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Abstract: The paper presents the sedimentation process of wash load particles in water storage reservoirs. Fine particles smaller than 0,05 mm form flocs in salted and in polluted water. Their size is often much greater in comparison with the size of elementary particles. The deposition length of flocs in reservoirs is therefore shorter than for elementary particles. Research results of sedimentation of flocs so for great as for small reservoirs and fish ponds are presented.
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1. IINTRODUCTION

The sedimentation in water reservoirs of fine particles brought by the rivers in form of wash load is a complex phenomenon. The wash load constitutes the main part of the total river load, equal some 80-95%. The transport and the sedimentation of fine particles in natural rivers and in reservoirs is affected mainly by the mineralogical composition of solids, by the organic particles content of muds and by fluid properties. The suspended particles are subjected to hydrodynamic, thermodynamic and interparticle forces and to gravity.

The flocculation occurs mainly in the case of solid particles finer than some 0,03-0,05 mm. These particles have generally an asymmetric form, which favorise the formation of flocs and aggregates. Theses soil structures are greater and settle earlier than the elementary particles.

The granulometric characteristic of the mud samples is based often on traditional laboratory methods used for determination of the granulometry of classical soils. The general principle of soil characterization is the determination of the granulometric curve of isolated (elementary) particles. In the reservoirs fall out however not the elementary, but the flocculated grains, having greater settling velocity.

The main factors of the sedimentation of fines in reservoirs are following:

· physical and rheological properties of the wash load,

· capacity and geometry of the reservoir, influencing the water flow velocity inside the reservoir and the conditions of sedimentation and settlement of flocs,

· type of management of the stored water and of the deposed sediments, depending mainly on the localization, construction and discharge of the outflow structures and on the type of use of the stored water.

The water storage reservoirs can be divided in two groups:

1. Great and mean reservoirs, having water storage capacity greater than 1-2 millions m3. These reservoirs have generally many functions, for ex. the storage of water for agriculture or for alimentation of population in drinking water, the flattening of floods etc. The water management is realized by division of the stored volume in three zones (GRAF 1984):

· the dead capacity zone, near to the dam,

· the operating capacity zone, serving for different water needs,

· the anti-flood capacity.

2. Small reservoirs and fish ponds with storage capacity up to 1-2 Millions m3, having generally one or two functions. One can their apply only a simple water management, generally without anti-flood tasks. The depth of these reservoirs is relatively small (2-5 m) (MADEYSKI 1998, MICHALEC 2008).

During the passage through the reservoir, physical and rheological properties of the sediments are subject of important changes. In general rule, the bed load grains for ex. gravel fall out near to river inflow, the suspended load (sand) in the middle of reservoir, and the wash load (silt and clay) in the proximity of the dam. But many observations on reservoirs with intensive wash load transport have shown, that fine suspension can settle also far from the dam, in the middle and upper parts of reservoir, as for ex. in Chine, North Africa, USA, France (PARZONKA 1974).

This phenomenon is related mainly to the changes of water level in reservoirs during the season, and in the case of water power station also during the day. A certain influence has also the flocculation of fine particles, increasing the real size of muds and reducing the length of sedimentation.

An inverse action is observed in the case of higher concentrations of the river suspensions coming to reservoir, causing the apparition of density currents. This form of fine particles transport is observed for weight concentrations higher than some 10-20 kgm-3.

2. main physical and rheological properties of fine sediments

2.1. Main physical properties

The main part of solids income to rivers and reservoirs is the surface erosion in the watershed. The muds from water reservoirs are characterized in general rule by small organic content Rorg and by solid density (s between 2500 and 2700 kgm-3. Higher values of Rorg are stated in case of fish ponds with (s equal 2200-2500 kgm-3.

The muds are constituted mainly by clay, silt and fine sand, with grain sizes smaller than 0,1 mm. The shape of these grains is generally asymmetric, what causes the complication of the internal mud structure.

Settling velocity of elementary particles in pure liquid

The settling velocity W can be calculated taking in consideration the balance of apparent gravity forces and of the resistance forces:

W=[4/3gd((s-(w)/(Cd(w)]0,5





(1)

In the case of a single particles falling in a Newtonian fluid with viscosity ( and density (w, the Reynolds number is equal to:

Red=Wd(w/(







(2)

The drag coefficient Cd is function of the regime of sedimentation, 3 main regimes are distinguished:

Laminar



Cd=24/Red
(Stokes)
Red≤1

(3)

Intermediary


Cd=18,5/Red0,6
Red=1-1000

(4)

Turbulent


Cd=0,44

Red=1000-200000
(5)

Settling velocity in suspension ("hindered settling velocity")

The settling is hindered increasingly when the suspension becomes more dense, which is caused by interparticle forces, collision, and the upward flow of displaced water.

RICHARDSON and ZAKI (PARZONKA 1974) proposed the following formula for hindered settling velocity W*:

W*=W(1-cv)n







(6)

often used in practical application. After those authors, n - 4.65 m laminary conditions and n=2,4 in turbulent conditions After WHITMORE n is function of d; for ex for d = 0.194 mm, n=6,9 and for d=0,065 n=9,5.

Settling velocity of flocs

After VAN RIJN (1984) in fresh water suspensions, the repulsive forces between the negative charged particles dominate and the particles will repel each other. In saline water the attractive forces dominate due to the presence of positive sodium - ions forming a cloud of positive ions around the negative charged clay particles resulting in formation of flocs. A small particle size in combination with a large suspension concentration greatly intensifies the flocculation process.

Influence of concentration

In saline suspensions with sediment concentration up to about 10 gl-1 an increase of the settling velocity with concentration has been observed, as a result of the flocculation effect, both in laboratory and in field conditions. When the sediment concentrations are larger than approximately 10 gl-1 the settling velocity decreases with increasing concentrations due to the hindered settling effect. The influence of both factors is shown in Figure 1.
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Fig. 1. Relationships between Wf and Ts by VAN RIJN
2.2.Main rheological properties of fine suspensions

The river suspensions exhibit mainly Newtonian behaviour. In some countries with high fine solid concentration in rivers, as China, USA, North Africa, non-Newtonian flows can appear also in rivers and in reservoirs.

The average volume concentrations of the wash load in the european rivers is relatively small, up to 0,5-1%. The flow is in general rule Newtonian, with exponential concentration distribution in the vertical line.

Solids concentration in the arid and semi-arid zones are much higher, with volume concentration during floods attaining 10-30%, and in Chine 40-50%.

The range of non-Newtonian behaviour can be situated between the limit concentration Cv,lim and the Atterberg limit CvL. The values Cv.lim of muds are equal 6-15% for water reservoirs and 1-6% for fish ponds and lakes.

The muds from european reservoirs have values of (o,L corresponding to the Atterberg limit in the range of 200-1000 Pa, and the fine sediments from Algeria reservoirs between 40 and 500 Pa.

The rheological behaviour of muds depends mainly of the solid concentration cv. In liquid state, these sediments can be considered as homogeneous soil-water mixtures and from the rheological point of view - as Newtonian or non-Newtonian fluids, time-independent. On applies mainly following models:

· Model of NEWTON, for cv <clim

(=(G








(7)

· Model of BINGHAM, for cv >clim
(=(0 +(pG, for (>(0






(8)

and G=0, for (((0.




At high concentrations cv>>clim the flow curves of muds are complex and their approximation is possible by three-parameter models of Vočadlo and of Herschel-Bulkley.

3. FLOCCULATION OF RIVER MUDS

The flocculation of fine solid particles occurs in rivers and in reservoirs mainly in the case of predomination of grains finer then 30-50 (m. The sizes of flocs are generally not constant and depend in first place on shear conditions, on hydration of solid particles, on organic particle content and on pH of the suspension.

At small weight concentrations Ts (below ca 0,3 gl-1) so the elementary as the flocculated particles settle independently of each other, in the zone of “free” sedimentation.

At higher concentrations Ts the settling velocity of flocs Wf first increase with Ts up to some 10-30 gl-1. For higher Ts. Wf is decreasing with Ts.

MIGNIOT (1989) has studied the settling velocity of elementary particles Wd50% and of flocculated particles Wf50%. He proposed a simple relation for the maximum value of F:

Wf50%=FWd50%







(9)

with
Fmax=250d50-1,8.
PARZONKA and KORSO (1984) have studied the influence of flocculation on the granulometry of muds deposed in different distances of the dam. This research was performed in two great Algerian reservoirs Fergoug and Bou-Hanifia. One has observed great differences of the granulomteric curves for natural (flocculated) muds and for elementary (deflocculated) particles. Examples of granulometric curves for two muds (flocculated and elementary) taken from the reservoir Fergoug are presented in Fig. 2. The nominal size df50% (flocs) and d50% (elementary size) of studied muds in function of the distance from the dam is presented in Table 1.

MADEYSKI (1998) has determinated the granulometry of muds from fish ponds, so for flocs as for isolated (deflocculated) particles.

The granulometric curve particles has been evaluated on the base of the polish areometric method of Prószyński, with addition of 200 mg/Na2CO3 and the granulomteric curve for “natural” state without addition of Na2CO3. The content of organic particles in mud samples was relatively high equal 10,4-24,4%.

The sizes of the flocs df50% were generally greater than those of deflocculated particles d50%. The ratio of df50%/d50% varied between 1,16 and 3,17.

The same method was used by MADEYSKI and TARNAWSKI (2006) for the granulometric study of mud deposits from the channeled type reservoir Besko (Vmax=14,7 mln m3). The ratio df50%/d50% was equal 1,8-2,2.

Similar results obtained RACINOWSKI et al. (1999) for loess soils from Western Ukraine and from Trzebnicki Hills (Poland). The dispergation of soils aggregates was assured by addition of pyrophosphate of sodium and by ultrasounds (during 1 minute).

MICHALEC (2008) studied the granulometry of flocculated and deflocculated muds from small water reservoirs, using the classical areometric method of Casagrande. He calculated also the hindered settling velocity of flocs Wf and of particles Wd using the approach of VAN RIJN (1984). The ratios of Wf/Wd were equal 1,0-9,5.
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Fig. 2. Granulometric curves for two muds from reservoir Fergoug, flocculated and deflocculated
4. DETERMINATION OF DEPOSITION LENGTH FOR FLOCCULATED AND DEFLOCCULATED MUD PARTICLES
The knowledge of deposition length of wash load in reservoirs is of great importance for the proper management of water and of sediments. The study of this phenomenon is a hard task because of many factors and lack of measurement data. In the case of sedimentation of low concentrated suspensions cv<0,5-1,0, two approaches for the determination of deposition length are used:

· Admitting the principle of ideal dispersion of fine particles in the whole reservoir volume. This method can be used for narrow and long channeled reservoirs.

· Admitting the principle of concentrated stream flowing only in a part of reservoir, observed in shallow and wide basins (lacustrine type).

Table 1

Normal sizes of flocculated and deflocculated muds in function of the distance of dam for two Algerian reservoirs

	Reservoir
	Distance

of barrage (m)
	df50% ((m)
	d50% ((m)

	Fergoug
	0
	
	

	
	100
	6
	1

	
	1710
	-
	12

	
	1860
	58
	38

	
	1960
	60
	9

	
	2160
	40
	12

	
	2330
	70
	23

	
	2330
	18
	6

	
	3660
	20
	3,7

	
	
	47
	33

	Bou-Hanifia
	380
	78
	33

	
	1990
	87
	78

	
	3150
	83
	72

	
	6140
	-
	53


4.1. narrow and long reservoirs
At low mean volume concentration of solids cv, smaller than some 0,5-1%, the sedimentation can be described using the hypothesis of ideal dispersion of fine particles in the transversal sections of stream. The length of deposition L depends mainly on the settling flows velocity W*, the average flow velocity va and the vertical component of turbulent fluctuations v’. After Gontcharow L can be calculated after the following formula:

L=vaH/(W*-v’)







(10)

where H is the elevation of a given grain versus the bottom.

The value of vertical component of turbulent fluctuations v’ can be admitted after APOLLOV in the range of 0,050-0,083 of mean velocity va and after GYR v’≈0,01va.

The studies of KORSO and of the author (1985) on the Algerian reservoir Fergoug (channeled type) have shown that v’=0,01va. This experimental result was in good agreement with the theoretical approach of GYR.

4.2. Shallow and wide reservoirs
This type of reservoir are constructed often in practical applications for ex. fish ponds or small reservoirs for irrigation or recreation. MADEYSKI (1998) stated that the solid particles settled mainly only in a part of the reservoir. In each pond existed a zone of mud deposition and another one without solid deposits.

After MADEYSKI (1998, 2000) the mud deposition zone has a considerably smaller width than the width of reservoir. The shape of the active band has a smaller and smaller range approaching to the reservoir outflow. He described this situation using the mathematical model of concentrated stream, elaborated by NACHLIK, KOWALSKA and PRYSTAJ (1998). The stream is limited by the free water surface and the reservoir bottom. NACHLIK et al. used this model for the computer simulation of the silting of storage reservoir Trestna.

The Figure 3 illustrates the situation scheme of fish pond and the velocity distribution in the jet zone, after MADEYSKI (1998, 2000).
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Fig. 3. Illustration of the adopted hydraulic scheme of the pond work after MADEYSKI (1998)
5. CONCLUSIONS
The flocculation of fine particles causes the increase of the granulometric sizes of muds. In the studied reservoirs the nominal size d50% was about 1,1-5 times greater in natural (flocculated) state than in the elementary (deflocculated) state.

This phenomenon leads to a notable increase of the settling velocity of flocs and to a reduction of the sedimentation length in reservoirs.

The description of the sedimentation process in reservoirs should take in account real settling conditions of flocs:

· The assumption of ideal dispersion of solid particles in the whole reservoir volume can be applied only for narrow and long reservoirs (channeled type).

· In the case of shallow and wide reservoirs (lacustrian type), only a part of reservoir bottom is silted. In this case one should apply a model of concentrated stream, for ex. the turbulent jet model elaborated by NACHLIK, KOWALSKA and PRYSTAJ.
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