reaches of the Rio
Grande near Bernalillo and Socorro, N. Mex., USA. The Bemalillo and Socorro data series were
considered because the river bed was in equilibrium. The 23 observations presented were grouped
in category a-2 due to the presence of bed forms. Limited data for the Rio Puerco, a tributary of the
Rio Grande, also are included but they have not been considered here because the river bed was
clay-armored.

Velocities were measured with a Price current meter and samples of suspended sediment were
collected at points in the vertical with a US P-46 sampler or a modified DH-48 hand sampler. The
number of measurement points in a vertical varied from 3 to 5. Obtained concurrently with velocity
and suspended-sediment samples were water discharge, width, mean depth, mean velocity, water
temperatufe, water-surface slope, and bed-material samples. The vertical distribution of suspended-
sediment concentration for several size ranges was determined from particle-size analysis of point-
integrated samples. The size ranges investigated were: 0.062-0.125 [mm], 0.125-0.250 [mm)], and
0.250-0.500 [mm].

The authors do not present the vertical mean concentration profiles. They obtained, for each size
range, the modified Rouse number, z‘, fitting the river concentration distribution to the modified
Rouse equation. Thus, it has been possible to compute the B-value of each size ranges for all the

observations on the Rio Grande.
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B5 Discussion

The data from the literature — 9 publications are retained for our study — have been evaluated to
obtain the J-values; they are supplemented with the results of this thesis. In 5 publications
referring to channel data (n.° 1-5) the measured concentration profiles are given; thus it was
possible to obtain the B-values by best-fitting the Rouse or Hunt equation to the vertical mean
concentration profiles (using the least-square method). The results are summarized in Table B1.

In 2 publications referring to channel data (n.° 7, 8) and 1 publication referring to river data
(no°® 10) the modified Rouse number, z’, best-fitting the measured vertical mean concentration
profiles (not given in the publications) was presented. Using the values of z, the B-values have
been computed. The channel data are summarized in Table B2a, while the river data are
summarized in Table B2b.

In 1 publication referring to channel data (no® 9) the sediment-diffusion coefficient profiles were
given. The PB-values were obtained dividing the depth-averaged value of the sediment diffusion
coefficient profile by the depth-averaged value of the theoretical momentum diffusion coefficient
profile, see eqs. B1 and B2. The results of this computation are presented in Table B2a.

An important parameter involved in the diffusion of sediments is the settling velocity, v,. On
the other hand, another important parameter involved in the momentum diffusion is the shear
velocity, u.. Thus, it seems reasonable to scale the f—values with the parameter v_/u.. The plot of
B = f(v,/u.) is presented in Fig. B4 for channel and river data plotted separately and together.

In a second approximation also the suspended concentration affects the diffusion of fluid and
sediment particles (see the effects of the increasing concentration on the B-values, Fig. B1). The
effect of the suspended concentration can be summarized by the ratio of depth-averaged
concentration, Cr, and the reference concentration, csa. The parameter thus-obtained is:
v, /u,-C"[cra. The plot of B=f (v” fu,-C"/ E:"a) is presented in Fig. B4 for channel and river
data.

The dimensionless parameter, v, /u., does not scale well — especially for river data (see Fig.
B4) — the P -values. A proportionality of the B -values to the parameter v_/u, is however
somehow evident in channel data.

By using channel data, the proportionality of the B -values to the parameter v, /u,-C,/c, is
more evident.

Fig. B4 can be used to obtain an approximated JB-value to establish the vertical concentration
profile using the Rouse or Hunt equations. In Fig. B4 the black points (group a) represent B-
values referring to suspension flows in capacity condition without bed forms. The gray points
(group b) refer to flow in near-capacity condition or to flow in capacity condition but in presence of
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Group: a-1: capacity flow
a-2: capacity flow
with bedforms

b: near-capacity flow

Comparison with literature

B (best fit)
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Fig. B4: Resume of the data taken from the literature
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bed forms. It seems that the scatter of the gray points (near-capacity or bed forms) in all plots is
larger than the black points one (capacity condition).

The B-values obtained from the Rio Grande river (Nordin and Dempster, 1963), show large B-
values, 1< B < 4. It seems reasonable to think that the bed forms — usually present in river flows —
are at least partially responsible for these large B-values. In Appendix D, where the results of the
experimental investigation of suspension flow over bed forms are presented, this discrepancy is
studied.

In Fig. B4 the B -values referring to supercritical flow are distinguished using a special symbol
(gray flag). No special difference on the JB -values tendency can be observed for sub- and
supercritical flows.

B 6 Conclusions

This Appendix evaluates and summarizes the results of this thesis and the available data on
suspension flows — investigated in laboratory channels and in natural river —~ as found in the
literature. Only data which are considered to be capacity or near-capacity flow data were analyzed.
These data are compared with the ones obtained in this thesis investigating suspension flows in
capacity condition. The following conclusions can be drawn:

i) The B -values can be scaled using dimensionless parameters, v, /u, or v, /u.-C" /5. The
resulting plots (see Fig. B4) can be used to obtain an approximated f-value to establish the vertical
concentration profile using the Rouse or Hunt equations.

ii) The proposed scaling parameters seem to correlate acceptably the B -values only in case of
capacity flow. The B -values are usually B<1. If the flow is in non-capacity flow or if bed forms
are present, the B -values are usually f>1 (see Fig. B4).

iii) Sub- and supercritical flow conditions seem not to influence the B-values (see Fig. B4).

iv) According to the value of v, /u, or v, /u,-C™[ci, the B-values can be smaller (suspension
flow over plane bed), equal, but also larger (suspension flows over bed with bed forms) than
unity.
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Data from cy' -profile

1) Einstein and Chien, 1955 (pp. B-20 - B-22)
2) Coleman, 1986 (pp. B-23 - B-25)
3) Lyn, 1988 (pp. B-26 - B-28)
4) Wang and Qian, 1989 (p. B-29)

5) Sumer, Kozakiewicz, Fredspe and Deigaard, 1996 (pp. B-30 - B-38)
6a) EPFL, 1997 (pp. B-39 - B-49)
6b) EPFL, 1998 (pp. B-50 - B-57)

The data of each run are found on individual worksheets which are put at the end of this
Appendix.

On the next page is presented such a worksheet for a typical run (example: run 155 made by
Sumer et al., 1996). All the numbers written in italic were given by the experimenter, the others
were calculated by the author of this thesis.

The presence of a flat sediment layer on the bed, as described by Sumer et al., suggests to class
this run in group a-1.

The reference concentration has been taken equal to the one measured closest to a =0.05-#h,
such as:
csa =Cs (y=0.048-h)=339.73 [kg/m3] or ¢, =0.1282 [m3/m3]

The volumetric reference concentration, ¢ =0.1282 [m3/m3], is larger than 0.05, therefore the
best fitting has been made to the Hunt equation leading to a f—value of 0.5649.

In the graph are presented the dimensionless concentration profile given by the experimenter, the
Rouse equation (_B =1) and the Hunt equation in which B =0.5649. The Rouse equation with
[_3 =0.5649, has been calculated (seventh column) but has not been plotted. The agreement
between the Hunt equation and data points is much better than the one obtained with the Rouse
equation (B =1).

It is important to note, that this run has been performed under a very special condition. On the
surface a flat lid was present to avoid perturbation of the surface. Observations on the characteristic
of the instrument or on the condition of the flow are written in the remarks below the graph.
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Name of the experimenter
(Sumer et al) (1996)

Kind of sediment used
Sediment concentration distribution Il
Name /
of (Run — X155) {Sand:particles 'd= 0:130 fmm] | [Group a-1 | Classification
the run V\of the run
easured Calculated
Rouse eq. fzRouse eq Hunteq
o : B=1 [ per | 7
By yh 2@ AlE (volum) | Cifw C:fCu . - y/h pm
_fem} [-) kg% Il [%) -] - '] [Eﬁ’m’]
T 1030 0.048]__ 339.73. 1252 17000 1 1.62E+01 1.
07000871 273.22 1031 0.804 AT PR TIIEA00] 117012
:0.90 0.086f :236.38 8.92 0.696 2 0.611 3 0.665]  4.52E+00 1147.
1,10 0.103] __213.43. 813 0.634 S 0313]_ 0572] 4.12E+00] _1134.15
7.30 0124 767.22 831 0.492 0.443]_ 0.302] 3.20E+00]  1104.12
—2.90 0.277]_.66.25 2.50 0.193 0.203] - 0.544] T.OIE+D1] 10412
3001 0.763_ 0.00 0.00 0.000 0.038] __0.04§] 0.00E+00] __ 1000.
The modified Rouse and the Huni {x\ The depth-averaged quantities are
) equations refer to the best fitting B-value calculated by the author
The vertical concentration profile Depth aver Ch= | 434
has been presented by the Depih aver. i Pa= 102704 / Summary of the flow
experimenter y characteristics
[ h=0.1040 N fm} -
;o 10005 " e Dan _S(Beddope)=as8835~ 03 % [-] %
L : i ; : mis) o )
: a Rouse B=1 i ST
I'. lee---- Hunt F=0.5649 B e L2 C g lmis)
' ) MF)- 112 0, 5
) afrefer)= 0.005 & = “i(m] ..
0750% LTh = 33973 4 [kg/m’]
5 | =c./p, =0, 1282 ?‘ [m’/m’] b
\ =+ | I 2650 ;¢
; Best-fitting ﬂwalue i v, =:0.012
Y Hunt equanon ""”/('““) 0443
¥ § 0.500 ; '
i \‘
i s
: \,
L0250 e o BT
i o et 1o 8Mear=2a)- 0 =H] | .
! [ ST | |
i 7 ks
| .
i 0.000 ' ' - Richardson number calculated by
| 0.0 0.2 04 0.6 0.8 1.0 the author
-l C:/-C-u

Remarks:  Group a-1 (Data interpreted as capacity flow and considered with reservation)
Laboratory channel, aspect ratio= B/h

Very high reference concentration o=

339.73 [kg/m’]

The run has been performed with a flat lid on the surface to avoid surface instability
Dcfini.tion of the y-axis not too clear

Velocity profiles available. No measurements on turbulence intensity and diffusion coefficients
Supercritical flow

= 0.1282 [m’m’]
Concentration measured with a Delft-Hydraulics conductivity-type concentration meter (CCM)

> 0.05 [m’m’]=> Hunt eq.

The numbers written in italic are the original values given by the

experimenter. The other values have been calculated

Typical example of a worksheet

B-19



[Einstein and Chien, (1955) Sediment concentration distribution

{Run S4 | |Sand particles d= 1.300 [mm] | |Group b
Measured Calculated
Rouseeq. | Rouseeq. | Hunteq.
B=1 B=1 B#1
y y/h e Cs (volum) C:/L-‘u C:/Zn E:/Eu (-‘:/Eu - y/h pm
[cm] (-] [kg/m’) [%] L] (] [-] [-] fkg/m’) [kg/m’)
0.75 0.065 194.00 7.32 1.000 1.000 1.000 1.000[ 1.26E+01 1120.79
0.81 0.070 197.50 7.45 1.018 0.833 0.885 0.890]  1.03E+00, 1122.97
0.90 0.078 174.50 6.58 0.899 0.647 0.747 0.757] _ 1.39E+00 1108.65
1.02 0.089 150.00 5.66 0.773 0478 0.610 0.622]  1.58E+00 1093.40
1.20 0.104 102.40 3.86 0.528 0.321 0.467 0.480] 1.62E+00 1063.7
1.45 0.126 64.25 242 0.331 0.203 0.345 0.356] 1.36E+00 1040.00
1.69 0.147 40.50 1.53 0.209 0.138 0.265 0.275] _8.50E-01 1025.22
1.99 0.173 23.65 0.89 0.122 0.089 0.199 0.207]  6.24E-01 1014.73
2.30 0.200 16.08 0.61 0.083 0.061 0.154 0.160}  4.28E-01 1010.01
2.69 0.234 8.78 0.33 0.045 0.039 0.114 0.120]  2.99E-01 100547
Depth aver. Fordl™S 21.78  [kg/m’]
Depth aver. P.= 101356 [kg/m’]
h= 0.115 [m]
1000 e Dat | S (Bed stope)= 2.50E-02  [--)
_ u.= 0.143 {m/s]
Rouse PB=1 1 = 0.4 -]
~——Humt B=05649 | U= 2.10] [ms}
Fr= 198 [}
a(refer.)= 0.0075 [m]
0.750 - n = 194,00 kg/m’)
Cw =Cufp, = 0.073 [m¥m?)
P, = 2650 kg/m’]
v, = 0125 [mvs]
z=vflon)= 2190 [}
< 0.500 { . .
A Best fitting on § (Hunt equation)
[ B= 14946
0.250 | Ri= 6.31 [}
} Ril-]= ghp.(y=a)- p.(y="h)]
b-n : u.z
0.000 ; : — +
0.0 02 04 0.6 08 1.0
Elﬁn
Remarks: Group b  (Data interpreted as capacity-flow)
Laboratory channel, aspect ratio= Bfh =2.7 ’
High reference concentration Cre= 194.00 [kg/m’} = 0.07 [m¥m’] > 0.05 [m%m’]=> Hunt eq.
Concentration measured with a suction method
The concentration distribution has not been measured in the upper part of the flow
Bed roughness composed by glued sand of the same kind of the suspended load
Velocity profiles available. No measurements on turbulence intensity and diffusion coefficients
Supercritical flow
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[Einstein and Chien, (1955) Sediment concentration distribution

[Run___ S-10 | |Sand particles d=0940 [mm] | |Group b |
Measured Calculated
Rouseeq. | Rouseeq. | Hunteg.
B=1 LES B=1
y y/h o ¢+ (volum) C:fCi €1/Caa €s/Csa E:/Z‘u cr y/h pm
{cm] -] (kg/m’] [%) -] [ [ [-] kg/m’] [kg/m’]
0.62 0.048 187.80 7.09 1.000 1.000 1.000 1.000] 8.92E+00 1116.93
0.68 0.052 166.00 6.26 0.884 0.822 0.825 0.835| 7.82E-01 1103.36
0.80 0.062 125.20 4.72 0.667 0.580 0.586 0.604] 1.19E+00 1077.95
0.99 0.076 79.80 3.01 0.425 0.375 0.382 0.399] 1.13E+00 1049.69
1.23 0.095 42.50 1.60 0.226 0.232 0.238 0.252]  8.09E-0! 1026.46
1.54 0119 22.35 0.84 0.119 0.142 0.147 0.156]  5.32E-01 1013.92
1.85 0.142 12.10 0.46 0.064 0.094 0.098 0.105] 2.87E-0l 1007.53
231 0.178 5.66 0.21 0.030 0.056 0.059 0.063] 2.01E-01 1003.52
Depth aver. Fordl) 13.86  [kg/m’)
Depth aver. Pa= 1008.63  [kg/m')
1,000 h= 0.12993 [m]
! S (Bed slope)= 1.84E-02  [--]
o Daua u.= 0126 (ms]
Rouse B=1 ; e 04 -]
------ Hunt B=1.0193 ; U= 201 [ms)
Fr= 178 {--1
a(refer.)= 0.00617245 [m]
0.750 4 | ¢ = 187.80 [kg/m’)
i Cu=Cofp, = 0.071 [m’/m’]
: p. = 2650 kg/m’]
v, = 0.099 {m/s]
z=v,f(0s) = 1.966 [--]
- S 0500 : Best fitting on B (Hunt equation)
[ B= 1.0193|
0250 ¢ 3 Ri= 9.02 {--]
B\ Ri[-]= ghp.(y=a)-p.(y=h)]
d - P ut
0.000 + -+ + +
0.0 0.2 04 0.6 0.8 1.0
Z‘J/ZM
Remarks: Groupb  (Data interpreted as capacity-flow)
Laboratory channel, aspect ratio=B/h = 2.8
High reference concentration Ch = 188 [kg/m’}] = 0.07 [m’m’} > 0.05 [m/m’}=>Hunt eq.
Concentration measured with a suction method
The concentration distribution has not been measured in the upper part of the flow
Bed roughness composed by glued sand of the same kind of the suspended load
Velocity profiles available. No measurements on turbulence intensity and diffusion coefficients
Supercritical flow
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|Einstein and Chien, (1955) Sediment concentration distribution

[Run S-15 | {Sand particles d=0.274 [mm] | [Group b ]
Measured Calculated
Rouseeg. | Rouseeq. | Hunteq.
B=1 Bzl B#1
y »h o z, (volum) |  €ifce &fcu CfCuc CefCun & y/h pm
fem] [ [kg/m’] [%] -] [ ] (-] [kg/m® (kg/m’]
0.61 0.049 537.50 20.28 1,000 1.000 1.000 1.000] _ 2.64E+01 1334.67
0.76 0.061 433.00 16.34 0.806 0.836 0.695 0.777]_5.29E+00 1269.60
0.95 0.076 336.00 12.68 0.625 0.701 0.436 0.593]  4.96E+00 1209.21
1.19 0.096 256.00 5.66 0.476 0.578 0.329 0.433] 5.08E+00] _ 1159.40
1.50 0.120 173.40 6.54 0.323 0.476 0.222 0.308] _4.26E+00 1107.97
1.80 0.143 122.00 4.60 0.227 0.404 0.159 0.229] 3.00E+00 1075.96
2.26 0.152 72.20 3.72 0.134 0.329 0.105 0.155]  2.66E+00 1044.95
2.72 0.218 42.20 1.59 0.079 0.276 0.073 0.111] 1.54E+00]  1026.28
3.8 0.236 2543 0.96 0.047 0.236 0.053 0.082]  9.52E-01 1015.85
3.79 0.305 12.22 0.46 0.023 0.196 0.037 0.056] _ 6.00E-01 1007.61
441 0.355 59 0.22 0.011 0.165 0.026 0.040] 2.93E-01 1003.67
Depth aver. ford™ 55.00 fkg/m’)
Depth aver. Pu= 1034.25  [kg/m’}

1.000 h= 0.124 [m]
- S (Bed slope)= 2.50E-02  [--]
e ga“‘ u. = 0.120 [m/s}
ouse B =1 x= 0.4 [_-]
------ Hunt fB=0.493 U= 2025 {m/s]
Fr= 183 {-]
a(refer.)= 0.0061 {m]
0.750 o= 53150 [kg/m’)
Cu=Cufp,= 0.203 (m*/m’)
.= 2650 [kg/m’)
v, = 0.037 [ms)
z=v, f(xe)= 0.763 {--]
S, 05001 Best fitting on B (Hunt equation)
| B= 0493
0.250 | Ri= 2718 1]
o 1_gHp.y=a)-p.y=h)]
Ri[-]= 5 -u?
Pn-u
0.000

0.0

Remarks: Groupb  (Data interpreted as capacity-flow)
Laboratory channel, aspect ratio=B/h = 2.8
Very high reference concentration o= 538 [kg/m’] = 0.20 [m¥m’] > 0.05 {m%m*)=>Hunt eq.
Concentration measured with a suction method
The concentration distribution has not been measured in the upper part of the flow
Bed roughness composed by glued sand of the same kind of the suspended load
Velocity profiles available. No measurements on turbulence intensity and diffusion coefficients
Supercritical flow
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[Coleman (1986):

Sediment concentration distribution

[Run 20| [Sand particles d=0.105 [mm] | (Group b |
Measured Calculated
Rouse eq. | Rouseeq. | Hunteq.
B=1 B=1 Bzl
y/h Z‘,- E, (volum) E:/Zu Z':/Eu (-.':/Z'u E;/Zu l-.':' . y/h pm
[cm] -] kg/m’] %) -] (-1 [-] [--] [kg/m’) [kg/m’)
0.60 0.035 60.95 23 1.000 1.000 1.000 1.000] _2.15E+00] _ 1037.95
1.20 0.071 31.80 1.20 0.522 0.700 0.533 0.543) 1.12E+00] __ 1019.80
1.80 0.106 31.73 0.82 0.357 0.564 0.363 0.373] _767E-01] _ 1013.53
7.40 0.141 16.17 0.61 0.265 0.480 0.214 0.282] _ 5.71E-01] __ 1010.07
300 0.176 12.72 0.4 0.209 0422 0.218 0.225] _4.49E-01] __ 1007.92
3.60 0.271 8.75 0.33 0.143 0.323 0.136 0.141] _ 8.23E-01] __ 1005.45
6.90 0.406 6.89 02 0.113 0.240 0.080 0.083] 9.32E-01] __ 1004.29
9.10 0.535 4.24 1 0.070 0.186 0.051 0.053] _5.49E-01] __ 1002.64
12.20 0.718 2.014 0.08 0.033 0.126 0.026 0.027] __3.67E-01] __1001.25
13.70 0.506 1.06 0.04 0.017 0.099 0.017 0.018] _ 9.35E-02] __ 1000.66
15.20 0.894 0.53 0.02 0.009 0.070 0.009 0.010] _4.68E-02] _ 1000.33
16.20 0.953 0.2915 0.01 0.005 0.046 0.004 0.004] _1.71E-02] __1000.18
Depth aver. Cr = 789  [kg/m’]
Depth aver. P.= 100491 [kg/m’]
F= 0170 [m]
1.000 S (Bed slope)= 2.00E-03  [--]
: o Daa u.= 0.041 [m/s]
| Rouse pB=1 ' 0.4 ]
{——— Rouse B=0.5658 U= 1.058 [(mvs]
! Fr= 082 (-
a (refer.)= 0.0060 {m])
0.750 4 o= 60.95 fkg/m’]
Cu=cufp, = 0.023 [m/m’)
' P, = 2650 (kg/m)
v, = 0.008 (m/s]

s 0.500 +

z=v,f(a) = 0.488 -]

Best fitting on B (Rouse equation)

Concentration measured with a suction method
Bottom hydraulically smooth
Velocity profiles available. No measurements on turbulence intensity and diffusion coefficients

| B= 05658
0.250 + Ri= 37.29 -]
= - = h
\ rif. = £1P=9) 2P.(y )
| Po t:
0.000 ; :
0.0 0.2 04 0.6 0.8 1.0
¢fCm !
]
Remarks: Groupb  (Data defined by the author as "near-capacity flow")
Laboratory channel, aspect ratio= B/h = 2.11 .
Small reference concentration = 60.95 fkg/m’] = 0.023 [m'm’] < 0.05 [m'm'}=>Rouse eq.
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[Coleman (1986): Sediment concentration distribution |

[Run 31| |Sand particles d=0.210 [mm] ] [Group b |
Measured Calculated
Rouseeq. | Rouseeq. | Hunteq.
y y/h cr ¢: (volum) Cofcs Cifcu CifCu Cifcre & ylh pm
[cm] -] [kg/m’) (%] -] =1 Bzl | Bzl kgm) | [kym)
0.60 0.035 31.80 1.20 1.000 1.000 1.000 1.000] 1.11E+00 1019.80
1.20 0.070 16.70 0.63 0.525 0.393 0.521 0.523 5.82E-01 1010.40
1.80 0.105 10.60 0.40 0.333 0.222 0.351 0.353 3.70E-01 1006.60
2.40 0.140 7.95 0.30 0.250 0.146 0.262 0.263 2.77E-01 1004.95
3.00 0.174 6.36 0.24 0.200 0.104 0.207 0.208 2.22E-01 1003.96
4.60 0.267 4.24 0.16 0.133 0.052 0.127 0.128] 3.94E-01 1002.64
6.90 0.401 3.18 0.12 0.100 0.024 0.074 0.074 4.25E-01 1001.98
9.10 0.529 2.04 0.08 0.064 0.012 0.046 0.047 2.61E-01 1001.27
12.20 0.709 1.09 0.04 0.034 0.005 0.023 0.023 1.96E-01 1000.68
13.70 0.797 0.80 0.03 0.025 0.002 0.015 0.015}  6.93E-02 1000.50
15.20 0.884 0.53 0.02 0.017 0.001 0.008 0.009 4.62E-02 1000.33
16.20 0.942 0.40 0.02 0.013 0.000 0.004 0.004 2.31E-02 1000.25
Depth aver. T = 398  [kg/m’]
Depth aver. Pm = 100248 [kg/m’)
1,000 h= 0.172 [m]
. i S (Bed slope)= 2.00E-03 {--1
L ;o Dan u = 0.041 {m/s]
: Rouse B=1 <= 0.4 (-]
* j——— Rouse B=14341 U= 1.045 [m/s]
\ Fr= 080 &
o a (refer.)= 0.0060 [m]
0.750 §, o = 31.80 kg/m’)
Ld Cu =Cufp, = 0.012 [m¥m’]
! P. = 2650 kg/m’)
‘\ v, = 0.02] [m/s]
z=v, (xu.) = 1.280 [--]
50507 Best fitting on B (Rouse equation)
| B= 14341
0250 | Ri= 1958 [
= - = h
Ril]= ghp.(y=a) 1P.(y )]
P, -u
0.000 + : . ,
0.0 0.2 04 0.6 0.8 1.0
Et/z'n
Remarks: Groupb  (Data defined by the author as "near-capacity flow")
Laboratory channel, aspect ratio=B/h=2.11
Very small reference concentration a= 31.80 kg/m’] = 0.012 [m/m'l] < 0.05 [m’m’)=>Rouse eq.
Concentration measured with a suction method
Bottom hydraulically smooth

Velocity profiles available. No measurements on turbulence intensity and diffusion coefficients
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[Coleman (1986):

Sediment concentration distribution

(Run 40| (Sand particles d= 0420 [mm] | (Group b i
Measured Calculated
Rouse eq. | Rouseeq. | Hunteq.
B=1 B=1 B=1
y yh o e (volum){  €:fCsa Sofen €:fCun Gifer o yih pm
[cm] ] [kg/m’] (%] ] ] -] [ kg/m’] fkg/m’]
0.60 0.035 6.89 0.26 1.000 1.000 1.000 1. 2.42E-01 1004.29
1.20 0.070 2.92 0.11 0.423 0.132 0.450 0.450 1.02E-01 1001.82
1.80 0.105 1.70 0.06 0.246 0.038 0.277 0.277] 5.95E-02 1001.06
2.40 0.140 1.22 0.05 0.177 0.015 0.193 0.194] 4.28E-02 1000.76
3.00 0.175 1.11 0.04 0.162 0.007 0.145 0.145 3.91E-02 1000.69
4.60 0.269 0.80 0.03 0.115 0.002 0.079 0.080] 7.44E-02 1000.50
6.90 0.404 0.66 0.03 0.096 0.000 0.041 0.041 8.91E-02 1000.41
9.10 0.532 0.42 0.02 0.062 0.000 0.023 0.023] 5.45E-02 1000.26
12.20 0.713 0.32 0.01 0.046 0.000 0.010 0.010] 5.76E-02 1000.20
13.70 0.801 0.26 0.01 0.037 0.000 0.006 0.006] 2.25E-02 1000.16
15.20 0.889 0.21 0.01 0.031 0.000 0.003 0.003 1.86E-02 1000.13
16.20 0.947 0.18 0.01 0.027 0.000 0.001 0.001 1.07E-02 1000.11
Depth aver. T = 081 [kg/m’]
Depth aver. Pn= 1000.51  [kg/m’]
i 000 h= 0.171 [m}
; 1. S (Bed slope)= 2.20E-03  [--]
o o Daa u. = 0.045 (ws)
Rouse P=1 x= 0.4 (-]
. —— — Rouse B=2539 U= 1051 [mvs]
Fr= 0381 (-]
| o a(refer.j= 0.0060 {m]
0.750 ! o = 6.89 (kg/m’]
‘l . Zu=E2/p, = 0.003 (m/m’]
I P = 2650 [kg/m’)
{ ., = 0.050 (m/s}
1 2=v, floe) = 2.778 -]
os00 )
S 05994 “ Best fitting on B (Rouse equation)
\ e | B= 2539
\
) Ri= 348
i 0.250 ; \\° = 1]
Ril-]= gHp.(y=a)-p.(y=h)]
10
t
Remarks: Group b  (Data defined by the author as “near-capacity flow")
Laboratory channel, aspect ratio= B/h = 2.11
Very small reference concentration n= 6.89 [kg/m’] = 0.003 {(m/m*’] < 0.05 {m’m’]=>Rouse eq.

Concentration measured with a suction method
Bottom hydraulically smooth
Velocity profiles available. No measurements on turbulence intensity and diffusion coefficients
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[Lyn (1988): Sediment concentration distribution |
IRun 1565EQ) [Sand particles d=0.150 [mm] | |Group a-1 |
Measured Calculated
Rouseeq. | Rouseeq. | Hunteg.
B=1 B=1 B#1
wh o Z, (volum) | Cif¢sa C:/Cre &ifC ¢ifC or-yth pm
[cm] [-] [kg/m’] (%] [ [-] [-] [-] [kg/m’} [kg/m’]
0.00 0.065 10.00 0.38 1.000 1.000 1.000 1.000]  6.50E-01 1006.23
0.01 0.093 5.69 0.2] 0.569 0.648 0.553 0.555]  1.59E-01 1003.54
0.01 0.109 3.90 0.15 0.3%0 0.532 0.423 0.424]  6.23E-02 1002.43
0.01 0.124 3.21 0.12 0.321 0.452 0.339 0.340] 4.82E-02 1002.00
0.01 0.162 2.20 0.08 0.220 0.319 0.211 0.212]  8.36E-02 1001.37
0.01 0.178 1.93 0.07 0.193 0.281 0.177 0.178]  3.09E-02 1001.20
0.01 0.209 1.36 0.05 0.136 0.225 0.131 0.131 4.20E-02 1000.84
0.02 0.264 0.94 0.04 0.094 0.160 0.082 0.083] 5.15E-02 1000.58
0.02 0.326 0.641 0.02 0.064 0.114 0.052 0.052] 3.97E-02 1000.40
0.03 0.395 0.458 0.02 0.046 0.082 0.033 0.033 3.16E-02 1000.29
0.03 0.504 0.245 0.01 0.025 0.050 0.017 0.017]  2.67E-02 1000.15
0.04 0.620 0144 0.01 0.014 0.029 0.008 0.008 1.67E-02 1000.09
0.05 0.713 0.091 0.00 0.009 0.018 0.004 0.004]  8.46E-03 1000.06
0.05 0.822 0.053 0.00 0.005 0.009 0.002 0.002] 5.78E-03 1000.03
0.06 0,930 0.0315 0.00 0.003 0.003 0.000 0.000]  3.40E-03 1000.02
Depth aver. Cr = 126  {kg/m’]
Depth aver. Pu = 1000.78  [kg/m’]
1000 h= 0.0645 {m)
. S (Bed slopeys 2.44E-03 -]
¢ Daua u.= 00358  [mis)
Rouse B=1 : <= 0.4 (-
------ Rouse B=0.7337 ] U= 0.628 {m/s}
Fr= 0.79 [--]
a(refer.)= 0.0041925 [m]
0.750 %= 10.00 [kg/m’]
cu =Cafp, = 0.004 [m¥/m’]
P, = 2650 fkg/m’}
v, = 0.016 {mJs)
z=v fa)= 1.117 [--]1
0.500 +
i Best fitting on B (Rouse equation)
| B= 07337
0.250 | ki= 306 (-]
1 8HP.y=a)- Py =h)]
Ril-]= ]
Po
0.000 + ; -
0.0 0.2 04 0.6 0.8 1.0
¢i1fcu
Remarks:  Group a-1 (Data made available by Lyn (1997) confirming capacity condition)
Laboratory channel, aspect ratio= B/h=4
Small reference concentration o= 10.000 (kg/m’} = 0.004 [mVm’] < 0.05 {m*m’]=>Rouse eq.
Bed covered by a layer of fine sand, estimated to be of diameter, 0.15 [mm)] or less
Concentration measured by suction
The origin of y is the top of the sediment bed found after the cessation of flow
Subritical flow
Velocity and turbulence intensity profiles available. No measurements on diffusion coefficients
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[Lyn (1988): Sediment concentration distribution

[Run 1965EQ| {Sand particles d=0./90 [mm] | [Group a-1 |
Measured Calculated
Rouse eq. | Rouseeq. | Hunteq.
B= Bzl B=l
¥ wh & S (volum) | ©ifce €ftu Cifcw ¢ifCu ¢ - y/h pm
[cm) (-] (kg/m’ [%] (-] (-] [-] -1 (kgm’] | [kg/m’]
0.00 0.072 6.22 0.23 1,000, 1,000 1,000 1.000] _ 4.48E-01] _ 1003.87
0.0l 0.088 416 0.16 0.669 0.716 0.635 0.635] __6.66E-02] _ 1002.50
0.01 0.098 2.45 0.09 0.394 0.597 0.496 0.496 2.45E-02 1001.53
0.0l 0.123 7.97 0.07 0.317 0.403 0.291 0.292] _4.93E-02] __1001.23
0.01 0.137 1.45 0.05 0.233 0.334 0.225 0.225] _2.03E-02] __1000.90
0.01 0.169 0.96 0.04 0.155 0.228 0.134 0.134 3.08E-02 1000.60
0.01 0.187 0.69 0.03 0.111 0.189 0.104 0.104 1.24E-02 1000.43
0.02 0.231 0.45 0.02 0.072 0.125 0.059 0.060 1.96E-02 1000.28
0.02 0.257 0.36 0.01 0.058 0.101 0.044, 0.044 9.36E-03 1000.22
0.02 0.308 0.245 0.01 0.039 0.069 0.026 0.026 1.25E-02 1000.15
0.02 0.341 0.193 0.01 0.031 0.055 0.019 0.019 6.37E-03 1000.12
0.03 0.400 0.136 0.01 0.022 0.037 0.011 0.011] _ 8.02E-03] __ 1000.08
0.03 0.441 0.115 0.00 0.018 0.029 0.008 0.008 4.72E-03 1000.07
0.03 0.508 0.076 0.00 0.012 0.019 0.005 0.005 5.09E-03 1000.05
0.04 0.556 0.066 0.00 0.011 0.014 0.003 0.003] _3.17E-03| __1000.04
0.04 0.639 0.045 0.00 0.007 0.008 0.001 0.001 3.74E-03 1000.03
0.05 0.702 0.032 0.0 0,005 0.005 0.001 0001] _ 2.02E03] __ 1000.0Z
0.05 0.777 0.022 0.00 0.004 0.003 0.000 0.000] _1.65E-03] __ 1000.01
0.05 0.840 0.017 0.00 0.003 0.002 0.000 0.000 1.07E-03 1000.01
0.06 0.923 0.011] 0.00 0.002 0.000 0.000 0.000 9.21E-04 1000.01
Depth aver. Cr = 073 (kg/m’)
Depth aver. P = 100045  [kg/m’]
i 1000 h= 0.0651 [m]
! ! S (Bed slope)= 2.51E-03 [-]
| @ Daa b= 00375 [mis)
* j Rouse B=1 x= 0.4 -]
j——— Rouse B=0.7355 U= 0.636 [m/s]
p Fr= 0.80 (-]
S : a(refer.)= 0.0046872 [m]
0.750 ] ; = 622 kg/m’)
S Cu =Cafp, = 0.002 [m¥m’]
p, = 2650 [kg/m’}
v, = 0023 [m/s)
2=, Jia)= 1,533 (-]
§ 0500 Best fitting on B (Rouse equation)
|  B= 07355
0.250 ) Ri= 1.75 -]

D,

Rif-= ghlp.{y =a)-p.(y=h)]

|
i S \

I 0.000
0.0 0.2 04 06 0.8 1.0
Remarks:  Group a-1 (Data made available by Lyn (1997) confirming capacity condition)
Laboratory channel, aspect ratio= Bih=4
Small reference concentration ch = 6.22 [kg/m’] = 0.002 [m/m’] < 0.05 [m*m’] =>Rouse eq.

Bed covered by a layer of fine sand, estimated to be of diameter, 0.15 [mm] or less
Concentration measured by suction

The origin of y is the top of the sediment bed found after the cessation of flow

Subritical flow

Velocity and turbulence intensity profiles available. No measurements on diffusion coefficients




[Lyn (1988): Sediment concentration distribution |
[Run 2565EQ| [Sand particles d= 0240 [mm] | [Group a-1 |
M ed Calculated
Rouse ¢q. [ Rousceq. | Hunteq.
B=1 Bt B=#1
y yh I3 s (volum) | Cfcu Cifcu &1fcu CofCur & yih pm
[em] {-] [kg/m” [%] [-] [-] 1] {1 m’ [kg/m’
0.00] 0.049 14.30 0.54 1.000 1.000, 1.000 1.000] " 6.98E-O1 1008.90
0.00] 0.060 857 0.32 0.599 0.682 0.572 0.574] 9.17E-02 1005.34
0.00] 0.072 4.34 0.16 0.303 0474 0.336 0.338]  5.29E-02 1002.70
0.0 0.082 3.46 0.13 0.242 0.361 0.225 0.227[ 3.67E-02 002.15
0.0 0.095 1.79 0.07 0.125 0.274 0.150 0.152]  2.18E-02 001.11
0.0 0.107 1.76 0.07 0.123 0.213 0.104 0.105] " 2.20E-02 001.10
0.0 0.125 1.01 0.04 0.071 0.155 0.065 0.066] 1.82E-02 000.63
0.01 0.143 0.68 0.03 0.048 0.116 0.043 0.043]  1.22E. 000.42
0.01 0.156 0.524 0.02 0.037 0.097 0.033 0.033]  6.81E-03 000.33
0.0 0171 0.368 0.01 0.026 0.079 0.024 0.025] 5.52E-03 1000.23
0.0 0.197 0.27 0.0 0.019 0.058 0.015 0.016] 7.02E-03 000.17
0.0 0.212 0.229 0.0 0.016 0.049 0.012 0.012]  3.44E-03 000.14
0.02 0232 0.151 0.0 0.011 0.039 0.009 0.009] _3.02E-03 000.09
0.02 0.262 0.0933 0.00 0.007 0.029 0.006 0.006] ~ 2.80E-03 000.06
0.02 0.300 0.059 0.00 0.004 0.021 0.003 0.004] 2.24E-03 1000.04
0.02 0.338 0.05 0.00 0.003 0.015 0.002 0.002 .90E-03 1000.03
0.02 0.377 0.03 0.00 0.002 0.011 0.001 0.00 17E-03 1000.02
0.03 0.422 0.02 0.00, 0.001 0.008 0.001 0.00 9.00E-04 1000.01
0.03 0.468 0.0145 0.00 0.001 0.006 0.001 0.001] 6.67E-04 1000.01
0.03 0514 0.0088 0.00 0.001 0.004 0.000 0.000] 4.05E-04, 1000.01
0.04 0.567 0.0051 0.00 0.000 0.003 0.000 0.000] 2.70E-04 1000.00
0.04 0613 0.0048 0.00i 0.000 0.002 0.000 0.000] 221E 1000.00
0.04 0.666 0.00245 0.00 0.000 0.001 0.000 0.000] 1.30E-04 1000.00
0.05 0.712 0.0017 0.00 0.000 0.001 0.000 0.000]  7.82E-05 1000.00
0.05 0773 0.0011 0.00 0.000 0.000 0.000 0.000] _ 6.71E-0S 1000.00
Depth aver. == 099 [kgm']
Depth aver. Pa= 100062 (kg/m’)
h= 0.0654 [m]
1.000 $ (Bed slope)= 2.96E-03  [~]
o Daua u. = 0.0425 [mJs)
Rouse B=1 x= 04 (-]
_____ Rouse B=0.6838 U= 0.692 (ms]
Fr= 0.86 [-]
a (refer.)= 0.0031915 [m]
0.750 cn= 1430 [kg/m’]
S =cafp, = 0.005 [m’/m’)
P, = 2650 {kg/m’)
v, = 0.031 {m/s)
z=vf(o)= 1.824 {-]
S 0.500 Best fitting on B (Rouse equation)
[ B= 0.6838
0.250 Ri= 3.16 [}
. _eHpy=a)-py=h]
Rif--)= =
Pa e
0.000 4 —_
0.0 0.2 04 0.6 08 1.0
fm
Remarks:  Group a-1 (Data made available by Lyn (1997) confirming capacity condition)
Laboratory channel, aspect ratio= B/h=4
Small reference concentration = 14.30 [kg/m’] = 0.005 fm*/m’] < 0.05 [m¥m” =>Rouse eq.

Bed covered by a layer of fine sand, estimated to be of diameter, 0.15 {mm] or less
Concentration measured by suction ’

The origin of y is the top of the sediment bed found after the cessation of flow

Subcritical flow

Velocity and turbulence intensity profiles available. No m ments on diffusion coefficients




{Wang and Qian (1989):  Sediment concentration distribution

[Run _ SQ3 | [Sand particles d=0.137 [mm] | |Group b |
Measured Calculated
Rouse eq. | Rouseeq. | Hunteq.
B=1 Bl Bzl
y y/h oy s (volum) | €:/cu CifCu CsfCia ¢fcu ¢ -y/h pm
[cm] [--] [kg/m’] [%]) [-] () [--] f-) [kg/m’] [kg/m’]
0.32 0.040 219.65 8.32 1.000 1.000 1.000 1.000]  8.79E+00 1136.45
0.52 0.065 182.95 6.93 0.833 0.720 0.747 0.762] 4.5TE+00 1113.65
0.80 0.100 147.58 5.59 0.672 0.533 0.572 0.591] 5.17E+00 1091.68
1.60 0.200 93.72 3.55 0.427 0.317 0.361 0.379] 9.37E+00 1058.22
240 0.300 _66.00 2.50 0.300 0.224 0.265 __0.281] 6.60E+00 1041.00
3.20 0.400 44.62 1.69 0.203 0.169 0.206 0.219]  4.46E+00 1027.72
4.00 0.500 28.51 1.08 0.130 0.130 0.164 0.175] 2.85E+00 1017.71
4.80 0.600 17.69 0.67 0.081 0.101 0.130 0.139] 1.77E+00 1010.99
5.60 0.700 11.62 0.44 0.053 0.076 0.101 0.108] 1.16E+00 1007.22
6.40 0.800 7.13 0.27 0.032 0.054 0.074 0.080] 7.13E-01 1004.43
7.20 0.900 4.49 0.17 0.020 0.032 0.047 0.051 4.49E-01 1002.79
Depth aver. Fordl™ 4590 [kg/m’]
Depth aver. Pu= 1028.51  [kg/m’]
h= 0.080 {m]
1.000 o Dz ) S (Bed slope)= 1.00E-02  [--]
u.= 0.074 [mvs]
\ Rouse B=1 = 0.4 -]
\\ ——— Hunt_B=1.1267 U= 188 [m/s}]
Fr= 2.12 [-]
a(refer.)= 0.0032 [m}
0.750 + n = 219.65 [kg/m’)
Cw =Cafp, = 0.083 [m*m)
; P. = 2640 fkg/m’)
v, = 0019 (ms]
z=v,fioe) = 0.641 [--]
S 0.500 ¢ Best fitting on B (Hunt equation)
[ B= 1.1267]
0.250 | Ri= 18.78 [}
o 1_gHp.(y=a)-p.(y=h)
Ri[--]= —
P, u
0.000 + : +
0.0 0.2 04 0.6 0.8 1.0
: Cifcw
t
Remarks: Groupb  (Data interpreted as near-capacity flow)
Laboratory channel, aspect ratio=B/h = 3.75 ,
High reference concentration = 219.65 kg/m’] = 0.083 [m/m’] > 0.05 [m/m’}=>Hunt eq.
Concentration measured with a suction method
Bottom hydraulically smooth
Supercritical flow
Velocity profiles available .
The measured turbulence intensity profiles show a turbulence reduction due to the suspended particles
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{Sumer et al. (1996)

Sediment concentration distribution

(Run 112} [Acrylic particles d=0.600 [mm] | |Group a-1 |
Measured Calculated
Rouseeq. | Rouseeq. | Hunteq.
B=1 B#1 Bzl
y yh cr ¢, (volum) ¢+fCr ¢1fCra Csfca ¢ifCua & ylh pm
[cm]) [--) kg/m’) [%] (-] -] [-] [-] (kg/m’) kg/m’)
0.40 0.036 109.61 9.70 1.000 1.000 1.000 1.000] 3.93E+00 1012.61
0.40 0.036 88.14 7.80 0.804 1.000 1.000 1.000} 0.00E+00 1010.14
0.90 0.081 22.60 2.00 0.206 0.229 0.273 0.292] 1.01E+00 1002.60
0.90 0.081 30.51 2.70 0.278 0.229 0.273 0.292} 0.00E+00 1003.51
1.40 0.126 18.08 1.60 0.165 0.098 0.130 0.141 8.11E-01 1002.08
1.90 0.170 12.43 1.10 0.113 0.053 0.076 0.082{ S5.57E-01 1001.43
2.30 0.206 7.91 0.70 0.072 0.035 0.053 0.058 2.84E-01 1000.91
5.30 0.475 7.91 0.70 0.072 0.004 0.008 0.009] 2.13E+00 1000.91
11.10 0.996 1.13 0.10 0.010 0.000 0.000 0.000{ 5.88E-01 1000.13
Depth aver. Tr= 931 [kg/m’)
Depth aver. Pn= 1001.07  [kg/m’]
1,000 h= 01115 [m]}
. ' S (Bed slope)= 1.45E-03  [--]
e Da ! u= 00291  [ms]
Rouse B=1 | <= 0.4 [-]
""" Hunt B3=1.1376 | U= 0402 [m/s]
Fr= 038 [--]
a(refer.)= 0.004 [m]
0.750 4 = = 109.61 (kg/m’]
Cu=Cnfp, = 0.097 [m¥m’]
P.= 1130 [kg/m*]
v, = 0.02 [m/s)
z=v,fan)= 1.718 [--]
0.500 | .
s ° Best fitting on B (Hunt equation)
g | B= 1.1376]
i
i .
0.250 + Ri= 16.10 [--]
= - =h
Ril-]= gHp.(y=a)-p.ly=h)
P ¥
0.000 - . : -
0.0 0.2 04 0.6 08 1.0
E:/Eu
Remarks:  Group a-1 (Data interpreted as capacity flow and considered with reservation)
Laboratory channel, aspect ratio=Bfh=3 Ch= 109.61 (kg/m’] = 0.097 {m¥m’] > 0.05 [m%m’]=> Hunteq.

High reference concentration
Concentration measured with a Delft-Hydraulics conductivity-type concentration meter (CCM)
The run has been performed with a flat lid on the surface to avoid surface instability
Definition of the y-axis not too clear
Velocity profiles available. No measurements on turbulence intensity and diffusion coefficients
Subcritical flow
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{Sumer et al. (1996)

Sediment concentration distribution

(Run 120) [Acrylic particles d=0.600 [mm] ] |Group a-1 |
Measured Calculated
Rouseeq. | Rouseeq. [ Hunt eq.
B=1 Bzl B=1
y/h cr ¢, (volum) C:/Eu C:/Zu C:/Z‘m Z‘;/l-.‘u o -y/h pm
[cm] [--] Lkg/m’] [%] [-) [-] ) {--] [kg/m’] [kg/m’]
0.49 0.043 230.52 20.40 1.000 1.000 1.000 1.000] 9.95E+00 1026.52
0.49 0.043 210.18 18.60 0.912 1.000 1.000 1.000] 0.00E+00 1024.18
0.74 0.065 152.55 13.50 0.662 0.570 0.577 0.631] 3.36E+00 1017.55
1.24 0.109 88.14 7.80 0.382 0.275 0.283 0.331] 3.88E+00 1010.14
1.24 0.109 76.84 6.80 0.333 0.275 0.283 0.331] 0.00E+00 1008.84
1.74 0.153 39.55 3.50 0.172 0.166 0.173 0.208] 1.74E+00 1004.55
2.74 0.241 22.60 2.00 0.098 0.080 0.085 0.104] 1.99E+00 1002.60
2.74 0.241 10.17 0.90 0.044 0.080 0.085 0.104] 0.00E+00 1001.17
11.30 0.996 2.26 0.20 0.010 0.000 0.000 0.000] 1.70E+00 1000.26
Depth aver. = 2263  [kg/m’]
Depth aver. Pw= 1002.60 [kg/m’)
1,000 h= 0.1135 {m]
. . S (Bed slope)= 2.46E-03 f--]
o Daua ' u.= 00387  [mis]
| Rouse B=1 = 0.4 -]
|~——Hunt B=1.024 U= 0537 [m/s]
Fr= 051 {--]
a (refer.)= 0.0049 {m]
0.750 | o - 230.52 {kg/m’]
Gu=Cafp, = 0.204 [m¥/m’]
P, = 1130 kg/m’)
v, = 0.02 [m/s)
z=v, f(od)= 1.292 [--]
S 0500 Best fitting on f_(Hunt equation)
| B= 1024
0250 + o Ri= 19.47 [--]
=a)- =h)|.
| Rif. = 2120=9) zP.(y )}
i P, us i
[ ] : -
y | !
| 0000 : : ~ '
H 0.0 0.2 04 0.6 0.8 10 i
i Cifu !
I |
Remarks:  Group a-1 (Data interpreted as capacity flow and considered with reservation)

Laboratory channel, aspect ratio= Bfh =3 o= 230.52 kg/m’] = 0.204 (mm’]
Very high reference concentration

Concentration measured with a Delft-Hydraulics conductivity-type concentration meter (CCM)

The run has been performed with a flat lid on the surface to avoid surface instability

Definition of the y-axis not too clear

Velocity profiles available. No measurements on turbulence intensity and diffusion coefficients
Subcritical flow

> 0.05 {m”/m’}=>Hunt eq.
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[Sumer et al. (1996) Sediment concentration distribution |

(Run 126| {Acrylic particles d= 0.600 [mm] | {Group a-1 I
Measured Calculated
Rouse eq. | Rouseeq. | Hunteq.
B=1 B=#1 B=1
y y/h o ¢, (volum) c'ﬁ:“ C:/Eu E:/Eu C+fcr cr -ylh pm
[cm] [) fkg/m’} (%] -] (-] [-] -] [kg/m’} [kg/m’]
0.60 0.051 261.03 23.10 1.000 1.000 1.000 1.000] 1.33E+01 1030.03
0.80 0.068 223.74 19.80 0.857 0.716 0.748 0.789] 3.79E+00 1025.74
1.00 0.085 184.19 16.30 0.706 0.550 0.594 0.648] 3.12E+00 1021.19
1.30 0.110 138.99 12.30 0.532 0.400 0.450 0.508] 3.53E+00 1015.99
1.70 0.144 107.35 9.50 0411 0.286 0.336 0.389] 3.64E+00 1012.35
2.70 0.229 37.29 3.3 0.143 0.154 0.196 0.235] 3.16E+00 1004.29
4.40 0.373 20.34 1.80 0.078 0.072 0.101 0.124]  2.93E+00 1002.34
11.20 0.949 18.08 1.60 0.069 0.002 0.004 0.005] 1.04E+01 1002.08
Depth aver. Cr= 43.87  [kg/m’]
Depth aver. Pu= 1005.05  [kg/m’]

h= 0118 (m]
S (Bed slope)= 3.24E-03  [-]

1.000 :

° e Data u, = 0.0457 {m/s]
Rouse B=1 x= 04 {-]
------ Hunt B=1.1493 U= 0636 (m/s)
Fr= 059 [--)
| a (refer.)= 0.006 [m]
0.750 + ] o= 261.03 [kg/m’)
i Cu=cafp, = 0.231 [m*/m’)
i P = 1130 (kg/m’)
! v, = 0.02 (m/s]
z=v,f(a)= 1.094 [--)
s 0.500 + Best fitting on B (Hunt equation)
| B= 1.1493|
Ri= 1541 [--}

0.250 -

Ri[--]= ghp(y=a)-pu(r= K)]
P Ul

0.000 + + +
0.0 0.2 04 0.6 0.8 1.0

Remarks:  Group a-1 (Data interpreted as capacity flow and considered with reservation)
Laboratory channel, aspect ratio= B/h=3 Cr= 26103 kg/m'}] = 0.231 (m¥m’] > 0.05 [mm’}=>Hunteq.
Very high reference concentration
Concentration measured with a Delft-Hydraulics conductivity-type concentration meter (CCM)
The run has been performed with a flat 1id on the surface to avoid surface instability
Definition of the y-axis not too clear
Velocity profiles available. No measurements on turbulence intensity and diffusion coefficients
Subcritical flow
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[Sumer et al. (1996) Sediment concentration distribution |

{Run 133} [Acrylic particles d= 0.600 [mm)] | |Group a-1 |
Measured Calculated
Rouseeq. | Rouseeq. | Huntegq.
B=1 B=1 B#1
y yh o ¢ (volum) C:/Z‘u Cx/(-?n C:/Z‘n Z‘:/Z‘u o -y/h pm
[cm] [] kg/m’] [%] (-] ] (-1 (-] {kg/m’] fkg/m’)
0.71 0.057 289.28 25.60 1.000 1.000 1.000 1. 1.65E+01 1033.28
0.96 0.077 258.77 22.90 0.895 0.745 0.78 0.824] 5.20E+00 1029.77
1.21 0.097 226.00 20.00 0.781 0.591 0.650 0.704] 4.55E+00 1026.00
1.46 0.117 192.10 17.00 0.664 0.488 0.55 0.615]  3.86E+00 1022.10
1.71 0.138 171.76 15.20 0.594 0414 0.486 0.547| 3.45E+00 1019.76
1.96 0.158 145.77 12.90 0.504 0.358 0.431 0.492]  2.93E+00 1016.77
2.46 0.198 109.61 9.70 0.379 0.278 0.351 0.408] 441E+00 1012.61
3.46 0.278 73.45 6.50 0.254 0.185 0.251 0.300} 5.91E+00 1008.45
4.46 0.359 54.24 4.80 0.188 0.132 0.190 0.231{ 4.36E+00 1006.24
5.96 0.479 30.51 2.70 0.105 0.084 0.131 0.000{ 3.68E+00 1003.51
11.76 0.946 12.43 1.10 0.043 0.006 0.015 0.000] 5.80E+00 1001.43
Depth aver. o= 60.69 [kg/m’)
Depth aver. Pu= 100698 [kg/m’]

h= 0.1243 [m]

1.000 ; $ (Bed slope)= 4.26E-03  [--]
o e Daa | u.= 00549  [mls)
'I Rouse B =1 I x= 04 [__]
O i Hunt B=1.2209 | U= 0721 [m/s]
Fr= 0.65 -]
a (refer.)= 0.0071 [m]
0.750 | o= 289.28 (kg/m’]
u=2a/p, = 0256 [m*m’]
P = 1130 kg/m’)
v, = 0.02 [m/s]
2=v,flo)= 0911 [}

%, 0500 1 Best fitting on B (Hunt equation)

| B= 1.2209

- ki= 12.80 (-1
Ri[--]= gh{p_(y =_a)-1p_(y = m
5 |

0.000 . +
0.0 0.2 04 0.6 0.8 1.0

Zn/(_.'m

Remarks:  Group a-1 (Data interpreted as capacity flow and considered with reservation)
Laboratory channel, aspect ratio= B/h=3 Ch= 289.28 (kg/m’} = 0.256 (mm’] > 0.05 [m/m’]=>Hunteq.
Very high reference concentration
Concentration measured with a Delft-Hydraulics conductivity-type concentration meter (CCM)
The run has been performed with a flat lid on the surface to avoid surface instability
Definition of the y-axis not too clear
Velocity profiles available. No measurements on turbulence intensity and diffusion coefficients
Subcritical flow
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[Sumer et al. (1996)

Sediment concentration distribution

{Run 134] |Acrylic particles d= 0.600 [mm] | {Group a-1
Measured Calculated
Rouse eq. | Rouseeq. | Hunteq.
B=1 B=1 B=1
y y/h Z“: (-.'; (Vo[llm) E:/Eu CI/EM Ex/zu (-.‘:/(-.'u Z‘T . y/h pm
{em] (-] [kg/m’] (%) -] [] [] [ kg/m’] [kg/m’}
0.75 0.058 322.05 28.50 1.000 1.000 1.000 1.000] 1.88E+01 1037.05
1.00 0.078 271.20 24.00 0.842 0.764 0.803 0.844]  5.27E+00 1031.20
1.25 0.097 238.43 21.10 0.740 0.618 0.676 0.733]  4.63E+00 1027.43
1.50 0.117 220.00 20.00 ~0.702 0.517 0.585 0.650] 4.39E+00 1026.00
2.00 0.155 193.23 17.10 0.600 0.387 0.462 0.531}  7.51E+00 1022.23
2.50 0.194 148.03 13.10 0.460 0.306 0.381 0.448]  5.75E+00 1017.03
3.00 0.233 126.56 11.20 0.393 0.250 0.323 0.386] 4.92E+00 1014.56
3.50 0.272 105.09 9.30 0.326 0.209 0.279 0.338] 4.08E+00 1012.09
4.50 0.350 73.45 6.50 0.228 0.152 0.216 0.2661 ~ST1E+00 1008.45
5.50 0.427 56.5 5.00 0.175 0.114 0.171 0.000{ 4.39E+00 1006.50
7.00 0.544 37.29 3.30 0.116 0.076 0.123 0.000] 4.35E+00 1004.29
12.8 0.995 0 0.00 0.000 0.001 0.003 0.000]  0.00E+00 1000.00
Depth aver. C = 69.76  [kg/m’]
Depth aver. Pu= 1008.03  [kg/m’]
Lo00 h= 0.1287 [m)
/ S (Bed slope)= 4.47E-03 (-]
\ o Daa w.= 00574  [mis)
' Rouse P=1 x= 0.4 -
S o Humt B=12282 U= 0.749 (ms]
\ Fr= 067 -
* a(refer.)= 0.0075 [m]
0750 4 \ % o= 3205 [kgml
. u=25p,= 0.285 [m"/m’]
\“ p,= 1130 kg/m’)
\ v, = 0.02 [ms]
" z=v,f(xas)= 0.871 [--]
§.0500 1 K Best fitting on B (Hunt equation)
. | B= 12287
.
" _
0.250 | “e Ri= 14.08 (]
s, ail. - 2P =)= pOr=H]
S . 5.«
SEE )
b
0.000 + ——
0.0 0.2 04 0.6 0.8 1.0
EI/E.
Remarks:  Group a-1 (Data interpreted as capacity flow and considered with reservation)
Laboratory channel, aspect ratio= B/h =3 h= 32205 kg/m'] = 0.285 [m¥m’} > 0.05 [m%m’]=>Hunt eq.
Very high reference concentration
Concentration measured with a Delft-Hydraulics conductivity-type concentration meter (CCM)
The run has been performed with a flat 1id on the surface to avoid surface instability
Definition of the y-axis not too clear
Velocity profiles available. No measurements on turbulence intensity and diffusion coefficients
Subcritical flow
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[Sumer et al. (1996) Sediment concentration distribution

{Run 137| [Acrylic particles d= 0.600 [mm] | [Group a-1 |
Measured Calculated
Rouseeq. | Rouseeq. | Hunteq.
B=1 B=i B=1
y yh cr ¢: (volum) ¢:fCn Csfcu Cfcw ¢ifT oyl pm
[cm) [ [kg/m’] %] [ =] ] -] [kg/m’} [kg/m’]
0.80 0.061 324.31 28.70 1.000 1.000 1,000 1.000] 1.96E+01 1037.31
1.05 0.079 287.02 25.40 0.885 0.788 0.822 0.860] 5.43E+00 1033.02
1.30 0.098 261.03 23.10 0.805 0.651 0.702 0.758] 4.94E+00 1030.03
1.55 0.117 240.69 21.30 0.742 0.555 0.615 0.679] 4.55E+00 1027.69
1.80 0.136 216.96 19.20 0.669 0.483 0.548 0.617] 4.10E+00 1024.96
2.05 0.155 185.32 16.40 0.571 0.426 0.495 0.565]  3.50E+00 1021.32
4.05 0.306 100.57 8.90 0.310 0.209 0.274 0.333] 1.52E+01 1011.57
0.55 0.495 30.51 2.70 0.094 0.109 0.160 0.202] S5.77E+00 1003.51
11.70 0.885 20.34 1.80 0.063 0.020 0.040 0.052] 7.92E+00 1002.34
Depth aver. C = 71.06  [kg/m’]
Depth aver. Pn= 1008.17  [kg/m’)

h= 0.1322 ™
1.000 o Diz S (Bed slope)= S.00E-03  [--]
u,= 0.0614 {m/s]
l\ Rouse B =1 x= 0.4 [_]
R Hunt B=12111 | U= 0773 [mis]
Fr= 0.68 [-]
a (refer.)= 0.008 [m]
0.750 & = 32431 [kg/m’]
T =Cafp, = 0.287 [m/m’)
Pr=1130 (kg/m’]
v, = 0.02 {nvs)
: z=v,fioc)= 0.814 [--]
|
' 5 0500 Best fitting on B _(Hunt equation)
]
|  B= 12111
0.250 1 Ri= 1193 (-]
Lo eHp(y=a)=p.(y=h)
: Rif-]= S a2
i i Pu 4
0.000 . , i
0.0 0.2 0.4 0.6 0.8 10 !
Cifcn

Remarks:  Group a-1 (Data interpreted as capacity flow and considered with reservation)
Laboratory channel, aspect ratio= B/h=3 Ca= 32431 kg/m’} = 0.287 [m’/m’] > 0.05 [m¥m’]=>Hunt eq.
Very high reference concentration
Concentration measured with a Delft-Hydraulics conductivity-type concentration meter (CCM)
The run has been performed with a flat lid on the surface to avoid surface instability
Definition of the y-axis not too clear
Velocity profiles available. No measurements on turbulence intensity and diffusion coefficients
Subcritical flow
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[Sumer et al. (1996) Sediment concentration distribution |

{Run 142] {Sand particles d=0.130 {mm] | {Group a-1 |
Measured Calculated
Rouseeq. | Rouseceq. | Hunteq.
B=1 B#1 B=1
y y/h cr ¢s (volum) CifCu Csfc sfCo ¢ifcu crylh pm
[em] -] (kg/m’] [%] ] [--) [-] () Jkg/m’) [kg/m’]
0.60 0.058 96.46 3.64 1.000 1.000 1.000 1.000] S.61E+00 1060.06
0.80 0.078 76.32 2.88 0.791 0.825 0.768 0.777]  1.48E+00 1047.52
1.00 0.097 62.81 2.37 0.651 0.708 0.623 0.635] 1.22E+00 1039.11
1.60 0.155 35.25 1.33 0.365 0.507 0.393 0.405]  2.05E+00 1021.95
2.60 0.252 26.50 1.00 0.275 0347 0.234 0.243] 2.57E+00 1016.50
8.00 0.775 0.00 0.00 0.000 0.081 0.032 0.033] 0.00E+00 1000.00
Depth aver. Cr = 1292 [kg/m’]
Depth aver. P.=___ 100805 [kg/m’)
000 h= 0.1032 [m]
1 S (Bed slope)= 4.79E-03  [--)
) o Daa u = 00481  [mis)
\ Rouse B =1 x= 0.4 [--]
| ———Rouse B=0.728 U= 0833 (mvs]
\ Fr= 0.83 (-]
e\ a (refer.)= 0.006 fm]
0.750 + e = 96.46 kg/m’)
Cu=Cafp, = 0.0364 [m*/m’]
P, = 2650 fkg/m’}
v, = 0.012 [m/s]
z=v,f(o) = 0.624 [--1
b 0.500 ¢ Best fitting on B (Rouse equation)
| B=_0.728
0250 1 Ri= 26.07 [--]
1 _gHp.(y=a)-p.(y=h)]
Ri-)= BT
Pa ¥
0.000 ; e ; +
0.0 0.2 04 0.6 0.8 1.0
CifCa ’
Remarks: Group a-1 (Data interpreted as capacity flow and considered with reservation)
Laboratory channel, aspect ratio= B/h=3 Che = 96.46 [kg/m'] = 0.0364 [m*’m’] < 0.05 [m’m’]=>Rouseeq.
Small reference concentration
Concentration measured with a Delft-Hydraulics conductivity-type concentration meter (CCM)
The run has been performed with a flat lid on the surface to avoid surface instability
Definition of the y-axis not too clear
Velocity profiles available. No measurements on turbulence intensity and diffusion coefficients
Subcritical flow
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[Sumer et al. (1996) Sediment concentration distribution |

(Run 150| [Sand particles d=0.130 [mm] | |Group a-1 |
Measured Calculated
Rouseeq. | Rouseeq. | Hunteq.
B=1 B=1 Bl
y y/h (-:7 E, (volum) C:/Eu Cx/zu EJ/EM CJ/EM ET y/h pm
[cm) ) [kg/m’) [%] [] [-] [-] -] [kg/m’] [kg/m’)
0.40 0.040 219.42 8.28 1.000 1.000 1.000 1.000] 8.70E+00 1136.62
0.60 0.059 161.12 6.08 0.734 0.807 0.689 0.720{ 3.19E+00 1100.32
0.80 0.079 137.54 5.19 0.627 0.690 0.527 0.563] 2.73E+00 1085.64
1.00 0.099 96.46 3.64 0.440 0.610 0.425 0.462] 191E+00 1060.06
1.60 0.159 62.81 2.37 0.286 0.465 0.266 0.296] 3.73E+00 1039.11
2.60 0.258 31.80 1.20 0.145 0.342 0.156 0.177{ 3.15E+00 1019.80
8.00 0.793 0.00 0.00 0.000 0.102 0.019 0.022] 0.00E+00 1000.00
Depth aver. = 2342 [kg/m’)
Depth aver. Pn= 1014.58  [kg/m’]

1,000 h=0.1009 [m]
E S (Bed slope)= 7.26E-03  [--]
. b e Daa w.= 00595  [mis]
| L ! Rouse E =1 x= 0.4 (-
i ! ‘ ------ Hunt B =0.5781 U= 1.024 [ms)
i ' Fr= 1.03 [
: a (refer.)= 0.004 [m]
; 0.750 {1 cn = 219.42 (kg/m’)
! ' Cw =Cu/p, = 0.0828 [m¥m’)
\ P, = 2650 [kg/m’]
v, = 0.012 [m/s]
2=v,f0on)= 0.504 [-)
1
% 0500 Best fitting on B _(Hunt equation)
| B= 05781
5 0.250 4 Ri= 37.65 []
i Ril-]= gHp.(y=a)- p.(y=h)]
P -ud
0.000 . \
0.0 0.2 04 0.6 0.8 1.0
Cifcm
J
Remarks:  Group a-1 (Data interpreted as capacity flow and considered with reservation)
Laboratory channel, aspect ratio= B/h=3 Ch= 21942 [kg/m’] = 0.0828 [(m’m’] > 0.05 [m%m’]=>Hunt eq.
High reference concentration
Concentration measured with a Delft-Hydraulics conductivity-type concentration meter (CCM)
The run has been performed with a flat lid on the surface to avoid surface instability
Definition of the y-axis not too clear
Velocity profiles available. No measurements on turbulence intensity and diffusion coefficients
Supercritical flow
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[Sumer et al. (1996) Sediment concentration distribution |

(Run 155} [Sand particles d=0.130 [mm] ] {Group a-1 |}
Measured Calculated
Rouseeq. | Rouseeq. | Hunteg.
B=1 Bz1 B#1
y yh cr ¢: (volum) ¢ifc ¢:fcn ¢fCia C:fc ¢l -y/h pm
[cm] ] [kg/m’] (%) [-] [-] [ -] (kg/m’) [kg/m’]
0.50 0.048 339.73 12.82 1.000 1.000 1.000 1.000] 1.62E+01 1211.53
0.70 0.067 273.22 10.31 0.804 0.854 0.756 0.796] 5.22E+00 1170.12
0.90 0.086 236.38 8.92 0.696 0.757 0.611 0.665] 4.52E+00 1147.18
110 0.105 215.45 8.13 0.634 0.686 0.513 0.572] 4.12E+00 1134.15
1.30 0.124 167.22 6.31 0.492 0.631 0.443 0.502| 3.20E+00 1104.12
2.90 0.277 66.25 2.50 0.195 0.406 0.203 0.244] 1.01E+01 1041.25
8.00 0.765 0.00 0.00 0.000 0.158 0.038 0.048] 0.00E+00 1000.00
Depth aver, Cr = 4343  [kg/m’)
Depth aver. P, = 1027.04 [kg/m']
- h= 0.1046 {m]
1. S (Bed slope)= 8.83E-03 [--}
\ e Daa u.= 00677  [ms]
R Rouse B =] x= 0.4 -]
L N R s Hunt B=0.5649 U= 1138 [mvs]
. Fr= 112 [--]
a(refer.)= 0.005 [m]
0.750 ¢ o= 339.73 fkg/m’}
tu=Cafp, = 0.1282 (m*m’]
Ps = 2650 [kg/m’)
v, = 0.012 [m/s)
z2=v, f(o) = 0.443 (-]
§, 0500 Best fitting on B (Hunt equation)
| B= 05649
0.250 4 Ri= 46.11 [--]
1 gHp.(y=a)-p.(y=h)
Rif= AT
P, -u
0.000 ' ; ; ‘
0.0 0.2 04 0.6 0.8 1.0

Remarks:  Group a-1 (Data interpreted as capacity flow and considered with reservation)
Laboratory channel, aspect ratio= B/h =3
Very high reference concentration o= 339.73 [kg/m’] = 0.1282 {(m/m’}] > 0.05 {mYm’)=> Hunt eq.
Concentration measured with a Delft-Hydraulics conductivity-type concentration meter (CCM)
The run has been performed with a flat lid on the surface to avoid surface instability
Definition of the y-axis not too clear
Velocity profiles available. No measurements on turbulence intensity and diffusion coefficients
Supercritical flow
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[EPFL, (1997)

Sediment concentration distribution

(Run Q405003 |Sand particles d=0.135 [mm] | |Group a-1 |
Measured Calculated
Rouseeq. | Rouseeq. | Hunteg.
B=1 B=1 B=1
y yh s Cs (volum.) C:/Eu C:/(-:u ¢1fcua E:/Z‘u cr -yfh pm
[cm] (-1 [kg/m’] [%] [ [--) -] () [kg/m’] (kg/m’)
0.60 0.050 24.62 0.93 1.000 1.000 1.000 1.000{ 1.23E+00 1015.33
0.90 0.075 12.04 0.45 0.489 0.629 0.395 0.399]  3.01E-01 1007.49
1.20 0.100 4.01 0.15 0.163 0.449 0.200 0.203 1.00E-01 1002.50
1.50 0.125 2.26 0.09 0.092 0.343 0.117 0.119]  5.65E-02 1001.41
1.80 0.150 1.48 0.06 0.060 0.274 0.074 0.075 3.70E-02 1000.92
2.10 0.175 1.41 0.05 0.057 0.225 0.050 0.051 3.53E-02 1000.88
2.40 0.200 0.97 0.04 0.039 0.188 0.035 0.036] 2.41E-02 1000.60
3.00 0.250 1.04 0.04 0.042 0.138 0.019 0.019]  5.20E-02 1000.65
6.00 0.500 0.56 0.02 0.023 0.043 0.002 0.000 1.39E-01 1000.35
8.40 0.700 0.23 0.01 0.009 0.017 0.000 0.000]  4.56E-02 1000.14
10.80 0.900 0.09 0.00 0.004 0.004 0.000 0.000] 1.73E-02 1000.05
11.40 0.950 0.08 0.00 0.003 0.002 0.000 0.000]  3.80E-03 1000.05
Depth aver. o= 204 [kg/m’)
Depth aver. Pu= 1001.27  [kg/m’]
00 1 h= 0.12 m]
1 ! S (Bed slope)= 3.00E-04  [--]
¢ Dua u, = 0.028 (mis]
Rouse B=1 = 04 (-]
------ Rouse B =0.498 U= 0.68 [ms]
Fr= 0.63 [--]
a (refer.)= 0.006 [m]
0.750 on o= 24.62 kg/m’}
Cu =Cafp, = 0.009 [mm’)
P, = 2650 [kg/m’)
v, = 0012 [my/s]
2=v, /(o) = 1.071 [--]
s 0.500 ; Best fitting on § (Rouse equation)
| B= 0498
0.250 1 Ri= 22.92 [--]
=q)— =h !
Ri[. = 24P =)~ P br=H)]
P, ul ;
0.000 —
0.0 0.2 04 0.6 08 1.0
Z':/En
Remarks:  Group a-1 (Erodible flat sediment layer on the bottom => capacity-flow)
Laboratory channel, aspect ratio= B/ = 5.0
Small reference concentration = 2462 (kg/m'] = 0.009 [m/m’] < 0.05 [m’m’)=>Rouse eq.

Instantaneous velocity and concentration measured with the APFP ultrasonic instrument
The calibration of the APFP instrument has been made measuring by suction the concentration distribution (shown here).
Thickness of the sediment layer= 2 [mm]
Subcritical flow
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IEPFL, (1997) Sediment concentration distribution —]

[Run Q455005 [Sand particles d=0.135 [mm] | (Group a-1 ]
Measured Calculated
Rouseeq. | Rouseeq. | Hunteq.
_ B=1 B#1 B=1
y y/h e z (volum.)|  ¢:fCu €[t ¢:fCu ifcu 7 -y/h pm
[cm) [-] (kg/m’) (%] [-]) -] [-] -] (kg/m’] [kg/m’]
0.60 0.050 28.62 1.08 1.000 1.000 1.000 1.000] 1.43E+00 1017.82
0.90 0.075 21.52 0.81 0.752 0.687 0.562 0.566] 5.38E-0! 1013.40
1.20 0.100 13.15 0.50 0.459 0.522 0.369 0.373] 3.29E-01 1008.19
1.50 0.125 5.67 0.2] 0.198 0.420 0.264, 0.267 1.42E-0! 1003.53
1.80 0.150 2.99 0.11 0.105 0.349 0.199 0.202{ 7.48E-02 1001.86
2.10 0.175 2.24 0.08 0.078 0.298 0.156 0.158] 5.59E-02 1001.39
2.40 0.200 1.48 0.06 0.052 0.258 0.125 0.127| 3.70E-02 1000.92
3.00 0.250 1.03 0.04 0.036 0.201 0.085 0.087] S5.16E-02 1000.64
6.00 0.500 0.38 0.01 0.013 0.077 0.020 0.000] 9.53E-02 1000.24
8.40 0.700 0.16 0.01 0.006 0.037 0.006 0.000] 3.23E-02 1000.10
10.80 0.900 0.11 0.00 0.004 0.011 0.001 0.001] 2.18E-02 1000.07
11.40 0.950 0.05 0.00 0.002 0.006 0.000 0.000] 2.55E-03 1000.03
Depth aver. ford) 281  {kg/m’)
Depth aver. P.= 100175 [kg/m’)
1,000 h= 0.12 [m]
- S (Bed slope)= 5.00E-04  [--}
o Daa u. = 0.034 [ms]
Rouse B=1 = 04 -]
------ Rouse B =0.652 U= 0.806 [nvs)
Fr= 0.74 -]
a (refer.)= 0.006 [m]
0.750 | o= 2862 (kg/m’]
Cu=Cafp, = 0.011 [m*/m’*)
P, = 2650 kg/m’]
v, = 0012 [m/s]
2=v,f(0s) = 0.870 [--]
§ 0500 Best fitting on B (Rouse equation)
B= 0652
0.250 + Ri= 17.56 [}
Ri[]= gHp,(y=a)-p.(y=h)]
P ud

0.000

0.0 0.2 0.4 0.6 0.8 1.0
CifCu

Remarks:  Group a-1 (Erodible flat sediment layer on the bottom => capacity-flow)
Laboratory channel, aspect ratio= Bfh = 5.0
Small reference concentration = 28.62 [kg/m’) = 0.011 [m*m’] < 0.05 [m%m’]=>Rouse eq.
Instantaneous velocity and concentration measured with the APFP ultrasonic instrument
The calibration of the APFP instrument has been made measuring by suction the concentration distribution (shown here).
Thickness of the sediment layer= 2 [mm]
Subxritical flow
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[EPFL, (1997)

Sediment concentration distribution

[Run Q48S0075 |Sand particles d=0.135 [mm] | {Group a-1 |
Measured Calculated
Rouseeq. | Rouseeq. | Hunteq.
B=1 Bzl B=1
y yh cr Cs (volum.) C:/Eu C;/Z‘n c./Eu E:/Z‘u cr -y/h pm
[cm] [ [kg/m’] [%] [-]) -] [-] [-] [kg/m’) (kg/m’]
0.60 0.05 31.62 1.19 1.000 1.000 1.000 1.000]  1.58E+00 1019.69
0.90 0.08 22.45 0.85 0.710 0.704 0.528 0.533 5.61E-01 1013.98
1.20 0.10 12.34 0.47 0.390 0.546 0.331 0.336]  3.08E-0! 1007.68
1.50 0.13 5.00 0.19 0.158 0.445 0.228 0.232]  1.25E-01 1003.12
1.80 0.15 2.47 0.09 0.078 0.375 0.167 0.170]  6.18E-02 1001.54
2.10 0.18 2.10 0.08 0.066 0.323 0.127 0.130{  5.24E-02 1001.31
2.40 0.20 1.54 0.06 0.049 0.283 0.100 0.102]  3.84E-02 1000.96
3.00 0.25 1.06 0.04 0.034 0.224 0.065 0.066]  5.32E-02 1000.66
6.00 0.50 0.490 0.01 0.013 0.092 0.013 0.000] 9.92E-02 1000.25
8.40 0.70 0.21 0.01 0.007 0.046 0.004 0.000] 4.30E-02 1000.13
10.80 0.90 0.07 0.00 0.002 0.015 0.000 0.001 1.38E-02 1000.04
11.40 0.95 0.05 0.00 0.002 0.008 0.000 0.000] 2.51E-03 1000.03
Depth aver. = 294 [kg/m’)
Depth aver. Pu= 1001.83  (kg/m’}
100 } h= 012 {m]
. i S (Bed slope)= 7.50E-4 {--]
! ¢ Daa f .= 0.037 (m/s]
Rouse fB=1 : = 04 -]
N Rouse B=0.548 U= 0.829 [m/s]
Fr= 0.76 -]
a(refer.)= 0.006 {m]
0.75 4 = 3162 fkg/m’)
Cw=cafp, = 0012 [m¥m"}
P. = 2650 [kg/m’]
v, = 0012 [m/s}
z=v,/(0) = 0.811 (-]
5050 Best fitting on B (Rouse equation)
| B= 0.548]
0.25 1 Ri= 16.87 (--]
- L= gHp.(y=a)-p.(y=H)]
L P-4l
!
0.00 ' 4 |
0.0 0.2 04 0.6 0.8 1.0
El/zn
Remarks:  Group a-1 (Erodible flat sediment layer on the bottom => capacity-flow)
Laboratory channel, aspect ratio= B/h =5.0
Small reference concentration = 31.62 kg/m’] = 0.012 [(m¥m’) < 0.05 [m”m’]=>Rouse eq.
Instantaneous velocity and concentration measured with the APFP ultrasonic instrument
The calibration of the APFP instrument has been made measuring by suction the concentration distribution (shown here).
Thickness of the sediment layer= 2 {mm]
Subcritical flow
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IEPFL, (1997) Sediment concentration distribution H

{Run Q50801 {Sand particles d=0.135 [mm] | |Group a-1 )
Measured Calculated
Rouseeq. | Rouseeq. | Hunteq.
B=1 B#1 B=1
y y/h o < (volum.)|  ©ifca Crfc Cofcee ifce & - y/h pm
[cm] & [kg/m’] _ [%]) [-] -] [ ) [kg/m’] [kg/m’)
0.60 0.05 39.33 1.48 1.000 1.000 1.000 1.000] 1.97E+00 1024.49
0.90 0.08 22.87 0.86 0.581 0.717 0475 0.484 5.72E-01 1014.24
1.20 0.10 9.76 0.37 0.248 0.563 0.276 0.283] 2.44E-01 1006.08
1.50 0.13 4.98 0.19 0.127 0.464 0.179 0.184 1.25E-01 1003.10
1.80 0.15 3.81 0.14 0.097 0.394 0.125 0.128 9.53E-02 1002.37
2.10 0.18 2.95 0.11 0.075 0.342 0.091 0.094] 7.38E-02 1001.84
2.40 0.20 2.53 0.10 0.064 0.302 0.068 0.071 6.33E-02 1001.58
3.00 0.25 1.94 0.07 0.049 0.242 0.042 0.043 9.70E-02 1001.21
6.00 0.50 0.88 0.03 0.022 0.104 ~0.006 0.000 2.20E-01 1000.55
8.40 0.70 0.46 0.02 0.012 0.054 0.001 0.000]  9.20E-02 1000.29
10.80 0.90 0.25 0.01 0.006 0.019 0.000 0.000]  5.00E-02 1000.16
11.40 0.95 0.16 0.01 0.004 0011 0.000 0.000]  8.00E-03 1000.10
Depth aver. cr = 361 [kgm’]
Depth aver. Pu= 1002.25  [kg/m’]
h= 012 [m]
1.00 S (Bed slope)= 1.00E-3 -1
u, = 0.039 [m/s]
x= 0.4 (-]
U= 0792 [mJ/s)
Fr= 0.73 -]
a(refer.)= 0.006 [m]
0.7 h=13933 fkg/m")
ca =Cufp, = 0.015 [m’/m’}
P, = 2650 [kg/m’)
v, = 0.012 [mvs]
2= v,/(0e) = 0.769 (-]
0.50
3 Best fitting on B _(Rouse equation)
| B= 0447]
025 + Ri= 18.83 {--]
Ri[]= ghp.(y=a)-p(y="h)]
B ul

0.00 -+ -

E:/E-

Remarks:  Group a-1 (Erodible flat sediment layer on the bottom => capacity-flow)
Laboratory channel, aspect ratio= B/h = 5.0
Small reference concentration Cn = 39.33 kgm’] = 0.015 [m¥m'] < 0.05 [m/m’]=>Rouse eq.
Instantaneous velocity and concentration measured with the APFP ultrasonic instrument
The calibration of the APFP instrument has been made measuring by suction the concentration distribution (shown here).
Thickness of the sediment layer= 2 [mm)}
Subgcritical flow
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IEPFL, (1997) Sediment concentration distribution ]

{Run Q5350125 “|Sand particles d=0.135 [mm] | [Group a-1 |
Measured Calculated
Rousceq. | Rouseeq. | Hunteq.
B=1 B=1 Y
y y/h cr Z, (volum.)|  €1fca Cofcn ¢ifc CifCee o y/h pm
[cm] [ [kg/m’] [%]) (-] [] (-] [-] _ [kg/m’] [kg/m’]
0.60 0.05 36.04 1.36 1.000 1.000 1.000 1.000]  1.80E+00 1022.44
0.90 0.08 25.11 0.95 0.697 0.723 0.522 0.528]  6.28E-01 1015.64
1.20 0.10 12,91 0.49 0.358 0.571 0.325 0.331 3.23E-01 1008.04
1.50 0.13 6.03 0.23 0.167 0.473 0.222 0.227]  1.51E-01 1003.75
1.80 0.15 2.68 0.10 0.074 0.404 0.162 0.165]  6.70E-02 1001.67
2.10 0.18 241 0.09 0.067 0.352 0.123 0.126] 6.01E-02 1001.50
2.40 0.20 2,23 0.08 0.062 0311 0.096 0.098]  5.56E-02 1001.39
3.00 0.25 1.01 0.04 0.028 0.250 0.062 0.064]  5.04E-02 1000.63
6.00 0.50 0.48 0.02 0.013 0.110 0.012 0.000] 1.20E-01 1000.30
8.40 0.70 0.21 0.01 0.006 0.058 0.003 0.000]  4.26E-02 1000.13
10.80 0.90 0.10 0.00 0.003 0.021 0.000 0.000]  1.98E-02 1000.06
11.40 0.95 0.06 0.00 0.002 0.012 0.000 0.000] 291E-03 1000.04
Depth aver. " = 332 [kg/m’]
Depth aver. Pm = 1002.07  [kg/m’]
X S (Bedslope)= 1.25E-3  [~]
¢ Daa u. = 0,040 [m/s)
Rouse B=1 ' 0.4 -1
n o feeees Rouse B =0.498 U= 0824 [m/s]
Fr= 0.76 [-}
a(refer.)= 0.006 [m]
; 0.75 o= 3604 {kg/m")
! b Ce=2a/p, = 0014 (m*/m’)
P, = 2650 [kg/m’]
] v, = 0012 {m/s]
' z=v, /()= 0.750 [--]
§ 050 T Best fitting on B (Rouse equation)
| | B= 0.493]
025l e . Ri= 16.45 [--]
Rif-]= gpa(y=a)-p,(y=h)
______ ] E. -ul
0.00 — + ——
0.0 0.2 04 0.6 0.8 1.0
Cifcm
Remarks:  Group a-1 (Erodible fiat sediment layer on the bottom => capacity-flow)
Laboratory channel, aspect ratio= B/h=5.0
Small reference concentration Ch = 36.04 kg/m’) = 0.014 [m/m’] < 0.05 [m%m’]=>Rouse eq.
Instantaneous velocity and concentration measured with the APFP ultrasonic instrument
The calibration of the APFP instrument has been made measuring by suction the concentration distribution (shown here).
Thickness of the sediment layer= 2 [mm]
Subcritical flow
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{EPEL, (1997)

Sediment concentration distribution

[Run Q5558015 {Sand particles d=0.135 [mm] | |Group a-1 |
easured Calculated
Rouseeq. | Rouseeq. | Hunteq.
=1 Bzt B#1
Yy y/h Z‘:‘ E; (Volllﬂl.) CJ/ZM E:/Eu E:/Eu E‘/Eu ET y/h pm
[cm] [-) kg/m’]_ (%] [-] (-] [ ] kgm’] [ [kg/m’]
0.60 0.05 46.06 1.74 1.000 1.000 1.000 1.000{ 2.30E+00 1028.68
0.90 0.08 31.07 1.17 0.675 0.740 0.501 0.511 7.77E-01 1019.34
1.20 0.10 11.89 0.45 0.258 0.594 0.303 0.311 2.97E-01 1007.41
1.50 0.13 6.65 0.25 0.144 0.498 0.202 0.209 1.66E-01 1004.14
1.80 0.15 4.79 0.18 0.104 0430 0.144 0.149 1.20E-01 1002.98
2.10 018 3.24 0.12 0.070 0.378 0.107 0.111 8.10E-02 1002.02
2.40 0.20 3.06 0.12 0.0 0.337 0.083 0.086]  7.66E-02 1001.91
3.00 0.25 2.13 0.08 0.041 0.276 0.052 0.054 1.06E-01 1001.32
6.00 0.50 147 0.04 0.025 0.128 3.009 0.000f 2.93E-01 1000.73
8.40 0.70 0.55 0.02 0.012 0.071 0.002 0.000 1.10E-01 1000.34
10.80 0.90 0.30 0.01 0.006 0.028 0.000 0.000] 5.93E-02 1000.18
11.40 0.95 0.23 0.01 0.005 0.016] - 0.000 0.000 1.13E-02 1000.14
Depth aver. Cr= 440 [kg/m’]
Depth aver. Pu= 1002.74  [kg/m’]
o h= 0.12 [m]
. S (Bed slope)= 1.50E-3  [--]
o Duua u. = 0.043 [mis]
Rouse B= o= 0.4 =]
------ Rouse B =0.436 U= 0858 {nvs}
Fr= 0.79 [--]
a (refer.)= 0.006 {m]
0.75 on = 46.06 fkg/m’)
Cu=cafp, = 0.017 {m*/m’]
P, = 2650 {kg/m’]
v, = 0.012 [mvs]
2=v, f(ae) = 0.698 (-]
5050 Best fitting on B (Rouse equation)
| B= 0436
0.25 | Ri= 1812 (-]
= - = h
Ri[- )= 2er=0)-p.ly )]
P ul

0.00

0.0

0.2

Cofcu

Remarks:

Group a-1 (Erodible flat sediment layer on the bottom => capacity-flow)
Laboratory channel, aspect ratio= B/h = 5.0
Small reference concentration
Instantaneous velocity and concentration measured with the APFP ultrasonic instrument
The calibration of the APFP instrument has been made measuring by suction the concentration distribution (shown here).
Thickness of the sediment layer= 2 [mm]
Subcritical flow

-~
Cia

= 46.06 kg/m’) =

0017 (m¥m’] < 0.05 [m/m’]=>Rouse eq.
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|EPFL, (1997) Sediment concentration distribution |
{Run Q5780175 [Sand particles d=0.135 [mm] | [Group a-1 |
Measured Calculated
Rouseeq. | Rouseeq. | Hunteq.
B=1 B#1 LED!
y y/h cr ¢ (volum.) ¢sfCua C:fCa Cifcr €/ o ylh pm
[cm) -] [kg/m’ %] | (-] -] ] &S| kgow] | kyn) |
0.60 0.05 49.41 1.86 1.000 1.000 1.000 1.000] 247E+00 1030.7
0.90 0.08 35.73 1.35 0.723 0.745 0.535 0.545] 8.93E-01 1022.24
1.20 0.10 17.89 0.67 0.362 0.601 0.339 0.348{ 4.47E-01 1011.14
1.50 0.13 9.87 0.37 0.200 0.506 0.236 0.243[ 2.47E-01 1006.15
1.80 0.15 4.68 0.18 0.095 0.438 0.174 0.179 1.17E-01 100291
2.10 0.18 3.38 0.13 0.068 0.387 0.133 0.138]  8.45E-02 1002.10
2.40 0.20 2.60 0.10 0.053 0.346 0.105 0.109]  6.50E-02 1001.62
3.00 0.25 2.03 0.08 0.041 0.284 0.069 0.072 1.01E-01 1001.26
6.00 0.50 0.74 0.03 0.015 0.134 0.014 0. 1.84E-01 1000.46
8.40 0.70 0.37 0.01 10.008 0.075 0.004 0.000[ 7.47E-02 1000.23
10.80 0.90 0.19 0.01 0.004 0.030 0.001 0.001 3.76E-02 1000.12
11.40 0.95 011 0.00 0.002 0.018 0.000 0.000]  5.74E-03 1000.07
Depth aver. T = 473 [kg/m’)
Depth aver. Pn= 1002.95  [kg/m’]
h= 012 im]
1.00 S (Bed slope)= 1.75E-3 -]
) e Daa | w= 004  [ms)
Rouse B=1 = 04 -]
AV ey Rouse B=04711 U= 0855 {mfs]
Fr= 0.79 [-]
a(refer.)= 0.006 [m]
0.75 1 cn = 4941 kg/m’}
¢a=Cafp, = 0.019 [m¥m?]
P, = 2650 [kg/m’)
. = 0012 [m/s})
z=v, fian) = 0.682 -}
5 050 Best fitting on f (Rouse equation)
[ B=_ 0471
0.25 Ri= 1861 -]
. gHp.(y=a)-p.y="h)]
Ri [' '] = - 2
P U2
0.00 — +
0.0 0.2 04 0.6 038 1.0
Cifcm
Remarks: Group a-1 (Erodible flat sediment Jayer on the bottom => capacity-flow)

Laboratory channel, aspect ratio= B/h = 5.0

Small reference concentration ch= 4941 kg/m’) = 0.019 [m¥m’] < 0.05 {m¥m’]=>Rouse eq.
Instantaneous velocity and concentration measured with the APFP ultrasonic instrument

The calibration of the APFP instrument has been made measuring by suction the concentration distribution (shown here).

Thickness of the sediment layer= 2 [mm]

Subcritical flow
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IEPFL, (1997) Sediment concentration distribution ]

[Run  Q60S02] |Sand particles d=0.135 [mm] | {Group a-1 ]
Measured Calculated
Rouseeg. | Rouseeq. [ Hunteq.
B=1 Bz1 Bzl
y y/h ¢ ¢+ (volum.) Z’:/Eu E:/Eu C:/Z‘n Z./Z'.. cr -y/h pm
[cm] (-] (kg/m’] (%] [-] -] [-] [-] [kg/m’} {kg/m’]
0.60 0.05 48.58 1.83 1.000 1.000 1.000 1.000]  2.43E+00 1030.25
0.90 0.08 27.68 1.04 0.570 0.750 0.509 0.520{ 6.92E-01 1017.23
1.20 0.10 14.02 0.53 0.289 0.608 0.311 0.321 3.51E-01 1008.73
1.50 0.13 7.04 0.27 0.145 03514 0.210 0.218 1.76E-01 1004.38
1.80 0.15 5.62 0.21 0.116 0.446 0.151 0.157 1.41E-01 1003.50
2.10 0.18 4.27 0.16 0.088 0.395 0.113 0.118 1.07E-01 1002.66
240 0.20 3.70 0.14 0.076 0.354 0.088 0.091 9.25E-02 1002.30
3.00 0.25 3.02 0.11 0.062 0.292 0.056 0.058 1.51E-01 1001.88
6.00 0.50 1.64 0.06 0.034 0.140 0.010 0.000] 4.10E-0! 1001.02
8.40 0.70 1.01 0.04 0.021 0.080 0.003 0.000 2.02E-01 1000.63
10.80 0.90 0.59 0.02 0.012 0.032 0.000 0.000 1.18E-01 1000.37
11.40 0.95 0.42 0.02 0.009 0.020 0.000 0.000] 2.10E-02 1000.26
Depth aver. Ford™ 489 [kg/m’]
Depth aver. Pn= 1003.04 [kg/m’]
o0 : h= 0.12 {m]
: | S (Bed slope)= 2.00E-3 -1
¢ Dua u. = 0.045 fmis)
Rouse B=1 = 0.4 -]
------ Rouse B =0.427 U= 0905 [ms)
Fr= 083 [--]
a(refer.)= 0.006 [m]
075 o = 4358 fkg/m’)
ca=cafp,= 0018 {m%m’}
P, = 2650 [kg/m’)
v, = 0.012 [m/s]
2=v,fimu) = 0.667 (-]

0.50 {
S Best fitting on B (Rouse equation)

[_B= o042

025 ¢ Ri= 17.38 [-]

gif. )= 21-b= )= oy =)

P, ul

0.00 + — e
0.0 0.2 04 0.6 038 1.0

Cifcm

Remarks:  Group a-1 (Erodible flat sediment layer on the bottom => capacity-flow)
Laboratory channel, aspect ratio= B/h = 5.0
Small reference concentration Cow = 48.58 [kg/m’] = 0.018 [m/m’} < 0.05 {mYm’]=>Rouse eq.
Instantaneous velocity and concentration measured with the APFP ultrasonic instrument
The calibration of the APFP instrument has been made measuring by suction the concentration distribution (shown here).
Thickness of the sediment layer= 2 [mm]
Subcritical flow
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rEPFL, (1997) Sediment concentration distribution |
(Run Q6550225 [Sand particles d=0.135 [mm] | {Group a-1 J
Measured Calculated
Rouseeq. | Rouseeg. | Hunteq.
B=1 B=1 B=#1
y y/h ET Z‘; (VOI“”L) El/aa CI/ZM Cl/?u Z‘;/Z‘n E:' . y/h pm
[cm] [] [kg/m’] [%] _ ] ] -] (-] m’ fkg/m’]
0.60 0.05 50.82 1.92 1.000 1.000 1.000 1.000]  2.54E+00 1031.64
0.90 0.08 36.67 1.38 0.722 0.754 0.550 0.560 9.17E-01 1022.84
1.20 0.10 20.89 0.79 0411 0614 0.356 0.366] S5.22E-01 1013.01
1.50 0.]13 11.22 0.42 0.221 0.521 0.252 0.259] 2.80E-01 1006.98
1.80 0.15 5.26 0.20 0.104 0.454 0.188 0.194 1.32E-01 1003.28
2.10 0.18 4.14 0.16 0.081 0.403 0.146 0.151 1.03E-01 1002.58
2.40 0.20 3.19 0.12 0.063 0.362 0.11 0.120] 7.97E-02 1001.98
3.00 0.25 2.08 0.08 0.041 0.300 0.078 0.081 1.04E-01 1001.30
6.00 0.50 0.96 0.04 0.019 0.147 0.017 0.000] 2.39E-01 1000.60
8.40 0.70 0.52 0.02 0.010 0.084 0.005 0.000 1.04E-01 1000.33
10.80 0.90 0.21 0.0! 0.004 0.035 0.001 0.001 4.15E-02 1000.13
11.40 0.95 0.17 0.01 0.003 0.021 0.000 0.000]  8.31E-03 1000.10
Depth aver. Tl = 507  [kgm’]
Depth aver. Pu= 1003.16 [kg/m’]
h= 0.12 {m}
100 e Dan S (Bed slope)= 2.25E-3 [--]
u, = 0.046 [ms)
Rouse B=1 = 0.4 -]
------ Rouse B=0472 U= 0916 (m’s)
Fr= 084 [--]
a (refer.)= 0.006 (m]
0.75 = = 50.82 kg/m’)
Zw=23/p, = 0.019 [m/m’}
P, = 2650 [kg/m’}
.= 0012 (m’s)
z=v, /(o) = 0.652 [
§ 050 Best fitting on B (Rouse equation)
|_B= 0472
0.25 | Ri= 749 ]
1 gHp.(y=a)=p.(y=Hh)]
Rif-]= EAL0 =)
P W
0.00 —

Remarks:

Group a-1 (Erodible flat sediment layer on the botiom => capacity-flow)

Laboratory channel, aspect ratio= B/h = 5.0

Small reference concentration ch= 50.82 kg/m’] = 0.019 [m’m’] < 0.05 [m’m’]=>Rouse eq.
Instantaneous velocity and concentration measured with the APFP ultrasonic instrument

The calibration of the APFP instrument has been made measuring by suction the concentration distribution (shown here).

Thickness of the sediment layer= 2 [mm}

Subcritical flow
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[EPFL, (1997)

Sediment concentration distribution

{Run Q708025 {Sand particles d=0.135 [mm] | (Group a-1 |
Measured Calculated
Rouseeq. | Rouseeq. | Hunteq.
B=1 B=1 B#1
h o G (volum)|  €ifcu €ifCu sfCu CofC & y/k pm
[cm] [] [kg/m’) _[%] [} ] [-] ] [kg/m’] kg/m’]
0.60 0.05 50.04 1.89 1.000 1.000 1.000 1.000] 2.50E+00 1031.16
0.90 0.08 42.33 1.60 0.846 0.768 0.580 0.590] 1.06E+00 1026.36
1.20 0.10 18.09 0.68 0.362 0.633 0.390 0.399] 4.52E-01 1011.26
1.50 0.13 9.16 0.35 0.183 0.543 0.284 0.292] 2.29E-01 1005.70
1.80 0.15 7.99 0.30 0.160 0.477 0.218 0.225 2.00E-01 1004.97
2.10 0.18 6.11 0.23 0.122 0.426 0.173 0.178] 1.53E-0I 1003.80
2.40 0.20 5.98 0.23 0.119 0.385 0.140 0.145 1.49E-01 1003.72
3.00 0.25 4.51 0.17 0.090 0.323 0.098 0.101] 2.25E-01 1002.81
6.00 0.50 2.21 0.08 0.044 0.165 0.024 0.000{ 5.54E-01 1001.38
8.40 0.70 1.41 0.05 0.028 0.098 0.008 0.000]  2.82E-0l 1000.88
10.80 0.90 0.89 0.03 0.018 0.043 0.002 0.002] 1.78E-01 1000.55
11.40 0.95 0.76 0.03 0.015 0.027 0.001 0.001 3.80E-02 100047
Depth aver. T = 6.02 [kg/m’]
Depth aver. Pn = 1003.75  [kg/m’)
oo = 0.12 fm]
B S (Bed slope)= 2.50E-3 {--]
o Daa u. = 0.049 (mvs)]
. Rouse B = x= 0.4 -]
------ Rouse B =0.486 U= 0917 (m/s)
Fr= 0.85 [}
a(refer.)= 0.006 [m]
0.75 | oo = 5004 [kg/m’]
cw =cafp, = 0.019 [mm*)
P, = 2650 [kg/m’]
v, = 0.012 {m/s]
z2=v, /()= 0.612 {--]
5,050 Best fitting on B (Rouse equation)
| B= 0486
025 ¢ Ri= 14.99 (--]
1 &Hp.y=a)-p.(y=h)]
Rif- )= A=
P, -ul
0.00 + ; +
0.0 0.2 04 0.6 0.8 1.0
CofCu
Remarks:  Group a-1 (Erodible flat sediment layer on the bottom => capacity-flow)

Laboratory channel, aspect ratio= B/h=5.0

Small reference concentration T = 50.04 kg/m'] = 0.019 [m’m’] < 0.05 [m’m’}
Instantaneous velocity and concentration measured with the APFP ultrasonic instrument

The calibration of the APFP instrument has been made measuring by suction the concentration distribution (shown here).
Thickness of the sediment layer= 2 [mm]

Subcritical flow

=>Rouse eq.
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[EPFL, (1997)

Sediment concentration distribution

(Run  Q75S03] [Sand particles d=0.135 [mm] | {Group a-1 i
Measured Calculated
Rouseeq. | Rouseeq. | Hunteq.
B=1 B#1 B=1
y y/h E:. Z‘, (volum.) Et/Eu E:/En Cr/zu E:/Eu (-37 y/h pm
[em] (] (kg/m’] (%] -] | -] -] {kg/m’} fkg/m']
0.60 0.05 62.47 2.36 1.000 1.000 1.000 1.000] 3.12E+00 1038.90
0.90 0.08 43.34 1.64 0.694 0.790 0.532 0.547] 1.08E+00 1026.99
1.20 0.10 2147 0.81 0.344 0.665 0.338 0.350]  5.37E-0l 1013.37
1.50 013 10.94 041 0.175 0.580 0.232 0.244]  2.73E-01 1006.81
1.80 0.15 7.48 0.28 0.120 0.517 0.170 0.180 1.87E-01 1004.66
2.10 0.18 4.70 0.18 0.075 0.468 0.130 0.138 1.18E-01 1002.93
2.40 0.20 4.21 0.16 0.067 0.427 0.102 0.108 1.05E-01 1002.62
3.00 0.25 3.85 0.15 0.062 0.365 0.067 0.071 1.93E-01 1002.40
6.00 0.50 1.52 0.06 0.024 0.201 0.013 0.000] 3.81E-01 1000.95
8.40 0.70 0.87 0.03 0.014 0.126 0.004 0.000 1.74E-01 1000.54
10.80 0.90 0.57 0.02 0.009 0.061 0.001 0.001 1.14E-01 1000.36
11.40 0.95 0.47 0.02 0.008 0.040 0.000 0.000]  2.36E-02 1000.29
Depth aver. T = 631 [kg/m’)
Depth aver. Pu = 1003.93 [kg/m’]
1,00 h= 0.12 [m]
: S (Bed slope)= 3.00E-3 -]
o Dua k.= 0.055 s}
Rouse B=1 = 0.4 -]
------ Rouse B=0.373 U= 0897 [m/s)
Fr= 0.83 [-]
a(refer.)= 0.006 {m]
0.75 o= 6247 (kg/m’]
Cu=Cafp,= 0024 {m*/m’}
h P. = 2650 fkg/m’)
. v, = 0012 fmis]
! z=v, f(ki) = 0.545 [--]
]
.50 + X
$05 ? Best fitting on § (Rouse equation)
! [ B=_ 0373
025} Ri= 14.96 -]
iR" (= gHp.(y=a)~p.(y=h)
; Poud
0.00 . " ; .
0.0 0.2 04 0.6 08 1.0
CofCu
Remarks:  Group a-1 (Erodible flat sediment layer on the bottom => capacity-flow)

Laboratory channel, aspect ratio= B/h =5.0

Small reference concentration = 6247 [kg/m'] = 0.024 [m¥m’] < 0.05 [m’m’]=>Rouse eq.
Instantaneous velocity and concentration measured with the APFP ultrasonic instrument

The calibration of the APFP instrument has been made measuring by suction the concentration distribution (shown here).

Thickness of the sediment layer= 2 {mm]

Subcritical flow
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[EPFL, (1998)

Sediment concentration distribution

[Run Q50801 _1I1 [Sand particles d=0.230 [mm] | [Group a-1 |
Measured Calculated
Rouseeq. | Rouseeq. | Hunteq.
B=1 Bl B=1
y y/h Z‘,‘ Z, (vo[um) CJ/EM C:/Z'u Z‘:/Z‘:a E:[Eu E? y/h pm
[em] [-] [kg/m’] [%] [} [--] [-] [--] [kg/m’) {kg/m’]
0.60 0.05 21.31 0.80 1.000 1.000 1.000 1.000] 1.07E+00 1013.27
0.90 0.08 12.14 0.46 0.570 0.559 0.419 0.422|  3.04E-01 1007.56
1.20 0.10 4.37 0.16 0.205 0.366 0.223 0.225 1.09E-01 1002.72
1.50 0.13 1.21 0.05 0.057 0.261 0.134 0.136]  3.03E-02 1000.76
1.80 0.15 0.63 0.02 0.030 0.196 0.088 0.089 1.58E-02 1000.39
2.10 0.18 0.38 0.01 0.018 0.153 0.061 0.061]  9.53E-03 1000.24
2.40 0.20 0.28 0.0! 0.013 0.123 0.044 0.044{ 6.91E-03 1000.17
3.00 0.25 0.26 0.01 0.012 0.083 0.024 0.025]  1.32E-02 1000.16
6.00 0.50 0.05 0.00 0.002 0.019 0.003 0.003 1.15E-02 1000.03
8.40 0.70 0.03 0.00 0.001 0.006 0.000 0.000]  5.02E-03 1000.02
10.80 0.90 0.02 0.00 0.001 0.001 0.000 0.000[  3.18E-03 1000.01
11.40 0.95 0.01 0.00 0.000 0.000 0.000 0.000]  5.10E-04 1000.01
Depth aver. = 1.57  [kg/m’]
Depth aver. Pn= 1000.98  [kg/m’]
1,00 h= 012 [m]
X S (Bed slope)= 1.00E-3 [-]
¢ e Daa u. = 0.039 (ms)
Rouse B=1 = 04 ]
(A (A Rouse B =0.6695 U= 0.80] {ms)
Fr= 074 -]
a(refer.)= 0.006 [m]
0.75 1 ch= 2131 kg/m’}
) tu =cx/p, = 0.008 fm’/m’}
P, = 2650 (kg/m’]
v, = 0.021 fmvs)
z=v,f(au) = 1.346 [--]
5 030 ? Best fitting on B (Rouse equation)
. |  B= 0.6695|
\
0.25 ." Ri= 10.25 [--]
\
* Ri[.]= £1ea0r =)0y = D)
. P, 42
0.00 + +
0.0 0.2 04 0.6 0.8 1.0
El/Eu
Remarks: Group a-1 (Erodible flat sediment layer on the bottom => capacity-flow)
Laboratory channel, aspect ratio= B/h = 5.0
Small reference concentration o= 2131 kg/m'] = 0.008 [m/m’] < 0.05 [m%m’}=>Rouse eq.
Instantaneous velocity and concentration measured with the APFP ultrasonic instrument
The calibration of the APFP instrument has been made measuring by suction the concentration distribution (shown here).
Thickness of the sediment layer= 2 [mm])
Subcritical flow
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|EPFL, (1998) Sediment concentration distribution |

[Run Q55S015_11 {Sand particles d=0.230 [mm] | |Group a-1 |
Measured Calculated
Rouseeq. | Rouseeq. [ Huntegq.
B=1 B=1 B=1
y y/h < ¢ (volum.) €ifcu €1fCa €:fce :fCr c; y/h pm
[cm] [ [kg/m’] [%B] - (-] L] ] -] kg/m’} kg/m’)
0.60 0.05 28.07 1.06 1.000 1.000 1.000 1.000] 1.40E+00 1017.48
0.90 0.08 21.30 0.80/ 0.759 0.593 0.475 0.479 5.32E-01 1013.26
1.20 0.10 7.21 0.27 0.257 0.405 0.276 0.279 1.80E-01 1004.49
1.50 0.13 1.84 0.07 0.065 0.299 0.179 0.182] 4.59E-02 1001.14
1.80 0.15 0.95 0.04 0.034 0.231 0.125 0.126] 2.37E-02 1000.59
2.10 0.18 0.54 0.02 0.019 0.185 0.091 0.092 1.34E-02 1000.33
2.40 0.20 0.46 0.02 0.017 0.152 0.068 0.069 1.16E-02 1000.29
3.00 0.25 0.34 0.01 0.012 0.107 0.042 0.042 1.69E-02 1000.21
6.00 0.50 0.13 0.00 0.005 0.028 0.006 0.006]  3.27E-02 1000.08
8.40 0.70 0.09 0.00 0.003 0.010 0.001 0.001 1.85E-02 1000.06
10.80 0.90 0.07 0.00 0.003 0.002 0.000 0.000 1.45E-02 1000.05
11.40 0.95 0.08 0.00 0.003 0.001 0.000 0.000] 4.21E-03 1000.05
Depth aver. Cr= 230  [kg/m’)
Depth aver. Pm = 1001.43  [kg/m’]
00 h= 0.12 [m]
L. ’ S (Bed slope)e 1.50E-3 [--1
! ; e Daa u. = 0.043 (m/s)
| Rouse B=1 = 0.4 -]
1 et Rouse B=0.7028 U= 08333021 [m/s)
Fr= 077 [
i a (refer.)= 0.006 {m]
L 075 o= 2807 fkg/m’)
i Zu=E3/p,= 0.011 {m/m’)
: P, = 2650 kg/m’]
! v, = 0.021 {m/s]
: z=v, /)= 1210 {--]

§ 0.50 4 Best fitting on B (Rouse equation)

|  B= 07028

0.25 | Ris 087 -]
_. Ri[. )= £HP-0r=a)- Py D)
i P12
0.00 + : -
0.0 0.2 04 0.6 0.8 1.0

Z‘:/En

Remarks:  Group a-1 (Erodible flat sediment layer on the bottom => capacity-flow)
Laboratory channel, aspect ratio= Bfh = 5.0
Small reference concentration h= 28.07 (kg/m’] = 0.011 {m¥m’) < 0.05 [m¥m’]=>Rouse eq.
Instantaneous velocity and concentration measured with the APFP ultrasonic instrument
The calibration of the APFP instrument has been made measuring by suction the concentration distribution (shown here).
Thickness of the sediment layer= 2 [mm]
Subcritical flow
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{EPFL, (1998) Sediment concentration distribution |
[Run__ Q57S0175_II  |Sand particles d=0.230 [mm] | [Group a-1 |
Measured Calculated
Rouseeq. | Rouseeq. | Hunteg.
B=1 B=1 Bzl
y/h e < (volum.)|  €ifcw ¢ifCa CifCs CsfCne Xy pm
{cm] (-] (kg/m’} (%) [] L [-] -1 | [kg/m’) [kg/m’
0.60 0.05 24.77 0.93 1.000 1.000 1.000 1.000] 1.24E+00 101543
0.90 0.08 19.31 0.73 0.779 0.590 0.475 0.478 4.83E-01 1012.02
1.20 0.10 5.72 0.22 0.231 0402 0.276 0.278 1.43E-01 1003.56
1.50 0.13 1.62 0.06 0.065 0.295 0.179 0.181 4.05E-02 1001.01
1.80 0.15 0.60 0.02 0.024 0.228 0.124 0.126 1.50E-02 1000.37
2.10 0.18 0.67 0.03 0.027 0.182 0.090 0.091 1.67E-02 1000.42
2.40 0.20 0.49 0.02 0.020 0.149 0.068 0.069 1.22E-02 1000.30
3.00 0.25 0.34 0.01 0.014 0.105 0.041 0.042 1.68E-02 1000.21
6.00 0.50 011 0.00 0.004 0.027 0.006 0.006]  2.69E-02 1000.07
8.40 0.70 0.07 0.00 0.003 0.010 0.001 0.001 1.34E-02 1000.04
10.80 0.90 0.02 0.00 0.001 0.002 0.000 0.000] 4.15E-03 1000.01
11.40 0.95 0.02 0.00 0.001 0.001 0.000 0.000 1.23E-03 1000.02
Depth aver. = 201 [kg/m’)
Depth aver. Pu= 1001.25 [kg/m’)
h= 012 {m}
1.00 S (Bed slope)= 1.75E-3 [--]
e Dan u. = 0.043 [m/s]
¢ Rouse  P=1 x= 04 [
------ Rouse B=0.7079 U= 0.8357956 [mis]
Fr= 0.77 [-]
a(refer.)= 0.006 [m]
0.75 ch=2477 {kg/m’]
Cw=cafp, = 0.009 [m”m’]
P, = 2650 (kg/m’]
v, = 0.021 (ms]
2=v,fla) = 1221 [--]
§, 0301 Best fitting on B (Rouse equation)
| B= 0.7079]
025 Ri= 980 ]
Ri[.]= AP0 =0)- 2Ly = D
P ut
°
0.00 ; ; . .
0.0 0.2 04 0.6 0.8 1.0
(-.'l/z'-
Remarks:  Group a-1 (Erodible flat sediment layer on the bottom => capacity-flow)

Laboratory channel, aspect ratio= B/h = 5.0

Small reference concentration Co= 24.77 kg/m’] = 0.009 [m*¥m’} < 0.05 {m’m’]=>Rouse eq.
Instantaneous velocity and concentration measured with the APFP ultrasonic instrument

The calibration of the APFP instrument has been made measuring by suction the concentration distribution (shown here).

Thickness of the sediment layer= 2 [mm)

Subxritical flow
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[EPFL, (1998)

Sediment concentration distribution

[(Run Q60802 _II [Sand particles d=0.230 [mm] | [Group a-1 ]
Measured Calculated
Rouseeq. | Rouseeq. | Hunteg.
B=1 B#1 B=1
y y/h e C (volum.)|  ©fca Csfcu ¢:fCi ¢:fCus & oylh pm
{cm] [] [kg/m’] [%] (] -] -] -] (kg/m’] {ke/m’]
0.60 0.05 23.29 0.88 1.000 1.000 1.000 1.000] 1.16E+00 1014.50
0.90 0.08 13.68 0.52 0.587 0.607 0.466 0.469] 3.42E-01 1008.52
1.20 0.10 7.78 0.29 0.334 0.421 0.267 0.269] 195E-01 1004.85
1.50 0.13 2.16 0.08 0.093 0315 0.171 0.173{ 5.41E-02 1001.35
1.80 0.]5 1.14 0.04 0.049 0.247 0.118 0.119] 2.85E-02 1000.71
2.10 0.18 0.75 0.03 0.032 0.200 0.085 0.086] 1.88E-02 1000.47
240 0.20 0.5] 0.02 0.022 0.165 0.064 0.064]  1.28E-02 1000.32
3.00 0.25 0.40 0.01 0.017 0.118 0.038 0.039]  1.98E-02 1000.25
6.00 0.50 0.15 0.01 0.006 0.033 0.005 0.006] 3.63E-02 1000.09
8.40 0.70 0.09 0.00 0.004 0.012 0.001 0.001] 1.70E-02 1000.05
10.80 0.90 0.03 0.00 0.001 0.003 0.000 0.000{ 6.47E-03 1000.02
11.40 0.95 0.03 0.00 0.001 0.001 0.000 0.000] 1.30E-03 1000.02
Depth aver. Cr = 190 [kg/m’]
Depth aver. Pu= 1001.18  [kg/m’]
: h= 0.12 [m]
: 1.00 i S (Bed slope)= 2.00E-3 (-1
5 . o Daa l u.= 0.045 (ms]
) Rouse PB=1 | x= 0.4 [
------ Rouse B=0.6536] U= 0.8496344 [m/s]
Fr= 0.78 [}
a(refer.)= 0.006 [m]
0.75 1 = 2329 kg/m’]
Cu=Cafp, = 0.009 [m¥m’)
P, = 2650 [kg/m’]
v, = 0.021 [mys]
z= v,,{(m) = 1.156 [--]
S 050 T Best fitting on § (Rouse equation)
; | B=_ 06536
\
0.25 {o', | Ri= 826 11
% % Ri[.] = 8100 =)~ Py =]
® e I Pt
|
0.00 + ; !
0.0 0.2 04 0.6 0.8 10 !
! fem l
I |
Remarks:  Group a-1 (Erodible flat sediment layer on the bottom => capacity-flow)
Laboratory channel, aspect ratio= B/h =5.0
Small reference concentration = 2329 kg/m’] = 0.009 [m’m’] < 0.05 [m”/m’]=>Rouse eq.
Instantaneous velocity and concentration measured with the APFP ultrasonic instrument
The calibration of the APFP instrument has been made measuring by suction the concentration distribution (shown here).
Thickness of the sediment layer= 2 [mm]
Subcritical flow
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IEPFL, (1998) Sediment concentration distribution

[Run Q6550225 11  |Sand particles d=0.230 [mm] | [Group a-1 |
Measured Calculated
Rouseeq. | Rouseeq. | Huntegq.
B=1 B=1 B#1
y/h ET E, (Volum.) E:/Z‘u E:/Z‘u ZI/EM E:/Euz E:‘ . y/h pm
[em] [-] (kg/m’) (%] [--] [--] (-] [-] (kg/m’) [kg/m’]
0.60 0.05 34.36 1.30 1.000 1.000 1.000 1.000] 1.72E+00 1021.40
0.90 0.08 20.27 0.77 0.590 0.617 0.464 0.469 5.07E-01 1012.62
1.20 0.10 10.10 0.38 0.294 0434 0.265 0.269 2.52E-01 1006.29
1.50 0.13 4.44 0.17 0.129 0.328 0.169 0.172 1.11E-01 1002.76
1.80 0.15 1.72 0.06 0.050 0.259 0.116 0.118 4.29E-02 1001.07
2.10 0.18 1.11 0.04 0.032 0211 0.084 0.085 2.78E-02 1000.69
2.40 0.20 0.81 0.03 0.024 0.175 0.063 0.064 2.03E-02 1000.51
3.00 0.25 0.48 0.02 0.014 0.127 0.038 0.038 2.38E-02 1000.30
6.00 0.50 0.18 0.01 0.005 0.037 0.005 0.005f  4.45E-02 1000.11
8.40 0.70 0.08 0.00 0.002 0.014 0.001 0.001 1.55E-02 1000.05
10.80 0.90 0.05 0.00 0.001 0.003 0.000 0.000 1.01E-02 1000.03
11.40 0.95 0.05 0.00 0.001 0.001 0.000 0.000 2.25E-03 1000.03
Depth aver. Cr= 278  [kg/m’]
Depth aver. Pn= 1001.73  [kg/m’)
o T RS 012 Tm]
1.00 ; S (Bed stope)= 2.25E-3 [--
s Daa 4 = 0.047 {m/s)
Rouse B = x= 0.4 -}
------ Rouse B =0.628 = 0.865246  [ns)
Fr= 0.80 {--]
a(refer.)= 0.006 {m]
0.75 o= 3436 fkg/m’)
Cu=Cafp, = 0.013 [m/m’]
P, = 2650 [kg/m’)
v, = 0.021 (m/s]
z=v flw)= 1.117 [--]
§ 0301 Best fitting on B (Rouse equation)
| B= 0628
0.25 | Ri= 11.37 [--]
Rif-]= gHp.(y=a)~p.(y=H)]
Paul
0.00 N - : ;
0.0 0.2 04 0.6 0.8 1.0

Remarks:  Group a-1 (Erodible flat sediment layer on the bottom => capacity-flow)
Laboratory channel, aspect ratio= B/h = 5.0
Small reference concentration o= 34.36 kg/m’] = 0.013 (m¥m’}] < 0.05 [m¥m’)
Instantaneous velocity and concentration measured with the APFP ultrasonic instrument
The calibration of the APFP instrument has been made measuring by suction the concentration distribution (shown here).
Thickness of the sediment layer= 2 [mm]
Subcritical flow

=>Rouse eq.
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{EPFL, (1998) Sediment concentration distribution |
{Run Q708025 11 |Sand particles d=0.230 [mm] | |Group a-1 ]
Measured Calculated
Rouseeq. | Rouseeq. | Hunteq.
B=1 Bl B!
y yh cr G (volum.)]  Cifcs C+fCue ¢:fce ¢:feu = y/h pm
[cm] -1 [kg/m’ (%] [-) -] 1] [--] _[kg/m’] [kg/m’)
0.60 0.05 33.83 1.28 1.000 1.000 1.000 1.000{ 1.69E+00 1021.06
0.90 0.08 23.17 0.87 0.685 0.621 0.487 0.491 5.79E-01 1014.43
1.20 0.10 9.82 0.37 0.290 0.439 0.288 0.292] 2.46E-01 1006.1_2_‘
1.50 0.13 4.64 0.18 0.137 0.332 0.189 0.192] 1.16E-01 1002.89
1.80 0.15 2.13 0.08 0.063 0.263 0.133 0.135 5.33E-02 1001.33
2.10 0.18 1.03 0.04 0.030 0.215 0.098 0.100] 2.57E-02 1000.64
2.40 0.20 0.93 0.04 0.028 0.179 0.074 0.076]  2.34E-02 1000.58
3.00 0.25 0.63 0.02 0.019 0.131 0.046 0.047 3.13E-02 1000.39
6.00 0.50 0.17 0.01 0.005 0.039 0.007 0.008]  4.22E-02 1000.11
8.40 0.70 0.11 0.00 0.003 0.015 0.002 0.002[ 2.27E-02 1000.07
10.80 0.90 0.05 0.00 0.002 0.003 0.000 0.000] _ 1.02E-02 1000.03
11.40 0.95 0.04 0.00 0.001 0.002 0.000 0.000]  2.24E-03 1000.03
Depth aver. = 2.84  [kg/m’]
Depth aver. Pu = 1001.77  fkg/m’]
00 | h= 0.12 [m]
1 i S (Bed slope)= 2.50E-3 -1
[ ] o Dea \ u, = 0.048 [m/s)
Rouse B=1 <= 0.4 (-]
Tt e Rouse B =0.6616. U= 08683168 [m/s)
Fr= 0.80 {--]
a (refer.)= 0.006 {m]
0.75 | = 3383 ke/m)
Cu=2a/p, = 0.013 [m%m?]
P, = 2650 kg/m’)
v, = 0.02] [mvs)
z=v, fe)= 1.103 [--]
s 050 4 Best fitting on B (Rouse equation)
| B= 0.6616|
Po0ast Ri= 1091 (-]
; . Pa\y=a)=p\y= h
| R,[__]=gh{ (r=a) 2 (r=h)
' Py W
;000 ' . : -
i 0.0 02 04 0.6 0.8 10
: ifcn
_
Remarks:  Group a-1 (Erodible flat sediment layer on the bottom => capacity-flow)

Laboratory channel, aspect ratio= B/h=5.0

Small reference concentration ch = 33.83 (kg/m’'] = 0.013 (m/m’) < 0.05 {mYm’]=>Rouse eq.
Instantaneous velocity and concentration measured with the APFP ultrasonic instrument

The calibration of the APFP instrument has been made measuring by suction the concentration distribution (shown here).

Thickness of the sediment layer= 2 {mm)}

Subcritical flow
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[EPFL, (1997)

Sediment concentration distribution

(Run BF_S015 [Sand particles d=0.135 [mm] |
Measured Calculated
Rouseeq. | Rouseeq. | Hunteq.
B=1 Bzl Be1
y y/h E‘: E: (VOI‘U’I.) z:/En E:/Eu Eo/z‘u C:/Z‘.. Zl- . y/h pm
fem]) I-] [kg/m’} [%)__ -] =] -] i G [kg/m’) m”
0.55 0.050 21.47 0.81 1.000 1.000 1.000] 1.000] 1.07E+00 1013.37
0.97 0.088 16.12 0.61 0.751 0.567 0.656 0.657 6.13E-01 1010.04
1.23 0.112 11.46 0.43 0.534 0.441 0.544 0.546 2.75E-01 1007.13
1.76 0.160 8.82 0.33 0.411 0.299 0.409 0.410) 4.23E-01 1005.49
4.93 0.448 1.93 0.07 0.090 0.077 0.149 0.150 5.57E-01 1001 2&
9.15 0.832 0.12 0.00] 0.006 0.014 0.042 0.043 6.80E-02 1000.08
Depth aver. Cr= 301 [kg/m’)
Depth aver. Pu= 1001.87  [kg/m’]
h= 0.11 [m]
1.000 I S (Bed slope)= 1.S0E-03 [~}
' u.= 0.032 [m/s]
\ ¢ Dma x= 0.4 (-]
L Rouse P=1 U= 0575 [m/s)
,‘ ...... Rouse B =1.347 Fr= 0.55 [“]
a (refer.)= 0.0055 [m]
0.750 o cn = 21.47 [kg/m’)
Cu=Cnfp, = 0.008 [m¥m’]
P, = 2650 [kg/m’]
v, = 0.012 {ms]
z=v,/(a)= 0.938 -]
§ 0500 Best fitting on § (Rouse equation)
| B= 1347
Ri= 13.98 {-}
0.250
Ri[-]= gHp.(y=a)-p.(y=h)
P,
0.000 ; :
0.0 0.2 04 0.6 0.8 1.0
EI/EM
Remarks:  Group a-2 (Erodible sediment layer on the bottom => capacity-flow)
Laboratory channel, aspect ratio= B/h=15.5
Small reference concentration ch= 2147 kg/m’] = 0.008 [m’m’] < 0.05 {m’m’] =>Rouse eq.

Instantaneous velocity and concentration measured with the APFP ultrasonic instrument
The calibration of the APFP instrument has been made measuring by suction the concentration distribution (shown here),
Thickness of the sediment layer:= 2 [mm)]

Subcritical flow

B-56




[EPFL, (1997)

Sediment concentration distribution

[Run BF_S02| {Sand particles d=0.135 [mm] |
Measured Calculated
Rouseeq. | Rouseeg. | Hunteq.
B=1 B=#1 B=1
y yh o Z (volum.)|  ¢:fCu cifca €ifci €:fCe o yh pm
[cm]) [--] fkg/m’) [%) (-] [-] -] [-] (kg/m’] kg/m’]
0.59 0.050 12.69 048 1.000 1.00 1.000! 1.000]  6.34E-01 1007.90
1.30 0.110 7.55 0.28 0.595 0.519 0.554 0.556{ 4.53E-01 1004.70
1.71 0.145 5.69 0.21 0.449 0.406 0.445 0.446 2.00E-01 1003.55
2.22 0.188 4.38 0.17 0.345 0.320 0.359 0.360]  1.88E-01 1002.73
5.82 0.493 1.42 0.05 0.112 0.1 0.133 0.134]  4.34E-01 1000.89
10.62 0.900 0.07 0.00 0.006 0.019 0.029 0.029]  3.03E-02 1000.05
Depth aver. Cr= 194 [kg/m’]
Depth aver. Pn= 1001.21  [kg/m’}
B h= 0.118 [m]
1.000 1 S (Bed slope)= 2.00E-03  [)
. o Dia U= 0039 [m/s]
4Y Rouse B=1 x= 04 (-]
U= 0.609 [mvs]
S EAths Rouse B =1.113 Fr= 057 (-1
a (refer.)= 0.0059 {m]
0.750 ¢ = 12.69 [kg/m’]
Cu=cufp, = 0.005 [m¥m’]
£, = 2650 fkg/m')
v, = 0012 [mv/s]
z=v, [(on) = 0.769 [--]
£0.500 Best fitting on B (Rouse equation)
| B= 1113
Ri= 4.02 [--]
0.250 4
Ri[-]= gHpa(y=a)-p.(y="h)]
Pt
0.000 ; . ;
0.0 0.2 04 _ 0.6 08 1.0
Cx/z'u
Remarks:  Group a-2 (Erodible sediment layer on the bottom => capacity-flow)
Laboratory channel, aspect ratio=B/h = 5.5
Small reference concentration o= 12.69 kg/m’] = 0.005 [m”m’] < 0.05 [m’m’}=>Rouse eq.

Instantaneous velocity and concentration measured with the APFP ultrasonic instrument
The calibration of the APFP instrument has been made measuring by suction the concentration distribution (shown here).
Thickness of the sediment layer= 2 {mm]}
Subcritical flow
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APPENDIX C

Velocity and concentration profiles in non-capacity condition

C1 Introduction

The distribution of sediments as suspended load is commonly obtained by consideration of
the diffusion-convection equation, (see Graf, 1984, §8.3). Assuming steady-state condition
and one-dimensionality — no change of concentration with respect to the time, t, to the
longitudinal, x, and to the lateral, z, direction - the following equation is obtained:

v i 46,28 = Cre=0 (1)

oy

The constant of integration is taken as Cre=0, which does imply that at the water surface,
cs =0, for £, =0. Note that eq. Cl remains reasonably valid for small concentrations, say

¢s <0.05 [m’/m’] =132 [kg/m’]. v, is the settling velocity, c.(y)=c,—c/ is the mean
suspended particle concentration, where ¢ is the fluctuation component and &, [m2 /s] is the
diffusion coefficient of the solid particles; y is the distance from the bed along the vertical

direction.
Above eq. C1 implies that the downward flux due to the gravitational settling, v c;, and the

upward sediment flux due to the turbulence of the flow, cv’, are in equilibrium; the latter is

commonly expressed as:
dc
cv=-g L= (C2)
oy

Usually it is admitted the sediment diffusion coefficient, £, and the momentum diffusion
coefficient — which is nothing else than the turbulent (eddy) viscosity -, €, =V,, are closely

related, such as:
e =p¢, (C3)
where ¢, is defined — using the shear stress, —p - u’v’ — by:

— du
wv’ =-—g, <= (C4)
dy

and B is the depth-averaged value of B(y) = £,(y)/€, (3).
For uniform and unidirectional open-channel flow the vertical distribution of the momentum
diffusion coefficient is given (see Graf, 1984, p. 173) by:

8,,,=K~u.-%(h-—y) (C5)

where h is the flow depth and u, is the shear velocity.
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Upon substitution of eq. C3 and eq. CS into the diffusion-convection equation, eq. C1, after
separation of the variables and upon integration in parts between the limits, a <y <k, the well
known solution - often referred to as Rouse equation - is obtained, or:

Es h_y a ’
- = C
Csa ( y h—a) ( 6)

where the Rouse number is defined such as:

1 , Vv
- or z

ol &

The reference concentration, ¢, is usually evaluated at a = 0.05- i, which represents a vertical
position in the flow and falls within the bed-load layer. With such a definition of the reference
concentration, the resulting sediment transport as suspended load is in full capacity (saturation).

A sediment-laden flow is defined as capacity flow when a layer of sediment, composed of
the same sediment as is in suspension, is present on the bed. When flow transports the full
capacity of sediment - at saturation - one may consider the flow to be in a sedimentary
equilibrium, this means that deposited particles can be readily replaced by eroded ones. Any
further addition of sediments to the flow leads to a deposition of sediments on the channel bed
without an increase of the suspended sediment concentration. If a flow is in non-capacity
condition there is no active sediment layer on the bed. All the sediments added to the flow are
kept suspended. A further addition of sediment to the flow leads to an increase of the sediment
concentration without a deposition on the bed. The measurements reported by Coleman (1986),
made with sediment-laden flow of different concentrations, have shown the importance of the
capacity condition.

Data on capacity flow are treated in another part of this investigation (see Cellino and Graf,
1997, and ch. 3). Interesting results can also be obtained investigating flows carrying only a part
of their capacity. Herewith the results of an investigation of flows in non-capacity condition are
reported.

The 8 flows investigated varied from clear-water to the capacity (saturated) flow. For each
run the instantaneous vertical concentration and velocity profiles are measured by a non-
intrusive sonar (APFP) instrument (see Shen and Lemmin, 1996), while the vertical mean
concentration profiles have been also measured by the suction method. Special attention is paid
on the evolution of the turbulence characteristics due to an increase of the sediment
concentration. The velocity measured appears to be the one of the water/sediment mixture (see
Shen, 1997 and ch. 3).

C2 Experimental procedure

The measurements were made in a recirculating tilting channel, 16.8[m] long and 0.60[m]
wide. The measurements were performed at the centerline of the measuring section, located
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13[m] from the entrance of the channel, where the boundary layer is assumed to be established.
The instantaneous velocity and concentration profiles have been measured simultaneously with
the APFP instrument (see Shen and Lemmin, 1996, and Shen, 1997) at measuring frequency of
16 [Hz). In addition, a special (tristatic) configuration of the instrument (see Appendix A) has
been used to increase the measuring frequency of the turbulence measurements only, reaching
39 [Hz]. To calibrate the APFP instrument the mean concentration profiles have been measured
by the suction method. The samples were drawn with a velocity equal to the one of the fluid
surrounding the probe’s entrance, thus is isokinetic condition. The sample’s mixture was then
filtered to obtain the sediment concentration.

Starting with a clear-water flow (run CW_S015), the measurements were made each after
4[h] of the injection of a certain amount of sediments (=10 [kg]) to the flow (runs SLF1_S015
up to SLF6_S015). The channel bed was a plate with an artificial bed, made up of grains of
d=4.8 [mm], which was gradually covered with the sediments studied (Sand I) of
ds, = 0.135 [mm]. The investigation ended when the capacity of the flow was achieved. This
last run, SAT_S015, refers to a capacity flow with presence on the bed of a sand layer nearly 2
[mm)] thick. If additional sand is added, the thickness of the bed layer would increase.

In Table C1 are summarized the hydraulic and sediment characteristics as well as the results
of the 8 runs. The flow discharge, Q [m3/s], measured approximately by a magnetic flowmeter,
was adjusted to maintain constant the flow depth, h[m]=0.12 [m]. The aspect ratio, B/h[--],
where B=0.6 [m] is the channel width, is large enough to assume two-dimensional flow. The
depth-averaged longitudinal (streamwise) velocity wash obtained by integrating the mean

velocity profiles, u(y), over the flow depth, U[m/s]= ;ll-Jﬁ(y) -dy. The mean velocity profiles
0
(measured at the centerline of the measuring section), were obtained by averaging the

instantaneous velocity, u, over the time; in this way the fluctuating velocity, «’, is defined,
such as u(y)=u—u. For all runs the bed slope, S, [--], was kept constant. The Reynolds

numbers, Re [--]= AUR, , where R, [m] is the hydraulic radius and v,, [m2/s] is the kinematic
: Y

m

mixture viscosity computed with a formula proposed by Einstein, v, =v-(1+2.5- Cs)—_ei (see

m

Graf, 1984, p. 65), show that all the flows investigated were turbulent. The Froude numbers,
Fr{--1=U/./gh, always less than unity, indicate that the flows were subcritical. The shear
velocity, w.[m/s), was obtained by extrapolating the measured Reynolds-stress profiles
towards the bed. The Coles wake strength, IT[--], was obtained by best fitting Coles velocity-
defect law (see Coleman, 1986, p. 1381, Hinze, 1975, p. 697, and Liggerr, 1994, p.251),
given by:

Uc—u 1 y) 201 z(ﬂ-y)
=—==In = |4+ ——
I t




to the measured velocity profiles. The maximum velocity, #., was measured at y=0. The
Karman constant was assumed to be k[--]=0.4 for clear-water and for suspension flow

accordmg to the findings of Coleman, 1986, p. 1382. The Weisbach-Darcy friction factor,
fl--1= 8(u./U) » was used to compute the equivalent roughness, k [mm)], using the

Colebrook and White formula, given as:

\/I=—2-log(k‘/R"+ b ]
f a, Re.f

with the coefficients a,= 11.5, bf =3, chosen for similar flows (see Silberman et al., 1963,
Pp. 97-143). The particle Reynolds numbers, 5 < u.k, /v, <70, indicate that the flows were in

transitional condition. The sand used in the experiments had a nominal particle diameter of
dsy =0.135 [mm] and a density of p, =2650 [kg/m3]. The settling velocity, v, [m/s], was

taken in still, clear water (see Graf, 1984, p.45). The depth-averaged suspended concentration,
Cr [kg/m3], as well as the reference concentration, ci [kg/m3], were measured with the

suction method. The depth-averaged mixture density was calculated according to

p,lkg/m¥]=p, +Cr-(1-p,/p,). The classical Rouse number, z[--]=—%—, can be

K-u,
modified introducing the pf-values, leading to the modified Rouse number:

Z'[- -]— B =—B- In this study B, was gotten from measurements with the APFP
instrument and B, was gotten from the measurements with the suction method by best-fitting

the Rouse equation, eq. C6, using the modified Rouse number'.

B = . U,
Author|ran 0 | n B 8 | o |U | S |Ret0s| Fr m|f| k|5
(myfs)j [m] | [--]} [m} |[oys] | [m/s]i (%] | [--]| [--}( [m/s]| [--] | [--) | [mm]] [--]
EPFL [CW_S015 | 0.050]0.120] 5.0[0.105{0.80510.726] 0.150] 2.489] 0.67[0.045]0.2501 0.031 | 1.201 | 54.0
EPFL [SLF1_S0151 0.050]0.120] 5.010.110] 0.813]0.734{ 0.150] 2.516 0.68 10.044 [ 0.2471 0.028 | 0.9531 41.5
EPFL |SLF2_S015] 0.051]0.120]15.0]0.105] 0.82410.740]0.150] 2.537] 0.68 [ 0.043]0.325] 0.026 | 0.697 | 29.6
EPFL [SLF3_S015[ 0.051[0.120] 5.0[0.110[ 0.832]0.74810.150[ 2.562 [ 0.69 ] 0.045]0.330] 0.028 1 1.061 | 47.2
EPFL [SLF4_S015] 0.05310.120] 5.010.105] 0.845[0.768] 0.150] 2.631]0.71[0.045(0.303] 0.028 [ 0.956 | 43.0
EPFL [SLF5_S015] 0.055]0.1201 5.0[0.105]0.86570.796] 0.150] 2.729 [ 0.7310.045]0.286] 0.025 | 0.631 | 28.1
EPFL [SLF6_S015] 0.056 {0.120] 5.0{0.105[0.895[0.823{0.1501 2.820] 0.76 [0.045]0.297] 0.023]0.482] 21.4
EPFL [SAT_SO15 | 0.061[0.120] 5.0[0.104]0.911{0.853]0.150] 2.922} 0.79]0.045}0.331] 0.022 | 0.403] 18.1

d ) Vig Cn —m - Ri g=—u| 7 B | Puer
L z i I I R I B K-, | (best fit) | hest fir) | (APFP)

[mm] |[kg/m*] [mmys] [--] |[kg/me]{kg/mo)jlkg/m3] | 1| [ | G4 ] G| -]
CW_S015 10.135 [ 2650 1 12.0 [0.27] 0.00 | 0.00 ]1000.00[ -- -- - -- --
SLFI1_S01510.135 12650 ]12.0 [0.28] 023 [ 1.59 [1000.14} 0.607 [ 0.690 [ 1.239 [0.557 -
SLF2_S01510.135 12650 [ 12.0 [0.28] 043 | 3.28 1000271 1.359 ] 0.706 | 1.052 [0.671 --
SLF3_S01510.135 {12650 | 12.0 [0.27] 099 [ 7.62 ]1000.62[ 2.740 | 0.674 } 1.215 |0.555 -
SLF4_501510.135 12650 | 12.0 1027] 1.11 | 7.87 11000.69] 2700 ] 0.667 | 1.351 J0.493 | 0.627
SLF5_S01510.135 [ 2650 }12.0 [0.27] 1.60 {J/1.30 ]11001.00] 4.002] 0.674 [ 1.209 [0.558 | 0.523
SLF6_S01510.135 12650 | 12.0 10.27| 248 [19.24 [1001.55] 6.838 | 0.674 | 1.266 ]0.532 | 0.516
SAT_S015 10.135 [ 2650 §12.0 10.27] 3.93 |41.09 |1002.45{15.047] 0.667 | 1.542 |0.432 | 0.487

Table C1: Summary of data

! The mean concentration profiles, ¢.(y), measured with the suction method, are listed on pages C-15 - C-21.
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C3 Velocity and turbulence-intensity profiles

In Fig. Cla are shown the velocity-defect profiles, which do not exhibit discernible changes
when adding particles to the flow, even when the capacity condition is reached; this is
particularly evident in the outer zone, y/h > 0.2. The Coles defect law, with an average wake-
strength coefficient of IT = 0.3 and a Karman constant of x = 0.4, fits well all the experimental
data. The maximum velocity, u., was measured at the height y=4§. The shear velocity, u,,
was obtained by extrapolating the measured Reynolds-stress profiles towards the bed, see Fig.
Clb.

The Reynolds-stress profiles, given in Fig. C1b, retain their linear trend — well documented
in clear-water flow —- both in non-capacity and capacity conditions. This result is consistent with
the findings of other authors (see Muste and Patel, 1997).

In Figs. C2a and C2b are plotted the longitudinal and vertical turbulence-intensity profiles.
The clear-water data are plotted, having a rather similar trend as was proposed by Nezu and
Nakagawa, 1993, and confirmed by Song, Graf and Lemmin, 1994. Data for the non-capacity
as well as capacity flow show deviations from the clear-water data. Upon increasing the
concentration of the sediments the following is to be noticed: i) the longitudinal turbulence
intensity slightly increases and subsequently decreases till the capacity condition is reached; ii)
the vertical turbulence intensity decreases continuously, reaching a significant decreased value at
the capacity condition. Solid particles which are in suspension seem to damp the turbulence of
the flow; addition of polymer to the flow is known (see Best, 1993) to have the same effect.
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Fig. Cla,b: Velocity profiles and Reynolds-stress profiles
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Fig. C2a,b: Longitudinal and vertical turbulence intensity profiles
C4 Turbulence spectra

The analysis of the turbulence spectra is an useful tool to understand how the energy is
modulated by the introduction of particles to the flow. The spectra, E(n), provide information
on how the kinetic energy associated to u’ or v’ is distributed with respect to the frequency, n,
of the turbulent eddies. The spectra have been obtained taking the Fourier transform of the
complex random wave form of the turbulent motion. To evaluate the turbulence spectra the
instrument has been used in a special (tristatic) configuration, allowing to increase the
measuring frequency up to 39 [Hz].

The integral of the turbulence spectra is equal to the mean square value of the fluctuating
velocity. For the vertical direction, for example, one can write:

TEv(n)dn =y
0

The spectra is usually normalized such as:
[ Finyn =1
0 .

In our analysis the spectra have been computed analyzing only the vertical fluctuating
velocity signals at three locations: near the bed, near the surface and in the middle of the flow
depth. In Fig. C3 are presented the spectra of 5 runs with different depth-averaged suspended
concentration varying from O (clear water, CW_S015) up to 3.93 [kg/m3] (capacity flow,
SAT_SO015); the measurements at these different positions in the flow depth are compared.

The spectral distribution in the inertial subrange follows the form of F(n) e n-53, suggested
by Kolmogoroff for locally-isotropic turbulence (see Hinze, 1975, p.228). Regrettably, it was
not possible to observe the spectral distribution for the larger frequencies; n>30 [Hz].

It is to be noted that by adding suspended particles, in approaching the capacity condition,
the energy spectra decrease slightly towards smaller frequencies. To the same conclusion came
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Tsuji and Morikawa, 1982, and Tsuji, Morikawa and Shiomi, 1984. In their experiments the
two-phase flow was composed of air and solid particles moving in a horizontal and vertical
pipe. They noticed that the tendency of the small frequency spectra to decrease was evident only

in case of very fine particles; for coarse particles the spectra were more and less unaffected.

yih=0.1 y/m0.45 . y/h=0.80
1 S 1 .
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mSAT H . ' ot
. o1 . :
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)
| -% | %
o0 001
001 ' 3
M U |
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0.001 b 0.001 0.001 VRl
01 v nlys) w0 wo) 01 0] o1 1 ,,[us] 10 100

Fig. C3: Trend of the turbulence spectra addmg suspended sedlments

C5 Micro and Macro turbulence scale

The turbulence may be thought of as a group of various sizes of eddies. It is possible to
compute characteristic scales of turbulence, i.e. characteristic sizes of eddies, knowing the
correlation coefficients of a time series of longitudinal or vertical velocity fluctuations.

The correlation coefficients are computed measuring in two points — being a horizontal
distance, r, apart — both the fluctuating longitudinal and vertical velocities, such as:

R(r)=

v Vs

RO= T e N

The integral of the correlation coefficients gives the macro (integral) scale of turbulence, A ;

(C8)

it represents the characteristic size of the eddies containing the turbulent energy. The
longitudinal and vertical macro scales are defined and computed as:

A =R A=[ROYr (©9)

Another characteristic length is the micro scale, A, which represents the size of the eddies
responsible of the energy dissipation. The longitudinal and vertical micro scales are defined as:

(C10)

Since it is difficult to compute the micro scales according to these definitions from the data
obtained with our APFP-instrument, the definition of the micro scale given by Nezu and
Nakagawa, 1993, pp. 73, will be used:



N

Gy ey b

Invoking the Taylor’s frozen turbulence hypothesis, egs. C11 can be written as:

A =7 A =2 (Cl1a)

The longitudinal and vertical micro and macro scale profiles computed with eqs. C9 and
egs. Clla are presented in Fig. C4. The depth-averaged values of the micro and the macro
scales were also calculated, such as:

y=h y=h y=h y=h
=1 =1 - A=l A, =1
A= Ioludy, Z.=o j Adys  Au=1 j Ady and B, = j Ady (C12)
y= y=0 y=0 y=0
They are summarized for the 8 runs in Table C2. The range of the turbulence scales is shown in
the turbulence spectra (see Fig. C3).

Cr o FAF y P I S . VO B

un U.
[kg/m3]|[kg/m3]| [--1| [%] {[cm] |[cm] | [cm] | [cm]
cw 0.00 0.00 10.558( 0.0 [ 2.17 | 1.60 | 13.40[ 4.60
SLFI| 0.23 1.59 [0.541} -3.0 | 220 | 1.58 | 13.53] 4.20
SLF2| 043 3.28 (0547 -201 241 | 1.79 | 12.39] 3.99
SLF3| 0.99 7.62 [0475]1-149] 233 | 1.68 | 15291 4.60
SLF4{ 1.11 7.81 [0.456]-183| 2.30 | 1.74 | 14.26 | 4.61
SLF5| 1.60 11.30 ]0.465]-16.6] 2.25 | 1.76 | 13.12] 3.91
SLF6| 2.48 19.24 [0.440}-21.0( 2.37 | 1.87 | 12.72| 3.73
SAT 3.93 41.09 10.397]-28.8]1 243 | 192 | 15.83] 484

Table C2: Effect of particles on the rms. fluctuating vertical velocities and turbulence scales

Our experiments show that by adding particles to the flow, i.e. approaching the capacity
condition, the micro and the macro scales — both their vertical profiles (see Fig. C4) and their
average values (see Table C2) — seem to increase. However this tendency is unquestionable
only for the micro scales. Subsequently the change in the turbulence due to the suspended
particles transport was calculated, such as:

— .\_)v.;‘LF _:)vé'w
A7 = NS N W g Ci3
Y o

where :}vg,j% . is the depth-averaged value of the rms. fluctuating vertical velocity measured in

y=h
sediment-laden flow: V&, =% Iq/m(y)dy (runs SLFx and SAT) and
y=0

where :/v3w5 is the depth-averaged value of the rms. fluctuating vertical velocity measured in

y=h
clear-water flow: \[v2, =% j JVE(y)Mdy (run CW)
y=0
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Fig. C4: Vertical profiles of the micro and macro scales

In Table C2 are summarized the results of these computations, where it is rather evident that the
turbulence is suppressed by adding particles to the flow. This can clearly be seen in. Fig. C5,

where the change in turbulence, A:/W, is plotted against the depth-averaged concentration,
Cr, and the dimensionless particle diameter, using the turbulence scales, A, and 4..

This conclusion corroborates with findings by Gore and Crowe, 1989, who summarized

experimental data obtained with air-solid, liquid-solid and liquid-air suspensions. Even for such
a variety of different mixture flows it was evident that for values of d/A< 0.1 the turbulence is

suppressed.
]

Fo | | 20 20 1 |
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“ B 0 o— > 0 = ‘
| 201 Xx -20 4 % © 20 £ X |
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i

Fig. C5: Relationship between turbulence suppression, depth-averaged concentration and

dimensionless particle diameter



C6 Concentration profiles

Comparing the vertical mean sonar’s echo-intensity profile and the vertical mean
concentration profile the calibration curves have been obtained (see Cellino and Graf, 1997).
With these curves it is possible to translate the instantaneous echo-intensity signals into
instantaneous suspended concentrations. In Fig. C6a are presented the vertical mean
concentration profiles measured by the suction method. The dimensionless fluctuating
concentration profiles, measured using the APFP-instrument, are presented in Fig. C6b. They
show a zone of high values of the fluctuating concentration close to the bottom (y/4<0.25); in
the upper part of the flow the fluctuating concentration remains rather constant. Approaching the
capacity condition these dimensionless profiles decrease, but this is also due to an increase of
the reference concentration, cw., approaching the capacity condition (see Table C1). The
sediment-flux profiles are plotted in Fig. C6c, being normalized with its value at the bed. For all
runs the trend is similar and the tendency of a decrease towards the capacity condition is
somehow evident.

1 1
: ! . x i |
: : :’(l 1
! QT El X |
y i oSLET|| Y (® %\ y |
h ' } ASLF2 b e+ § ' b e )
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| | xSLF4 ] e X X, !
= et S lEx
S T +SLF6 [ T os L X . o
05 & i 8SAT ‘ 05 Tes approaching S !
| .
: .lt i capacity l ’;.l j i approaching
‘ .+ +%_ | capacity
: ; x® + xx |
-+
iy E s ‘ P ?<x
-0.‘ -J- | 4 :l+ . ;.( « . x “- +: xx
- X | x
i . e -a=001.05h X AN X
'  [kg/m’] | 6l o 05 1av0) 2
0 10 20 Cm [kg/m3) 50| 0 0.2 N2 g 0.4 o.el 0 0.5 16 Sy = a)

Fig. C6a,b,c: Vertical mean concentration profiles measured by the suction method,
fluctuating concentration and sediment flux profiles measured by the APFP instrument

The dimensionless vertical mean concentration profiles — measured by the suction method —
can now be used to obtain best-fit B, -values. The data points are shown in Fig. C7 and the

corresponding B, -values are listed in Table C1. The J, -values obtained have a tendency to
decrease approaching the capacity condition. This is also evidenced in Coleman’s, 1986,
measurements, elaborated in Appendix B. The dotted line in Fig. C7 represents the Rouse

equation, eq. C6, that best fits the vertical concentration profile measured in capacity condition,
(run SAT_S015); its value is found to be B, = 0.432, being considerable different from the

“theoretical” value of f =1, plotted as a dark full line.
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Fig. C7: Dimensionless concentration profiles for the 8 runs
C7 Diffusion coefficients

In Fig. C8a,b experimental — obtained with the APFP-instrument — sediment diffusion
coefficient, eq. C2, profiles (black symbols) are compared with the experimental (gray
symbols), eq. C4, and the theoretical momentum diffusion coefficient, eq. C5, (full line)
profiles.

In Fig. C8a the experimental momentum diffusion coefficient profiles, ¢ _(y/h), are

compared with the corresponding sediment diffusion coefficient profiles, € (y/h), for some

individual runs. Close to the bed — where the concentration is very high — the momentum
diffusion coefficient is always larger than the sediment diffusion coefficient. The largest
difference between the momentum and the sediment diffusion coefficient is observed close to
the middle of the flow depth. Near the surface the diffusion coefficients are rather similar.

In Fig. C8b the dimensionless experimental momentum diffusion coefficient profiles (gray
points) are plotted; they do not distinguably change when approaching the capacity condition.
They are, however always smaller than the theoretical profile (full line). The shape of the
sediment diffusion coefficient profiles are very similar to each other. Close to the bed, in
approaching the capacity condition, their values become smaller. Near the surface, where the
concentration is always small, by increasing the concentration the sediment diffusion coefficient
profiles do not exhibit discernible changes.

The ratio between the sediment and the momentum diffusion coefficient defines the
B(y)-value (see eq. C2 and eq. C4) or:

_ &) _cv'/(de, /)
B(y) () wviGua) $)) (C14)

The vertical distributions of the f,,z»(y)-values— the index recalls that the data are taken with
the APFP instrument — are plotted in Fig. C9 for the runs investigated. The B,,.p(y)-values

seem to increase with the distance from the bed when the flow is close to capacity; for non-
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capacity (smaller concentrations) this trend is less evident. In these plots is also shown the
depth-averaged value, B,,., . Approaching the capacity flow the B, - values decrease. This
is in agreement with the trend of the J;,, -values, obtained by best-fitting the mean concentration

profiles as measured by the suction method (see Fig. C7 and Table C1).
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Fig.C8a,b: [Dimensionless] sediment, €, and momentum, ¢,, diffusion coefficient profiles
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Fig. C9: Vertical profile of the f,,.,-values

The concentration profiles are presented in Fig. C10. The Rouse equation, eq. C6, is
shown, using the B, -values — obtained with the diffusion-coefficients, eq. C14 - as well as
the best-fit f, -values (see Fig. C7). In either case is the agreement to be considered as rather

good. Also evident is that a “theoretical” B-values of B=1, is not justified.
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Fig. C10: Dimensionless concentration profiles, compared with the Rouse equation using
the B, -, -values as well as the f,, -values.

C8 Conclusions

An experimental study was performed to investigate the influence of suspended particles on
the flow in an open channel under non-capacity and capacity conditions. Capacity flow is
herewith defined when a layer of sediments, composed of the same particles as are in
suspension, is available on the bed.

Concentration measurements were performed using the suction method and the non-intrusive
sonar (APFP) instrument; the latter was also used to measure the velocity and turbulence
profiles.

For both non-capacity and capacity flow the Rouse equation, eq. C6, was used to describe

the vertical concentration distribution. The study focused on the determination of the Rouse
number, eq. C7, notably on its B-value.

For the present experiments, done with particles having a small diameter, dg, =0.135 [mm],
the B-values are always less than unity, f<1. These J-values have a pronounced tendency to
decrease going from non-capacity to capacity flow, as is evident in Table C1 and Fig. C7.

The effect of particles in the flow is such that the flow’s turbulence is suppressed; this is
shown in Fig. C2 and Table C2.

C-13



Both momentum and sediment diffusion coefficients were evaluated from data obtained with
the APFP instrument (see Fig. C8). The momentum diffusion coefficient equation, eq. C4, is
little influenced by the studied concentrations, but is always smaller than the theoretical value,
eq. C5. The sediment diffusion coefficient, eq. C2, is always smaller than the momentum
diffusion coefficient, and is influenced by the sediment concentration in the flow.
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[EPEL, (1997)

Sediment concentration distribution

(Run SLF1_S015 [Sand particles d=0.135 [mm] |
Measured Calculated
Rouseeq. | Rouseeq. | Huntegq.
B=1 Bl B=l1
y yh cr ¢, (volum.) C:/En Z:/Eu E:/Z‘u C;/Eu e -y/h pm
[cm] [-] [kg/m’) _[%] [] -] [-] -] [kg/m’] g/m’
0.60 0.050 1.59 0.06 1.000 1.000 1.000 1.000]  7.96E-02 1000.99
0.90 0.075 0.80 0.03 0.503 0.740 0.582 0.582] 2.00E-02 1000.50
1.20 0.100 0.63 0.02 0.398 0.594 0.392 0.392] 1.58E-02 1000.39
1.50 0.125 0.46 0.02 0.288 0.498 0.286 0.286] 1.15E-02 1000.29
1.80 0.150 0.35 0.01 0.221 0.430 0.220 0.220]  8.80E-03 1000.22
240 0.200 0.31 0.01 0.194 0.337 0.142 0.142 1.54E-02 1000.19
6.00 0.500 0.16 0.01 0.102 0.128 0.025 0.025] 4.88E-02 1000.10
10.80 0.900 0.06 0.00 0.038 0.028 0.002 0.002] 3.01E-02 1000.04
Depth aver. Cr = 023 [kg/m’)
Depth aver. Pu= 1000.14  [kg/m’}
1000 h= 0.12 {m}
. S (Bed slope)= 1.50E-03  [--]
o Daa u.= 0.043 [mis)
Rouse B =1 x= 04 [__]
------ Rouse B=0557 U= 0.734 [m/s]
Fr= 0.68 [--]
h a (refer.)= 0.006 [m]
0.750 $ cn= 159 [kg/m’]
' Cu=cufp, = 0.001 [m*/m*]
' P, = 2650 kg/m’)
] v, = 0.012 {m/s]
' z=v, [(o) = 0.698 {-]
i 0.500 ; I'. ‘ Best fitting on B (Rouse equation)
- | | B= 0557
0.250 { Ri= 0.61 [--]
Ri[-]= gHp.(y=a)-pu(y=h)]
P
|
0.000 + : . ‘
0.0 02 04 06 08 10
&fea |
Remarks:  Group ¢
Laboratory channel, aspect ratio= B/h=5.0
Small reference concentration o= 1.59 kg/m’] = 0.001 [m¥m’] < 0.05 [m%m’]=>Rouse eq.
Instantaneous velocity and concentration measured with the APFP ultrasonic instrument
The calibration of the APFP instrument has been made measuring by suction the concentration distribution (shown here).
No sediment layer on the bed
Subcritical flow
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[EPFL, (1997)

Sediment concentration distribution

(Run___ SLF2_SO15 _ [Sand particles d=0135 [mm] |
Measured Calculated
Rouse eg. | Rouseeq. | Hunteq.
B=1 B=1 B=1
y yh cr Cs (volum.) c;/Eu E:/Eu Cs[Csa C:/z'n cr -yfh pm
[cm) -] [kg/m’) (%] [] (-] (-] (-] kym) | (kg/m’]
. 0.60 0.050 3.28 0.12 1.000 1.000 1.000 1.000 1.64E-01 1002.04
0.90 0.075 1.63 0.06 0.496 0.732 0.628 0.628] 4.07E-02 1001.01
1.20 0.100 1.47 0.06 0.447 0.583 0.447 0.447]  3.66E-02 1000.91
1.50 0.125 1.19 0.05 0.364 0.486 0.34] 0.341 2.98E-02 1000.74
1.80 0.150 1.12 0.04 0.341 0417 0.272 0272]  2.80E-02 1000.70
2.40 0.200 0.65 0.02 0.199 0.324 0.187 0.187  3.26E-02 1000.41
6.00 0.500 0.19 0.01 0.057 0.119 0.042 0.042]  5.63E-02 1000.12
10.80 0.900 0.09 0.00 0.027 0.024 0.004 0.004] 4.39E-02 1000.05
Depth aver. Ford™ 043  [kg/m’)
Depth aver. Pu= 1000.27  f(kg/m’]
h= 0.12 [m)
1.000 S (Bed slope)= 1.50E-03  [--]
e Data u, = 0.042 [mys]
Rouse B=1 x= 0.4 (-]
/R L et Rouse fB=0.671 U= 074 [m/s]
' Fr= 0.68 {--1
H a (refer.)= 0.006 {m]
0.750 4, o =328 fkg/m’]
! Cu =cxfp,= 0.001 {m’m’)
! P, = 2650 [kg/m’)
\ v, = 0.012 [m/s])
' z=v,f(o) = 0.723 [-]
s 0.500 + Best fitting on B (Rouse equation)
'
* B= 0671
Ri= 1.36 {--}
0.250 1
Lo 1. 8Ho.(y=a)-p.(y="h)]
Rif--]= -
! p,. 4
0.000 . ; ;
0.0 0.2 04 0.6 038 1.0
Z‘:/Eu
Remarks:  Group c
Laboratory channel, aspect ratio= B/h = 5.0
Small reference concentration Ch = 328 kgm’}] = 0.001 (m¥m’] < 0.05 {m*m’}=>Rouse eq.
Instantaneous velocity and concentration measured with the APFP ultrasonic instrument
The calibration of the APFP instrument has been made measuring by suction the concentration distribution (shown here).
No sediment layer on the bed
Subcritical flow
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{EPFL, (1997) Sediment concentration distribution

(Run SLF3 S015 |Sand particles d=0.135 [mm] |
Measured Calculated
Rouseeq. | Rouseeq. | Hunteq.
B=1 Bzl Bl
y y/h cr ¢: (volum.) CsfCe €:[Ca CifCa ¢:fCs o y/h pm
[em] [~ [kg/m’} [%) -] [) [~] [-] [kg/m’] fkg/m’]
0.60 0.050 7.62 0.29 1.000 1.000 1.000 1.000[  3.81E-01 1004.75
0.90 0.075 5.70 0.21 0.747 0.147 0.592 0.593 1.42E-01 1003.55
1.20 0.100 2.33 0.09 0.305 0.604 0.403 0.405[ 5.82E-02 1001.45
1.50 0.125 2.10 0.08 0.275 0.510 0.297 0.298]  5.24E-02 1001.31
1.80 0.150 1.63 0.06 0.214 0.442 0.230 0.231] 4.09E-02 1001.02
2.40 0.200 1.10 0.04 0.144 0.350 0.151 0.151 5.50E-02 1000.68
6.00 0.500 0.53 0.02 0.069 0.137 0.028 0.028] 1.58E-01 1000.33
10.80 0.900 0.21 0.01 0.028 0.031 0.002 0.002] 1.07E-01 1000.13
Depth aver. " = 099  [kg/m’]
Depth aver. Pu= 1000.62  [kg/m’]
h= 0.12 ™
1.000 ) S (Bed slope)= 1.50E-03  [--]
e Data ; u. = 0.045 [nv/s]
Rouse B=1 ; x= 0.4 -]
...... Ro = U= 0748 [mv's}
use B =0.555 Fre 069 L
a (refer.)= 0.006 [m}
0.750 | on= 762 [kg/m’)
Cu=cafp, = 0.003 (m¥m’)
P, = 2650 {kg/m’]
v, = 0.012 [nvs)
! z=v, /o) = 0.674 [~]
i
l s 0.500 1 Best fitting on B (Rouse equation)
|
| : |  B= 0555
Ri= 2.74 -]
0.250 + .
Ri[.]= 8ol =)= Pl = D)
| R
0.000 + : + -
0.0 02 04 06 08 10 1
21/23: |
Remarks:  Group ¢ Light deposition very close to walls
Laboratory channel, aspect ratio= B/h = 5.0
Small reference concentration o= 762 kg/m’] = 0.003 (m/m’] < 0.05 (m’’m’]=>Rouse eq.
Instantaneous velocity and concentration measured with the APFP ultrasonic instrument
The calibration of the APFP instrument has been made measuring by suction the concentration distribution (shown here).
No sediment layer on the bed
Subcritical flow
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[EPFL, (1997)

Sediment concentration distribution

[Run SLF4_S015 {Sand particles d=0.135 [mm] |
Measured Calculated
Rouse eq. | Rouseeq. | Hunteq.
B=1 Bzl B=1
y yh < C, (volum.)|  €ifca C1fCue Cs[Caa Csfcua ¢ y/h pm
[cm] [--] [kg/m’) [%] {-) [-] -] -] [kg/m’] fkg/m’}
0.60 0.050 7.81 0.29 1.000 1.000 1.000 1.000}]  3.91E-0l 1004.87
0.90 0.075 3.72 0.14 0.476 0.750 0.558 0.559] 9.29E-02 1002.31
1.20 0.100 2.66 0.10 0.341 0.608 0.364 0.366]  6.66E-02 1001.66
1.50 0.125 2.22 0.08 0.285 0.514 0.259 0.261 5.56E-02 1001.39
1.80 0.150 1.78 0.07 0.228 0.446 0.195 0.196]  4.45E-02 1001.11
2.40 0.200 1.32 0.05 0.168 0.354 0.122 0.122]  6.58E-02 1000.82
6.00 0.500 0.73 0.03 0.093 0.140 0.019 0.019] 2.19E-01 1000.45
10.80 0.900 0.35 0.01 0.045 0.032 0.001 0.001 1.7SE-01 1000.22
Depth aver. = 1.11  fkg/m’]
Depth aver. Pu= 1000.69  [kg/m’]
h= 0.12 [m]
1.000 S (Bedslope)= 1.50E-03  [-]
! u, = 0.045 [m/s])
x= 0.4 -]
U= 0768 [m/s)
Fr= 0.71 -]
a(refer.)= 0.006 [m]
0.750 &= 181 kg/m’]
Ca=Cufp, = 0.003 (m¥m’)
P: = 2650 [kg/m’}
v, = 0.012 [m/s}
z=v, /()= 0.667 -1
§,0:500 1 Best fitting on B_(Rouse equation)
| B= 0493
Ri= 2.70 [--)
0.250 +
1 _gHe.(y=a)-p.(y=H)]
Ri[--}= I

0.000 +
0.0 0.2 04 0.6 08 10
Cifcss
Remarks:  Group c Deposition close to walls
Laboratory channel, aspect ratio= B/h=15.0
Small reference concentration o= 7.81 kg/m’] = 0.003 [m/m’] < 0.05 [m’m’]=>Rouse eq.

Instantaneous velocity and concentration measured with the APFP ultrasonic instrument

The calibration of the APFP instrument has been made measuring by suction the concentration distribution (shown here).
No sediment layer on the bed

Subcritical flow
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rﬁFL, (1997) Sediment concentration distribution |

[Run ___SLF5_SO15 [Sand particles d=0.135 [mm] |
Measured Calculated
Rouseeq. { Rouseeq. | Hunteg.
B=1 B#1 Bt
y yh el . (volum)|  €sfcu Cifcu CifCu ¢fcre & - y/h pm
[cm] [-) (kg/m’] [%] -] ] ] -] kgml | [kg/m’] |
0.60 0.050 11.30 0.43 1.000 1.000 1.000 1.000]  5.65E-0l 1007.04
0.90 0.075 8.19 0.31 0.725 0.750 0.597 0.598 2.05E-01 1005.10
1.20 0.100 4.37 0.16 0.387 0.608 0.409 0.411 1.09E-01 1002.72
1.50 0.125 2.88 0.11 0.25 0.514 0.303 0.305§  7.20E-02 1001.79
1.80 0.150 2.21 0.08 0.196 0.446 0.235 0.237]  5.53E-02 1001.38
2.40 0.200 1.48 0.06 0.131 0.354 0.155 0.156]  7.38E-02 1000.92
6.00 0.500 1.35 0.05 0.120 0.140 0.030 0.030]  4.06E-01 1000.84
10.80 0.900 0.23 0.01 0.021 0.032 0.002 0.002 1.17E-01 1000.15
Depth aver. Cr= 1.60 [kg/m’]
Depth aver. Pu= 1001.00  [kg/m’]
h= 0.12 [m]
1.000 . : ! S (Bed slope)s 1.50E-03  [--]
i @ Data u, = 0.045 [m/s}
' Rouse B=1 x= 0.4 (-]
------ Rouse P=0.558 U= 079 (m/s]
1 Fr= 0.73 -
a(refer.)= 0.006 {m]
0.750 - = 1130 {kg/m’]
Cu =Cafp, = 0.004 [m¥m’)
P, = 2650 fkg/m’]
v, = 0.012 {ms)
2=v,f() = 0.667 -]
§\ 0.500 1 Best fitting on B (Rouse equation)
|_B= 0558
Ri= 4.00 [--]
0.250 +
o 8Hp.y=a)-p.y=h)
Rif-]= 2
pn u
0.000 + + +
0.0 0.2 04 06 08 1.0
EI/EIG
Remarks:  Group b Deposition close to walls
Laboratory channel, aspect ratio= B/h=5.0
Small reference concentration ch= 1130 kg/m’] = 0.004 [m’m’] < 0.05 [m¥Ym’]=>Rouse eq.
Instantaneous velocity and concentration measured with the APFP ultrasonic instrument
The calibration of the APFP instrument has been made measuring by suction the concentration distribution (shown here).
No sediment layer on the bed
Subcritical flow
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{EPFL, (1997) Sediment concentration distribution 1

[Run SLF6_S015 |Sand particles d=0.135 [mm] |
Measured Calculated
Rouse eq. | Rouseeq. | Hunteq.
_ B=1 Bz1 B=1
y y/h E‘: E; (volum. ) C:/Eu C:/Eu E:/Eu C:/Eu Er y/h pm
[cm) [--) [kg/m’) [%] (-] [--] [-] [-] {kg/m’] {kg/m’)
0.60 0.050 19.24 0.73 1.000 1.000 1.000 1.000]  9.62E-01 1011.98
0.90 0.075 9.14 0.35 0475 0.750 0.582 0.585] 2.29E-01 1005.69
1.20 0.100 9.43 0.36 0.490 0.608 0.392 0.396] 2.36E-01 1005.87
1.50 0.125 6.1 0.23 0.320 0.514 0.286 0.289] 1.54E-01 1003.84
1.80 0.150 4.12 0.16 0.214 0.446 0.220 0.222 1.03E-01 1002.57
2.40 0.200 1.71 0.06 0.089 0.354 0.142 0.144]  8.53E-02 1001.06
6.00 0.500 1.84 0.07 0.096 0.140 0.025 0.025]  5.53E-01 1001.15
10.80 0.900 0.33 0.01 0.017 0.032 0.002 0.002] 1.63E-01 1000.20
Depth aver. "= 248 [kg/m’]
Depth aver, P.= 100155 [kg/m’]
h= 0.12 [m)
1.000 — S (Bedslope)= 1.SOE-03  [-]
e Data u, = 0.045 [m/s]
o Rouse B=1 K= 0-423 %;\]/ .
------ R =0.532 U= 08 s
ouse P Fr= 076 -]
a(refer.)= 0.006 {m]
0.750 cn=19.24 kg/m’)
Cu=cx/p, = 0.007 [m’/m’)
P = 2650 {kg/m’)
v, = 0.012 {mvs]
z=v,fac) = 0.667 -]
§ 0.500 - Best fitting on  (Rouse equation)
3 g
| B= 0532
Ri= 6.84 [--]
0.250
o 1_gHp.(y=0)-p.(y=h)
Ri[--}= —
P}
0.000 + ; ;
0.0 0.2 04 0.6 0.8 1.0
EJ/Z'M
Remarks:  Group b Deposition close to walls
Laboratory channel, aspect ratio= Bfh = 5.0
Small reference concentration h= 19.24 kg/m’] = 0.007 [(m’m’] < 0.05 [m’m’}=>Rouse eq.

Instantaneous velocity and concentration measured with the APFP ultrasonic instrument

The calibration of the APFP instrument has been made measuring by suction the concentration distribution (shown here).
Sediment layer near the walls

Subcritical flow
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[EPEL, (1997)

Sediment concentration distribution

[Run SAT SO015  [Sand particles d=0.135 [mm}] |
Measured Calculated
Rouseeq. | Rouseeq. | Hunteq.
B=1 B#1 B#1
y y/h o ¢s (volum.) C:+fCas ¢:fCn ¢fca €:/Csa cr -y/h pm
[cm] [ (kg/m’) [%] [--] [ [-] [-] [kg/m’) [kg/m’]
0.60 0.050 41.09 1.55 1.000 1.000 1.000 1.000]  2.05E+00 1025.59
0.90 0.075 26.89 1.01 0.654 0.747 0.510 0.519{  6.72E-01 1016.74
1.20 0.100 11.41 0.43 0.278 0.604 0312 0.320] 2.85E-01 1007.10
1.50 0.125 6.51 .25 0.158 0.510 0.211 0.217 1.63E-01 1004.05
1.80 0.150 5.10 0.19 0.124 0.442 0.152 0.156 1.28E-01 1003.18
2.40 0.200 3.31 0.13 0.081 0.350 0.088 0.091 1.66E-01 1002.06
6.00 0.500 0.96 0.04 0.023 0.137 0.010 0.011 2.88E-01 1000.60
10.80 0.900 0.34 0.01 0.008 0.031 0.000 0.000 1.71E-01 1000.21
Depth aver. = 393 [kg/m’]
Depth aver. Pu= 100245 [kg/m’]
h= 0.12 fm}
1.000 ) S (Bed slope= 1.50E-03  [-]
T e Data u, = 0.045 [m/s]
i Rouse B=1 Ux= 3'45 [;1]/ |
------ R =0.432 = 0853 [m/s
r [r2-z--Rouse B Fr= 0.19 )
a(refer.)= 0.006 [m]
0.750 | ¢ = 41.09 [kg/m’)
Cu=calp,= 0.016 [m’/m’)
P, = 2650 kg/m’)
v, = 0.012 [ms]
z=v flo) = 0.674 (-]
§ 0.500 4 Best fitting on B (Rouse equation)
[ B= 0432
Ri= 15.05 [--}
0.250 ¢ |
=aq)~ =h):
Ri[-= sHp.(y=a)-p.ly )]i
pn . uz ‘
0.000 + + ;
0.0 0.2 04 0.6 08 1.0
El/Ell
Remarks:  Group a-1 (Erodible flat sediment tayer on the bottom => capacity-flow)
Laboratory channel, aspect ratio= B/h = 5.0
Small reference concentration = 4109 kg/m'l = 0.016 (m¥m’] < 0.05 [m%m’]=>Rouse eq.

Instantaneous velocity and concentration measured with the APFP ultrasonic instrument

The calibration of the APFP instrument has been made measuring by suction the concentration distribution (shown here).
Thickness of the sediment layer= 2 [mm]

Subcritical flow
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APPENDIX D

Suspension flow over bed forms

D1 Introduction

Free-surface flow over a mobile bed is usually accompanied by entrainment of sediment and
by formation of bed forms; both in turn will influence the flow and its sediment carrying
capacity. Here is proposed to study the influence of fixed bed forms on the suspended-load
transport.

The bed forms of the mobile bed, appearing as dunes and mini dunes, consist of spatially
periodic irregularities. However, indicative and useful relationships ~ determined on an
empirical basis — were proposed by Yalin (see Graf, 1984, p. 283); they are:

A AH _1

B h e ®b
where A and AH are respectively the bed-form length and height and # is the flow depth.

The main effect of bed forms on flow is a flow separation behind the bed-form crest; there
the flow is spatially decelerating. In this region recirculation takes place and local enhancement
of turbulence is usually observed. Consequently, an influence on the vertical distribution of the
suspended sediment concentration in the presence of bed forms and in particular behind the
bed-form crest is to be expected.

For steady and uniform flow the vertical distribution of the suspension concentration, c,(y),

according to the diffusion-convection theory by Rouse (see Graf, 1984, p. 173), is given by:

- (-h_-;l h i a) B2

with the Rouse number, z, defined as:

v

Ku, Prae. B

where y represents the distance from the top of the sediment layer (see Fig. D1), & is the flow
depth, a=0.05h is the reference level where the reference concentration, cc, is measured, v is
the settling velocity of the particles in still clear water, K is the Karman constant — assumed to
be x = 0.4 for clear-water and for suspension flows — and u, is the shear velocity.

The PB-value in eq. D3 is the depth-averaged value of B, representing the ratio of the
sediment diffusion, ¢,, and the momentum diffusion coefficient, €,,; its vertical distribution is:

——y/ &)
. . . v(y)
B(y) = sediment diffusion coefficient _ £(y) = oy
momentum diffusion coefficient ¢€,(y) W(y)/ duly)
o

(D4)



where cv(y) is the sediment flux and #’v(y) is the turbulent flux. Subsequently a depth-
averaged f-value can be obtained:
B=—L s (D5)
h—a

a

A set of data from the Rio Grande river, presented by Nordin and Dempster, 1963, has been
evaluated by Cellino, 1998, who obtained (by best fitting) large B-values, 0.7< B<S5.
Carefully performed experiments by Lyn, 1988, Sumer et al., 1996 and Cellino and Graf, 1997
under capacity condition without the presence of bed forms, showed rather small B-values,
B < 1. Consequently, it seems reasonable to think that the bed forms — usually present in river
flows — are at least partially responsible for these large JB-values. The present study tries to
shed some light onto this discrepancy.

In order to compute the J-values, the sediment, £,(y), and the momentum, &,,(y), diffusion
coefficients have to be obtained. While studies on the diffusion coefficients have been done in
the past (see Jobson and Sayre, 1970, p. 715, Coleman, 1970, p. 807), good measurements of
the sediment diffusion coefficient are still a challenging task. It is particularly the direct
determination of the sediment flux, c’v/(y), which poses an almost insurmountable problem.
The recent development of the APFP sonar instrument (see Shen and Lemmin, 1996, and Shen,
1997) has allowed us to make an interesting contribution along this line.

In our research, we shall accept the concentration distribution given with the relation of
Rouse, eq. D2, and shall try to express the effect of bed forms through the depth-averaged J-
value. This implies that the flow over bed forms is quasi-uniform. It would of course be
desirable to study the evolution of the flow structure, of the concentration distribution and
consequently of the PB-value evolution over one or two entire bed forms. However, our
measuring equipment, the APFP instrument, is limited to measure the concentration distribution
only at one single section where we were able to make detailed measurements. Nevertheless we
find it worthwhile to report also our measurements on evolution of the flow structure over part
of a bed form; for reader in a hurry, this part of the paper could readily be skipped.

D2 Experimental facilities and flow conditions

The measurements have been made in a recirculating tilting channel, 16.8[m] long and
B=0.60[m] wide. Sediments were added slowly to the uniform flow; the measurements started
only after 4[h] of flow circulation when the presence of a sediment layer (=2 [mm] thick) on
the bed is assured. The layer’s thickness, measured periodically (= 0.5 [Ak]) using manual
limnimeters, was reasonably constant in time. The measuring section (n° 9) is located 13[m]
from the entrance of the channel where the flow is assumed to be established; all measurements
were performed at the centerline of the cross section.

Three artificial plastic (PVC) bed forms have been fixed on the channel floor in vicinity of
the measuring section (see Fig. D1). The bed-form length, A, and height, AH, have been
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calculated with eq. DI and are given in Table D1. This artificial geometry was slightly
modified, when sediment deposited downstream of the crest.

The transducers above the water surface can
— be displaced horizontally to measure the
> velocity profile in many sections (n° 1-16).

JfLTL | y| uﬁ#\/

h =12 fem] NINNUEI

i @ HHIH'EIxH]II The transducer below the bed is

fixed. The concentration profile
can be measured only in the
measuring section (n° 9)

sediment ' I‘|||||"
1° bed form  layer 2¢ bed form 1{cm) |'||||||||]H|

3° bed form

RN 2 “ g

. Measurements of velocity and concentration:
+ || in measuring section n° 9

il Measurements of velocity:

678210 12 14 16 in sections n° 1-16
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Fig. D1: Schematic of the bed forms

The velocity and concentration measurements have been made with a sonar instrument, the
APFP. With this instrument one obtains the instantaneous velocities profile by measuring the
back-scattered echo signals (see Lhermitte and Lemmin, 1994). The measured velocity appears
to be the one of the water/sediment mixture (see Shen, 1997 and Cellino, 1998, ch.3). In
addition, by measuring the forward and backward echo signals an echo intensity is obtained
(see Shen and Lemmin, 1996 and Shen, 1997) being indicative of the sediment concentration.
- To get this concentration a calibration — using the suction-sampling method — was performed.
The sonar transducers of the APFP are placed in water-filled housings in contact with the water
surface and the channel bed (see Fig. D1); the resulting flow perturbation is thus minimized.

The measurements were performed with the sediment-laden flow in capacity condition,
notably when a layer of sediment, composed of the same sediment as is in suspension, is
always present on the bed.

The measuring section (n° 9) was located between the second and third bed form, thus being
close to the downstream face of a bed form. In this section the vertical transducer above the
water surface is coaxial with the one below the bed. The vertical transducers operate
alternatively emitting and receiving the ultrasonic echoes, which are proportional to the local
suspension concentration. Since the transducer below the bed is fixed, thus it cannot be
displaced, the APFP can be used to measure the concentration only in one measuring section
(n°9). The point velocity, u(y,f), and its corresponding concentration, c,(y,?), are extracted,
with a frequency of 16 [Hz], from a cylinder-shaped measuring volume having a diameter of
@ =~ 13 [mm] and height of Ad = 5[mm)] (see Shen, 1997, and Cellino, 1998) corresponding
to a volume of nearly Vol=7-10-7 [m3]. For spherical-shaped sand particles of diameter
d,, =0.135 [mm], a measuring volume contains = 26 particles for cm =1 [kg/m?] up to =130
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particles for ¢m =15 [kg/m3]. In this measuring volume the instantaneous concentration and

velocity are supposed to be homogeneous.

The velocity profile is obtained measuring the Doppler frequencies of the backscattered
signals coming from the insonified water column. In a special configuration of the APFP
instrument, the emitting and receiving transducers are all located in the housing above the water
surface (the bed transducer is inactive during the velocity measurements). Thus, it was possible
to displace horizontally the instrument. A tristatic configuration has been used to investigate the
velocity profiles in many sections (n° 1-n° 16) along the bed forms. In the tristatic configuration
the velocity measuring frequency could be increased up to 39 [Hz).

Two flows have been investigated, runs BF_S015 and BF_S02, whose hydraulic
characteristics are summarized in Table D1. In addition, run BF_S015 was repeated and a series
of 16 velocity measurements around the bed-form crest have been performed to put into

evidence the spatial evolution of the flow and its turbulence characteristics.

B A =
Author run 9 h 7 4 A’% v S/ | Re10+ | Fr ju=ud  ug
[mys]| [m] {C-1|C )| [mys] | (%] ) [ | E-1 | [mys] | [mys]
EPFL BF _S015 0.038 10110 ] 55 [ 55]0.18] 0.575 J0.150 | 6.322 | 0.55 [0.032] 0.040
EPFL BF_S02 0.043 10118 |1 5.1 [ 5.1 ]0.17] 0.609 [0.200 | 7.189 | 0.57 | 0.039] 0.048
- B |
d m —-m B; APFP '
run 50 Ps Vi C: Csa pm (best ﬁl) (APFP) II
trm] | g/ [Tyl | Tgi] | ool Bl | 04 | 1 | |
BF_S015 0.135 2650 12.0 3.01 21.47 1001.87 1.347 1.142 !
BF_S02 0.135 2650 12.0 1.94 12.69 1001.21 1.113 1.116 |

Table D1: Summary of data, for runs BF_S015 and BF_S02

The discharge, @, has been evaluated as Q =U - B-h, where the depth-averaged velocity,
U, is obtained by integrating over the depth the longitudinal velocity profile, u(y); the flow
depth, h, was measured using limnimeters. The flow depth, A, is the distance from the top of
the sediment layer to the water surface (see Fig. D1). The aspect ratio, B/h, was high enough
to consider the flow as bidimensional. The channel slope, S, refers to the bottom on which the
artificial bed forms have been fixed. The Reynolds number, Re=U-h/v, — where Vv is the
kinematic viscosity of clear water — and the Froude number, Fr=U/.[g-k, numbers show the
flow to be turbulent and subcritical. The shear velocity, u.., has been obtained by extrapolating
the Reynolds-stress distribution — measured in the upper part of the flow, y/h>0.5 — towards
the bed (see Fig. Dd4e); this value represents a local estimation of the shear velocity.
Subsequently, the shear velocity, u.s, was also calculated using u.; = ,/ghS, . Both methods

(especially the second one) are questionable for obvious reason, but for lack of a better method
the shear velocity, u,, used for any further calculation is taken as u, = u._.

The sediment used was sand having a characteristic diameter, ds, =0.135[mm] and a
density, p, =2650 [kg/m3]. The settling velocity, v,

calculated (see Graf, 1984, p. 45). The depth-averaged concentration, C, and the reference

defined in still clear water, has been
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concentration, ¢z, have been measured with the suction method. The reference concentration,
Csa, is evaluated at a = 0.05- k, which represents a vertical position in the flow. Defining a one
implicitly assumes that above, y > a, the sediments are transported in suspension while below,
y < a, the sediments are transported in bedload mode. Since the bedload layer exists only if the
flow is in capacity condition, with such a definition of the reference concentration the resulting

sediment transport as suspended load is in full capacity (saturation). The depth-averaged
density, p, , is computed with the depth-averaged concentration.

The B, -values have been obtained by best fitting eq. D2 — using the Rouse number defined
in eq. D3 - to the measured dimensionless concentration distributions. Using the definition of
eq. D4, the f(y) -values can be evaluated also experimentally using the data obtained with the
APFP instrument. Subsequently the depth-averaged f,,,, -values are obtained.

D3 Velocity measurements

For both, runs BF_S015 and BF_S02, the measurement of the velocities and concentration
profiles are obtained using the APFP instrument, positioned fixed in section n® 9 (see Fig. D1).
The longitudinal mean velocity profiles, in dimensional, u[my/s], and in dimensionless form,
u/U, are plotted in Fig. D2ab. They are compared to the velocity profiles measured in
comparable plane-bed suspension flows (runs Q555015 and Q60S02 refer to the same channel
slope, §;, while run Q40S003 had a similar discharge, Q) which were reported in Cellino,
1998 ch. 3. The thick dashed gray line represents the height of the bed-form crest,
AH =0.02 [m] (see Fig. D1). The thin gray lines represent the upper, y,,, and lower level,
Ypv» Of the high vorticity region observed close to the bed-form crest (see Fig. D8a). In the
upper part of the flow (y > y,, ) all the profiles have similar tendencies while close to the bed
(y < yyv), the ones measured in presence of bed forms fall to zero faster. Note the very small
velocities close to the bed (y/h < 0.2), which are probably due to the effect of the recirculating
region within sections n° 7 and n° 9. Similar observations, both for the u and v profiles, have
been communicated by Mendoza and Shen, 1990, p. 466, and Yoon and Patel, 1996, p. 15,
performing mathematical models and by Lyn, 1993, p. 312, and Bennett and Best, 1995,
p. 499, in experimental studies. In Fig. D2c the dimensionless vertical mean velocity profiles
are shown. The high values of the downward vertical velocity (black symbols, v/U =—0.07)
have to be associated to the reattachment of the flow to the bed behind the bed form. In case of
plane-bed suspension flow (gray symbols) the vertical velocities were small and often directed
upward.

The longitudinal and vertical components of the turbulence intensity plotted in Fig. D3a,b
show the same trend obtained by Yoon and Patel, 1996, p. 15, with a numerical model and by
Nelson, McLean and Wolfe, 1993, p. 3942, in an experimental study. In particular, the
presence of a peak close to the bed-form crest reveals the presence of a developing shear layer
caused by the separation of the flow.
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Fig. D2a,b,c: Longitudinal and vertical mean velocity profiles, measured in section n°® 9

For y>y,, the magnitude of the both longitudinal and vertical component of the turbulence
intensity (black points) is rather similar to the one observed in a comparable plane-bed
suspension flows (gray points). Also the 16 profiles measured around the bed form show

somehow the same tendency (see Fig. D4c,d).
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Fig. D3a,b,c: Turbulence-intensity and Reynolds-stress profiles, measured in section n® 9

The dimensionless Reynolds-stress profiles (see Fig. D3c) show a clear peak in the vicinity
of the bed-form crest ( y/h = 0.17) which was also evident in the numerical studies of Mendoza
and Shen, 1990, p. 467, and Yoon and Patel, 1996, p. 15. The fact that the Reynolds-stress
profiles are close to be linear in the upper part of the flow, y/h>0.5, is consistent with the
findings of Lyn, 1993, p. 318. The Reynolds stress at the wall is considerably lower than the
one at the bed-form crest. This fact illustrates the role which turbulence, thus the shear stress,
will have on the particle dynamics. Sediment particles which arrive at the bed-form crest (due to
previously accelerating flow) will readily remain suspended due to the high degree of turbulence
in the flow’s free-shear layer. However when particles settle, they will probably remain rather

long as part of the bed.




Measuring section (n° 9): veloci;y and concentration are measured

Fig. 4a,b,c,d,e: Velocity, turbulence intensity and Reynolds stress profiles



D4 Spatial evolution of the flow structure

For the two runs, BF_S015 and BF_S802, the APFP instrument has been used to measure
both the velocity and concentration profiles, but only in the measuring section n° 9 (see Fig.
D1). In addition, for the same hydraulic conditions as existed in run BF_S015 the velocity field
around a bed form has been measured in 16 sections, spaced at 1 [cm). This investigation has
been carried out to study the longitudinal evolution of the flow.

While the overall characteristics of the flow are given in Table D1, the characteristics of the
flow’s evolution are summarized in Table D2 for the 16 sections investigated. The distance
from the bed, y, refers to the sediment layer on bed forms. The flow depth, #, represents the
distance from the top of the sediment layer to the water surface (see Fig. D1).

In Fig. D4 are plotted the dimensionless distributions of the longitudinal (a) and the vertical
(b) velocity, their turbulence intensities (c, d) and the Reynolds stresses (e); the shear velocity is
always taken as w, = u,_.

The longitudinal velocity profiles (see Fig. D4a) seem to be strongly affected by the presence
of the bed form. In some sections (from n° 5 to n° 8) it is even possible to observe negative
values of the velocity (directed towards upstream) generated by a flow recirculation behind the
bed-form crest. The vertical velocity profiles (see Fig. D4b) show negative values (velocity
directed towards the bed) behind the bed-form crest. This is due to the tendency of the flow to
reattach itself towards the bed downstream of the bed-form crest. The longitudinal (see Fig.
D4c) and vertical (see Fig. D4d) turbulence intensity profiles show, behind the bed-form crest
(from section n° 5 to n° 16), the presence of peaks associated with the existence of a separating
shear layer. The dimensionless Reynolds-stress profiles have been plotted in Fig. Dde. Only in

the upper part of the flow ( y/A > 0.5) the measured Reynolds-stress profiles follow reasonably

the linear trend. Closer to the bed ( y/k < 0.5) the development of a shear layer is confirmed by
the presence of peaks.

Sect P F; e U | Fr Ju=u,| ug f Re 10+ k, Jukfy | I

[m} | [m) | [oys]| [oys]| [--] | [mys) | [mys] | [-] -] [mm] [--] (-]
0.092 | 0.080 | 0.834 [ 0.677 | 0.71 0.037 | 0.037 0.024 6.23 0.366 13.64 0.253
0.095 | 0.083 | 0.839 | 0.651 [ 0.67 | 0.032 | 0.037 | 0.020 6.19 0.089 2.87 0.268
0.102 [ 0.089 | 0.840 | 0.654 | 0.65 | 0.033 | 0.039 | 0.020 6.67 0.136 447 0.320
0.105 | 0.092 | 0832 [ 0612 | 060 [ 0.034 | 0039 | 0.024 6.42 0.397 13.31 0.336
0.107 [ 0.093 | 0.835 | 0589 { 0.57 | 0.033 | 0.040 ] 0.025 6.30 0.447 14.57 0.504
0.107 [ 0.093 1 0.823 | 0.585 [ 0.57 | 0.038 | 0.040 | 0.033 6.26 1.541 58.24 0.517
0.108 |1 0.094 | 0811 [ 0.584 | 0.57 [ 0.03i 0.040 | 0.023 6.30 0.324 10.16 0.407
0.109 | 0.095 | 0811 | 0.598 | 0.58 | 0.030 | 0.040 | 0.020 6.52 0.113 3.36 0.555 ]
0.110 [ 0.096 | 0.800 | 0.601 | 0.58 | 0.031 0.040 | 0.021 6.62 0.200 6.21 0.576
10 0.111 1 0.097 | 0.799 { 0.595 [ 0.57 | ©0.030 | 0.040 | 0.02] 6.60 0.171 5.17 0.723
11 0.112 | 0.098 | 0.783 | 0.582 { 0.55 | 0.031 0.041 0.023 6.52 0.345 10.79 0.664
12 0.113 ] 0.099 | 0.781 | 0.577 [ 0.55 | 0.031 0.041 0.023 6.52 0.361 11.24 1.007
13 0.116 § 0.101 ] 0.780 | 0.569 | 0.53 | 0.029 | 0.041 0.020 6.60 0.150 431 1.185
14 0.115 [ 0.100] 0778 | 0.578 { 0.54 [ 0.029 | 0.041 0.020 6.65 0.151 4.42 1.100
15 0.112 |1 0.098 | 0.772 | 0.593 | 0.57 ! 0.030 | 0.04] 0.020 6.64 0.133 3.94 0.979
16 0.110 § 0.096 ] 0.774 | 0.595 | 0.57 | 0.031 0.040 | 0.022 6.55 0.264 8.26 1.032

O 00| | | L Bl W ] —

[average | 0.108 | 0.094 | 0.806 | 0.603 ] 0.50 ] 0.032 ] 0.040 | 0023 | 647 | 0324 | 1094 | 0.652 ]

Table D2: Summary of data for run BF_S015
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The overall tendency of the flow’s evolution over a bed form, as shown in Fig. D4, is rather
similar to the one observed behind a bed-form crest by Nelson, McLean and Wolfe, 1993,
p- 12734, McLean, Nelson and Wolfe, 1994, p. 3939 and Bennett and Best, 1995, p. 502, as
well as behind a back-facing step by Etheridge and Kemp, 1978, p. 552, Nakagawa and Nezu,
1987, p. 69, and Wang and Fontijn, 1993, p. 306.

The friction factor, f, has been computed by f =8(u./U)2 (see Table D2). Using the
Colebrook-White formula (with the values a ;=115 and b, =1.5; given by Silberman et al.,
1963, pp. 97-143) the values of the equivalent bed roughness, k., have been calculated. Note,
that f and k, have to be considered local values being calculated from the local estimation of
the shear velocity, u, =u,_ . The particle Reynolds number, wu.k, /v, shows that the bed is not
hydraulically rough, wu.k,/v<70. The IT-values have been obtained fitting the theoretical
Coles’ defect law to the measured profiles, but applied only in the upper part of the flow,
y/h > 0.5, to exclude the recirculation region close to the bed.

The measured longitudinal velocity profiles plotted in defect form, (ﬂc —E)/u. vs y/é,
where u. is the maximum velocity observed at y=3§, are shown in Fig. D5a. Also shown is
the theoretical Coles’ defect law plotted using an average value of the wake strength,
TT = 0.652 (see Table D2). A value IT > 0.2, would indicate that the flow is a decelerating one
(see Graf and Altinakar, 1991, p.60) being caused by the reattachment of the flow to the bed.
The Coles’ defect law describes somehow the experimental profiles only for y/d>0.3. Close
to the bed, y/d < 0.3, the experimental points deviate strongly from the theoretical distribution;
this corroborates the observations done by Lyn, 1993, p.313. The magnitude of the averaged
IT -value agrees with the tendency shown experimentally by Coleman, 1981, p. 221.
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Fig. D5a,b,c: Velocity mean profiles

In Fig. D5b are plotted all the dimensionless longitudinal mean velocities, u(y)/u., against
the dimensionless coordinate, y/h. Apart some scatter all the profiles are similar. The gray full

line in Fig. D5b represents the Coles law plotted using the spatially averaged hydraulic
parameters (see Table D2), namely: h=0.108 [m], k, =0.324 [mm], w,=0.032[m/s] and

IT =0.652 [--]. Coles’ law and the experimental profiles are very similar in the upper part of
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the flow, y/h> 0.3, while closer to the bed, y/h <0.3, the presence of a recirculating region
attenuates strongly the experimental profiles. Note also the presence of weak negative velocities
(directed towards upstream) below the bed-form crest. These results confirm the tendency
observed investigating only section n° 9 (see Fig. D2a,b).

~In Fig. D5c are presented the vertical mean velocity profiles, v(y)/u.. Except for a few
profiles (from sections n° 1 to n° 7 and close to the bed) the vertical velocities are always
negative (directed towards the bed). This confirms - as shown in Fig. D2c investigating section
n° 9 only — that behind section n° 7 the flow reattaches itself towards the bed.

In Fig. D6a are presented the Reynolds-stress profiles compared with the theoretical linear
distribution, u’v’(y)=u2(1-y/h). In the upper part of the flow (y/h>0.4), the Reynolds
stress distribution seems to be linear; this result is consistent with the findings of Lyn, 1993,
pp. 318. Close to the bed, the measured Reynolds-stress profiles are perturbed; in particular
pronounced peaks are observed which can be associated to the development of a shear layer
behind the bed-form crest caused by a separated flow.

Kironoto . 1992
Clear-water flow over

Kironoto , 1992
Clear-water flow over
plane bed

AT _204. ey -0.97)-') h
U )

plane bed

- N A L4 -o.76%’

U,

Cellino, 1998
Suspension flow over
plane bed

Cellino, 1998 05

Suspension flow over

! wviud 3t o 1 2 Nuwifu. 4 [ 0 NV Ju, 1

Fig. Dé6a,b,c: Dimensionless Reynolds-stress, longitudinal and vertical turbulence intensity profiles

In Fig. D6b,c the longitudinal, vu’2/u,, and the vertical, +v’Z/u., component of the
turbulence intensity are presented. These intensity profiles are self similar and comparable to the
ones measured in suspension flow over plane bed (see gray lines). An important difference is
represented by the peak values, caused by the developing shear layer, detected close to the bed
(y/h<0.4) in case of flow over bed forms. Again, this is qualitatively consistent with the
measurements of Lyn, 1993, p. 316. The full lines in Fig. D6b,c represent the universal
expression of the components of the turbulence intensity (in clear water) proposed by Nezu and
Nakagawa, 1993, p. 53, using the empirical coefficients obtained by Kironoto, 1992, p. 3.18.
The longitudinal component of the turbulence intensity in both type of suspension flow (over a
plane bed — gray patterns — and over bed forms — experimental symbols) seems to be slightly

enhanced. On the other hand, the vertical component of the turbulence intensity seems to be
suppressed over the entire flow depth and especially very close to the bed (y/h <0.1).
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Using the data displayed in Figs. D4 contour plots were obtained. In Fig. D7a,b the contour
plots of the longitudinal and vertical mean velocity are presented. The contour plot of the
longitudinal velocity, u, shows that between sections n° 1 and n° 8 the iso-velocity lines are
closely spaced, reflecting the strong vertical gradient of the velocity profiles. Behind section n°8
the iso-velocity lines become more distant. The contour plot of the vertical velocity, v, shows
that between sections n° 1 and n° 7 and close to the bed, the direction of the flow is towards the
surface, while behind section n® 7 the direction of the flow is towards the bed. This implies that
the reattachment of the flow towards the bed starts behind section n° 8. The contour plot of the
velocity vectors, ‘_}(ﬁ v), is given with Fig. D7c. It reveals the presence of a weak reverse flow

between sections n° 4 and n° 7 behind the bed-form crest, the separation of the flow between
sections n° 2 and n° 8 and finally the reattachment of the flow to the bed behind section n° 8.

In Fig. D7d,e are given the contour plots of the longitudinal and vertical turbulence intensity.
The presence of the bed forms generates zones of high turbulence intensity between sections n°8
and n° 16, where the flow reattaches itself towards the bed. The contour plots of the Reynolds
stress, given in Fig. D7f, show a strong enhancement between the sections n° 8 and n° 16,
notably close to the bed. The enhancement of both turbulence intensity and Reynolds stress is
caused by the developing shear layer due to the separated flow. These results are consistent
with numerical and experimental observations made by Yoon and Patel, 1996, p. 13, by Lyn,
1993, p. 318 and by Bennett and Best, 1995 p. 502; for flow over a backward-facing step,
Etheridge and Kemp, 1978, p. 555 and Nakagawa and Nezu, 1987, p. 76, made similar
observations.

Subsequently, the mean transverse vorticity, ®,, has been computed from the mean

longitudinal and vertical velocity component:

o, = l(_a@_a_v) O3

The derivative terms, ou/dy and dv/dx, have been calculated using a center-finite difference
approximation. The corresponding contours of constant @, are plotted in Fig. D8a. These
contour lines show that a high positive (clockwise) vorticity region develops above the bed-
form crest, whose magnitude diminishes towards the downstream. A low negative vorticity
region develops at the bed-form crest up to the reattachment point at section n° 8. Also indicated
are the upper, y,,, and lower, y,,, limit of the high vorticity region.

Mean streamlines have been constructed from the velocity profiles in form of lines of
constant ¥/(u, - h), where the stream function is given by:

Y

¥ = [4(y)-dy

0
This is plotted in Fig. D8b, where around the section n° 6, a reverse-flow region is evident,
delimited by ¥ = 0. Reattachment of the flow is reached at the section n° 8.
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Fig. D8a,b: Contour plot of the vorticity and streamlines

D5 Concentration measurements

As was explained earlier, concentration measurements could only be performed at one single
section, notably section n° 9, since the APFP instrument could only be operated as a fixed
installation.
The mean concentration profiles, cs (y) — measured with the suction method — as well as the
profiles of the dimensionless fluctuating sediment concentration, +/c;Z /c.. —~ measured with the
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APFP instrument — are plotted in Fig. D9a,b. The reference concentration, c., evaluated at
a=0.05-h with the suction method (see Table D1) has been used as a scaling parameter; it

represents the largest concentration of sediments transported in suspension. The depth-averaged
concentration, Cr, is obtained integrating the mean concentration profile, ¢ (y), over the flow

depth. The dimensionless fluctuating concentration profiles, /c? /c.a , (see Fig. D9b) have their



maximum values close to the bed (y/h<0.25); in the upper part of the flow (y/h>0.25) the
fluctuating concentrations decrease quite rapidly. The vertical distribution of mean concentration
(see Fig. D9a) and fluctuating concentration (see Fig. D9b) are comparable to the ones
measured in plane-bed suspension flows (gray symbols in Fig. D9a,b).
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Figs D9a,b: Vertical mean and fluctuating concentration profiles

The profiles of the sediment flux, c’v’ — obtained with the APFP and normalized with their

values at the bed - are plotted on Fig. D10. While some scatters is evident, in both cases a peak
close to the height of the bed-form crest is noticeable. Apart of these peaks the tendency is
similar to the one observed in comparable plane-bed suspension flows (gray symbols).
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Fig. D10: Sediment flux normalized with its value at the bed

The momentum, ¢,(y), as well as the sediment diffusion coefficient, £,(y), can be evaluated
from the measured data set — obtained with the APFP instrument — using their definition given

with eq. D4.
The dimensionless momentum, €, /(u.h), and sediment, €, /(u.h), diffusion coefficient

profiles are plotted in Fig. D11a,b. For the first (BF_S015 in Fig. D11a) and for the second run
(BF_S02 in Fig. D11b) the dimensionless momentum and sediment-diffusion coefficient
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profiles show in both cases a peak close to the same location, namely at y/h=0.3, situated
above the bed-form crest. In the case of suspension flows over a plane bed (see gray points in
Fig. D11a,b) no pronounced peak is distinguishable.

The dimensionless sediment diffusion coefficients, €,/(u.h), measured in flows over bed
forms, are larger — between 0.25 < y/h <0.70 - than the ones measured in suspension flows
over plane bed. This means that the particles are diffused more efficiently by the high turbulence
region generated by the bed-form. Close to the water surface - y/h > 0.70 - the coefficients are
similar probably because the effect of the bed forms becomes negligible. Close to the bed —
y/h < 0.25 - the sediment diffusion coefficients measured in suspension flows over bed forms
fall to zero more rapidly becoming smaller than the ones measured in flows over plane bed.
This effect is related to the small velocities, turbulence intensities and shear stress measured
close to the bed.

The dimensionless momentum diffusion coefficients, €, /(1.h), measured in flows over bed-
forms, are smaller than the ones measured in flows over plane bed in the upper region of the
flow (above the upper level of the turbulent region, y,, or y/h=0.36). Below this level,
where the peaks have been observed, the coefficients measured over bed forms are slightly
larger than the ones measured in plane-bed flows. Close to the bed ~ y/h < 0.25 - they become
smaller, falling to zero more rapidly than the ones measured over plane bed. Such a tendency
was also reported by Lyn, 1993, p. 321, and by Thorne et al., 1996, p.351.

1
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Fig. D11a,b: Dimensionless sediment and momentum diffusion coefficient profiles

The enhancement of the sediment diffusion coefficients over a large part of the flow depth
and the partial suppression of the momentum diffusion coefficients can be interpreted as being
due to the effect of the shear layer — generated by the bed-form crest ~ that diffuses more
efficiently the particles in the flow and that partially inhibits the diffusion of momentum.

The ratio of the sediment and momentum diffusion coefficient defines the B(y)-values, given
with eq. D4; it is shown in Fig. D12a,b. Also shown is the depth-averaged value, Bz, being
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close to the unity (see Table D1). For suspension flows over plane bed (gray symbols), it has
been shown (see Cellino, 1998, §3 and Appendix B) that the experimental f(y)-values -
obtained using the APFP instrument — are always smaller than unity. Such an increase is mainly
due to the effect of the high turbulence region — generated by the bed-form crest — when the
sediment diffusion coefficient is considerably enhanced and the momentum diffusion coefficient
is suppressed, leading to an augmentation of the B-values.
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Fig. D12a,b: Profiles of fB-values

The concentration profiles — measured with the suction method — are shown for both runs in
Fig. D13a,b, using black symbols. For sake of comparison the Rouse equation is shown, using
the “theoretical” JB-value of f=1 (full line). Also shown is the Rouse equation plotted using the
B..rr -values (obtained with the diffusion coefficients, dashed line) as well as the best-fit B, -
values (obtained by best fitting the Rouse equation, eq. D2, to the vertical concentration profiles
measured using the suction method, dotted line, see Cellino, 1998, Appendix B). The
agreement between the measured concentration profiles (black symbols) and the one using the
B0 -values (dashed line) is in both cases satisfactory.

With the present experiments, we believe to shed some light on the long-standing argument
(see Graf, 1984, p. 174) whether or not the B-value is larger or smaller than unity. For the
same sediment particles — to be considered as fine particles, v, /u, <0.5 — the B-value is B <1
for flow over plane bed, however in the presence of bed form, the B-value is B>1. This
would in a way explain the field data obtained on the Rio Grande river reported by Nordin and
Dempster, 1963, where the presence of bed forms is undeniable and consequently the reported
B-values are rather large, 0.7< B <5. Note, that other data from Enoree river reported by
Anderson, 1942, and from the Niobrara river by Colby et al., 1955, (see Graf, 1984, p. 177)
show the very same tendency.
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Fig. D13a,b: Vertical mean concentration profiles

D6 Conclusions

Suspension flows over bed forms have been investigated using a non-intrusive sonar APFP
instrument. The measurements were performed with the flow in capacity condition.

In the main part of the paper, we studied the diffusion coefficients of the flow over a bed
form. Due to the limitation in the use of the APFP instrument to measure the concentration
profiles, only one single section — section n° 9 — could be investigated. The longitudinal and
vertical mean velocity profiles, measured in this section, confirms the separation of the flow.
The longitudinal and vertical components of the turbulence intensity as well as the Reynolds-
stress profiles show pronounced peaks close to the bed-form crest; this is in agreement with the
flow structure shown in another part of the paper. The vertical mean concentration profiles,
measured at this section — using the suction method — as well as the fluctuating concentration
profiles — measured using the APFP instrument — are similar to the ones measured in
suspension flow over plane bed (see Fig. D9a,b). The sediment fluxes profiles — measured with
the APFP instrument ~ show peaks located close to the bed-form crest (see Fig. D10). Apart of
these peaks, the tendency is rather similar to the one observed in comparable suspension flow
over plane bed.

The dimensionless sediment diffusion coefficient profiles, €,(y), compared to the ones
measured in suspension flow over plane bed, are enhanced over a large portion of the flow
depth. On the contrary, the momentum diffusion coefficient profiles, ¢€,(y), are partially
suppressed (see Fig. D11a,b). This can be interpreted as being due to the effect of the shear
layer, generated by the bed-form crest, that diffuses more efficiently the particles in the flow,
but partially inhibits the diffusion of momentum.

The depth-averaged B(y)-values measured experimentally (being calculated as the ratio of the
sediment and the momentum diffusion coefficients), are larger than unity, 5,,» >1 (see Fig.
Di12a,b). In the same figure they are compared to the values measured in a comparable
suspension flow over plane bed; here it is evident that BA_,,F;<1 (see Cellino, 1998). The
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agreement between the measured concentration distributions, using the suction method, and the
Rouse equation, eq. D4, using the f,,z» -values measured using the APFP instrument, is
considered to be very good (see Fig. D13a,b).

Thus, the presence of bed forms affects the suspension flows, leading to larger B-value,
B > 1, than the ones observed in suspension flow over plane bed, where B <1.

In another part of the paper the spatial evolution of the flow structure was studied. The
longitudinal and vertical mean velocity profiles, measured in sections located between two bed
forms and close to the bed-form crest, show the separation of the flow and its successive
reattachment to the bed (see Fig. D4a,b and D5a,b,c). The longitudinal and vertical components
of the turbulence intensity as well as the Reynolds-stress profiles show pronounced peaks close
to the bed-form crest, y/h=0.17 (see Fig. D4c,d,e and D6a,b,c). These peaks are generated
by the developing shear layer caused by the separation of the flow. The resulting vorticity
contour lines show that a high positive (clockwise) vorticity region develops on top of the bed-
form crest; its magnitude diminishes towards the downstream. Underneath and beginning at the
bed-form crest a weak negative (anti-clockwise) vorticity region develops; it extends up to the
reattachment of the flow (see Fig. D8a).
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APPENDIX E

Velocity-concentration correlations
El Introduction

Many open-channel flow experiments have shown that the region of the flow near the
bed is composed of two sub-regions each of which has its own character (Sumer and

Oguz, 1978, p.121); these regions are: the viscous sublayer, yu,/v <5, and the generation
region, 5<yu,/v<70. In the viscous sublayer, the motion is characterized by a lateral

variation of the longitudinal (streamwise) component of the fluid velocity. In the generation
region, most of the turbulence generation and dissipation takes place. The remaining flow
depth, yu./v > 70, which is called the outer region, includes the log and the wake regions.

The repetitive nature of the turbulent flow in the generation region has been widely
accepted. It appears that a deterministic sequence of events occurs, even if the motion is
basically chaotic and random in space and time. The characteristic sequence of events is
called a Burst (or burst cycle). The Ejections and the Sweeps are the two most
important phases of the burst. During ejection, assumed here to be the first part of one
typical burst event, a three-dimensional disturbance, composed of low-speed fluid, is
pushed away from the bed into the flow whereas in the sweep phase, high-speed fluid
moves down towards the bed. It is widely accepted that in the ejection phase, low-speed
fluid is ejected upward and at the same time a local convected recirculation cell will form
below the lifted streak. Both the low-speed streak and the recirculation cell are pushed far
from the bed where the cell size starts to grow. In the lower part of the convected cell, the
velocity direction is opposite with respect to an observer moving with the convection speed
of the recirculating cell. Thus, a local adverse pressure gradient is temporarily present.
When this structure passes over another low-speed wall streak, a new lift-up (ejection
event) can appear (see Sumer and Oguz, 1978). Some fluid from a burst event returns to
the wall hitting the bottom and spreading out sideways. If suspended particles are present,
this leads to the formation of longitudinal streaks on the bed. A picture of the streaks
observed by Grass, 1982, is shown in Fig. El. The transversal distance between wall
streaks, A4, is roughly A =100-v/u, (see Sumer and Oguz, 1978) where v is the fluid
viscosity and u, is the shear velocity. Spreading fluids push the particles in their immediate
vicinity to the adjacent low-speed wall streak. A settling particle is expected to meet the next
lifting low-speed streak and it will eventually have another upward motion (ejection). Close

to the bed, this process would make it possible for heavy particles to stay in suspension
and be transported by the flow.



Fig. E1 Sediment parallel streaks observed on the channel bed (Grass, 1982)

Another interesting description of the cyclic process (burst) comes from Hinze, 1975,
p.683. He suggests that the repetitive events are similar to the laminar-turbulent transition
process. He assumed that the formation of a horseshoe-shaped vortex close to the bed
represents the first step of a burst (see Fig. E2).

l | : Movement of burst
y)
)

burst

urbylencear pressure waves
X}
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. .
xz * u./V l l \ f3 ln
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— .
U, = Ul p Viscous sublaye
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40

i
|-JI <.
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Fig. E2: Conceptual model of the bursting process (Hinze, 1975, p.683)

The horseshoe-shaped vortex is elongated by the flow in the longitudinal (streamwise)
direction. The tip of the vortex loop moves upward into the region of greater velocities due
to a self-induction process. Below the vortex tip, a local deceleration of the fluid appears.
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This ejection process, as will be shown later, transports low-momentum fluid away from
the wall producing a marked contribution to the shear stress. The local inflectional
instability and the collapse of the flow surrounding the original tip of the vortex produces a
turbulence burst, similar to that observed during the laminar-turbulent transition process.
The burst growing in size moves away from the bed, is convected in an accelerated fluid
and swept downstream. The pressure waves associated with the turbulence burst may add
to the movement of the fluid towards the bed resulting in a sweep-inrush flow. Both the
ejection and the sweep events contribute strongly to the shear stress; experimental
measurements of this contribution will be presented later. The longitudinal movement due
to the sweep, retarded by the bed, may generate another horseshoe vortex leading to
another burst event. The near-wall coherent structures may evolve in the log-wake region
(outer edge of the boundary layer) to a larger scale producing the intermittent bulges. These
large-scale structures do not govern but affect the near-wall production processes
(Robinson, 1991).

The introduction of particles into the flow does not seem to affect the overall qualitative
cycle of a burst, but may change the frequency and the velocity of the ejections and/or
sweep within a burst. In this way, the presence of particles may affect the transport
mechanism of turbulent energy from the wall region to the bulk flow (Rashidi, Hetsroni
and Banerjee, 1990). On the other hand, the burst cycle may influence the sediment
suspension mechanism through the ejection and sweep events. The purpose of this
Appendix is to shed some light on the complex mutual interaction between coherent
structures by analyzing ejections and sweeps and suspended sediment transport.

The investigation of coherent structures, such as the burst cycle, presents several
difficulties related to the three-dimensionality and to the event structure of the phenomenon.
Flow visualization employing dye, bubbles and smoke has played a major role in the
preliminary study of turbulent coherent motions. The quantitative investigation is generally
more difficult. This quantification has been successful only in two-dimensional planes of
turbulent flows. '

In this Appendix, the results of the investigation of coherent structures in capacity
suspension flows (Q50S01 sand I, see Table 3.1, and Q50SO01_II sand II, see Table 3.2)
and in clear-water flow (CW_S015, see Table C1) using the APFP instrument, described
in detail in Appendix A, are presented. This instrument measured the instantaneous velocity
and concentration profiles on the centerline of the measuring cross section located 13 [m]
from the entrance of the channel, where the boundary layer is assumed to be established.
For more information about the experimental facilities, see Ch. 2. The instantaneous
velocity and concentration profiles measured with the APFP instrument have been
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correlated and filtered to obtain information about the two main phases composing the burst
cycle, namely the ejection and sweep events. Even if the ejection and sweep are defined in
the generation region, 5 < yu./v <70, the filtration has been carried out in the whole flow
depth.

E2 Four-quadrant analysis

The qualitative description reported above indicates that ejections and sweeps are the two
main events composing the burst cycle. The ejection event is schematically characterized by
an upward movement of a retarded fluid, while the sweep is a downward movement of an
accelerated fluid towards the bed. Thus, it is possible to distinguish these two events by
analyzing the direction of the fluctuating velocity components. In other words, it is possible
to detect an ejection event if a decelerated fluid, u’ < 0, and an upward velocity, v’ >0, are
observed simultaneously. In the same way, the sweep is characterized by the simultaneous
occurrence of an accelerated fluid, u’ >0, and a downward velocity, v’ <0. To perform
this analysis the longitudinal, u’=u—u, and the vertical, v’ =v—v fluctuating velocities
will be decomposed following their sign. This approach represents the w’v’/ quadrant-
splitting scheme (Lu and Willmarth, 1973, p.495). The instantancous u’v’ plane is
composed of four quadrants each of which represents an idealized event. In Fig. E3 the
u’v’ plane is plotted and the following four quadrants are shown:

Quadrant I) Outward interaction event:
This event takes place when a positive longitudinal velocity fluctuation,
u’>0, and a positive vertical velocity fluctuation, v’ >0, are observed
simultaneously.

Quadrant IT) Ejection event:
This event is characterized by the upward movement, v’ > 0, of a low-
speed fluid, «’ < 0.

Quadrant III) Inward interaction event:
In this case a low-speed fluid, u’ <0, is pushed toward the bed by a
negative vertical velocity fluctuation, v’ < 0.

Quadrant IV) Sweep event:
This event is characterized by a high-speed fluid, «” > 0, pushed towards
the bed by a downward vertical velocity, v’ < 0.
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le’v| = constant

Outward interaction
Quadrant 1

Ejection
Quadrant 11

Hole

Inward interaction
Quadrant 111

Sweep
Quadrant IV

Fig. E3: Sketch of the u’v’ plane

In Fig. E3 the cross-hatched region, called ‘hole’, is bounded by the curves:
v = Hu?\v? (E1)

where H is the hole size representing a threshold level. The four quadrants, excluding the
hole are the region contributing to the events. The hole size value, H, permits to
distinguish between strong and weak events for small values of the hole size and strong
events only for large values of the hole size.

The instantaneous (#, v), mean (x, v) and fluctuating (W =u—u,v'=v-v)
velocities, as well as the Reynolds stress ( #/v*) and sediment flux (c¢/v’) have been filtered
using the four-quadrants technique to compute the contribution coming from each quadrant.
The filtration has been performed introducing the discriminating variable, Ii,(y,?), defined
as follows:

- [V if [w( 1), vi(3.1)] is in quadrant i and if ju/(y, (3, 1) > HNuZv72
I(»1)= €2)

0, otherwise

The use of the discriminating variable, Ii,(y,7), as a function of time, ¢, and depth, y,
greatly simplifies the filtration procedure.

E3 Filtration of the instantaneous velocity

The longitudinal and vertical fluctuating velocities, ¥’ and v/, measured at four levels
over the flow depth, namely at y/h ~0.05, 0.125, 0.50, 0.90, for a run with sand I
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(Q50S01) and one with sand II (Q50S01_II), have been plotted into the u’v-plane. In Fig.
E4, approximately 2900 values of the measured fluctuating velocities, (#’, v/), are shown.
In this analysis the hole size has been set at H =0; meaning that all the fluctuating
velocities are taken. Note, that most of the velocities fall into Quadrant II (ejection) and
Quadrant IV (sweep).

Q50801 SandI

Fig. E4: Quadrant distribution

The number of times (also called occurrence) that the fluctuating velocity falls into the

quadrant i, Nj,, is computed as follows:

=T,
R WALY) E)
. =0

where T,,., is the measurement time length (see Appendix A, p. A-12). Subsequently,
the occurrence probability of each event, P;, is computed dividing Ni, by the total number

of events, as follows:

1=Tyeas #=Tyeas
P = Zlb(y,’)/ ST )+ 120+ I (u )+ Iy (0.)] (E4)
=0 =0

The occurrence probability profiles are shown in Fig. ES. The computation has been
performed four times by first taking all the events (H=0), and then progressively
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eliminating the weaker ones (H=1,2,3) respectively. It is surprising that for the same hole
size value, H, the occurrence-probability profiles for clear-water and suspension flows
(sand I and II) are rather similar. Thus, for the size of particles investigated here, the
occurrence probabilities are not affected by suspended sediments.

Clear water (CW_S015)

SandI (Q50S01)

Sand II (Q50S01_IT)

© Py [%) 10

[ ———
—+— Outward int. (i=1)
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Fig. ES: Event occurrence probability for clear-water and suspension flows (sand I and
sand II) for different hole sizes, H.

For H=0, the highest probabilities are found for the sweep events, Piz4, followed by

the ejection ones, P}73. The other events, namely the outward, Pz}, and the inward, P23

interactions, have the same small occurrence probability. By increasing the hole size value,

H=1, i.e. eliminating the weakest events (for which |u’v| < Hvu’2/v'?), the probability of



observing an ejection, Pjz3, increases rapidly, becoming larger than that of the sweep one,
Pi7}. The highest sweep occurrence probability is located close to the bed, y/h=0.1; it
decreases rapidly going towards the surface. The ejection occurrence probability is rather
constant all over the depth. The outward and inward interaction probabilities increase
towards the surface but always remain smaller than the ejection and sweep ones.

For H=2,3, i.e. taking into account only the strongest events, the ejection occurrence
probability increases towards the surface where the maximum value is usually observed.
The highest sweep occurrence probability has been detected close to the bed at y/h = 0.1; its
value decreases rapidly towards the water surface. The probability of observing outward
and inward interactions decreases rapidly with increasing the hole-size value.

The depth-averaged values of the occurrence probabilities, for each hole size, H, are
shown in Table E1. Note, that the probability of the same event for the same hole size, H,
is similar for clear-water and for suspension flows. By increasing the hole size, the ejection
occurrence probability increases rapidly. By eliminating the weakest events (H=2,3) the

inward interaction probability is slightly larger than the outward one; however, both of
them are always very small.

Clear water (CW_S015) Sand 1 (Q50801) Sand I (Q50801_II)

H=0| H=1{ H=2 | H=3]| H=0  H=1 | H=2 | H=3 { H=0{ H=1 | H=2 | H=3
Outward (N° 1)} 182 8.3| 5.7 4.6 20.6 9.96} 4.01| 1.61] 20.3| 9.66| 5.07| 3.08

Ejection (N°2)| 30.0| 45.0| 58.5 69.5| 28.2{ 42.2| 56.3| 65.8] 28.6; 43.2| 56.7| 68
Inward (N°3) | 18.4| 10.1| 6.5] 4.7] 19.1] 12.6[ 12| 12.3| 18.8] 12.1| 9.91( 7.84
Sweep (N°4) | 33.5( 36.6| 29.3| 21.2| 32.1| 353| 27.7{ 203| 32.3| 35.1| 28.3| 21.1

Depth-averaged occurrence probability, P [%)

Table E1: Depth-average occurrence probability
E4 Filtration of the longitudinal mean velocity

The filtration of the longitudinal mean velocity profiles into the u’v/-plane has also been
performed. Let us consider the time series of the longitudinal, u(z,y), and the vertical, ,7

v(t, y), instantaneous velocities measured at a given depth, y. These series are filtered in the
wv’-plane by using the corresponding fluctuating longitudinal, u/(t,y)=u(t,y)—u(y), and
vertical, v/(t, y) = v(t,y) - ¥(y), velocities as discriminants. The filtration has been carried

out by using the discriminating variable, Ii,, according to the following equation:



1=Tygas

_ Z u(y, 1) Iy (3,1)- Atyggas
un(y)=—=L7— (E5)
I;I(y’ t) * Aty

=0

where Atye.s 18 the time lag between two consecutive velocity acquisitions. In other
words, with eq. ES, one time-averages only those instantaneous longitudinal velocities,
u(y,t), which fall into a given quadrant and which obey Iu'(y, v(y, t)l > Hyuz 2

In addition, the instantaneous velocity has also been filtered using only the vertical
fluctuating velocity as a criterion. In this way, it is possible to average only the
instantaneous longitudinal velocity referring to upward, v >0 (Quadrant I or I), or

downward, v’ <0 (Quadrant III or IV), fluctuating velocities. These criteria are obtained
by modifying eq. ES as follows:

1=Tygas

2,403 0)-[17 (0 0) + 17 (1)) At

ui (y) = =0 (E6)
TI' o)+ Iy t)]-AtMEAS
1=Thyeas -
—down 2“ »t [11 3 Y ) 1;4()’»0]’4’44&5
un (y)=— (E7)

r Tu,
S0+ 17000 M

In Fig. E6 the longitudinal mean velocity profiles, filtered into the four quadrants, are
shown. In this case all the events have been taken in consideration, i.e. H=0.

——oraen  uho(y) :
y | CW_SOIS Clear water . y Q50S01_1I Sand I1
e Epcion D) uA20(y) 2 e X y
h | h h
—>—LLO")  ufzo(y) i
—o—Sweep(N°a) =4 o(y) 05 05+ 05
-~ - Downward u‘#’:’(’)'(y)
)
Unfitered () ' o = 04 - T ilo T o _
. . 6 u m/s] i 0.2 0.4 0.6 u[m/s] i 0.2 0.4 0.6 u[m/s]

Fig. E6: Filtered longitudinal mean velocity profiles.




Note, that the longitudinal mean velocity, referring to upward movements, uyo(y), is
smaller than the unfiltered one, u(y). This confirms that the fluid ejected upwards, v’ >0,

is a low-speed fluid, or: uj-o(y) < u(y). This observation has also been made by Grass,

1982, p. 14. A more precise indication comes from the longitudinal mean velocity profiles

referring to the ejection event: ﬁi;fo(y); it is evident that the ejection event occurs in the
presence of low-speed fluid, Ei;fo(y) <u(y). On the other hand, the sweep occurs in the
presence of high-speed fluid, wur-o(y)>u(y). More generally, it is the downward

movement, v” <0, that occurs in the presence of high-speed fluid, wu#=o(y)>u(y). One

obtains the same results by filtering clear-water longitudinal mean velocity profiles.
ES Filtration of the fluctuating velocities

The characteristic values of the fluctuating velocities in the horizontal and the vertical
direction are represented by the root mean square (rms.) values. Thus, the rms. values of
the fluctuating velocities filtered in the u’v’-plane represent the characteristic magnitudes of
the fluctuating velocities associated with each event. Using the same notation as in eq. E3,
the rms values of the filtered longitudinal and the vertical fluctuating velocities have been
calculated according to the egs. E8 and E9, as follows:

=T,
Z“[u,(y’ t)]z Iy (y1) Atyypas
)_ =0 = Tzas

Va7 y(y) = (E8)
fIL(Yrt)'AtMEAS
=0
el 2 .
—i f[v'(y’t)] 'I;i(y’t)'AtMEAs
W y(y) = 2 (E9)

2 I;i(y’ t) A
1=0

The characteristic values of the fluctuating velocity directed upward and downward have
been computed as well. The equations used are:

=Turas
Y [ (. t)]2 -[I;f‘(y, )+ I (y, t)]  Alyygas
Vi (y) ==

=Tueas

S5 00+ 172 (3.0)] - Atygas

t=0

(E10)
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=Ty,

D OO [P0 I 0] Aty
\/u7 n (y)=—=2 - (E10bis)

1=Tygss

2[153()4 t)'*' 1;74()” t)]'A’MEAs
t=0

[v’(y, t)]2 '[I;i:l(y’ 1)+ I;;z(y’ t)]'AtMEAs

ﬁ:(y)= 1=0 (E1D)

1=Tygas

2[1;1:1()” 1)+ I;':z(y, t)]'AtMEAs
1=0

t=Tugas
——=down 2 [V’(y, t)]z ) [Ii=3(y’ t) + Ii=4 (y’ t)] ' At
NEh () =——0xn ’ - - (E11bis)

2“[1;1:3()’» t) + 1;1:4()” t)] Ay
=0
In Fig. E7 the profiles of the rms. longitudinal velocity fluctuations, filtered in the u’v’-
plane, taking all the events in consideration, H=0, are shown. These profiles,

—i=]

,2,3.4 . . —_—y, .
w?yly (y), as well as the ones associated with upward, u’Z5-o(y), and with

down . o =
downward, V2 4 (y), fluctuating velocities, and the unfiltered, +u’2(y), ones are rather

similar in clear-water and in suspension flows using sand I and sand II. In all the cases the

—i=2
rms. values of the fluctuating velocities associated with Quadrant II, Vu’® 4_o(y), (ejection)

are larger than the ones associated with the other three quadrants. This means that the
largest characteristic fluctuating velocities are observed during the ejection events. The

longitudinal fluctuating velocities associated with upward movements, Wﬁ’:o(y), are

Jarger than the ones related to downward movements, %’ s-o(y); this has been observed
in both clear-water and suspension flows. Note, that the fluctuating velocities of each
quadrant are not additive because of the square in the rms. definition.

In summary, the upward event in general and the ejection event in particular are
characterized by large values of the longitudinal fluctuating velocities. Close to the surface,
the fluctuating velocities associated with all four quadrants are similar. This is probably due
to the turbulence isotropy. The profiles are also similar close to the bed; in this region the
ejection events transfer fluid momentum to the sediments on the bed leading to an apparent
diminution of their characteristic longitudinal velocity fluctuations. This is confirmed by the
absence of the same suppression observed in case of clear-water flow.
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Fig. E7: Filtered longitudinal fluctuating velocity profiles

The profiles obtained by filtering the fluctuating vertical velocities into the four
quadrants, are shown in Fig. E8. First of all, the presence of a turbulence damping is

evident comparing the suspension flows and the clear-water flow profiles. The turbulence
damping associated with the presence of suspended sediment has been the object of a
detailed study in Appendix C and Ch. 3 of this thesis. The rms. values of the fluctuating

—i=2
vertical velocities associated with the ejection events, Vv'? y-o

y), ‘are larger than the ones

related to the other three quadrants. Close to the surface and close to the bed, the profiles
become rather similar to each other as was already observed for the longitudinal direction.
In this case, the partial suppression of the rms. values of the ejection events observed close
to the bed is due to the momentum transfer from the fluid to the sediment particles on the
bed. Again, note the absence of this suppression in the case of clear-water flow.

in}
——O L) VYV 7 #=o(y

ind
—a— Ejection (N°2) VV'* yao {(»)

\/='f #=0(y)

1-4

—o— Sweep (N°4) v 3”_0

—%— 1L (N°3)

------- Downward \/'_ H=o(¥)

\/vﬁ H=o(y)
Unfilered 372 )

——~-Upward

CW_S015 Clear water

S

05

Q50501 SandI |

e

0.5

Q50S01_00 Sand II

0.02 \/V_T{ [ m/s] 0.04

\/:77 [m/s] 0.03

Fig. E8: Filtered vertical fluctuating velocity profiles

Fig. E7 and E8 clearly show that the ejection events are characterized by high
longitudinal and vertical fluctuating velocities. This indicates that the erosion of sediment
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particles from the bed and maintaining them in suspension can be attributed mainly to the
ejection events.

Eé6 Filtration of the Reynolds stress

The filtration of the Reynolds-stress profiles, u’v/(y), into the four quadrants provides
information about the contribution coming from each event. This can be particularly
interesting because the Reynolds stress is strictly related to the beginning of motion of the
sediment particles on the bed and their subsequent suspension in the flow. In the filtering

procedure, all the events have been considered, H=0. The equation used to compute the
filtered Reynolds-stress profiles is the following:

1=Typrs

u’(y, t)v'(y, t) ' I;i(y’ t) * Abypgs

=0 1=T, .
f?b (y’ t) Ay
=0

wV7(y) =~ (E12)

In Fig. E9 the filtered and the unfiltered Reynolds-stress profiles are shown. Again, the
contribution to the Reynolds stress coming from the ejection event, u"v'#-0(), is the most
important one for both clear-water and suspension flows. The second most important

contribution comes from the sweep event, #'v*5=o(y). The outward (N° 1) and the inward

interaction (N° 3) make similar small negative contributions.
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Fig. E9: Filtered Reynolds-stress profiles

The contributions to the Reynolds stress coming from each of the quadrants are additive.
Thus, it is possible to compute the fractional contribution profiles of each quadrant as
shown in Fig. E10. In both clear-water and suspension flows, the fractional contributions
coming from ejection, (N° II), and sweep, (N° IV), events increase from the bed towards
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the surface. The contribution coming from the ejection event, N° II, is about 80%, while
the sweep-event one is about 60% for both clear-water and suspension flows. Nakagawa
and Nezu, 1977, p. 120, Nakagawa and Nezu, 1981 and Lu and Willmarth, 1973, p. 497
obtained similar results investigating the contribution to the Reynolds stress in clear water
flows close to the bed.
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Fig. E10: Fractional contribution to the Reynolds stress

The largest contribution comes from the ejections and sweeps, showing again the
importance of these events. The strong influence of these events on the erosion, deposition
and suspension of sediments is confirmed.

As said above, the ejection and sweep events are the main phases composing the burst
cycle. The first step of the bursting development can be represented by the ejection event,
while the collapse of the coherent structure can be represented by the sweep event.
Therefore, a strong correlation between the burst cycle and suspended sediment transport is
expected. When the ejection event occurs, one should observe high longitudinal and
vertical fluctuating velocities providing a strong contribution to the shear stress. This leads
to an erosion of the bed or to the re-suspension of sediment particles. To confirm this
argument, the filtration of the sediment flux, c/v’, into the four quadrants has been

performed.

E7 Filtration of the sediment flux

The sediment flux, c’v’, represents the upward flux of sediment generated by the
fluctuating vertical velocity which compensates the downward flux of sediment caused by
the gravitational settling, c,-v,, where v_ is the settling velocity. The solution of the

equation obtained by imposing the equilibrium of these two fluxes leads to the Rouse
equation (see Ch. 1) expressing the vertical mean concentration distribution.
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If, as was shown by the filtration of velocities, the ejection event is the principal
contributor to the upward fluctuating velocities and to the Reynolds stress, the sediment
flux will also be principally generated by the ejection event. To verify this argument the

filtration of the sediment flux into the u’v’-plane has been performed taking all events into
account, H=0, as follows:

t=Typas
Y0 By(n1) Ay
vy (y) = ——or— (E13)
ZIZ(Y:’)'A’MEAS

=0

In Fig. El1, the filtered and the unfiltered sediment-flux profiles are shown. As
expected, the largest contribution to the sediment flux comes from the ejection events,
civ'72o(»)- The second largest contribution comes from the sweep event, c/v’,r-,(y), but in
this case the sediment flux is directed towards the bed. The contributions coming from the
outward (N°I) and inward (N° III) interactions are negligible.

Therefore, the ejection events can be considered as an injector of sediments into the main

flow. Since the ejection events are not continuous, it is of interest to compute the mean-time
period separating two successive ejection events.
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Fig. E11: Filtered sediment-flux profiles

E8 Mean event intervals

In Fig. ES the occurrence probability distributions of the four event types are shown.
These profiles have been computed as the ratio of the occurrence number of the event-i,

Ni, and the total number of events, Nj' =N;' +Ni>+N;>+N;*. Similarly, by
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dividing the measurement time length, 7,,,; =180 [s], by the occurrence number of each

event, N}, one obtains the mean-time interval separating two i-events as follows:
AT, = TMEAS/ Ny (E14)

In Fig. E12 the mean-time interval distributions for the ejection and sweep events, for
different hole sizes, H , are shown.
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Fig. E12: Mean time interval distribution for ejection and sweep events

For the same hole size, H, the mean-time interval distributions measured in clear-water
and suspension flows are very similar. By increasing the hole size, H, the time intervals of

both the ejection, AT;2, and the sweep, AT, events increase (note the change in the x-
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axis scales). When taking all the events into account, H=0, a sweep and ejection event is
normally observed every AT, [s]= AT,z; [s]=~0.13 [s]. Note, that a strong ejection
event, for example H=2, occurs every AT, ; [s]=1[s], while the observation of a sweep
event of the same magnitude occurs every AT,; [s]=2 [s]. These profiles also show that
the mean-time interval, referring to ejection event, AT, [s]=1[s], is nearly constant all

along the depth while the sweep one, AT;;Z5 [s] =2 [s], increases towards the surface.

Almost every second a strong ejection event, H=2, occurs. This means that in this time
period the particles are eroded from the bed and injected into the flow and/or kept
suspended. In Table E2 the depth-averaged values of the ejection and sweep mean-time
intervals for the different hole sizes are summarized. Note, that these values are merely
indicative due to the depth dependence of the interval distributions (especially the sweep
ones).

The outward and inward interactions are weak phenomena; thus, by filtering out the
smallest events, H>0, they become too rare to give reliable values. On the other hand, the
sweep but especially the ejection events are strong and rather frequent.

Clear water (CW_S015) | Sand I (Q50S01) Sand 11 (Q50S01_II)

H=0| H=1 | H=2 | H=3| H=0 | H=1 | H=2 | H=3 ]| H=0 | H=1 | H=2 | H=3
Outward (N° 1){ 0.23 | 3.19 jtoo rare{too rare] (.21 | 2.44 [to0 rare|too rare] (.21 | 2.57 |t00 rare|too

Ejection (N°2)| 0.13| 0.43 [ 0.91| 1.94] 0.15| 0.48 | 1.12{ 2.22] 0.15 | 0.47 [ 0.97 | 2.02

Inward (N°3) | 0.23 | 2.41 |too rare|too rare] (0,23 | 2.14 |t00 rare too rare] 0.23 | 2.21 100 rare|too

Sweep (N°4) 1 0.12] 0.53( 1.91{.8.06] 0.13| 0.59 ! 2.32 | 8.49( 0.13| 0.59 | 2.15| 8.73
L Mean tithe interval, AT {s], between the same event {

Table E2: Depth-averaged mean time interval
E9 Visual correlation between velocity and suspended concentration

The APFP instrument measures simultaneously and continuously the velocity and the
suspended concentration of the flow at the centerline of the measuring section. Interesting
observations can be made by visually comparing the instantaneous velocity and
concentration profiles. In fact, if one plots these profiles against time, it becomes possible
to observe the temporal evolution of the measured velocity and concentration with their
mutual correlation.

It is important to note that the velocity and the suspended concentration profiles have
been obtained in two independent ways from the same signal. The velocity has been
measured by the analysis of the Doppler frequency, whereas the concentration has been
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measured by recording the ultrasonic echo intensity (see Appendix A). The measuring
frequency of the APFP instrument was equal to 16[Hz] for both velocity and concentration.

In Figs E13 and E14 the velocity and concentration profiles measured for runs Q50S01
and Q555015 (both with sand I) are plotted. In order to obtain readable plots, only the
profiles measured during three seconds have been considered. In Figs. E13a,b and E14a,b
the instantaneous longitudinal and vertical velocities are shown respectively. Note the
chaotic sequence of high and low longitudinal and vertical velocities; this shows the
irregular motion of the flow. The plot of the instantaneous suspended concentration is very
interesting (see Figs. E13c and El4c). Close to the bed, y/h < 0.2, the high concentration
region (yellow color) is particularly evident. Although this region is thin and always located
close to the bed, in certain cases it approaches and exceeds y/h =0.3. A sediment “cloud”
is generated very close to the bed and is subsequently diffused towards the surface. The
existence of a correlation between these sediment clouds and the instantaneous velocity will
be put into evidence later.

In Fig. E15 and E16 the suspended concentration profiles (see Fig. E15b and E16b) are
compared to the instantaneous velocity profiles filtered into the upward (see Fig. E15a and
E16a) and downward (see Fig. E15c and E16¢c) components taking all events into account,
H=0. The event labeled E1 (E for Erosion) in Fig. El5a is correlated with the sediment
cloud (also labeled E1) in Fig. E15b. The upward movement in E1 transports fluid rich in
sediment (high concentration region located close to the bed) towards the surface; as a
consequence a sediment cloud appears. On the other hand, the downward event called D1
in Fig. E15¢ (D for Deposition) produces the opposite effect. The movement towards the
bed transports fluid poor in sediment (low concentration region) towards the bed. As a
consequence the sediment clouds vanish (see Fig. E15b). The very same observations can
be made for run Q55S015 (sand I). The sediment clouds called E2 and E3 (see Fig. E16b)
are correlated with the upward velocity movements E2 and E3 (see Fig. E16a) while the
downward movemeht D2 (see Fig. El6a) is correlated with the low concentration region
called D2 (see Fig. E16b).

The fluctuating vertical velocity profiles have been filtered into the u’v’-plane taking all
the events into account, H=0. In Fig. E17 and E18 the suspended concentration profiles are
compared to the filtered fluctuating vertical velocities. The sediment cloud labeled E1 (see
Fig. E17a) is correlated to the ejection events E1 (see Fig. E17c) while the sediment clouds
E2 and E3 (see Fig. E18a) are correlated to the ejection events E2 and E3 (see Fig. El7c).
This confirms that the erosion of sediment from the bed and its diffusion in the flow are
mainly caused by ejection events. The disappearance of sediment clouds, region D1 in Fig.
E17a and region D2 in Fig. E18a, is however associated with sweep events (see Fig. E17¢
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and Fig. E18e). The outward (see Fig. E16b and Fig. E17b) and inward (see Fig. E17d
and Fig. E18d) interactions are weak events not well correlated to the suspended
concentration profiles. From Fig. E17 and Fig. E18 the importance of the ejection and
sweep events on the suspension mechanics is clearly evident.

In Figs. E19 and E20 the instantaneous suspended concentration profiles are compared
to the instantaneous Reynolds stress. In Fig. E19a the large Reynolds-stress regions called
El and D1 are correlated to the sediment cloud E1 and to the low concentration region DI
respectively. In the same way, the sediment clouds E2 and E3 and the low concentration
region D2 in Fig. E20b are correlated to the high Reynolds-stress region E2, E3 and D2 in
Fig. E20a. Note, that the Reynolds stress associated with ejection and sweep events are not
distinguishable being —pu’v’>0 in both the cases. The discrimination has to be made
through the sign of «’ and v'.

E10 Conclusions

The coherent structure called burst has been the subject of much research.
Unfortunately, the complex mutual interaction between bursts and suspended particles is
far from being clearly understood. The results reported here were obtained by investigating
the burst cycle in suspension flows. The analysis has been carried out by filtering the
instantaneous longitudinal and vertical velocity profiles as well as the suspended
concentration profiles according to the classical four quadrant u’v’-plane (see Fig. E3)
decomposition. The purpose of this Appendix is to shed some light on the correlation
between the two most important phases of the burst cycle, namely the ejection (assumed
here to be the initial event of the burst cycle) and the sweep events (final event), and the
suspended transport.

The ejection event, characterized by the simultaneous occurrence of an upward
movement, v/ > 0, of a decelerated fluid, «’ < 0, and the sweep event, characterized by the
downward movement, v’ <0, of an accelerated fluid, u’ > 0, are observed more frequently
than the other two events, namely the outward and the inward interactions (see Fig. E4).
This discrepancy increases when the weakest events are filtered out (see Fig. ES). The
occurrence probability profiles of each event measured in clear-water and in suspension
flows are similar. This means that the statistical distribution of the events in the suspension
flow is not affected by adding the suspended sediments used in this study.

The mean longitudinal velocity profiles, u(y), filtered in the w’v/-plane, clearly show
that the ejection and sweep events are associated with a decelerated and accelerated fluid
respectively (see Fig. E6). Generally speaking, the upward, v/>0, ‘and the downward
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vertical fluctuating velocities, v’ <0, seem to mainly involve decelerated and accelerated
fluid respectively.

The filtered rms. values (interpreted as characteristic values) of the longitudinal, vu’z,

(see Fig. E7) and vertical, /v"2, fluctuating velocities (see Fig. E8), show that the
strongest velocity fluctuations occur during the ejection event. Thus, this event will be
strongly involved in suspended'transport since the particles are eroded and/or suspended
predominantly by strong turbulent velocity fluctuations.

The Reynolds stress, u’v’, has been filtered (see Fig. E9) and the contribution coming
from each event (see Fig. E10) has been computed. Again, it is evident that the ejection
event contributes the most to the unfiltered Reynolds stress. The second most important
contribution comes from the sweep event. Thus, the critical Reynolds stress, normally used
as a threshold level for the motion of the particles on the bed, could be effectively replaced
by an equivalent critical ejection level.

The sediment flux, c/v’, (representing the upward flux of sediment that compensates the

downward one, c.v

578s?

due to the gravitational settling), is mainly generated by the ejection
events (see Fig. E10). The contribution of the sweep events, directed towards the bed and
always smaller than the ejection ones, can not be neglected.

The mean-time interval between two successive ejection and sweep events have been
computed (see Fig. E11 and Table E2). The strongest ejection events occur with a
frequency of nearly 1 [s] while the equivalent sweep events are rarer, being of nearly 2 [s].

The comparison of the instantaneous velocities and suspended concentration profiles
confirms the importance of the ejection and sweep events on the suspended transport
mechanics. The appearance of sediment clouds eroded from the bed (see Fig. E13 and E14)
is strictly correlated to a strong upward vertical fluctuating velocity in general (see Figs.
E15 and E16) and a strong ejection event in particular (see Figs. E17 and E18). However,
these sediment clouds disappear in the presence of a vertical downward fluctuating velocity
or a sweep event. The correlation between the instantaneous Reynolds stress and the
suspended concentration profiles is also very strong (see Fig. E19 and E20).

In summary, the burst cycle plays an important role in sediment suspension mechanics.
In particular, the ejection event, the initial phase of a burst cycle, represents the main cause
of the erosion and/or the suspension of particles, whereas the sweep event, the final phase
of a burst cycle, can be associated with the sediment deposition.
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The experimental data were stored on a CD-ROM, which is obtainable from the
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