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Preface 

Early wastewater treatment processes were based on chemical precipitation. However, 

the biological processes developed at the beginning of this century were very competi-

tive for the removal of biodegradable organic substances. The chemical processes va-

nished and their advantages were forgotten by many engineers. 

In the last decade more stringent pollution control standards and higher energy costs 

have stimulated new interest in the chemical processes. Chemical processes are flexi-

ble and efficient and it is believed that in the future they will be regarded as integral part 

of many wastewater treatment plants. 

It is the intent of this book (which is the result of a conference) to present both principles 

and applications of chemical treatment. Internationally renowned experts contribute on 

the phsical and chemical aspects of the process, on engineering problems and on the 

economics of this concept of water and wastewater treatment. Case studies of specific 

solutions serve as illustrations. 

The book intends to bridge the gap between sanitary engineers from different 

countries and different backgrounds, and this is a contribution to the International Drin-

king Water and Sanitation Decade. It also will bridge the gap between research and de-

velopment on one hand and the practising engineers on the other. 

The editors hope that this book may accomplish this goal. They thank all those that con-

tributed to the content, as well as those who made the publication possible. 

The editors wish to thank Karin Knisely for her thorough stylistic revision of the contribu-

tions and Dr. S. Antoniou for his editorial cooperation. 

Berlin 	 A. Grohmann 

Karlsruhe 	 H. H. Hahn 
R. Klute 

June 1985 
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Chemical Water and Wastewater Treatment 
Schr.-Reihe Verein WaBoLu 62 (1985), 
G. Fischer Verlag, Stuttgart / New York 

Physical and Chemical Aspects 
of Coagulation in Water Technology 

H. H. Hahn 

1 Introduction - General Concept of the Reaction Steps 

Coagulation is defined in this discussion as the process leading to dense, compact coa-

gula. This implies the use of coagulants, such as mono-or multivalent non-hydrolyzed 

metal ions which affect the surface charge or adsorbing species such as metal hydroxo 

complexes and polymeric substances of very low molecular weight that change the sur-

face potential. 

Analogously, flocculation is to be understood as the process leading to the formation of 

large, voluminous floccules (or flocs) containing water, usually the result of adding floc-

culants. Such flocculants are, for instance, bridge-forming destabilizing agents such as 

organic polymers of high-molecular weight. 

The terms coagulation and flocculation have also been used to describe the 

initial and the final phases of the aggregation process. This discussion shall not con-

cern itself with this conflict in terminology; the terms coagulation and flocculation will be 

used in accordance with the above-stated definitions (cf. Hahn 1966 [1] - Table (1)). 

Investigations concerning the mechanisms controlling coagulation and flocculation da-

te back to the Ostwald lectures (1913/1914); at that time the emphasis was on colloid 

chemical and surface chemical aspects (cf. Ostwald/Fischer [8]). 

In terms of practical applications, the kinetic studies of von Smoluchowski [9] have been 

particularly important. He was able to demonstrate which were the most important fac-

tors controlling the reaction rate by developing a mechanistic picture describing partic-

le collision due to Brownian motion and shear flow. 

His work is responsible for a picture of the aggregation process that basical-

ly still prevails today. Coagulation and flocculation are the results of two reactions steps. 

The first is the destabilization of colloids, usually accomplished by the addition of coa-

gulants or flocculants: the second is the transport phase, in which destabilized colloids 

come into close contact with one another. This transport is accomplished either through 

Brownian motion or through velocity gradients resulting from shear flow, turbulent 
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( 1) Through Coagulation and Flocculation  

(2)Particle transport step  ('floccu-

lation' according to [2] ) 

(a) Brownian motion of particles leads 
to collision ('perikinetic aggregation' 
according to [6] ) 

(b)Due to laminar or turbulent velocity 
gradients in the suspending medium, 
neighboring particles have different 

velocities and collide ('orthokinetic 

aggregation' according to [6] ) 

(c) Particle transport through Brownian 
motion and velocity gradients. 

(1)Destabilization step 
('coagulation' according to [2] ) 

(a) Destabilization through reduction 
of electrostatic repulsion ('coagula-
tion' according to [3] — 'peri- or 
orthokinetic coagulation' depend-
ing upon surface charge according 
to [4] ) 

a.1. Compaction of double layer through 
physical adsorption of counter ions 

a.2. Change in surface charge or surface 
potential through specific chemical 
adsorption of charged species (fre-
quently hydrolyzed multivalent metal 
ions) 

(b)Permanent contact through molecular 
bridges between particles: multinuclear 
hydrolyzed metal ion complexes or 
other polymerization products are 
sorbed onto different colloid surfaces 
[5] ('flocculation' according to [3]). 

( II) Through Precipitation  

Colloidal particles are trapped in voluminous precipitates and removed with 
these substances ('sweep floc' aggregation according to [7] ). 

Tab. 1: Agglomeration of colloidal particles 

flow or differential settling. Assuming that transport is the rate-limiting step in which the 
degree of destabilization determines the number of collisions leading to successful ag-
gregation, a quantitative mathematical model describing the rate of aggregation pro-
cess has been developed. 

Most of the subsequent studies and theories developed concerning this topic 
have also concentrated on colloid properties, i.e., on the stability of the aggregating par-
ticle or on the resistance to permanent cohesion following a collision. Various theories 
have been put forth to explain observed changes in colloid stability. In general, two con-
cepts have evolved, as Stumm and Morgan have shown: one emphasizing physical 
aspects of colloid stability, culminating in the Gouy-Chapman and Derjaguin-Landau-
Verwey-Overbeek theory, and a second suggesting that the chemical interactions 
which occur on the surface of suspended particles are responsible for changes in stabi-
lity. 
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In 1962, the classic publication „Chemical Aspects of Coagulation" (Stumm, Morgan 
[10]), appeared and established the significant role of surface chemical reactions, e.g. 
coordination, in the destabilization of colloids. Both concepts, the physical as well as 

the chemical, have furnished water purification practice with valuable insights. 

On the other hand, since von Smoluchowski's work, relatively little research appears to 

have been done on the so-called transport step. Camp and Stein's formulation of an ave-
rage (i.e., an overall or representative) energy dissipation value has had a great impact in 
practice, however, as it allows von Smoluchowski's kinetic model for shear flow to be 

applied to the more frequently encountered totally mixed continuous flow reactor. Re-
peatedly, researchers have found evidence that non-homogeneous turbulence produ-
ces transport conditions significantly different from those assumed by von Smoluch-

owski. But it has not yet been possible to experimentally verify the postulated effects 
(Argaman, Kaufman [11] Klute, Hahn [12], Delichatsios, Probstein [13]). 

Thus, the modified von Smoluchowski kinetic model can essentially be applied • 
to reactors of very diverse forms and characteristics, and serves as a basis for compari-

son of pilot-plant studies and large-scale experiments performed under a variety of con-
ditions. 

2 Physical Aspects - Particle Collision Due to Brownian Motion and 
Velocity Gradients 

Suspended particles collide with one another as a result of Brownian motion (mainly 
smaller colloids) and laminar and turbulent velocity gradients (of importance for larger 

colloids). Assuming that colloid destabilization proceeds at a faster rate than particle 
transport, i.e., particle transport is the rate-limiting step,the overall agglomeration of par-
ticles can be described kinetically by the frequency of particle collision. The original 

particle size-distribution and the possible number of collisions per unit time leading to 
aggloration must be known in order to describe the rate of the process. 

The collision frequency due to Brownian motion can be determined from the 
general diffusion model in conjunction with appropriate boundary values. Fick's second 
law for the case of three-dimensional diffusion in a homogeneous dispersion states: 

a n 
= 	D • V2 • n 	 ( 1 ) 

a t 
where: 

n = particle concentration 
t = reaction time 
D = coefficient of diffusion 
V = Laplacian operator 

The solution of this differential equation (using Fick's first law) yields an expression for 

the total number of collisions per unit time. If all collisions result in agglomeration (i.e., in 

the case of „rapid" agglomeration), the time-dependent change in the particle concen-
tration of a homogeneous suspension is described by a quadratic differential equation: 
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10 no 

0,8 no 

0,6 n 

c 0,4 n 

0,2 n0  

0 

10 no  

0,8 no  

T 0,6 n 

0,4 n 

0,2 n 

0 

dno  
dt 

8 • r • Da (no)2 	 ( 2 ) 

where: 
no  = particle concentration at t = 0 
a = particle radius 

A more detailed derivation is found later in this section (see Equ. (6)). The same result is 
obtained if the corresponding stochastic problem is formulated and solved [14]. This ty-
pe of differential equation is in the area of chemical kinetics characteristic for a second-
order reaction, e.g., a bimolecular reaction (Fig. 1). The rate constant k' = 8 Tr Da) has 
roughly the same order of magnitude as second-order chemical reactions i.e., k' = 
10-12  m3/s if one sets: 

D = 	K T/(6 7r • 77 • a) 

where: 
K = Boltzmann constant 
T = abs. temperature 

= dynamic viscosity of the fluid 

The suspension is monodisperse only at the beginning of the process (if one assumes a 
unimodal distribution); as agglomeration proceeds, aggregates of all sizes appear. 

1/k 2/k 3/k 4/k 
	

1/kn0 	3/kn0 	5/kn0  

reaction time -+ 
	

reaction time —> 

o 

1 

o c 

c 

	

1 2 3 4 
	

1 2 3 4 

	

reaction time -* 
	 reaction time -± 

Fig. 1: Kinetic formulation and representation of first- ( I) and second-order (II) 
reactions 
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The most promising solution to the second-order differential equation for poly-
disperse systems ([15], [16], and [17]), presupposes a self-preserving particle distribu-
tion ([18], [19], and [20]). This assumption rests on an analogous observation in the field 
of flow structures in turbulent media [18]: 

do oo _ _ KT Ai (n c0)2  
dt 	377 
	 (3) 

where : 
n 	= summation of particle size-distribution, and 

Al  = self-preservation parameter, determined by particle 
size distribution characteristics and transport mechanism. 

It should be noted that even in the case of heterogeneous dispersions, the kinetic equa-
tion which describes agglomeration due to Brownian motion is a second-order equa-
tion. 

Laminar and turbulent flow cause velocity gradients in a fluid, if the medium 
is viscous. Particles suspended in this fluid do not all move with the same velocity, but 
collide with each other as a result of their relative motion. One must distinguish here bet-
ween laminar flow with linear velocity gradients, and turbulent flow with energy dissipa-
tion in turbulent eddies. In the latter case, the size of suspended particles relative to the 
turbulent eddies determines in which manner particles are transported toward each 
other (whereby one has to bear in mind that there is a whole spectrum of sizes of ed-
dies). 

In the following paragraph, only the relatively simple (but unrealistic) situation, in which 
linear velocity gradients prevail is discussed. The model resulting from examination of 
this situation however,has also been useful in explaining numerous observations made 
in turbulent media. 

The number of collisions per unit time which lead to agglomeration is deter-
mined from the number of particles which attain the size of„coagulation dia-
meter" during a given period of time: 

3 	' dz 
(a..)3  n. n. —du 
	

( 4) 

where: 
J 	= collision frequency per volume (s-1  m-3), 

= coagulation diameter (ao-aj), 
= radius of the central particle, 

ai  = radius of the particle moving to particle „i", and 

du = velocity gradient (s-1) 
dz 

The following equation is useful for determining the relative contribution of each tran- 
sport system, namely Brownian motion and velocity gradients, in collision frequency: 

jvijB = (aq)3 2 n du  dz 
	 ( 5) 
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It can be seen that for particles largerthan 1 N and velocity gradients larger than 1 s 1  the 
main transport mechanism involves velocity gradients in the liquid. Smaller particles, 
especially in media with lower velocity gradients, are mainly transported by Brownian 
motion. By combining the expression describing the collision frequency due to velocity 
gradients with the self-preserving particle-size model, the following differential equation 
can be derived for the time-dependent concentration change in an aggregating hetero-
disperse suspension in laminar flow fields: 

do 00 	 47 A  du 

dt 	— 2 IT 2  dz n  
(6 )  

where: 
= floc volume ratio, 

A2  = self-preservation parameter, and 

du = linear velocity gradient. 
dz 

When the two differential equations for Brownian motion and velocity gradient transport 
(Equ. (3) and (6)), respectively, are compared one notices that the former is a second-or-
der while the latter a first-order rate equation (Fig. 1). Furthermore, velocity gradient-in-
duced aggregation shows a linear relationship with respect to the actual velocity gra-
dient in suspension. 

2.1 Experimental confirmation of kinetic models 

The results of experiments performed with gold sols of about 57 p particle size, for in-
stance, were in good agreement with the approximate solution of the differential equa-
tion up to reaction periods in which 6th-order par- ticles appeared [16]. In addition, inve-
stigations with „Unity Oil" emulsions of about 700 p droplet size, studies with 
„UCAR Latex", and „Polystyrene" suspensions of about 500 and 870 p particle size, also 
supported the theory, including the self-preservation assumption [18]. Studies on 
Brownian-motion induced transport and velocity gradient transport showed the validity 
of the proposed rate laws and confirmed the assumed mechanisms. 

In many investigations of this type, in particular last one just mentioned [18], the obser-
ved number of collisions was always smaller by a particular constant factor than the 
theoretically predicted one. This suggests that not all collisions lead to permanent (and 
i.e. observed) agglomeration and confirms the notions of the effect of particle stability 
and the destabilization reaction. The lower-than-expected aggregation rate indicates 
that either repulsion forces (of electrostatic or steric nature) were not sufficiently 
reduced, or the ratio of free adsorption sites to extending bridge elements was unfavou-
rable. In certain experiments it was observed that the coagulation rate decreased as the 
reaction proceeded. This could be due to a growing energy barrier with growing floc si-

ze. 

When theoretical considerations and experimental observations are combined, one can 
formulate the following rate expressions which describe the process of agglomeration: 
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the first due to Brownian motion: 

do 
dt 

K 
—a (n°°)2 

3 n  

and the second due to velocity gradient: 

ddn 
t 

 00 	 cc) 	du , 
—a2  A2  dz 

— tn 00) 

These models are derived on the assumption that the transport step is rate-limiting. If the 
destabilization step becomes rate-limiting, other expressions will have to be found. 

On the whole, it can be stated that chemical parameters (such as coagulant 
type, coagulant concentration, suspending medium etc.) largely determine the relative 
stability of colloids, and with this their tendency to form permanent aggregates. Physical 
parameters, on the other hand, (such as particle size and concentration, energy introdu-
ced by the stirrer, etc.) govern to a large degree the transport step, i.e., the collision fre-
quency. Both aspects are equally important in controlling and optimizing the agglome-
ration process in practice (see also Section 5). 

3 Chemical Aspects - Particle Agglomeration Due to Reduced Repul-
sion Forces 

Suspended particles collide continuously due to their Brownian motion and due to velo-
city gradients induced in the suspending medium. Depending upon whether attractive 
or repulsive forces dominate in particle interactions, these collisions may or may not 
lead to permanent particle agglomeration. In stable suspensions, only very few (or none) 
of the collisions lead to agglomeration. This stability of a suspension or, more exactly, of 
the sus-pended colloids, results either from repulsion forces due to surface charges 
or surface potential of similar sign *, or from sheaths of hydration water that form a large 
sphere around the particles and are very rigid. These sheaths thus prevent close con-
tact between the particles.** In both cases, the short-range van-der Waals attraction for-
ces, which always become active when two particles approach each other, never come 
into the picture. Thus, permanent contact is prevented. 

In the destabilization step, either the repulsive forces must be reduced through modifi-
cation of surface charge or surface potential, or the surrounding hydration sheaths must 
be compacted or made softer and more permeable. Furthermore, destabilization (or, 
more exactly, particle aggregation) can be brought about through formation of molecu-
lar bridges by adsorption of bridge-forming material on the particle. 

* In colloid chemistry, one distinguishes between hydrophobic and hydrophilic col-
loids. As a first approximation, these particle colloids could be called hydrophobic. 

"* As a first approximation, hydrophilic colloids (it should be noted that here, too, ef-
fects of charge and potential can be observed). 

( 3a ) 

( 6a) 
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	• Rd 

a) REPULSION OF CHARGED PARTICLES 

VR 1 

b) ATTRACTION OF APPROACHING PARTICLES 

VA 

c) STABLE DISPERSIONS 
resulting force 
(repulsion - 

VR # 	attraction)  

thickness of 
hydration heaths 

VA! 

d) DESTABILIZED DISPERSIONS 

VR 

3.cd 

VA 1 VA 

Fig. 2: Simplified representation of stable and unstable suspensions. a) Repulsion 
of charged particles; b) Attraction of approaching particles; c) Stable dispersions; 
d) Destabilized dispersions 

In order to illustrate these various ways to destabilize colloidal suspensions, the diffe-
rent phenomena are described once again in connection with a simplified representa-
tion (Fig. 2). Colloids must come into close contact through Brownian motion or velocity 
gradients before either type of interparticle force (repulsion due to electrostatic or steric 
phenomena, and attraction due to van-der-Waals forces) becomes active. 

In the surface charge or potential of the particles is too large, then the particles will repel 
each other. When steps are taken to reduce this charge or potential, the repulsion for-
ces as well as the resulting overall force will be altered. The energy for repulsion is lowe-
red and colliding particles agglomerate. 

Similarly,the thickness of the hydration sheaths of hydrophilic colloids must be reduced 
so that van-der-Waals forces (short-range attractive forces) can become active (compa-
re Figs. 2c and 2d). 
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W  

A quantitative formulation of these relationships has thus far only been given for strictly 
hydrophobic colloids. Their colloid stability is related to the height of the energy barrier 
(Fig. 2): 

Vtota 	VR — VA 
	

( 7 ) 

The potentials VR  and VA respectively, are computed from the repulsion of two surfaces, 
flat or spherical with equal charge, and from the London-van-der-Waals attraction bet-
ween (flat or spherical)particles. As a first general approximation one can say that with a 
total energy barrier (repulsive energy) of 

Vtotal = 200 K T*) 

*) K T is approximately 4.2 10-21  Joule 

practically no particles aggregate, while with energy barriers of: 

= 	10 — 20 K T Vtota I 

a small fraction of particles will overcome the energy and aggregate. A colloid stability 
value can therefore be defined conceptually as follows: 

 	
( Vtota I 

) KT 
2 IC a e  

where: 
W 	= colloid stability value 
a 	= particle radius 
JC 	= Debye-Hiickel parameter ( 1 	= „thickness" 

of double-layer) 
K T = product of Boltzmann constant and absolute temperature 

Colloid stability is derived from the reciprocal collision efficiency factor (which gives the 
fraction of all possible collisions that actually lead to permanent aggregation: 

= W 	 (9)  

Using the above relationship it is possible to predict colloid stability values for hydro-
phobic colloids in simple, precisely defined electrolytes. Truly hydrophobic colloids are 
rarely present in natural suspensions or in waters polluted by man. Furthermore, the na-
ture of the suspending medium is usually more complex than the above theory implies. 
Thus, this model has only limited application. The coagulation and flocculation beha-
viour of these partly hydrophobic, partly hydrophilic colloids in complex media contai-
ning inorganic and organic (destabilizing and stabilizing) solutes must instead 
be determined experimentally. Models developed in the area of colloid chemist-
ry can provide qualitative estimates of colloid stability only in rare instances. Table 2 
summarizes the more qualitative statements based on experimental evidence, and 
describes at the same time various aspects of colloid destabilization. 

( 8 ) 
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Destabilization 
mechanism 

Description 
of collision 
efficiency 

Definition of 
total destabi-
lization 

Necessary 
amount of 
coagulant/ 
flocculant 

Double-layer com-

paction through 
inert counter-ions 

Electrophoretic 
mobility 

Electrophoretic 

mobility close to 

zero 

Coagulant dose 
is independent of 

concentration of 
suspended phase 

Change in surface 
charge or potential 

due to sorption of 
charged species 

Concentration of 
hydrolyzing metal 

ions and pH value 
of suspending 
medium 

Not necessarily at 
point of charge 
(potential) neutra-

lization 

Formation of mole-

cular bridges through 

adsorbed polymers 

Adsorption parame-
ters describing surface 

coverage and adsorp-

tion tendency of 
flocculant 

Theoretically for sur-

face coverage of 0.5 
and fully extending 
bridging elements 

Coagulant/flocculant dose proportional to 

surface area (particle concentration) of 

suspended phase. 

Tab. 2: Characterization of colloid destabilization 

4 Limits to Application of Physical and Chemical Principles in Water 
Technology 

The kinetic model for aggregation (coagulation and flocculation), as postulated by von 

Smoluchowski, is based on the assumption that the transport step is rate-limiting (von 

Smoluchowski considered Brownian motion and laminar shear flow; under operational 

conditions turbulent shear flow and differential sedimentation may prevail). The resul-

ting original mathematical model is represented by an expression for the collision fre-

quency. This expression can be rewritten to determine a reaction rate or a concentration 

change of particles which coagulate or flocculate. Expressing the collision frequency 

in terms of a reaction rate of an aggregating system requires a number of assumptions, 

summarized in Table 3. 

Equations (4) and (6) in Table 3 are most frequently used to describe the rates of aggre-

gation of suspensions under the following conditions: 

Equation (4) 

small particles, 
heterodisperse suspension, 

turbulent flow conditions, 

Equation (6) 

large particles, 
heterodisperse suspension, 

laminar/turbulent flow, 

conditions mostly non-isotropic 
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In applying these models, one tends to assume that the discrepancies between the con-
ceptual situation and conditions under which the reaction actually proceeds (such as 
non-uniform and frequently turbulent energy dissipation, non-uniform reaction time/or 
detention time/distribution, pronounced heterogeneous dispersion, and significant de-
viation of the aggregating particle from a solid non-porous sphere), are insignificant. 
This, however, should be investigated in detail. 

4.1 Non-homogeneous energy dissipation and detention time distribution 

In large-scale reactors (cf. Bernhardt et al. [21]) as well as in many natural systems(e.g. 
oceans, cf. Lerman [22]) coagulation and flocculation due to velocity gradients prevails. 
Therefore, the assumptions underlying equation (6) must be critically examined. 

The most obvious discrepancy between the conceptual model and experimental 
observations arises from the extrapolation of an overall reaction rate from a collision fre-
quency term derived by considering two individual particles. Making this extrapolation, 
one postulates that each location within the reactor or system under consideration is 
characterized by an identical velocity gradient and an unchanged detention time. 

By analytical deduction and corresponding empirical data, however, it can be shown 
that neither velocity gradients nor detention times (reaction times) are uniform in such 
reactors. The shape of the reaction chamber and the form of the energy-dissipating stir-
rer determine the particular distribution of local velocity gradients. Inflow and outflow 
configuration and rate of flow th rough the continuous flow reactor also affect the energy 
dissipation and detention time distribution, but to a lesser degree (cf. Odegaard [23]). 
The overall reaction rate is a result of superimposing processes in m quasi-ho-
mogeneous reactors with differing velocity gradients. An overall reaction rate constant 
can only be formed by superposition, if the systems respond in a direct and linear form 
to the energy dissipation function. Only when these conditions are met will energy dissi-
pation be identical to the weighted or statistically treated sum of the individual energy 
dissipation values. 

Von Smoluchowski's kinetic model for linear (laminar) velocity gradients, modified by 
Probstein et al. for the (more realistic) situation of turbulent pipe flow, postulates that the 
reaction rate varies linearly with the velocity gradient or with the square root of the ener-
gy dissipation function. This hypothesis appears to hold for real systems up to certain 
maximum values of energy input. Beyond this upper limit, increasing energy dissipation 
leads to reduced aggregate size, most likely due to some sort of surface erosion 
and aggregate shearing. Fig. 3 illustrates this situation: the relationship between reac-
tion rate and energy input is linear up to an optimum value of energy dissipation charac-
teristic of the system. Beyond this critical value a reduced net aggregation rate is obser-
ved. The upper limit for linear model validity is probably determined by interparticulate 
forces, i.e., particle and coagulant characteristics, and also by the microstructure of tur-
bulence. 
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Fig. 3: Limits of agreement between predicted (theoretical rate law) and observed 
rate. 

The effect of changing energy dissipation upon the rate of the aggregation may be desc-
ribed realistically with a function of the general form 

m  
dt "ti 

where: 

d [bfi  (e) t — cf 2  (€) 	Nt 	 ( 10 ) 

c 	= a volume-related energy dissipation function, 
fi (6) 	= a linear function, 

f2 (6) 	= a non-linear function, 
possibly exponential with m > 1, 

b,c, d, = constants. 

For m homogeneous reactors of differing energy dissipation values 6, (i = 1, ...m), 
summation leads to the following expression: 

N. 	 N 

	

I In (N 
	m 

) 	Z [bfi  (ei  ) t — cf2  (ei  ) t] In ( --
N

,
2" ) 

rn  
k 	= 	0 	— d 	 0 	 ( 11 ) m 	t 	 t 

km 	= ri  bfi  (ei ) — r,  cf 2  (ei ) 	 ( 12 ) 

I e. 	I e. 
km 	* bf 1  ( --L ) — cf2 ( ---j- ) 	 ( 12.1 ) 

	

m 	 m 
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Similarly, it has been observed that the completely mixed continuous flow 
reactor has non-uniform detention time distributions. The effect of non-homo-

geneous reaction times upon the aggregation process must therefore also be 

investigated. The kinetic model states that there should be a linear relation-

ship between aggregate growth, i.e. a reduction in particle concentration, 

and reaction time. Observations, however, indicate that when the reaction 
is allowed to proceed for too long, there is a reduction in aggregate growth 

rate (see Fig. 4) most likely due to increasing heterogenity of the dispersion 

(see Paragraph 4.2) as well as to steric changes in the aggregate and to 
chemical rearrangement. 

0 
	

10 
	

20 min 
	

0 
	

10 
	

20 min 

Fig. 4: Reduction in aggregate growth rate at increased reaction times (part a: tube 
reactor, Re = 4000; part b: jar reactor); taken from [12]. 

In a simplified form, one could describe this effect by a quasi-time dependent 

collision efficiency factor a(t). 

where: 
Oc(t2) < a (ti  ) 

for 
t2 < ti  

(Compare the collision agglomeration function proposed by Tambo et al. [24], which 
describes these phenomena in a similar fashion). Again, the overall reaction will be the 

result of the individual reactions in m sub-reactors of uniform but differing reaction time. 

In summary, then, due to the observed time-dependence of the reaction rate 

as well as the non-linear effect of energy dissipation upon the aggregation rate, statisti-

cal mean velocity gradients and statistical mean reaction times cannot be used to desc-

ribe the overall process. It is to be expected that the form of energy dissipation and de-

tention time distribution will significantly affect the overall process rate, as demonstra-

ted in Figs. 5 and 6. 
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Fig. 5: Distribution of turbulent energy dissipation in a cylindrical jar-type reactor 
with propeller stirrer, measured by Laser-Doppler Anemometry. The frequency is 
proportional to turbulence intensity at different points (coordinates x, y, z) of the 
reactor. The dotted lines represent turbulence intensity of the anchor resp. MIG® 
stirrer at points (5, y, 7.5) resp. (5, y, 9.5); taken from [25]. 

Fig. 5 shows the difference in local velocity gradients due to different stirrers, and Fig. 6 
the resulting differences in aggregation rates. 

The parameters in these figures were measured with utmost care under very 
specific circumstances. More frequent or even routine repetitive measurements 
of this kind appear unlikely at present. Thus, this type of analysis may explain discrepan-
cies between predicted and observed process rates in a qualitative manner; a quantitati-
ve assessment will remain impossible until the analytical problems have been solved. 
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Fig. 6: Aggregation of montmorillonite by calcium (0= stirrer type 1; •= stirrer 
type 2 (turbine); X = stirrer type 3 (propeller)); taken from [12]. 

4.2 Aggregation of heterodisperse suspensions 

After a short reaction time, aggregation in a monodisperse system leads to a heteroge-
neous dispersion. Thus, even in the case of specially-prepared laboratory suspensions 
with particles of close to uniform size, allowances for heterogeneity must be made. In na-
tural systems, such as oceans, as well as in process engineering situations, the aggre-
gating suspensions are predominantly heterodisperse from the very beginning of the 
reaction. 

The effect of different sizes of particles upon the collision frequency (and therefore upon 
the reaction rates) must be included in any realistic description of the system (Table 3). 
The resulting complex mathematical expressions can be solved directly, however, only 
when certain assumption are made (assumptions concerning above all the particle di-

stribution function). For the (more frequently encountered) case of shear-flow/velocity-
gradient-induced aggregation, these assumptions include a homogeneous dispersion. 

In the subsequent discussion, two situations are distinguished: 
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a) the more practical problem of describing changes in the overall particle concentra-

tion due to aggregation, and 

b) describing changes in defined particle size-fractions due to aggregation. 

Mailer [15], using von Smoluchowski's picture of two spheres colliding under the in-

fluence of their (random) Brownian motion *, defined a collision frequency term for a so-

called bi-disperse suspension (two distinctly different monodisperse suspensions mi-

xed together) and solved this equation analytically (as opposed to the later attempts at 

numerical solutions). Mailer added a term to von Smoluchowski's equation, which de-

termined the aggregation rate in a monodisperse system; the new term was associated 

with the bi-disperse nature of the aggregating particles : 

	

EN* — 	N0.2 	 A No.i 	NO2  

1 + t/T ( N0.2 X  + NO.1 ) (1  + trnik  No.1 	1 + t/T 'Y 
	(13)  

as compared to : 

	

EN — 
	No 	 ( 14) 

1 + t/T 

(for strictly monodisperse suspensions) 

where: 
No,1 = fraction I at time t = 0 (radius : a1), 
N0,2 = fraction II at time t = 0 (radius : a2), 

	

N 	= total number of particles in an aggregating monodisperse 

= system at time t, 
N* 	= total number of particles in an aggregating bi-disperse 

= system at time t, 
= reaction time, 

	

T 	= coagulation/flocculation „half" time (1/N0  W for 

monodisperse or for the smaller fraction of the 

bi-disperse suspension), 
y, A = coefficients. 

When equations (13) and (14) are compared, the following deductions can be made: 

(a) For Noi  0 (i.e. monodisperse suspension), von Smoluchowski's solution is appli-

cable. 

(b) The coefficient y is always larger than 1, indicating an increase in collision frequency 

due to bi-dispersity ; 

(c) In deriving Equation (13) the following assumptions had tonhave been made: first, 

the number of large particles is much larger than the number of aggregates of equal 

size formed from small particles; second, the collisions between small and large par-

ticles are more frequent than collisions between any other particle groups; third, the 

particles as well as the resulting flocs are spherical; and fourth, the collision efficien-

cy factor does not change. 

* 	An extension of Mailer's model to shear flow-induced collision appears to be a viable 

and interesting alternative. 
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Wiegner and Tuorila [26] demonstrated experimentally that the model correctly descri-
bes the aggregation behaviour of bi-disperse systems, and at the same time showed 
that the original von Smoluchowski formulation underestimates collision frequency and 
aggregation rates. They confirmed the so-called Wiegner effect, i.e. the observation that 
small particles aggregate faster in the presence of large ones (nuclei), but that large 
ones seem to be unaffected. A more recent attempt at solving the problem of heteroge-
neous dispersions in practical situations with respect to the particle size distribution 
has been made by O'Melia and colleagues (Lawler [27]). They present a mathematical 
approximation for the cumulative distribution (volume distribution, surface area distri-
bution, particle diameter distribution) in the form of an exponential expression, the so-
called „power-law size distribution". Empirical evidence supports this approximation (cf. 
Lerman [22]). Furthermore O'Melia et al. deduce that for a power-law size distribution 
with a characteristic exponent of 6= 4, as observed in real systems, a significant fraction 
of the suspended solids (as concentration in terms of numbers and as surface area con-
centration, but probably not as mass concentration) is in the submicron size range, es-
caping most routine measurements. O'Melia and colleagues use this power-law-appro-
ximated particle distribution as input/boundary value for a stepwise iterative calculation 
of collision frequency and the resulting rate of disappearance/appearance of particles 
or flocs in an aggregating suspension. They consider fifty different particle sizes (in the 
range from 0.3 to 30 p), integrating numerically the respective fifty equations similar to 
Equation (3). 

	o• 
min 

3 

reoJs  

• homog. 
obi=3 
o = 4 

10 	30 	50 
t 

Fig. 7: Aggregation rates of suspensions that show different distribution characte-
ristics (taken from [27]). 

As shown in Fig. 7 (taken from [27]), the coagulation/flocculation proceeds differently 
for different particle-size distributions. The growth of the average particle diameter in an 
aggregating suspension characterized by a power of 3 (i.e. the concentration in terms of 
specific surface area is uniformly distributed in each logarithmic size interval) proceeds 
relatively slower than that of a suspension characterized by a power of 4 (i.e., 
the volume of solids interval). Extrapolation of these results(based on computer simula-
tions) suggests that With increasing 6 (and to some extent increasing heterogeneity) 
the average diameter grows faster. This means that if the suspension was assumed to be 
homogeneous (instead of heterogeneous, which is the case here), the overall reaction 
rate would have been overestimated. 
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Observations for shearflow-induced aggregation by Neis [28], Klute [29], and Eppler 

[30] appear to contradict this hypothesis. Their data indicate that the predicted overall 

reaction rates (assuming homogeneity) increase with time to a greater extent than do 

the observed ones. This may be explained by the effects of surface erosion and floc 

break-up due to shear; this effect becomes more pronounced with larger flocs, i.e., after 

extended reaction time. 

The overestimation of reaction rates in assuming homogeneity is mainly a physical phe-

nomenon; in addition, for physicochemical reasons, smaller particles or flocs might 

show stability different from that of larger particles under given and identical conditions 

in the solution. The London-van-der-Waals' attraction forces, for example, which are de-

pendent on particle size and interparticle distance (floc size and distance between 

flocs), will change only if particle or floc size increases, while the distance between par-

ticles or flocs remains constant. 

Furthermore, it is questionable whether a floc having an overall volume V, (resulting from 

the combination of i particles of the volume V1) will exhibit the same attraction characte-

ristics as a „solid" article of the size Vi. Detailed investigations on this subject have not 

yet been published. It is therefore difficult to assess the effect of these alternatives upon 

the rate of the process. It seems more reasonable, however, to assume that 

attractive forces decrease with growing floc size, leading to a reduction in overall aggre-

gation rates due to an apparent increase in stability. 

In summary, then, if a suspension is assumed to be homogeneous, rather than 

heterogeneous (which is more realistic in practical applications), an over-estimation of 

the aggregation rate will result. This is due to the fact that, in reality, excessive steric fac-

tors influence collision frequency between particles. In addition, due to physicochemi-

cal reasons, stability increases with increasing floc size (as observed for increasing par-

ticle size by Schwab [31]). 

4.3 Aggregation of particles or flocs deviating from the solid sphere 

When describing particle stability/instability (i.e. the destabilization phase), and in for-

mulating a kinetic model for the aggregation process (i.e., describing the rate-limiting 

transport step), it has been assumed that the suspensa were spherical solid bodies. The 

process of aggregation itself converts a suspension which initially might have confor-

med to these assumptions into one with non-spherical, porous flocs which contain wa-

ter (see Fig. 8). Indeed most of the naturally occurring suspensa are from the 

very beginning porous, non-spherical aggregates. 

The procedure in the previous paragraphs was to compare predictions with ex-

perimental observations for the phenomenon of non-homogeneity in flow-structure 

and particle size distribution. Similarly the validity of applying assumptions about aggre-

gation of uniformly dense spheres to the realistic situation in which the suspensa are 

non-spherical and porous will now be examined. Here too, there are relatively few pu-

blished investigations which deal with these more physical aspects. 
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Fig. 8: Deviation from solid sphere notion 

Muller [32] investigated the coagulation of non-spherical, rod- or plate-like particles, fo-
cusing on Brownian motion-induced „Perikinetik" coagulation. Although a large number 
of factors had necessarily to be approximated or disregarded, Muller's principal result 
was that the probability of collision due to Brownian motion is always larger for non-
spherical particles than for spheres of equal volume. An analogous conclusion appears 
to be valid for coagulation due to (turbulent) velocity gradients, where the non-spherical 
particles probably do not maintain their orientation but rotate to some degree. 
In a study by Mason and colleagues [33], two (or more) particles were observed to per-
form rotatrory movements in addition to translatory motion, even in the case of linear(la-
minar) shear-flow-induced transport. This suggests that the sphere of influence (i.e., the 
theoretical sphere formed by the so-called collision radius) is larger than the sum of the 
diameters of the spherical particles; it is approximately the sum of the largest dimen-
sions of the particles as opposed to the sum of the radii of the spheres of equivalent 
volume, as is assumed in all kinetic models. 

The fact that suspensa in reality are frequently not solid bodies but porous structures af-
fects the aggregation process. This may account for the abovementioned stability asso-
ciated with increasing particle or floc size (due to decreasing attraction forces). Second-
ly,th is stability may also be the result of local deviations in the flow pattern in the case of 
very large pores. The latter effect has not received much attention, which suggests 
that it is of little interest, either in theory or in practice (a possible explanation is that fre-
quently observed pore sizes or void space in aggregates are never of such dimensions 

R IJ.  
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as to influence the transport controlling flow patterns). In any case, the collision rate 

could be influenced when pores develop which change the flow field around a central 

particle, and in so doing cause a smaller particle to move towards the pore. 

From a process engineering standpoint, not only the rate of the overall aggregation pro-

cess is of interest. Rather, a consideration of non-homogeneous flow structure should 

also include the characteristics of the resulting aggregates themselves, in terms of flota-

tion, or filtration behaviour. If aggregation and sedimentation, for example, are conside-

red simultaneously, then a smaller net aggregation rate (resulting from particle or floc 

breakup and re-formation of more dense and more sphere-like aggregates) might well 

be more desirable from an overall process-rate point of view. 

Some of these practical aspects of the aggregation in non-homogeneous systems 

will be discussed in the following section. 

5 Practical Experience in Water Technology 

The physicochemical phenomena of coagulation and flocculation, or more generally, 

„aggregation", have received widespread attention due to their relevancy to many diver-

se areas. The range of application extends, for example, from the aggregation of blood 

cells (or its prevention) to floc formation in the wastewater treatment process. In many 

respects, these diverse fields rely on research in colloid stability, on the one hand, and 

coagulation kinetics on the other. Furthermore, with few exceptions, von Smoluchowski 

models (often modified) are used for the control of process kinetics. Doubtlessly, 

there will be discrepancies between predicted and observed aggregation behavi-

our, particularly with regard to the process rate in the above-mentioned examples. One 

might also expect that the extent of the non-homogeneity will have differing effects, de-

pending on the area of application. 

The focus of the following discussion is on practical experiences in the area of water pu-

rification and wastewater treatment. Although raw water and non- or partially-treated 

wastewater differ significantly, for example, in the content of dissolved organic material, 

their similarities outweigh, their differences where aggregation is concerned (O'Melia 

[34], Klute [35], Hahn and Klute [36]. The subsequent remarks are therefore pertinent to 

both raw water and waste water, unless otherwise stated. 

5.1 The effect of different techniques used in energy dissipation (different stirrer and 

reactor shapes) upon aggregation kinetics 

When the kinetic model stated in Equation (6) is applied to aggregating systems under 

realistic or otherwise turbulent conditions, the original assumptions are no longer valid. 

Results (Figs. 5 and 6) have shown that energy dissipation is non-homogeneous, and 

that the distribution is a function of the configuration of the energy dissipating device in 

conjunction with the geometry of the reactor. 

There have been attempts to include locally variable and non-linear velocity gradients, 

even turbulent flow gradients, in the equation for reaction rate. Camp and Stein [37] sub- 
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stituted a mean energy dissipation term for von Smoluchowski's linear velocity gradient 
term. Dimensional analysis and reproducity of experimental results were found to be sa-
tisfactory. Argaman and Kaufman [11] were among the first to attempt to correct Camp 
and Stein's modification of the von Smoluchowski formulation to allow for the 
effects of anisotropic turbulent energy dissipation. Using microscopic process analysis, 
they derived an expression which includes a stirrer-specific term. Furthermore, they 
showed that the difference between different stirrers was quantifiable. From a practical 
standpoint however, and in particular with regard to other uncertainties involved in the 
analysis of the aggregation process, the observed differences appeared to be less si-
gnificant than expected: use of Camp and Stein's mean energy dissipation term (quanti-
fied, for example, as energy introduced at the stirrer shaft per unit volume) did 
not seem to lead to completely unacceptable results. Probstein et al. [13] attempted to 
formulate the effect of turbulent flow conditions on the rate of aggregation. They formu-
lated a solution for well-defined turbulent pipeflow, however, from the standpoint of di-
mecsional analysis, the energy dissipation term is similar to the one proposed by Camp 
and Stein. 

Turbulent flow in a pipe, however, is not representative of flow through a reaction vessel, 
i.e., a completely mixed continuous-flow reactor, or of turbulent flow in a river, for instan-
ce, due to differences in geometry, etc. Nevertheless, Hahn et al. [38] used the von Smo-
luchowski model, as amplified by Probstein et al., for turbulent pipe flow to analyze ag-
gregation kinetics in a partially impounded river. On the basis of satisfactory agreement 
between predicted and observed data, these authors concluded that the Probstein et al. 
approximation was acceptable. In other words, the phenomenon of aggregation in 
strongly anisotropic turbulence could be successfully described in terms of volume-
averaged energy. 

Similarly, Tambo and Watanabe [24] arrived at a mathematical model describing the ag-
gregation rate under turbulent flow conditions in a continuous-flow reactor, by including 
the „effective mean energy dissipation". They made use of Levich's analysis of the num-
ber of contacts between particles in a turbulent flow system, assuming that the suspen-
sa are small in comparison with the micro-scale of turbulence (cf. Levich [14]). On the 
basis of this analysis and supplemented with experimental data, these authors confirm 
that Camp and Stein's G-Value can also be used quantitatively as a „design 
index for a turbulent flocculator" [24]. 

In summary, then, volume-averaged energy dissipation describes observed kine-
tic processes satisfactorily, although theoretically there should be deviations. The rea-
sons for this may be as follows: detention times in practice are short, the process does 
not occur at a maximum unstable reaction rate, and the analysis of the kinetic process is 
still relatively crude (i.e., no counting of individual particle size-fractions). 

In addition, there are numerous convincing arguments that the aggregation rate 
is dependent on the residence-time distribution which is characteristic for each reactor. 
Equation (12) shows that the overall reaction rate, expressed, for example, as average 
floc growth per unit time, should be lower for a non-uniform than for a uniform residen-
ce-time distribution. Furthermore, the relative stability of the detention time distribution 
and the effect of changes in the geometry (input, etc.) on the detention-time pattern are 
also important. These types of analyses do not seem to have gained attention in the 
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literature. Odegaard et al. [23] have studied the relationship between the flow-through 

pattern (as determined by inflow, reaction chamber form and outflow) and energy dissi-

pation, but have not analyzed residence-time distributions or their fluctuations. Nor has 

the influence of different residence-time distributions on the overall process (as postu-

lated in Equatidn (12)) been investigated. There does appear to be some indirect eviden-

ce for this effect, however, Bischofsberger [39], Hahn [40] and others have noted that 

the aggregation process in scaled-down models, such as bench-scale or pilot-plant 

reactors, is always less efficient than that in large-scale plants, even though controls 

and supervision may be better in the former. This may be due to the greater absolute buf-

fering capacity of the large-scale reactors (i.e., buffer capacity with respect to fluctua-

tions in inflow, dosage of chemicals, etc.). In other words, fluctuations in the residence-

time distribution, are reduced. 

As the aggregation process finds new areas of application, factors which optimize the 

reaction in terms of rate and characteristics of the products must be investigated in 

greater detail. 

5.2 The effect of heterogeneity on the aggregation rate 

As mentioned earlier, the simple model (with its many assumptions) developed to desc-

ribe aggregation in a monodisperse system is widely used in current practical analyses 

of coagulation/flocculation. Decisions concerning design and day-to-day operation 

(e.g. necessary residence time, required energy input, and favourable chemical para-

meters) are based on the kinetic analysis which is summarized by this model even 

though the user is aware that its applicability is limited to nearly monodisperse suspen-

sions. 

As mentioned previously, several researchers have tried to modify the kinetic 

model or to determine whether the assumption of homogeneity has an important 

influence on the results. Muller [15] has presented an analytical solution for an aggrega-

ting bi-disperse suspension. Lawler et al. [27] and Tambo et al. [24] have solved the pro-

blem of heterogeneity numerically. Lawler et al. noted the simultaneous appearance and 

disappearance of 50 different-size aggregates, while Tambo et al. not only distinguished 

an even larger number of aggregate size classes, but also made an allowance for chan-

ging floc density resulting from the inclusion of water. The tools for analyzing the aggre-

gation kinetics of heterodisperse suspensions are, therefore, certainly available. 

Nevertheless,there are indications that, in practise, the effects of hetero-geneity upon 

the rate of coagulation/flocculation are of significance only under specific conditions. 

Wiegner and Tuorila [26], testing Muller's model for bi-disperse suspensions, found that 

the aggregation rates,computed for homogeneous and heterogeneous systems differ 

only when significantly different particle diameters (factor of ten or greater) are encoun-

tered. Neis [28], Klute [29], and Eppler [30] all found that changes in the overall particle 

number are satisfactorily described by Equation (6) for moderately heterodisperse su-

spensions analysed with a particle-counting device (see Fig. 8). This was also found by 

Swift and Friedlander [18]. 
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These observations may once again be explained by the relatively short reaction times, 
the far-from-optimal reaction rates, and the noticeable, but not extremely large degree of 
heterogeneity with regard to the dispersion. 

The more complex analyses by Lawler et al. and Tambo et al.show differences 
between the computed and measured aggregation rates, particularly when size 
distributions which vary with time are registered. Lawler et al. explained this discrepan-
cy as the result of insufficient analytical techniques which do not allow registration of 
submicron particles. Tambo et al. explained the significant differences between the pre-
dicted and observed floc growth patterns using a size-dependent collision efficiency 
function; this efficiency factor should decrease with increasing floc size, down to close-
to-zero values when a certain maximum floc size is reached (the maximum depends lar-
gely on the intensity of energy dissipation and the characteristics of the floc). 
The use of kinetic models which accurately describe the effect of heterogenei-
ty in suspensions in nature will therefore largely depend on analytical development. At 
present, the results gained using available techniques can still apparently be predicted 
and explained by the very simple model described in Equation (6). 

5.3 The affect of inhomogeneities in floc size and floc structure 

Von Smoluchowski's model for the collision of suspensa (due to Brownian motion or 
due to laminar velocity gradients) is based on the notion of spherical particles of uniform 
and constant density. An aqueous suspension will, however, form non-spherical aggre-
gates which contain water, even if the initial particles are spheres. The less spherical the 
primary particles, the less relevant will be the assumption of the model. 

Practical effects on the aggregation process of floc shapes deviating from the „ideal" 
sphere have not yet been reported. This may in part be due to the analytical difficulty of 
determining particle size distributions; determining the shape of each particle appears 
nearly impossible. Furthermore, a difference between computed and observed collision 
or aggregation rates may be the direct result of deviations from the „ideal" particle sha-
pe. The difference should remain constant as long as deviations from the „ideal" shape 
are small. This suggests that the kinetic expression described in Equation (6) is still ap-
plicable and that the necessary corrections are made implicitly by assuming different 
collision efficiency factors. 

Scherle's [41] investigation deserves mention here. He studied the relationship bet-
ween various non-spherical aggregates and their sedimentation behaviour. This is of in-
terest because sedimentation is frequently coupled with the aggregation process. His 
results showed that non-spherical particles sediment with a lower velocity than spheri-
cal particles of equal volume. 

Variation of aggregate density with time, and its effect upon the aggregation process ha-
ve been investigated. Tambo et al. studied the effect of changing particle and floc densi-
ty upon the collision rate. Scherle investigated similar effects on sedimentation, where-
by the pares in the floc were large enough to allow flow through them. The results of 
Tambo et al. are in agreement with conceptual argumentation: with decreasing aggrega-
te density (caused, for example, by increasing aluminium dosages at constant concen- 
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trations based on specific surface area), the collision rate increases by 10 to 15 %due 
to a larger effective collision radius. Scherle, incidentally, notes that the sedimentation 
rate increases slightly. The fluid flow changes the pore. 

6 Conclusions 

This report has attempted to show through conceptual arguments and experimental da-
ta that the coagulation/flocculation process is controlled by a number of factors includ-
ing non-homogeneous energy dissipation and flow structure, non-uniform detention-
time distributions which vary with time, and suspensa which deviate from the „ideal" so-
lid sphere of uniform diameter. 

The changes in aggregation behavior, particularly in the rate of the aggregat-
ion process, have been described qualitatively, in some cases quantitati-vely. The von 
Smoluchowski model has been variously modified to accommodate the effects of hete-
rogeneous dispersions, time-varying collision efficiency, and changing floc density. It is 
still used today to quantify the kinetics of the aggregation process, even when the cha-
racteristics of the suspension differ from the model's assumptions. 

The effects of non-uniform energy dissipation, non-homogeneous residence-time 
distribution, and non-spherical shape of aggregating suspensoids have not yet been 
accommodated by such kinetic models. 

Practical experience with coagulation/flocculation relies on today's readily available 
analytical tools to measure changes in the overall particle concentration (turbidity, filter 
residue, particle concentration, etc.). Results show that despite the shortcomings of the 
simple kinetic model formulated in equation (6), it satisfactorily describes the observed 
changes in total particle number. Reasons for this include the fact that analytical tools 
are still insufficiently sensitive to assess certain aspects of the coagulation/ flocculation 
process, that the process is generally carried out at less than optimal rates and that 
reaction times are relatively short, i.e. the equilibrium point is not reached. 

In today's water technology, coagulation/flocculation is always used in conjunction with 
sedimentation, flotation, or filtration as a liquid-solid separation process. Since different 
size fractions of particles and aggregates of varying shapes differ with regard to their se-
dimentation, flotation and filtration characteristics (O'Melia et al., Scherle), it may no lon-
ger be sufficient merely to describe the process in terms of changes in total particle 
number. Indeed, when complex parameters are introduced to and combined in 
a natural system, the physical aspects of coag ulation (flocculation are certain to deviate 
from the existing kinetic models. These processes deserve detailed investigation. 
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Fluid Mechanical Principles of Flocculation 
in Pipes 

H.-G. Moll 

1 Introduction 

Flocculation followed by sedimentation constitutes one of the oldest processes in drin-
king water treatment. Stirrers are most commonly used to accelerate flocculation in raw 
water. 

Delichatsios and Probstein [1] were the first to suggest the use of turbulence resulting 
from pipe flow as an alternative for stirring devices. Recent results on the subject of floc-
culation in pipes have been reported by Grohmann [2]. 

The purpose of this paper is to determine optimum fluid velocities which should be ap-
plied in a pipe of given diameter, in order to obtain successful flocculation results. 

2 Experimental Results 

In Figure 1, Grohmann's experimental results are shown. On the ordinate the pipe radius 
R in cm, on the abscissa the mean velocity um  in cm/s is drawn. Points marked by a + 

cc 

100 
	

150 
	

200 cm/s 
um 

Fig. 1: Experimental results; pipe radius versus mean velocity. 
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kinetic energy of the mean flow 

direct 
dissipation 

production 

turbulent energy 

turbulent 
dissipation 

thermal energy 

stand for a good result, based on the degree of coagulation of the colloidal particles and 
the sedimentation velocity, experiments which had no good results are marked with a 
❑. Three points marked by a O indicate results, where - following Grohmann -
a limiting velocity was reached. 

Comprehending these results a straight line is drawn in Figure 1, connecting 
almost the points ,where the limiting velocity was reached. This line is taken 
as representative for the following discussion. 

3 Details of Pipe Flow 

It will be assumed in this discussion that pipe flow is fully developed, with water as the 
fluid medium. 

The velocities, dissipations, and G values for laminar as well as turbulent flow are given in 
Table 1. 

All quantities presented in this table can be calculated if the R, I, and V values are given, 
along with the water temperature. 

Figure 2 is a block diagram which shows how the mechanical energy of the 
mean motion is converted into heat energy in turbulent pipe flow. Both dissi-
pation kinds - direct dissipation E and turbulent dissipation c - are of importance in this 
context, constituting together the dissipation V 

Fig. 2: Conversion of the mechanical energy of the mean motion into heat energy 
in turbulent pipe flow. 

= E + 6 

Figure 3 illustrates the course of various forms of energy across the pipe cross section, 
based on data from Laufer [3] and Rotta [4]. The meanings of the symbols here are as 
follows: 
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Fig. 3: Course of various forms of energy across the pipe cross section. 

M = change in mechanical energy of the mean motion 
P = turbulent energy produced 
D = diffusing turbulent energy. 

On the basis of this figure, the meaning of the condition D = 0 also becomes 

clear. 

Figure 4 shows what part of the mean dissipation is contained in the direct 

dissipation E, as a function of the Reynolds number. If Re = 103, EM  constitutes about 

49 0/0, and if Re = 108, it makes up only about 9 Woof the mean dissipation. 

u 3 	4 	5 	e 	7 log Re 

Fig. 4: The part of mean dissipation which is contained in direct dissipation. 
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4 Flocs in Shear Fields 

Of the many papers which refer to the behavior of flocs in shear fields, the three most im-
portant on the subject will be mentioned below. 

Benze [5] found that floc formation increases initially with an increasing velocity gradient 
in shear field flocculation, and that it decreases again after peaking at a maximum value. 
He explained this behavior with the statement that, on the one hand, the shear forces 
acting on the floc increase proportionally to the velocity gradient and that, on the other 
hand, flocs can withstand only a certain limited amount of shearing stress exerted on 
them. 

Benze used a Couette apparatus for his research and investigated flocculation in lami-
nar flow. From GRms = 20 s-1  on, he was able to get the best results. When the critical ve-
locity gradient value of GRms = 75 s-1  was exceeded, either no flocculation took place at 
all, or the flocs being formed broke up again immediately. Flocculation time in Benze's 
investigations was 15 minutes. 

According to Benze's results, the critical velocity gradient value is not dependent on 
flocculation dosages, and aluminium and ferrous hydroxide flocs have identical stabili-
ty. On the basis of his results it is concluded that flocs can withstand shearing stress up 
to about 2 x 10-5  N/cm2. 

Argaman and Kaufman [6] developed a mathematical expression by means of which 
flocculation success can be evaluated: the ratio of the particle number in the inlet to the 
particle number in the outlet of the flocculation process as a function of the number of 
flocculation units through which the particles flow. 

Argaman and Kaufman's experiments indicate that a certain optimum G value 
exists. The longer the duration of the flocculation process, the lower the optimal G value. 
The greater the number of flocculation units involved, the more successful the floccula-
tion process. There is only a slight correlation between the G value and the number of 
flocculation units. For example, the optimum G value for a flocculation time of 8 minutes 
is slightly higher with two flocculation units (107) than with one flocculation unit (103), 
whereas for a flocculation time of 16 minutes, the optimum G value is a little lower with 
four flocculation units (71) than with one (79). 

Therefore, if the influence of the number of flocculation units is ignored, the following ex-
pression can be derived as an approximation of the optimum G value on the basis of Ar-
gaman and Kaufman's results: 

22 000  
GR MS 	

(v 1 + 0.02 T —1) 

where T is the detention time in the flocculation apparatus(in seconds). 

Given the flocculation time of, for example, 15 minutes (also used by Benze [5]), the opti-
mum G value is calculated by means of the above expression as 82 5-1. 
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T 
Fig. 5: Floc diameter as a function of G value and detention time in the floccu-
lation apparatus. 

Argaman and Kaufman introduced alum salts as flocculants and used two diffe-
rent turbine stirrers as agitating devices. The authors point out that floc stability can be 
increased by using polymers. 

Delichatsios and Probstein [1] were the first to investigate flocculation in pipes. They uti-
lized work by Parker, Kaufman and Jenkins [7] who in turn benefited from the investiga-
tions of Lagvankar and Gemmel! [8]. From the work of Delichatsios and Probstein, it can 
be concluded that floc break-up occurs at the latest when GRms = 77.5 s-1. 

Delichatsios and Probstein theoretically explained why, independent of floc size, a ma-
ximum G value exists, beyond which floc break-up occurs. No experimental evidence 
for this theory exists, however. On the contrary, experiments by Argaman and Kaufman 
[6] have shown that optimum G values above 77.5 s-1  may well exist. 

d 

G  RMS 

According to the literature published to date Fig. 5 illustrates the principle that, given the 
detention time T in the flocculation apparatus, flocculation efficiency initially increases 
with increasing G value, but decrease beyond a certain optimum G. d is the floc diame-
ter. 

5 The Derivation of a Limit Condition for um = f(R) in Turbulent 
Pipe Flow 

The G value appears to be a suitable parameter for application to pipe flocculation. The 
optimum G value as determined on the basis of Argaman and Kaufman's results is assu-
med to apply to pipe flocculation as well, with the corresponding dissipation value (13,m,c. 

Since it is not known whether the whole turbulence spectrum actively effects flow for-
mation or break-up, a factor a is introduced. It can have all values between 0 and 1, and it 
refers to that specific part of turbulent dissipation which can be viewed as relevant in 
pipe flow. The resulting expression is: 
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The subscript R characterizes the pipe flow. Using the pipe friction number resulting 
from Blasius' Law, and V = 0.01 cm2/s, the following expression is derived from the 
equations of Table 1: 

, 	/ 
2.10 u 235 R -1.25 + (a - 1) 0.43 02'895  R 1.105 	( 1 + 0.02 T — 1) j2  m  — L 22

000v
T 

where R is in cm and um is in cm/s. 

This equation, which can be solved only in iterative steps, is accurate exclusively in the 
region 2 x 103.. Re 105, since Blasius' Law was used for its derivation. The curves cor-
responding to this equation are shown in Fig. 6. A comparison with the results given by 
Grohmann [2] reveals that the best agreement is obtained with a = 1. 

If one sets a = 1 in this last equation, it becomes possible to solve it for um. The following 
expression is obtained: 

um  = 

1.375 R  0.625 	, 	 
15169 	 (V 1+0.02T —1) 

The limit velocity um  is expressed in cm/s, if R is in cm and T in s. The results are shown 
in Figure 6. 

If shear stress rather than dissipation is used as the parameter characterizing the opti-
mum, there is less agreement with the experimental data. 

180 

uM 

Fig. 6: Theoretical results; pipe radius verus mean velocity. 
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Fig. 7: Experimental and theoretical results; pipe radius versus mean velocity. 

Fig. 7 shows Groh mann's experimental results again. In addition, the um  values, calcula-
ted by the last equation and corresponding to the R and T values given by Grohmann, 
are also marked. For better recognition, the latter points have been placed in a sickle-
shaped, shadowed region. 

Whereas good agreement is obtained using either small or large pipe radii, the estima-
ted values for medium pipe radii are too high. 

Possible reasons for the discrepancy between experimental and calculated values are 
as follows: 

a. Argaman and Kaufman's investigations were conducted with T 240 s, whereas 
those of Grohmann were made with T < 150 s. 

b. It is possible that Argaman and Kaufman did not assure optimal destabilization before 
flocculation. 

c. Argaman and Kaufman did not use flocculant aids, whereas Grohmann did. 
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Rapid Mixing 

L. Vr'ale 

General Design Criteria for Rapid Mixing in 1969 

This paper will review the material presented rather early [1] on the effect of rapid mixing 
upon destabilization. 

Rapid mixing is the operation in water and waste treatment employed for achiev-
ing complete homogenization of a coagulant chemical with the stream to be 
treated. It is accomplished by applying turbulence to the combined streams and has 
been done in a variety of ways. 

A 1969 publication entitled „Water Treatment Plant Design" [3] presents only a general 
outline for design of rapid-mix units. For mechanical-mixer units the following was sug-
gested: a vertical-shaft rotary mixing device; two or more compartments for sequential 
application and dispersion of chemicals (coagulant, pH-control chemicals, coagulant 
aid, chlorine); 10 to 30-sec detention time; variable speed (3:1 speed range) power 
equipment (0.25 to 1.0 hp/mgd) capable of supplying velocity gradients on the order of 

a. Mechanical Mixer 	b. Mechanical Mixer 

-►  

c 
c. In-Line Blender 

Fig. 1: Representative types of mechanical agitation devices used for rapid 
mixing [1] 
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300 rpm or more. Suggested flow and inlet/outlet arrangements were of the type shown 
in Fig. 1, a recent trend favoring the use of the in-line blenders. 

Destabilization and Rapid Mixing 

Very little attention has been paid to rapid mixing. Hudson and Wolfner [4] and Tolman 
[5] have pointed out that rapid mixing should be accomplished in a short period of time, 

e.g., a fraction of a second [4]. Their recommendations were not based on experimental 
results. O'Melia [6] has pointed out the necessity of speed using reaction-rate determi-
nations made by Hahn as a basis [7]. Moffett [8] has also emphasized the importance 
of speed. From jar tests he found that for a constant-reaction pH, „twenty seven per cent 

more alum was required to obtain zero zeta potential when the coagulant was introdu-
ced on the surface of the water rather than at the agitator blade level". This reference ap-
pears to be the only one which contains quantitative experimental data concerning the 

importance of rapid mixing. More importantly, the type of flow conditions (plug versus 
backmix) have never been investigated. 

In a solution of alum or ferric salt at pH 2 to 3, the metal ions exist in a hydrated but unhy-
drolyzed form (e.g., Al(H20)63+).This solution is added to water in concentrations repre-
sentative of those used in water treatment (e.g., 25 mg/I Ale  (SO4)3  x 18 H2O); the resul-
ting pH will be in the range 5 - 8. The following points should be considered: 

1. The ultimate or equilibrium form is metal hydroxide Al (OH)3  -a poor destabilant che-
mical [9]. 

2. During the transition from the tripositive aluminium ion to the neutral aluminium hy-
droxide, the metal ion proceeds through a series of transition species due to reac-

tions with the hydroxide ion and due to polymerization [10, 11]. These species are 
only transitory and are positively charged; they readily adsorb to a colloid surface [7, 
10]. 

3. The hydrolysis, polymerization and adsorption steps appear to be extremely 
rapid [11]. 

4. These rates and the species that develop are undoubtedly dependent upon, among 
other things, local concentrations of metal and hydroxide ion. 

5. It is adsorption of these transition species that causes destabilization of colloids and 
hence allows aggregation to occur [11]. 

6. The degree of destabilization or collision efficiency is dependent upon the nature of 
the adsorbed species [11]. 

7. The hydrolysis, polymerization, and probably adsorption processes not only appear 
to be extremely rapid, they are essentially irreversible. 

Inefficient rapid mixing may have two harmful effects: 
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1. Wasting chemicals. 

2. Slower particle aggregation rates for a given chemical dosage. 

There are two main reasons for this. The first reason is that poor rapid mixing often invol-
ves backmixing. It is generally recognized that the rate of precipitation is enhanced by 
the presence of nuclei [12]. Thus it is possible that Al (OH)3  in the presence of freshly mi-
xed Al can „catalyze" the formation of the ineffective destabilizing species, Al (OH)3. 

The second reason is that poor or slow homogenization leads to poor destabili-
zation. This is due to the fact that the physico-chemical reactions are both extremely ra-
pid and irreversible and are dependent on local concentrations. Local concentrations 
cause some of the particles to have insufficient surface coverage while others have too 
much surface coverage by adsorbed metal species. The result is that the particles are 
still more stable in the presence of the optimum chemical dose than would have been 
the case if the speed of homogenization had been fast enough. 

Complete homogenization should be achieved in something less than one second. 
Slow homogenization can cause the formation of Al(OH)3  and an unfavorable 
exposure of particles to chemical. 

Thus it is clear that an effective rapid mix unit must avoid backmixing in order to reduce 
the potential for Al(OH)3  formation and the associated waste of chemicals. The antithe-
sis of a backmix reactor is the plug-flow reactor. The residence time in a plug-flow reac-
tor is the same [13] for all components of the fluid. Conceivably this is the type of unit 
that should be considered for rapid mixing when alum or iron is involved as coagulant 
chemical. 

The design criteria in the 1969 publication suggest that the principal parameters of rapid 
mixing are intensity and duration. However, because of the speed and nature of the 
reactions themselves, other factors must be considered. The speed of homogenization 
of the destabilant chemical and the raw stream is thought to be a function of: 

1. The intensity and scale of turbulence downstream of initial contact of the two 
streams. 

2. The number of points at which destabilant is added. 

3. The relative concentration and flow rates of the two streams. 

4. The flow conditions, i.e., backmix versus plugflow. 

Items 1,2 and 4 were investigated by constructing several different rapid-mix units for 
use in the experiment. 

Experimental Apparatus and Procedure 

In the experiment, all parameters were kept constant except the type of rapid-mixing 
unit and the intensity of rapid-mixing. 
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Constant-Head Tank 

Overflow 

Needle Valve 

Main Pump 

caamm-umi--; 
Slow-Mix Apparatus 

Rapid-Mix Unit 

Alum Feed 

Fig. 2: Schematic diagram of the experimental apparatus 

A schematic diagram of the apparatus is shown in Fig. 2. The raw water was 
made up in 200 liter batches from Boulder Colorado tapwater with an alkalini-
ty of 20 mg/I and a hardness of 60 mg/I as CaCO3  (4 mmo1/1 and 6 mmo1/1, 

respectively. To the tapwater was added 100 mg/I Min-U-Sil-5*, 150 mg/I NaHCO3  
and 50 ring/I CaCl2. The pH was adjusted to 8.3, and the suspension was allowed 

to age one to three days before the experiments were run. 

The raw water was delivered from the constant head tank through the main 

pump to the rapid-mix unit. A needle valve in front of the rapid-mix unit controlled the 
main flow. A recirculation system around the main pump provided improved flow control 
over a wide range of system pressures. 

The alum stock solution was pumped into the rapid-mix unit with a variable-stroke, posi-
tive-displacement pump. The alum stock solution was fed into the main raw water 

stream at a concentration of 36.9 nrig/I as Al2(SO4) x 18 H2O. 

The flow rates through the rapid-mix unit were determined individually by measuring the 

time and volume of discharge. The flow rate of the alum-feed pump was adjusted by a 
manual micrometer screw on the stroke length for the various flow rates of the raw water 

stream in order to maintain the same concentration in all experimental runs. 

From the rapid-mix unit, a 1-in. flexible tygon tube transported the suspension into a lu-
cite pipe which served as a distribution manifold for delivering the alum-treated water in- 
to six 1.5 litre beakers which were 100 percent baffled [12]. Six small holes in the lucite 

tube delivered the water by free fall into the beakers. Flow into the beakers could be ad-
justed by an overflow system which diverted the remainder of the total flow. Slow 
mixing of the alum-destabilized, rapid-mixed suspension was accomplished with a 6-

place multiple stirrer. 

*) A crystalline Si02 colloid with the following properties: 
2.06 m2/g specific surface area, 
1.1 I., average particle diameter, and 
40.7 lb/ft3  apparent bulk density. It is a product of the Pennsylvania Glass Sand Corporation. 
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In an experimental run the pumps were started and the flow rates were ad-
justed to the desired value. The system was allowed to operate for 3 min. before the trea-
ted stream was diverted to the six beakers for slow mixing, i.e. sufficient time for the sy-
stem to equilibrate. After the volume in each beaker was adjusted to 1.00 litre, the multi-
ple stirrer was started and the impeller speed was adjusted to 20 rpm (G = 18 s-1). The 
individual beakers were mixed for 5, 10, 15, 20, 25 and 30 min. respectively by removing 
the impeller blades at the appropriate time. After 25 min. of settling, samples were taken 
of the supernatant liquid, 1 cm below the surface. Triplicate samples were taken from 
each beaker for turbidity measurement. The pH was then measured in each beaker. 

Turbidity or, more precisely, 90°-scattered light was determined with a Hach Model 
2100 instrument. The instrument was standardized before and during each experimen-
tal run with a formazin colloidal suspension [14]. 

Rapid-Mix Units 

The only parameters that were varied were the type of rapid mix units, the detention time 
and the intensity; the latter was regulated by adjusting the flow rate of the raw water in 
the system. The following units and combination of units were used in the experiment: 

Alum Injection 

17cm 	  

I717/111111/111,111/11111/1, /1/011/IMAAPO1WWWWW464,71WIYINZAWIA 

1/8-in. I D 

Main Flow 

gA64464WAOVVVVYMAAAAAMIOYFIII/I/OACOMYWAINWWWWWWWWWWWWYM 

1-in. I D 

Fig. 3: Cross section of rapid-mix unit No. 1 

Unit No. 1 (Fig. 3) is a plug-flow reactor. It provides a slow rate of homogenization. It was 
employed to determine the extent of mixing in the tubing following the rapid-mix unit. 

Unit No. 2 (Fig. 4) is a backmix reactor. It was employed to simulate the type of unit com-
monly used in water-treatment practice. 

Unit No. 3 (Fig. 5) is a plug-flow reactor. It is similar to the design of Chance et al. [15]. It 
was selected because the unit provides extremely rapid homogenization, e.g., it was de-
signed for studying rates of biochemical reactions which are on the order of 10 sec [8]. 
This unit has no practical application because of the high head loss, but was selected 
to provide „ultimate" rapid mixing. 
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Fig. 4: Rapid-mix unit No. 2 

A' 

Impeller 

Alum Injection 

Alum Discharge, 6 Holes 0.028 - in. diem. 

ra 
7 	/4 %//////////////////////////////////////////////A 

1-in. I D Pipe 

%NM // 	/// 	il/ / 
1111111111.11111 0.37 - in. diam. 

Fig. 5: Rapid-mix unit No. 3. (Cross section and views looking from either end are 
shown). 

43 



Units No. 1 & No. 3 in Combination 
11cm _0,1 

Alum Injection 

Alum Discharge, 
6 Holes 0.028 - in. diam. 

0.37 - in. diam. 
Constriction 

Fig. 6: Cross section of rapid-mix unit No. 4 

Unit No. 4 (Fig. 6) is a combination of Units No. 1 and No. 3; it is a plugflow reactor. The 
alum is injected through a nipple as in Unit No. 1, not through an annular channel as in 
No. 3. The injection nipple is 11 cm upstream from the point where high intensity turbu-
lence begins. This combination was employed in order to investigate how the mixing int-
ensity is distributed relative to the point at which the destabilant chemical was in-
jected. The delay time varied from 0.5 to 3.0 sec. 

Alum Injection 

Fig. 7: Cross section and end view of rapid-mix unit No. 5 

Unit No. 5 (Fig. 7) is also a plug-flow reactor. As in Unit No. 3, the alum is injected through 
six holes from an annular ring. However, mixing is provided through the turbulence crea-
ted by the expanding flow downstream of the constriction. This unit has considerably 
less head loss than Unit No. 3. 
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Aggregation Rate Estimates 

The effect of different types of rapid mixing was analyzed from estimates of aggregation 

rates occurring during slow mixing. The estimates are based on supernatant turbidity 

values [16]. The procedure is predicated on the idea: 

— dT/dt = Ka ppT" 

where: 
-dT/dt = rate of change of supernatant turbidity during aggregation, 
Kapp  = apparent aggregation rate coefficient 
T 	= supernatant turbidity 
n 	= is order of dependence. 

Kapp  is visualized as a parameter which represents the net result of all interactions bet-

ween the variables affecting aggregation rate: destabilant chemical type and dose, col-

loid surface nature and surface area concentration, ionic composition and pH, and the 

physical parameters of particle transport and initial particle number, concentration and 

size. 

It has been found that for a wide range of conditions the rate of decrease 

of supernatant turbidity is reasonably approximated by a second-order kinetics 

equation [16]. In other words, turbidity, as a function of slow-mix reaction time, reasona-

bly fits an equation of the form: 

1/Tt = 1/TO + Kapp  t 

where: 
To, Tt  = initial supernatant turbidity and that at reaction time, t, respectively. 

Thus the line of best fit of 1 /Tt  versus t should have an intercept of 1/To  
and a slope of Kapp. 

A plot typical of the results found is shown in Fig. 8 for rapid-mix Unit No. 3. Kapp  values 

(slope) are plotted for various flow rates through the rapid-mix unit. 

Results and Discussion 

Fig. 9 shows the results for all four plug-flow mixing units for various flow rates. Unit No. 1 

shows no detectable change in the apparent aggregation rate when the flow rate increa-

ses. This unit was employed to determine if „background mixing", i.e. that occurring in 

the piping system,. was significant enough to alter Kapp. The „background mixing" ap-

pears to be constant over the range of flow conditions. 

Unit No. 4 (the nipple inlet followed by a turbulence-creating device) shows a marked 

increase in Kapp  with an increase in flow rate, but exhibits a slower aggregation rate than 

unit No. 3, most likely due to the lag time between addition of chemical and application of 

turbulence. 
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Fig. 8: Supernatant turbidity reduction as a function of slow-mix reaction time for 
five different flow rates, unit No. 3 

Fig. 9: Aggregation rate results versus flow rate for all plug-flow reactors 

The aggregation behavior in the two units with the same geometrical distribution of the 
alum injection jets (Units No.3 and No. 5 have both six 0.028 - in. jets) is identical up to a 
flow rate of 3.5 I/min. At higher flow rates Kapp decreases for the rapid-mix system in unit 
No. 3. This unit has a much higher head loss than unit No. 5, because of the smaller 
cross section and the more tortuous flow path. It is reasonable that at G values > 7,000 
s-1  , breakup may begin to occur for the system under study. This becomes more clear in 
Fig. 11, where the apparent aggregation rate is plotted as a function of G values. 
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Fig. 11: Aggregation rate results versus mixing velocity gradient for rapid-mix; Units 

2 through 5 

Measurements in the backmix reactor Unit No. 2 have led to some interesting 

results as seen in Fig. 10. The data points below an impeller speed of 100 rpm 

are scattered. Tracer studies at these lower speeds indicated that the bottom 

of the mixing chamber was not mixed. For the higher impeller speeds (>150 rpm) com-

plete mixing was occurred. The notable feature of this unit is that the apparent aggrega-

tion rate tends to decrease with increasing impeller speed. Fig. 11 confirms this effect 

and shows that the backmix reactor is the worst possible way of rapid mixing with a hy-

drolyzing metal. Furthermore, an increase in G appears to decrease its efficiency. This 

type of unit is the one most commonly used in water treatment. 
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Fig. 11 also shows that Unit No. 5 is the most efficient rapid-mix unit and attains the maxi-
mum apparent aggregation rates at a much lower G value than Unit No. 3 and No. 4. 
Breakup does not occur in Unit No. 5. 

The data also suggest, at least for this system, that as much as a 3.5-fold increase in ag-
gregation rate may be achieved just through an improvement in the reactor used for ra-
pid mixing (Unit No. 5 vs. the backmix-reactor Unit No. 2). The economic implications are 
significant, since appreciable savings may be achieved by increasing the capacity of the 
reactor several times. 

The importance of rapid-mixing as determined in this study, may explain why 
there are often discrepancies between the results of jar tests and experiments perfor-
med in water treatment plants. The jar test is a batch reaction and is analogous to using a 
continuous-flow tubular reactor. For a given mixing intensity, chemicals are used more 
efficiently in a jar test than in a continuous-flow backmix reactor often employed in the 
actual plant. 

In other words, the chemical dose required for optimum aggregation behavior 
in a jar test should be lower than that required in the actual plant. lf, on the other hand, 
the plant has an efficient rapid-mix unit and the jar test is conducted using the less effi-
cient procedure described by Moffett [8], the plant can operate more efficiently on a lo-
wer chemical dose than the jar test. These results apply strictly to the system under in-
vestigation. 

Stumm and O'Melia [18] pointed out that for AI(III) in the pH range of 5 to 8 , destabiliza-
tion may occur by two different mechanisms (adsorption or entrapment). Since rapid mi-
xing may have different effects depending on the destabilization mechanism, it was ne-
cessary to establish which mechanism was operative in these experiments. 

ITU) -1  

E.  60 
c o 

2.2 40 
rn 

.4T 
o 

2.0 2'. 

O 

0 . 0 

Colloid 
(mg/1) 
25 

100 
300 

------ 
-- — 

Operational 
Rapid -Mix 

.....--,.......s, 

System 
Experiments 

Point for 

_ ,........._Concentration 

.... , 	, 

..... .,.. -- -- ......, .., 

/ 

......._ 
.....—. — 

i.— 

0.0 	0.5 	1.0 	1.5 
	

20 	mmo1/1 
Aluminium Concentration 

Fig. 12: Degree of aggregation as a function of alum dose for three different colloid 
(surface area) concentrations pH ± 0.1, slow mix intensity G = 18 s -1  25 min 
settling time 

48 



mmo1/1 

2.5 

2.0 
A

lu
m

in
iu

m
  C

on
ce

n t
ra

t i
o
n
  

1.5 

1.0 

0.5 

2.0 A--- 
1 -T- ---..,...„ 

1.0 

oil • ` 

35‘‘°%%1-3t 

 

'el't  CY 
2.0 

LAI  '69  
	3.0 

6so19,; 
oe

.,:
0.2' 

P., 	sts‘' 3.0 

((
idol 

Operational System Point 
2.0 

0.0 
0.0 	0.2 	0.4 	0.6 m2/1  

Colloid Surface Area Concentration 

Fig. 13: Contour of reciprocal supernatant turbidity as a function of alum dose 
and colloid surface area concentration 

To determine this, the relationship between alum dose and colloid (surface area) con-
centration was investigated. Jar tests were run for three separate colloid concentrations 
at constant pH, slow-mix intensity, run time, and constant settling time. The results are 
shown in Fig. 12 and are plotted as a contour map in Fig. 13. The lines represent con-
tours of the reciprocal of turbidity values for various aluminum and colloid (surface area) 
concentrations. When compared with the results of Stumm and O'Melia [18], these 
data indicate that adsorption-destabilization appears to be the operative mechanism, 
i.e., the optimum dose is directly proportional to colloid concentration (in terms of surfa-
ce area). 

Rapid Mixing in Other Systems 

As for water and wastewater treatment, where a different type of destabilization is em-
ployed or where the nature of the solids is significantly different, another approach to ra-
pid mixing may be required. The nature of the specific chemical and physical interac-
tions will dictate what type of rapid mixing will be most efficient for that particular appli-
cation. 

For example, if classic double-layer compression is the destabilization mechanism (e.g., 
if NaCI or A1+3  at pH < 3 is employed), only minimal or even „slow" rapid mixing is re-
quired, because the reactions involved in this type of destabilization are reversible. lf, on 

49 



the other hand, entrapment or sweep floc is employed, backmixing may be desirable be-

cause, in this instance, the goal is to form the metal hydroxide. Backmixing apparently 

stimulates this formation. For lime softening or lime precipitation where phosphate 

removal is desired, the rapid-mix requirements can be quite different. Backmixing is pro-

bably desirable because of nucleation effects. For waste treatment where nonfloccu-

lent, colloidal phosphate particles are a problem, nucleation effects might dictate yet 

another design approach. In sludge conditions with FeCI3, extreme turbulence can inc-

rease particle surface area, as O'Melia [6] has suggested, and optimal design might em-

ploy laminar flow and the addition of a chemical at a number of points. For polyelectroly-

tes, it seems likely that a design similar to that for adsorptive destabilization would 

be appropriate. 

Conclusions 

For adsorptive destabilization in water-treatment practice, the experimental set-up has 

shown that: 

1. A backmix reactor is (very) inefficient for rapid mixing. 

2. A tube-shaped reactor appears to be the most efficient. The point at which the che-

mical is applied and the conditions and intensity of the turbulence downstream from 

this point are important design criteria. 

3. The average mixing velocity gradient (G) is inadequate for characterizing rapid-mix-

unit efficiency in terms of achieving maximum aggregation rate for a given chemical 

dosage. 

4. Proper rapid-mix design can lead to two operational improvements: a decrease in the 

required chemical dosage and increased efficiency of the flocculation unit. 

It is suggested that optimum rapid-mix design may differ significantly for different sy-

stems, e.g., sweep floc, lime precipitation of secondary sewage, or chemical sludge con-

ditioning. One reason for the discrepancy between jar-test results and experiments per-

formed in water treatment plants might be the differences in the efficiency of rapid mi-

xing. 

Developments in Rapid Mixing After 1970 

In the 1970s in Norway, the water treatment plants were rather small and the quality of 

the sewage collection-system very poor. 

Large amounts of sewage never arrived at the treatment plants and the opera-

tion and performance of the plants was inefficient. There was a large discrepancy bet-

ween theoretical and practical solutions in individual cases, and the most important pro-

blem seemed to be how to build plants that function properly. 
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As the operation and performance of Norwegian water treatment plants has improved, 
the need for efficient rapid-mix systems has increased. There is now a greater interest in 
improving the rapid-mix systems in order to save chemicals, reduce cost and improve 
the plant efficiency. Especially larger plants will feel the benefit of reduced chemical 
costs through improved rapid-mixing systems. 
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Rapid Mixing in Coagulation/Flocculation 
Processes 

- Design Criteria 

R. KI ute 

1 Introduction 

The rapid-mix operation is often the first step in the coagulation process for chemical 
water and wastewater treatment. The function of rapid mixing is to disperse the applied 
chemicals - commonly hydrolysing ions such as A1(111) and Fe(III) or synthetic organic 
polymers - by turbulent motion throughout the water to be treated. The necessity for ra-
pid and homogeneous mixing of the chemicals becomes obvious if the kinetics of the 
coagulation process are analysed. 

Coagulation of colloidal particles with hydrolysing ions is the result of predominantly 
two destabilization mechanisms: colloid destabilization by adsorption of the soluble po-
lynuclear hydrolysis species onto the particle surface (adsorption coagulation) or by 
entrapment of the particles within the precipitating aluminium/iron hydroxide (sweep 
coagulation). The formation of the positively charged hydrolysed species and their ad-
sorption reactions are extremely fast - within the range of 1 sec if polymeric species are 
involved, and of microseconds if only mononuclear species are formed. The form-
ation of the neutral hydroxide precipitate leading to sweep coagulation occurs in the 
range of 1 - 7 sec. Since hydrolysis, polymerization, and adsorption are essentially irre-
versible, a non-uniform distribution of the coagulants will result in a poor destabilization 
of a fraction of the colloids and an overdosing and restabilization of another fraction of 
the colloids. Consequently, poor mixing will lead to a reduced overall process efficiency 
and higher coagulant dosages are required. 

High molecular weight organic polymers adsorb more slowly and, especially when used 
as coagulant aids, extremely short dispersion times are not as crucial as in adsorption 
coagulation and sweep coagulation processes. However, since destabilization by poly-
mers is dependent on the extent of surface coverage, which has been shown to be es-
sentially irreversible, local concentration gradients may also result in a decreased ag-
gregation efficiency. 

2 Review of Investigations on Rapid Mixing 

In practice, rapid mixing is accomplished by two different methods, termed back mixing 
and plug-flow type mixing. Back-mix units, which have been the most common rapid mi- 
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xing devices until recently, consist of a reaction chamber with a mechanical mixer. At-
tempts were made to improve the effectiveness of back-mix reactors by using baffled 
chambers, multiple-compartment reactors, and high-speed impellers. Design guideli-
nes suggest for the root mean square velocity gradient (G-value) in the mixing chamber 
values between 500 and 1,000 s-1  and detention times of 10 - 40 s. 

There are indications that back-mix reactors with mechanical mixers, although 
widely used in chemical water and wastewater treatment, are surprisingly inefficient for 
rapid mixing. They do not produce a homogeneous dispersion of the coagulant in the 
raw water because of short-circuiting of flow and mass rotation of water. As a result, so-
me of the particles may be destabilized inadequately because of insufficient surface co-
verage by adsorbed hydrolysed metal species or by polyelectrolytes, and other partic-
les may be restabilized because of too high surface coverage. 

Because of these disadvantages of back-mix reactors, there is currently a trend towards 
the use of in-line blenders, which have proven to be more efficient rapid-mix units. In-li-
ne blenders provide plug-flow type mixing, the main characteristic of which is that the 
detention time for all fluid elements is identical. A number of plug-flow mixing devices 
has been used in practice, including jet injection blenders, injection nozzles, in-line tur-
bo mixers, pumps, fixed blades in a pipeline, pipeline expansion, expanded mixing 
chambers, etc. 

The significance of rapid mixing in the overall coagulation process has been 
reported by many investigators. Hudson [1] stated that rapid mixing during coagulant 
addition prior to slow mixing was necessary for effective particle aggregation, when low 
velocity gradients are used during the slow-mix phase. Camp [2] demonstrated that the 
formation of flocs of appreciable size or high floc volume concentration during the par-
ticle aggregation phase could be inhibited by intense mixing (G = 12,500 s-1) during 
coagulant addition. 

Letterman et al. [3] have shown that optimization of the rapid-mix period and rapid-mix 
intensity in back-mix reactors will result in reduced coagulant demands and improved 
turbidity removal. Experiments performed by Leentvaar et al. [4] indicated that the instal-
lation of baffles into rapid-mix tanks leads to an increase in TOC removal in a coagula-
tion-flocculation pilot plant, operating with domestic wastewater. 

Vrale and Jorden [5] evaluated the effectiveness of different in-line rapid-mix devices 
compared with back-mix reactors. They suggested that a back-mix reactor is the worst 
possible means for rapid mixing applying hydrolysing coagulants. The interaction bet-
ween rapid mixing and the two different mechanisms of coagulation has been studied 
by Amirtharajah and Mills [6]. They suggested that high intensity mixing should provide 
enhanced particle aggregation only when adsorption-destabilization is predominant. 
Stenquist and Kaufman [7] studied the initial mixing of chemicals in water and 
wastewater treatment using a biplane grid, placed in a tubular reactor, to inject the che-
micals and produce the turbulence. Indications as to the influence of pipe flow Reynolds 
number on colloid destabilization are given by Klute et al. [8]. 

The use of high velocity injection as a rapid-mix device was proposed by Groh mann et 
al. [9]. According to their experiments, complete mixing of a polyacrylamide solution 
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with raw water in an 800 mm pipeline could be accomplished within several meters. 
Chao and Stone [10] described criteria for in-line jet injection blenders and suggested 
that the jet be directed radially in the plane perpendicular to the receiving stream in or-
der to minimize backmixing. Several jet injection systems were investigated by Fitzge-
rald and Holly [11] to determine the mixing characteristics and to identify the optimum 

operating conditions. In order to achieve the most rapid possible mixing with jet injec-
tion, it appeared to be advisable to use two or more 90° (relative to the pipe flow) jets, 
equally spaced around the pipe periphery. G0ven and Benefieled [12] recently reviewed 
the available information on the initial mixing characteristics of turbulent jets in crossing 
pipe flow and discussed criteria for the optimum design of in-line jet injection 
blenders. They concluded that both the velocity ratio and the diameter ratio should be 
considered as design variables. The central jet injection design was reported to have se-
veral advantages over the side jet injection design in terms of rapid mixing. 

It becomes apparent from the discussion of previous work on rapid mixing that there will 
be a trend towards the use of in-line blenders. Although the benefits of these mixing de-
vices are obvious, little work has previously been reported on the application of in-line 
rapid mixing in waterworks and wastewater treatment plants. This paper presents re-
sults from investigations with different in-line rapid-mix devices used for coagulant fee-
ding for wastewater coagulation-precipitation, waste activated sludge conditioning, and 
surface water treatment by direct filtration. 

3 Experimental 

3.1 Wastewater Coagulation/Precipitation - Open Channel Rapid Mixing 

The investigations were performed at the wastewater treatment plant of Konstanz, where 
phosphorus removal by pre-precipitation is accomplished in order to prevent accelera-
ting eutrophication of Lake Constance. Boliden AVR was used as coagulant with a con-
stant flow rate. During the experimental work, wastewater flow varied between 0.25 and 
0.6 m3/s, thus resulting in coagulant dosages between 130 and 60 g/m3. The coagulant 
was fed to the raw wastewater at the beginning of an open channel (length 90 m, 
width 1.50 m), constructed between grit chamber and primary sedimentation tank. Ra-
pid mixing was accomplished by means of a hydraulic jump at the point of coagulant 
feed. 

Two different modes of coagulant feed were used in the investigation: 
- single-pulsed jet into channel centre 
- uniform coagulant dispersion across channel cross section by means of 15 pipes. 

Particle aggregation was chosen as the parameter by which the effect of the two rapid-
mix facilities was to be characterized. It was followed by measuring the mean sedimen-
tation velocity of the particles in the raw wastewater before and 80 sec. after coagulant 
dosage, i.e. samples were withdrawn at the beginning and at the end of the channel and 
analysed by means of an automatic photosedimentometer suited for simultaneous mea-
surement of 20 samples. 
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3.2 Sludge Conditioning - Turbulent Pipe Flow Rapid Mixing 

The studies on the influence of turbulent pipe flow rapid mixing on sludge conditioning 
were conducted with a pipeline 32 mm in diameter, using digested sludge from a dome-
stic wastewater treatment plant. Four cationic polymers (Praestol), differing in molecular 
weight and charge density, were used as flocculants for sludge conditioning. The poly-
mer solutions (0.3 0/0 were injected downstream with the sludge flow through a single 
orifice at the pipe axis. Different turbulent flow conditions were created by changing 
the flow rate between 30 and 150 l/min. 

After a constant reaction time of 15 sec, sludge samples were withdrawn from 
the pipeline in order to measure the capillary suction time (CST) of the sludge. The CST 
apparatus measures sludge filtering speed in a similar way to the Buchner funnel me-
thod [13].  

In addition, destabilization studies were undertaken in laminar and turbulent pipe flow 
with dilute silica suspensions to determine the influence of flow conditions on particle 
destabilization and to evaluate the reaction times controlling the process. Electrophore-
tic mobility measurements and particle counting methods were applied to characterize 
particle destabilization. 

3.3 Surface Water Treatment - Jet Injection Rapid Mixing 

The investigation was conducted in a water purification plant, where river water or water 
from an eutrophic lake is treated in order to supplement the scarce groundwater. The la-
ke water which was used for the experiments contained 20 - 30 mg/I suspended solids 
of predominantly organic nature. After an initial purification step consisting of filtration 
using a microstrainer with 20 pm sieve, the raw water was introduced through a pipe 
with a diameter of 80 mm into a pressure filter, operated as rapid filter. The 
filter column had a diameter of 2.5 m and was operated under a pressure of 
3.5 bar. The filter consisted of the following layers: 
- 15 cm medium gravel 0 7,0 - 15,0 mm 
- 20 cm fine gravel 0 3,0 - 6,0 mm 
- 75 cm sand 0,7 - 1,2 mm 
- 50 cm activated carbon 0 2,5 - 3,5 mm 

Filter velocity in the downward-operated filter was 4 m/h. 

Polyaluminiumchloride was used as coagulant, because it had proven to be most effi-
cient in jar-test experiments and in preliminary pilot plant coagulation and filtration stu-
dies. The undiluted coagulant was dosed by a membrane pump directly into the pipe 
leading to the rapid filter unit. 

In order to evaluate the degree to which different modes of in-line jet injection might pro-
mote rapid mixing, the following injection system components were investigated: 
a) variation of pipe diameter and hence pipe flow Reynolds number 
b) comparison of pipe wall and pipe axis injection 
c) effect of 45° and 90° pipe expansion 
d) effect of coagulant diffusion 
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Fig. 1 summarizes the different configurations of injection systems. 
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Fig. 1: Experimental set-up for jet injection rapid mixing 

Turbulent flow conditions in the pipeline leading to the filter resulted in the formation of 
microflocs during the given detention time of approx. 60 sec, demonstrated in supple-
mentary investigations. The growth of macroscopic flocs began only at the head of the 
filter (detention time of approx. 4 min). 

The effect of different coagulant injection configurations was evaluated on the basis of 
suspended solids removal by coagulation and subsequent filtration. Samples taken at 
regular time intervals from raw water and filter effluent were analysed for turbidity and to-
tal number of algae by microscopic counting. In addition, electrophoretic mobility of su-
spended solids was determined about 9 sec. after coagulant feed. 

4 Results and Discussion 

4.1 Rapid Mixing in Channels 

Chemical coagulation-precipitation is often introduced to existing wastewater treatment 
plants in order to improve overall process efficiency or to increase phosphorus removal. 
Since there is no necessity for additional flocculation reactors or sedimentation tanks, 
pre- or simultaneous coagulation/precipitation are often applied in these situations. Ho- 
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wever, the design and operation of chemical feeding devices needs to be considered in 
order to guarantee the effectiveness of the processes involved. 

Figure 2 presents a comparison of flocculation efficiency when two different modes of 
coagulant feed to the raw wastewater are used. Curves are a plot of cumulative distribu-
tion of flocculation efficiency vs. flocculation efficiency. Flocculation efficiency is defi-
ned as the ratio of the mean particle sedimentation velocity before to that 80 sec after 
addition of coagulant. Values have been standardised by dividing by coagulant dosage 
(g AVR/m3  wastewater) to allow for different coagulant concentrations during the ex-
perimental work. 

0 10 20 30 40 50 60 70 80 % 100 
Flocculation Efficiency 

Measured as Sedimentation Velocity 

Fig. 2: Effect of uniform coagulant dispersion in open channel rapid mixing 
on flocculation efficiency 

It can be seen in Fig. 2 that a continuous and uniform coagulant feed will result in a more 
homogeneous distribution of flocculation efficiency. At the same time, the mean value of 
flocculation efficiency was increased about 49 %resp. 34 0/0in two different series of ex-
periments. These results indicate that rapid mixing should be accomplished in a short 
period of time and coagulant should be added in a spray rather than dropwise. In addi-
tion, the experiments demonstrate that a simple improvement of chemical feeding 
facilities will lead to higher process efficiency and hence reduced coagulant demands. 

4.2 Rapid Mixing in Pipelines 

Polyelectrolytes can be used effectively as chemical conditioners to improve thickening 
and dewatering of waste activated sludge. They destabilize the negative surface charge 
of the sludge particles and flocculate them into a matrix which is more easily dewatered 
than the discrete particles. Chemical conditioning of sludge can be expected to be simi-
lar to aggregation of dilute suspensions with respect to the influence of chemical and 
physical parameters, such as alkalinity, pH, particle charge density, particle size distri-
bution, amount and type of coagulant, degree and duration of slow mixing, and type and 
extent of initial mixing. 
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The polyelectrolytes (polymeric solution) may be injected into the pipe leading to the 
sludge-thickener or the sludge dewatering device. The influence of turbulent flow con-
ditions at the zone of mixing on sludge destabilization can be deduced from Fig. 3, 
which presents data from an experimental investigation on destabilization of a dilute col-
loidal silica suspension by a cationic polyelectrolyte in laminar and turbulent pipe flow. 

Reaction time t 

10-1 	5x10-1  100 	5x10°  101  s 5x101  
p.cm 0  
s.V 

2 -2 

-3 

4 

Fig. 3: Destabilization of colloidal silica particles by a cationic polyelectrolyte 
in laminar and turbulent pipe flow 

As indicated in Fig. 3, with increasing pipe Reynolds number and hence more 
intensive mixing, the number of polyelectrolyte molecules adsorbed onto the particle 
surface will increase. The positively charged polyelectrolyte molecules neutralize the 
negative surface charge of the particles, thus leading to a reduction of the negative elec-
trophoretic mobility (EM) of the particles. In addition, it appears that polyelectrolyte ad-
sorption will occur on the order of seconds, provided that intense mixing conditions are 
available. 

Since reaction times for particle destabilization are short, particle aggregation can be 
expected to start immediately, i.e. on the order of seconds, after polyelectrolyte addition. 
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Fig. 4: Effect of turbulent pipe flow Reynolds number on particle aggregation 
during the initial reaction phase. Rapid mixing of silica suspension and poly-
electrolyte solution was accomplished by blending two identical flows in a con-
centric pipe. E No = number of primary particles 

Nt  = number of particles at time t 
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The relative particle number (Mit  / ENO was found, as shown in Fig. 4, to decrease alrea-
dy during this period. The data shown in Fig. 4 also indicate that, as the pipe Reynolds 
number is increased, the reaction constant k, i.e. slope of the curve In (EN1t/EN0) 
vs. reaction time, for particle aggregation will increase, too. 

From these findings together with the data presented in Fig. 3, it can be concluded that 
in fully developed turbulent pipe flow (Re < 4,000), velocity variations over the pipe's 
cross section relative to the mean velocity and turbulence characteristics, such as the 
relative turbulence intensities, should have a marked effect on sludge destabilization 
and particle aggregation and hence on the overall sludge conditioning process. Fig. 5 il-
lustrates the typical response of digested sludge conditioned with different dosa-
ges of a cationic polyelectrolyte (Praestol 444 K) to changes of turbulence intensity du-
ring rapid mixing. The CST-reduction vs. Reynolds number curves clearly indicate that 
sludge dewatering rates are greatly increased if initial mixing provides rapid and uniform 
dispersion of the coagulant. Therefore, if polyelectrolytes for polymer conditioning of 
activated sludge are added via a low intensity rapid mixing device, polymer require-
ments are expected to be high and vice versa. 

0 	2000 	4000 	6000 
Reynolds number 

Fig. 5: Effect of pipe flow Reynolds number during rapid-mix operation 
on polymer conditioning of waste activated sludge 

4.3 Rapid Mixing by Jet Injection and Pipe Expansion 

When rapid mixing of coagulants is accomplished by jet injection into pipelines, a num-
ber of arrangements for both coagulant dispersion and turbulence generation appear to 
be necessary. Based on experience from prior investigations, some essential features of 
a jet injection rapid-mix device were changed in order to test their influence on particle 
destabilization, resp. aggregation and subsequent filtration. 

Turbulence intensity, as characterized for example by the pipe Reynolds num-
ber, appears to be a key parameter. It can be seen in Fig. 6 that at a constant 
flow rate of 20 m3/h, an increase of the Reynolds number from 6.7 x 104  to 1.02 x 105  
accomplished by changing the pipe diameter, results in more efficient particle destabili-
zation. Improved particle destabilization in turn is followed by higher coagulation effi- 
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Fig. 6: Effect of pipe Reynolds number and coagulant source location on particle 
destabilization and direct filtration process efficiency. 

ciency, thus leading to an increased reduction of turbidity and/or algae removal by the 
filter. 

Another important feature of a rapid-mix device is the point at which coagulant is added. 
Studies of jet behaviour by Ger and Holley [1 3] indicate that uniform mixing of a tracer 
across the pipe cross section is faster for a centreline source than for a wall source. This 
is due to the axial symmetry of the central source compared with the asymmetry of the 
wall source with respect to the pipe axis. The effect of the point at which coagulant 
is added on particle destabilization and hence the overall process efficiency was found 
to be significant. It should be noted that additional coagulant dispersion at the injection 
orifice, which has been accomplished in these experiments by means of an elastic 
band, can increase the efficiency of mixing even more (see Fig. 6). 

The disadvantages associated with a central jet injection system include the need for an 
injection tube, the additional head losses and possible vibration problems caused by 
the injection tube [11]. The advantages, however, may outweigh the disadvantages, par-
ticularly when the ratio of total coagulant addition to main stream discharge is relatively 
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small so that the size of the injection tube is not excessive. Furthermore, head losses 

and any vibration problems could be minimized by careful design of the injection 
tube [12]. One additional aspect of rapid mixing which is of great practical concern can 
be recognized in Fig. 6. The effect of the source location on mixing is more pronounced 

if the 80 mm pipe with lower pipe Reynolds number is used for coagulant feeding. Thus, 
a proper design of initial rapid mixing appears to be more crucial in case of lower turbu-
lence in the main stream. 

To clarify the role of turbulence generated by pipe expansion in determining 
particle destabilization and aggregation behaviour, several experiments with pipe ex-
pansion were performed (see Fig. 2). The data confirmed that a 90° pipe expansion will 
result in higher particle destabilization and aggregation efficiency than a 45° pipe ex-

pansion. Beyond that, the distance of the source of the coagulant from the pipe expan-
sion was important. In an experiment with reaction times of 0.7 sec and 0.1 sec for Sour-
ce 1 and Source 2 respectively, higher efficiency was obtained when coagulant 
was dosed from Source 2. These findings establish that rapid mixing should be accom-
plished within time intervals comparable with reaction times controlling hydrolysis, po-

lymerization, and adsorption of metal coagulants [14]. 
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Fig. 7: Comparison of data resulting from poor and good rapid mixing. 

Fig. 7 presents results from the worst and the best rapid mixing devices examined in the 
present study: wall source rapid mixing in undisturbed turbulent pipe flow and central 
source dispersion rapid mixing, the latter placed 300 mm in front of 90° pipe expansion. 
The data indicate the extent to which the efficiency of coagulation-precipitation proces-
ses may be improved by optimization of rapid mixing. 

In this context, the results shown in Fig. 8 are of interest mainly from a practical point of 
view. It can be deduced from plots of turbidity, algae number, and electrophoretic mobi- 
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lity vs. coagulant dosage that poor rapid mixing will result in higher coagulant demands. 
Moreover, it appears that restabilization of colloidal particles in the case of overdosage 
is less pronounced. Thus, in situations of poor rapid mixing, it may be difficult 
to establish the optimum coagulant dosage correctly. 

5 Summary and Conclusions 

The purpose of this study was to determine the influence of rapid-mix parameters on 
particle destabilization and aggregation, and to discuss criteria for optimum design of 
rapid-mix devices. This discussion was based on experiments with various in-line blen-
ders which have been used for coagulant dosage for wastewater coagulation-
precipitation, conditioning of waste activated sludge, and surface water treatment by di-
rect filtration. 

The following conclusions can be drawn from the experimental results: 

1. When dosing a coagulant into an open channel, e.g. in wastewater treatment plants 
using precoagulation-precipitation, the use of a single jet spraying coagulant inter-
mittently upon the water surface has shown to result in poor mixing and hence low 
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process efficiency. Injection across the entire width of the channel and into zones 
with high turbulence intensity, e.g. hydraulic jump, will improve particle aggregation. 

2. Chemical conditioning of waste activated sludge has been found to be more efficient 
if uniform dispersion of the coagulant in the sludge is achieved. This can be accom-
plished by proper injection of coagulants into sludge pipelines. Increased coagulant 
dosage is required in case of poor rapid mixing. 

3. Rapid mixing by jet injection into pipelines appears to provide uniform mixing throug-
hout the water. The experimental results from surface water treatment have shown 
that a) turbulence intensity, b) point at which the coagulant is added, c) addition of 
coagulant as a fine spray, d) distance between coagulant source and pipe expansion 
(local turbulence), and e) degree of pipe expansion are of particular significance for 
rapid mixing and the overall coagulation process. Optimization of these key parame-
ters will result in reduced coagulant demands and improved process efficiency. 
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Colloid Destabilization in Practice 

K Stendah I 

Introduction 

In chemical water and wastewater treatment the mixing of flocculants in order to desta-
bilize colloids has been recognized as the determining step for the success of the ove-
rall flocculation process. 

Effective interaction between the hydrolyzing metal cations and the colloids present in 
the raw water is a prerequisite for the success of destabilization, and it must have been 
completed in the shortest possible time period. This implies the ability of the flocculants 
to be dispersed at the molecular level in the water phase within less than one second. In 
this context, the means by which the flocculants are introduced, i.e., the effectiveness of 
the mixing device used, is of utmost importance for the success of the overall process. 

Although a great deal of laboratory research has been conducted on the subject 
of colloid destabilization in water, investigations concerning effective mixing in practice 
have been scarce [1, 2, 3]. In this paper, the results obtained in pilot-plant projects are 
summarized. The effects of various techniques for introducing flocculant on the floccu-
lation process will be considered. This is intended to clarify the critical role played by the 
destabilization step in chemical water treatment. 

Jar Tests VVith Different Stirrer Types 

Jar test trials using different stirring devices show the importance of the right combina-
tion of energy input and retention time. In Fig. 1, three different stirrers were employed: a 
high-speed disperser, a propeller stirrer, and a gate stirrer. The trials were conducted 
using sewage water, with alum as flocculant at a dosage of about 12 mg/I of A13±. The 
high-speed disperser gives an optimum Z-potential value (ZP) only 10 seconds after int-
roduction of the flocculant, but falls off again with longer retention times. The trend is the 
same for a propeller stirrer. Here, the optimum is reached after 20 seconds. 

For the gate stirrer, the optimum ZP is reached 60 seconds after start, but it normally 
does not reach the same low level as with the two above-mentioned rapid mixing devi-
ces. In drinking water treatment, where flocculant is added in lower doses, the optimum 
ZP will normally be achieved after a slightly longer retention time. 
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Fig. 1: Jar-tests with different stirring devises for destabilization 

Pilot Tests 

Jars are batch reactors, and the results from trials conducted with them cannot general-
ly be transferred to continuous-flow systems. In order to examine the behavior of the va-
rious kinds of energy input in a continuous flow, a series of pilot trials were conducted 
using two parallel flocculation systems. Each system consisted of 3 square flocculation 
tanks of equal volume, each one provided with a gate stirrer in which the space within 
the gates comprised 80 % (Fig. 2). The total volume of the tanks is 550 I. The peripheral 
speeds of the stirrers are 0.5, 0.3 and 0.1 m/s, respectively, downstreams. The effluent 
from the last flocculation tank flows through a vertical tube which can be closed in order 
to measure the settling velocity, and to enable taking of samples after settling. 

Fig. 2: Pilot plant. Reference line 
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Fig. 3: Propeller mixer for destabilization in the reference line 

One of the two flocculation systems was used as a reference and control unit and was 

equipped with a separate mixing chamber for the flocculant (aluminium sulphate) and a 

propeller stirrer. The volume of this chamber is 5 I and the rotational speed of the stirrer 

600 rpm (Fig. 3). 

Parameters were held constant on the reference mixing device while four diffe-

rent mixing alternatives were tested on the other system. In all trials, aluminium sulphate 

was used as flocculant. If the water for the experiments came from a small river, 50 nrig/I 

of flocculant (4 mg/I of Al3+) were added; if the source of the water was a sewage plant, it 

was first treated biologically and then dosed with 150 mg/I flocculant (12 mg/I of Al3+). 

The tests were run with water flow rates of 1 m3/h and 2 m3/h (i.e. a retention 

time of 0.5 and 0.25 h, respectively). 

Figs. 4 and 5 show the 4 different alternatives for introducing flocculant which were exa-

mined in this study. In the first alternative, aluminium sulphate was introduced in dry 

form directly into the first flocculation tank. In the second, the flocculant was dosed as a 

10 % solution, also directly, into the first flocculation tank. 

In the third trial, a 10 0/0 solution of the flocculant was introduced through a thin pipe in-

stalled in the wall of the raw water inlet tube, just in front of an in-line mixer in the form of a 

turbine. Finally, in the fourth trial, the turbine mixer was replaced by a static mixer sy-

stem. 

Samples were extracted from the vertical outlet tube after 18 minutes of settling and 

analyzed with respect to turbidity, color, suspended solid, and alumina residue. 
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Results From the Pilot Trials 

Direct introduction of dry alum into the first flocculation tank produced worse results 
than the reference system as far as turbidity and color are concerned, whereas suspen-
ded solid and alumina residue remained in both systems (Fig. 7). 

Direct addition of the 10 0/0 aluminium sulphate solution into the first flocculation cham-
ber led to similar or only slightly better results as compared with those of the previous 
experiment with dry alum (Fig. 6). 

The turbine in-line mixing device was proven in all aspects to be superior to the referen-
ce propeller mixer. Better results were achieved not only in turbidity and color, but also 
in suspended solid and alumina residue (Fig. 8). 
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Fig. 7: Test result with dry dosage of 	Fig. 8: Test result with an in-line 
alum in the first flocculation tank 	 turbine mixer 

Finally, under high load conditions (2 m3/h), the static in-line mixer produced results si-

milar to those of the turbine device (Fig. 10). With a lower load (1 m3/h), however, the re-

sults were nearly identical to those of the reference system (Fig. 9). 
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Thus, the most successful mixing device examined the in-line mixer, insofar as the ef-
fectiveness of destabilization is concerned (the criterion which expresses the effective-
ness of the entire flocculation process). In these tests the turbine device exhibited bet-
ter results than the static mixer, the latter being more sensitive to variations in the flow ra-
te of raw water. Direct introduction of the flocculent (whether in dry form or 
in solution) brought the worst results, which means that destabilization was not accom-
plished in this particular treatment process. 

Scaled-up Trials 

In order to examine the effectiveness of the in-line turbine as a mixing device for full-sca-
le treatment plants, Boliden has developed, in collaboration with the firm of Flygt, the so-
called Boliden Turbo Mixer. The Boliden Turbo Mixer consists of a submersible motor-
driven turbine, which can be placed either in an open channel (for example, in the inlet of 
a sewage treatment plant), or inside a tube for flocculation in pipes. If the floc-
culant is added just in front of the turbine, it will be distributed effectively in the water 
stream, within a very short time (Fig. 11). 

Throughout 1985, different prototypes based on the turbine mixer principle will be te-
sted in chemical water as well as in waste water treatment plants. Initial results in full-
scale plants are comparable to those attained in the pilot trials. 

If the initial results are confirmed, considerable cost savings will be obtained through re-
duction of the quantity of flocculent needed, coupled with better quality of the treated 
water. This, in turn, provides additional evidence for the importance of the destabiliza-
tion step within the overall flocculation process. 
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Fig. 11: Boliden Turbo mixer 

References 

[1] Grohmann, A., Hässelbarth, U., Langer, W.: Hochgeschwindigkeitsinjektion bei der 
Wasseraufbereitung, Vom Wasser 49, 267-275 (1977) 

[2] Fitzgerald, S.D., Holleg, E.R.: Injections for Optimum Mixing in Pipe Flow. Hydr. Div. 
ASCE 107, 1179-1195 (1981) 

[3] GUven, 0., Benefield, L.: The Design of In-Line Jet Injection Blenders. J. Am. Wat. 
Wks. Ass. 75, 357-363 (1983) 

Kjell Stendahl 
Boliden Kemi AB 
Box 902 
S-25109 Helsingborg; Sweden 

72 



Chemical Water and Wastewater Treatment 
Schr.-Reihe Verein WaBoLu 62 (1985), 
G. Fischer Verlag, Stuttgart / New York 

Comparison of Different Stirring Devices 

G. Kohler and K. Stendahl 

Introduction 

After the colloid destablization phase it is important to arrange for good sweep coagula-
tion in order to form flocs which can easily be separated from the water. This process, 
the flocculation process, needs certain energy input in order to create collisions bet-
ween the growing hydroxides and the non-settleable colloidal solids or the slow-settling 
suspended solids. If the energy input is too high, however, floc brak-up occurs which re-
sults in poor flocculation and difficulties in separation. 

The normal means of inputting this energy is by using gate stirrers. Other types of stir-
ring devices by different manufacturers have been introduced for the flocculation pro-
cess. The advantages of this new type of stirrer include low price, simple erection and lo-
wer risks of a settling problem in the flocculation tanks. 

Although much theoretical research has been applied in order to prove the advantage of 
different types of stirrers, very little has been done to check the efficiency of floc separa-
tion attained in practice. 

Pilot Tests 

In order to examine the results by using different stirring devices for the flocculation pro-
cess, pilot trials were been conducted using two parallel flocculation tanks. The pilot 
equipment used is exactly the same equipment, reported on in the paper „Colloid Desta-
bilization in Practice" [1]. 

In this case, however, the reference line, which consists of conventional gate stirrers, 
has been compared with 3 different types of stirring devices in the other line. In both li-
nes, a separate chamber with propeller mixer has been used for the stabilization pro-
cess (Fig. 1). 

The stirrers, that were tested were produced by SCABA, ECATO and LIGHTNIN. 
Tube flocculation has also been tested against the reference line with gate stirrers. Figu-
res 2 and 3 show the configuration and dimension of the stirring devices used. Figure 4 
shows the arrangement of the tube flocculation used. 
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The installation and design criteria of each stirring device was carried out according to 
the recommendations of the producer, who also recommended the rotational speed for 
each flocculation tank. 

Fig. 1: Pilot plant 
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Fig. 2: Gate stirrer and Scaba stirrer 
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Fig. 4: Tube flocculation 

The water used in the experiment was taken from a sewage treatment plant 
following biologically treatment. The dosage was 150 mg/I of aluminium sulphate (12 
mg/I Al3+). Each test was run under different loads, 1 and 2 m3/h respectively, i.e. a re-
tention time of 0.5 and 0.25 hours. When the manufactures had advised different rotatio-
nal speeds, these, too, were in some cases tested to see if optimization was possible. 
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Sampling took place in the same manner as employed in the reported on sta-
bilization trial [1], i.e. after settling in a vertical tube on the outlet from the last flocculation 
tank. Samples were analyzed as to turbidity, colour, suspended solids and alumina resi-
due!. 

Results From Pilot Trials 

In all cases, the reference line proved to give a better settling velocity of the floc with bet-
ter results on analysis. Typical test results are shown in Figures 5 to 10. 

The explanation for these results must be that the shearing forces from the 
test stirrers are too high for the flocs, which means that the flocs will be partly destroyed 
and therefore give worse results than the reference line. 

The results from tube flocculation shown in Figures 1 1 and 12 yield better values also for 
the conventional gate stirrer. However, here it is important to stress that colloid destabili-
zation has been done in different manners, and from earlier paper [1] we have learnt the 
importance of an optimal destabilization process. Therefore, the differences in the re-
sults could be due to the different methods of destabilization employed. 

Full-Scale Tests 

In order to find out if the results from the pilot tests can be applied to full-scale experien-
ce, a full-scale test was conducted at the sewage treatment plant of Uppsala. The Upp- 

Test line with propeller stirrers (Scaba) 42, 42, 18, rpm 

•-• 

4m 

3m 	3m 	 6m 

Fig. 13 
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sala sewage treatment plant is a so called post-precipitation plant, i.e. the waste water is 

treated chemically after biological treatment. The plant consists of 8 parallel streams, 

each stream fitted with 5 flocculation tanks and 1 settling tank. 2 of these streams 

have been equipped with SCABA stirrers while the other 6 are fitted with conventional 

gate stirrers (Fig. 13). 

Parallel to the full-scale test a pilot plant has also been run with gate stirrers and SCABA 

stirrers. Here the results from the SCABA stirrer are a slightly inferior to those obtained 

for the conventional gate stirrers as shown in Figure 14. However, the difference in floc-

culation efficiency seems to be not very prominent in this case, which corresponds to 

findings by Skanberg and Hjorth [2]. It is also interesting to see the good cor-

relation between the pilot result and the result in full-scale testing. 
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Fig. 14: Comparison of full-scale trial with pilot scale trial at Uppsala sewage treat-

ment plant. Gate stirrer (paddle), 6 lines versus propeller stirrer (Scaba), 2 lines. 

Conclusion 

These tests have demonstrated that the conventional way of flocculation with gate stir-

rers yielded the best results in settling velocity and, therefore, also gives a better treat-

ment efficiency under identical loading conditions and flocculant dosage. 

The propeller stirrers, subjected to testing, however, are much easier to install and 

are better in preventing settling of sludge in the flocculation tank. This can be of great im- 
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portance, especially for drinking water treatment in warm climates, where settled sludge 
in a flocculation tank can cause bacterial growth, which in turn can mean a higher bacte-
rial content in the treated water. 
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Engineering Aspects of Flocculation 

H. Odegaard 

Introduction 

Flocculation is defined in this paper as particle aggregation, a process which plays an 
important role in most water and wastewater treatment programs. Here, flocculation 
shall be discussed as an essential component of physical/chemical treatment, see 
Fig. 1. 

Initial 
mixing  Flocculation Sedimentation Filtration 

pie 

 

REACTION 	 FLOC SEPARATION 

Fig. 1: Flocculation in physical/chemical water treatment 

This sequence of processes is widely used both for drinking water treatment, wastewa-
ter treatment and treatment of industrial waste. The flocculation process is actually one 
link in the chain of processes resulting in particle separation, and while the flocculation 
reaction itself takes seconds, hours may be needed to separate the precipitated partic-
les from the water. From an engineering point of view, this should encourage us to speed 
up particle separation. That is exactly the purpose of flocculation — to improve the 
rate and quality of the removal of particles (and flocs) from the water. This means that 
flocculation should never be spoken of without mentioning which floc separation pro-
cess is to be used. This paper will describe which engineering factors influence floccu-
lation as such, and the resulting effects on total particle separation. 

The Purpose of Flocculation 

We will start by referring to Fig. 1. 
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After initial mixing, a reaction occurs within seconds, and phosphate, colloids and other 
precipitates will appear as precipitated microparticles. We may call them the primary 
particles, since they are per definition the smallest particles in the flocculation system. 

In the flocculation tank, the particles will grow in size due to the effects of distinctly diffe-
rent physical mechanisms, namely Brownian motion (perikinetic flocculation) and velo-
city gradients created by stirring (orthokinetic flocculation). Since perikinetic floccula-
tion is overshadowed by orthokinetic flocculation after only a few seconds, only the or-
thokinetic flocculation is interesting from an engineering point of view. The velocity gra-
dients created in orthokinetic flocculation result in particle transport, particle collision 
and particle aggregation. 

The mixing may be carried out by hydrodynamic forces, such as aeration, etc., 
but most often it is achieved by some sort of rotating stirring device, a paddle, a turbine 
or a propeller. 

In a continuous system there will obviously be a great variation of particle sizes during 
flocculation, ranging from primary particles to large aggregates of primary particles, 
flocs of varying sizes. Floc size investigations [1], [2] have shown, however, that there is 
a strong tendency towards a bimodal size distribution typified by the very small original 
particles, the primary particles, with a size of 0.5 - 5 pM, and relatively large aggregates 
of such particles, namely flocs, with a size in the 50 - 500 pm range. It is very convenient 
to regard the system as consisting of primary particles and flocs, because this demon-
strates the dual purpose that flocculation serves. The following are desired: 

1. High flocculation performance, no/n. Flocculation performance is defined as the ra-
tio of the concentration of precipitated primary particles which go into (n0) and out of 
(n) the flocculation unit. Obviously, the goal is to have as many incoming particles 
(no) as possible aggregated into flocs so that n is small. 

2. High floc separation performance 
The flocs that have been created, are to be separated when they leave the floccula-
tion tank, for the actual separation process. 

A great many scientists have studied optimization of flocculation performance but not 
many have coupled the optimization of flocculation performance to optimization of floc 
separation performance. 

This distinction is important, since optimum operating conditions for flocculation perfor-
mance may not necessarily be optimal for floc separation. And it should not surprise 
anyone that optimum flocculation conditions for filtration are not the same as those for 
sedimentation. 

The Influence of Flocculation Variables on Flocculation Performance 

The kinetics of flocculation have been studied by many investigators. It is not the purpo-
se of this paper to go into detail regarding the kinetics, since there is reasonably good 
agreement concerning the factors which are important to flocculation performance. Ra- 
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ther, the present discussion will emphasize my own theoretical and experimental work, 

[3] [4]. The theoretical part of the investigation deals with the derivation of a mathe-

matical model describing the flocculation performance of a multicompartment floccula-

tor with nonideal flow. The main objective of the experimental part of the investigation 

was to study phosphate precipitation in wastewater treatment and to compare the re-

sults obtained with the proposed mathematical models. The experiments were conduc-

ted in a plexiglass pilot plant, as shown in Fig. 2. 

2 

1. Raw water storage tank (1000 !) 
2. Pump 
3. Constant head tank 
4. Rotameter 
5. Flow control valves 
6. Flow control valves 
7. Plug flow initial mixer 

8. Six compartment flocculator 
(6 x 15 l) with paddles 

9. DC-motors 
10. Variable resistance 
11. Settling tank 
12. Precipitant storage tanks 
13. Precipitant dosing pumps 

Fig. 2: Pilot plant 

The experiments were conducted using synthetic wastewater, similar in composition to 

biologically treated wastewater. The precipitant dosage and pH were optimized before 

the start of the flocculation experiments. Aluminium sulphate, lime and ferrosulphate 

(with a lime additive for pH correction) were used as well as polymers. 

Definition 

As will be shown subsequently, the following factors influence flocculation performan-

ce: 

1. The intensity of mixing 
2. The residence time and residence time distribution 
3. The floc volume 

Before the experimental results are discussed, these factors must be defined. 

Traditionally, the intensity of mixing is defined by the mean turbulent velocity gradient, 

G. 
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G = — W I,s I 1%  

A 

where: 
W = total power dissipated per unit volume 
p = absolute viscosity of the fluid. 

G can be calculated if certain values are assumed for the friction coefficients, rotational 
speed of stirring device and so on. The calculation methods are questionable, however, 
and the only correct way of determining G is by directly measuring the torque on the stir- 
ring device shaft. G. will then be given as: 

ii- ng t]  1/2 	-1 
ls 	) 

VA 

where: 
n = rotor velocity (s-1) 
g = acceleration of gravity (cm/s2) 
V = volume of liquid (cm3) 
t = torque (g x cm) 

In the experiments presented here, G was determined by torque measurements. 

Residence time (T= V/Q) is really an inaccurate term. What we are dealing with in floccu-
lation tanks (mixed tanks), is some residence time distribution. In order to determine the 

r 
C= — 

C 0 
Reactor with nonideal flow 

1 CMR 

2 CMR 

3 CMR 

N = 3 m-- 2.5 t =0 
T 

Calculation of mixing efficiency, m 

Levenspiel: m = N = —1 	 02 - Variance of C-curve 
(see text) 	 0 

Least square method: Minty 
= 0 E (Cexp. 	

NN 
+ 

(N + 1) ! ' e
+NO2 , 

' 

m = N 

Fig. 3: Explanation of the tanks-in-series model 

G= 
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residence time distribution, tracer studies must be carried out. The residence time distri-

bution may be described by using the tanks-in-series model by which the residence ti-

me distribution is characterized by a number, here called mixing efficiency, m. The mi-

xing efficiency of a reactor is equal to the number of completely mixed reactors 

in series which would give a residence time distribution identical to that of the reactor 

under consideration. 

The general idea behind this model is demonstrated in Fig. 3. Given a three-compart-

ment flocculator with nonideal flow (each compartment is not thoroughly mixed), and 

the tracer response curve for this flocculator (the dotted line) is situated approximately 

halfway between the curves for 2 and 3, each a completely mixed compartment, then the 

mixing efficiency for the reactor, according to the tanks-in-series model, is approximate-

ly 2.5. 

A more accurate way of determining the mixing efficiency is either by the so-called va-

riance method introduced by Levenspiel, or by the least squares method. In the latter, 

the tracer response curve determined experimentally is compared with the mathemati-

cal expression for the C-curve of N identical completely mixed compartments in series. 

Both methods were tested in these experiments and the least squares method was 

found to be the most accurate. If each of the compartments is completely mixed (which 

is what we strive for), the mixing efficiency would be equal to the number of compart-

ments. 

The flow in the pilot plant was far from completely mixed, as seen in Table 1. 

Number of 
compartments 
in series 

G 

s-1  

m T 

min 

T/m 

min 

1 20 0.85 19.09 22.46 
2 20 1.15 27.85 24.22 
3 20 1.45 32.58 22.47 
4 20 1.70 40.84 24.02 
5 20 2.05 48.35 23.58 
6 20 2.20 51.61 23.45 
1 13 0.95 21.95 23.10 
1 50 0.90 19.95 22.16 

Tab. 1: Residence time distribution parameters (Constant flow Q = 2 limin) 

The most interesting part of this table is the right-hand column, which shows the ratio 

between the mean residence time, T, and the mixing efficiency, m. This ratio was close to 

constant for a given flow regardless of the number of compartments; therefore, it is cha-

racteristic for the flocculator. 

The floc volume, 0, is very difficult to measure and to change. Different precipitants, ho-

wever, cause different floc volumes; thus, the size of the floc is dependent on the preci-

pitant used. 
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Phosphate was the precipitate used in this investigation. Flocculation performance was 
described in terms of the PPO/PPT ratio, the relationship between the concentration of 
particulate phosphate entering the reactor and that remaining after flocculation and floc 
separation. In other words, PPO represents the incoming primary particles, and PPT the 
primary particles which do not floc and settle, and therefore leave the reactor apparently 
unaffected by the flocculation process. 

A total of 225 experiments, each encompassing 6 combination alternatives (one for 
each compartment), was carried out. 1,350 situations were thereby examined, giving a 
total of approximately 12,000 data points. In order to cope with this huge amount of data, 
a computer program was designed for non-linear least square curves, and used to com-
pare the proposed theoretical models for flocculation performance with the results ob-
tained in the experiments. 

Discussion of Results 

A good correlation between the experimental results and the theoretical model was 
found [1]: 

(1 + K4G 
PPO 	 ' m 

. 
1+ 	G[ (1+K G —

T 
)m — 1] 

KKK 	Tq5 m 

where: 

PPT 	phate concentration entering the reactor to the corresponding concen- 
tration after floc settling. 

G 	= mean turbulent velocity gradient (s-1) 
T 	= mean residence time in flocculator (s) 
m 	= mixing efficiency determined from a tracer response curve according to 

the tanks-in-series model 
KT 	= floc growth coefficient 
KB 	= floc breakup coefficient 
(1) 	= floc volume fraction 

Number of 
Precipitant 	data sets KTO • 104 KB  • 107 

Multiple  
sorrel.  
coeff. 

Alum 366 2.85 ± 0.08 3.45 ± 0.16 0.87 
Alum + Polymer 240 2.68 ± 0.11 0.98 ± 0.07 0.82 
Lime 186 5.58 ± 0.22 2.38 ± 0.15 0.82 
Iron(11) + Lime 96 7.68 ± 0.44 4.83 ± 0.40 0.86 

Tab. 2: KT /9 and KB 

PPT 

PPO = flocculation performance which equals the ratio of the particulate phos- 
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• 1 Compartment 	PPO 
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G 

10 

The model describes an untapered flocculation system, that is, the G-value is constant 

from one compartment to the next. Table 2 shows the computed values for the floc 

growth and breakup coefficients and the correlation coefficient. 

Fig. 4: Examples of experimental results 

Fig. 4 shows examples of experimental results. 

In these graphs the flocculation performance for aluminium precipitation is plotted ver-

sus the turbulent velocity gradient, G, for different flows and different numbers of com-

partments. 

Since the correlation between the proposed mathematical model for floccula-

tion performance and the experimental results were quite good, we now choose 

to use the model as a convenient tool in describing how the different engineering factors 

influence the flocculation performance. 
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Fig. 5 and Fig. 4 illustrate the influence of mixing intensity, expressed as G-value, on floc-
culation performance at a given residence time and residence time distribution (T/m = 
const). The performance improves almost linearly with G up to a maximum point, after 
which the performance declines with increasing G values. 

80 -I60  - 
PPO 	- 
PPT 40 - 

20 . ///x- - - - - - - 
1 

20. 	40 G  60 	80 s-1 	 20 	40 G 60 	80 

Fig. 5: PPO/PPT versus G according to flocculation model. Q = 2 limin. 
T/m = 23.4 min. 

This is a well-known phenomenon in practice and is caused by the fact that collision fre-
quency between flocs and primary particles increases with increasing mixing intensity 
up to a maximum where floc breakup begins to dominate. Results also suggest that the 
G-value for optimum performance decreases when the number of compartments (mi-
xing efficiency) for a given flow is increased. 

If the velocity gradient is constant from one compartment to the next (which 
is a precondition for the flocculation equation), the optimum G-values are highest in the 
case of alum + polymer precipitation and lowest for iron (II) + lime precipitation. 
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Table 2 and Fig. 5 show that iron (II) + lime precipitant gives the highest floc growth rate 
(which is dependent upon Kam), but also the highest floc breakup rate (which is depen-

dent upon KB). KB  is lowest in the case of alum + polymer precipitation, indicating that 

polymer-treated flocs are stronger and can withstand higher shearing forces than when 
a polymer is not added. Alum flocs have a greater ability to withstand shear forces 

followed by lime flocs and finally iron (II) + lime flocs. 

Fig. 5 also shows the difference in flocculation performance depending on the precipi-
tant used. The best flocculation performance is obtained with lime and iron (II) + lime 

and the least satisfactory with alum. 

The difference in performance is not as great as it might appear, however. Percent re-

duction in particulate phosphate ranges between 95 0/0(PPO/PPT= 20) and 99 %(PPO/ 

PPT= 100). 

Since an increased floc volume fraction will result in increased floc growth rate, this may 

explain why iron (II) + lime precipitant gives a higher floc growth rate than alum. 

20 40 60 80 100 120 140 160min 
T 

Fig. 6: PPO/PPT versus mean residence time, TAG = 20 s-1, Alum). 

Fig. 6 demonstrates the effect of mean residence time and residence time distribution. It 

is shown that for a given G and m, there is a minimum residence time required for attai-
ning optimum performance. Beyond this time, however, no further improvements occur 
in terms of performance. When mixing efficiency increases, however, the residence time 

necessary for optimum performance decreases. This means that if a flocculator can be 
compartmentalized to increase mixing efficiency without changing the mean residence 
time (which is true only when the contents of each compartment are completely mixed), 
the flocculation performance will improve. 

The importance of ideal mixing conditions, i.e. the contents of the flocculator are com-

pletely mixed, cannot be underestimated when compartmentalizing a flocculator. If mi-
xing is not thorough, compartmentalization will decrease the mean residence time, al-

though mixing efficiency is increased. Thus the advantages of compartments will be re-
duced. 
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Fig. 6 also demonstrates that the higher the mixing efficiency (number of compart-
ments), the lower the overall residence time needed in order to obtain a give performan-
ce. In other words, the more plug-flow-like the flow in a flocculator, the shorter the resi-
dence time needed to achieve optimum performance for a given velocity gradient. 
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Fig. 7: PPO/PPT versus T at m = 2 for different precipitants. 

In Fig. 7 flocculation performance is plotted against mean residence time for a mixing ef-
ficiency of m = 2 and a G-value corresponding to that of 
optimum performance (for m = 2) for the various precipitants. 

It is clear that the performance at the optimum G-value is lowest with alum precipitation. 
The addition of polymer improves performance considerably, but the best flocculation 
performance is achieved when lime or iron (II) + lime is used as precipitant. 

Fig. 8: G versus T for different performance. 
Alum. m = 2. 

Fig. 9: G versus T for PPO/PPT 
= 20; m = 2. Different precipi-
tants. 
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It can be seen that the curves for lime and iron (11) + lime precipitation cross each other at 

a G-value of approximately 60 s-1. This is because both floc growth rate and floc breakup 

rate are higher when iron (II) + lime precipitation is used. 

In Figs. 8 and 9 the velocity gradient is plotted against mean residence time for different 

performances. 

Fig. 8 shows that there is a minimum mean residence time under which suitable 

performance cannot be achieved, regardless of the velocity gradient used. It is also de-

monstrated that the G-value for optimum performance decreases when mean residence 

time is increased. This is a significant observation in the consideration of tapered floccu-

lation. 

Fig. 9 gives an excellent demonstration of how the floc volume (precipitant used) in-

fluences the flocculation process. A given performance is achieved at a much lower 

mean residence time with a high floc volume (lime) than with a low floc volume (alum). 

The Influence of Flocculation Variables on Settling Performance 

The investigation of settling performance was carried out batchwise by letting the flocs 

settle in the flocculator compartments after having stopped the paddles. Samples to be 

analyzed for particulate phosphate were drawn from a sampling point in each compart-

ment after varying time intervals. 

PPT 	 Btrel. 
PPO = (1 — Cl e 	+ C 

PPT 
PPO 
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1 	 1 	 , 	 1 

C 0.2 0.4 0.6 0.8 1.0 
t
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Ks 
B  = &ZE 	t  rel = 30 
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O 

 -+ C 
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C = Inverse value of flocculation performance 

Fig. 10: Explanation of settling equation based on a batch settling curve. 

Thus a batch settling curve might be described for each of the flocculation situations te-

sted (Fig. 10). In order to describe the form of the settling curve generally, different ma-

thematical expressions were tested with the help of a fittingdata (least squares method) 

computer program by comparing the settling results with the actual expressions. The 

best equation was found to be the following: 

PPT 
= 	(1 — C) e Btrel 	c 

PPO 
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where: 

PPT 
= the ratio between the particulate phosphate at settling time t and the ini-

PPO tial particulate phosphate concentration 
trel = the ratio between actual settling time t and total settling time, 30 min. 
B, C = settling parameters (coefficients). 

The parameter C theoretically equals the inverse value of the flocculation performance 
and the parameter B generally describes the form of the settling curve and may conse-
quently be used as a relative measure of settling performance. The experimental results 
demonstrated that the settling performance (as given by the parameter B) was mainly 
dependent upon the precipitant used and the velocity gradient. The relationship is sta-
ted by the equation: 

B — 
KS 

 
G 

where Ks and KE  are constants characteristic for a given precipitant. Fig. 11 shows these 
relationships. The settling performance was found to be essentially independent of resi-
dence time and residence time distribution as shown in a typical example in Fig. 12. 

A Alum precipitation 
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C. Lime precipitation 
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Fig. 11: Settling performance (B) versus G for different precipitants. 

The Influence of Flocculation Variables on Total Flocculation/Sedi-
mentation 

The above-mentioned results indicate that only the G-value for a given precipitant chan-
ges the settling characteristics of flocs. When G-value decreases, settleability improves. 
This is because a low G-value means big flocs and big flocs settle faster than small flocs. 
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= settling performance parameter 
Ks 

B= 
GKE 

This conclusion is, however, not in agreement with the results of flocculation performan-

ce. Even if newly-formed flocs settle well, the primary particles must be brought to ag-

gregate first. It is therefore necessary to analyze flocculation performance and settling 

performance together. A model based on the flocculation equation and the settling 

equation was therefore developed and tested against the experimental data. In order to 

transform the settling data from a batch to a continuous system, a procedure similar 

to the one proposed by Camp [5] was used. 

The model for flocculation/sedimentation in the pilot plant was : 

1 
R = 100 [1— 2 
	

__C) e -10Y + c)] 

where: 
R = percent removal of precipitated phosphate 
v = the surface overflow rate in settling tank 

B 

C 

KD  
1+ 	[ (1 +K 	—

T 
OG)m —i[ 

KTO 	 m 
= inverse value of flocculation 

performance T m  
(1 + KTOG T- 

The parameters included in C and B were previously described. 

The validity of the model is demonstrated in Table 3 in which the multiple correlation 

coefficients for the correlation between calculated data and experimental data are given 

together with the values of the coefficients for the different precipitants. 

Precipitant KTcti • 104  KB  • 107  KS  KE Correlation 
coefficient 

Number 
of data 

Al 2.85 3.45 104 0.88 0.908 1681 
Al + poly 2.68 0.98 176 0.58 0.762 1428 
CA 5.58 2.38 146 0.68 0.912 1080 
Fe(II) + Ca 7.68 4.83 125 0.90 0.901 1044 

Tab. 3: Correlation coefficients and coefficients in the total flocculation/sedimen-
tation model for different precipitants. 

The model allows us to determine how different parameters in the combined 

flocculation/sedimentation system influence separation. Only a few examples will be 

mentioned here. 

In Fig. 13 total removal is plotted versus overflow rate for a given residence time distribu-

tion. 
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This shows that for a given G-value, the total removal is considerably influenced by the 
overflow rate in the settling tank, and for a given overflow rate, the G-value influences the 
total removal considerably. 

This figure also demonstrates that optimum flocculation performance does not neces-
sarily result in optimum overall removal. The G-value for optimum flocculation perfor-
mance is, for the example, shown in Fig. 13, G = 20 s. It is shown that this G-value only gi-
ves optimum total removal when the overflow rate is very low (0.2 - 0.3 m/h). For a higher 
overflow rate, optimum total removal is obtained at lower G-values. 

Fig. 12: Settling performance (B) versus Fig. 13: Total removal versus overflow rate. 
Q for G = 50 sec-1. Alum + polymer. 	T = 30 min, m = 2. Alum. 

The model also suggests that at higher overflow rates, the residence time and the resi-
dence time distribution in the flocculator were not as important as the G-value. This is 
because the settling performance is mainly determined by the velocity gradient just 
ahead of the settling basin. 
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	 Lime 
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Fig. 14: Total removal versus overflow 
rate. G = 10 	T = 30 min. m = 2. 
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Fig. 15: Total removal versus overflow 
rate. Optimum G-values for both floccu-
lation and settling. T = 30 min. m = 2. 

60 - 

94 



Fig. 14 shows how a low G-value could optimize settling conditions. The figure 

demonstrates how critical the type of precipitant is. 

A comment concerning the difference in total removal using alum + polymer 

and lime precipitant may be helpful. At the designated G-value, alum + poly-

mer flocs settle better, but lime flocs flocculate better. At overflow rates (1.2 - 1.3 m/h) 

total removal is more successful with lime flocs due to their better flocculation ability. At 

higher overflow rates, however, alum + polymer precipitation results in higher removal 

due to better settleability. 

It should now be obvious that tapered flocculation is favorable. The proper mixing inten-

sities may be set in the first few compartments for optimum flocculation performance, 

and optimum settling performance can be controlled in the last compartment. The merit 

of tapered flocculation lies not in the potential for optimizing flocculation performance, 

but rather in optimizing settleability. 

The model is not designed to describe a tapered flocculation path, but Fig. 15 shows the 

expected results for such a situation. 

The figure shows a hypothetical case where the flocculation term (C) of the overall equa-

tion has been calculated by using the G-value or optimum flocculation performance, 

and the settling term (B) of the overall equation has been calculated by using the G-va-

lue or optimum settling (G = 10 s-1). 

In this case alum + polymer result in the best total removal almost regardless of the over-

flow rate, followed by lime, iron (II) + lime and alum alone. For the example considered, 

the overflow rate necessary to give 95 and 90 0/0 of particulate phosphate would be: 

95% 	90% 
Alum 	 0.55 m/h 	0.8 

Iron(11) + lime 	 0.75 mill 	1.0 

Lime 	 1.25 m/h 	1.9 

Alum + polymer 	2.0 m/h 	2.7 

Although there may be limitations to the applicability of these results to process design, 

the general form of the model is assumed to be correct and the trends predicted for the 

flocculation/sedimentation system valid. 

Flocculation Preceding Flotation and Filtration 

Most flocculation tanks are designed in a similar fashion, regardless of whether the flocs 

are to be separated by sedimentation, flotation or filtration. This is surprising, since the 

optimum conditions for these three processes are certainly not the same. Even in the li-

terature, separation processes other than sedimentation have rarely been investigated. 

Preliminary studies at the University of Trondheim in connection with flotation and 

filtration will now be presented. 
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The Influence of Flocculation Variables on Flotation Performance 

In order to study a flocculation/flotation system, a pilot plant with a capacity in the range 
of 1 - 5 m3/h was operated. In this case, real wastewater was used. This resulted in va-
riable quality of the raw water and consequently variations in the results. 

The purpose was to investigate how the total flocculation/flotation result was influenced 
by the engineering parameters during flocculation, that is G-value, residence time and 
number of compartments. 

Raw 

S-sampling points 	 Dispersion Water 

Fig. 16: Schematic diagram of flocculation/flotation pilot plant 

Fig. 16 is a schematic diagram of the pilot plant. It was possible to vary the G-value from 0 
to 90 s-1  and the theoretical residence time was varied between 12 and 24 min. 

Part of the flocculated suspension was diverted by means of a pump at a rate which held 
the effective surface overflow rate constant at 5.5 m/h (15 %of the incoming flow). This 
value proved to be optimum for constant loading on the flotation process in spite of va-
riations in flow, and was also optimum for flotation performance. In this way, separation 
conditions were the same in all experiments. 

The experiments were performed with presettled water. In order to ensure complete 
phosphate precipitation, an aluminium sulphate dosage of 300 mg/I was used. With 
the actual wastewater, the resulting pH ranged from 6.0 to 6.4, but in all experiments a 
total precipitation of phosphate was achieved (PO4-P filtered < 0.05 nng/I P). 

Fig. 17 shows total flocculation/separation performance versus the G-value and theore-
tical residence time in flocculation. The total performance is given both as No/Nu, based 
upon turbidity measurements, and as PPo/PPu based upon measurements of precipita-
ted phosphate. 

Fig. 18 shows the effluent quality after flocculation/flotation in terms of turbidity and par-
ticulate phosphate versus G. 
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Fig. 17: Flocculation/flotation performance versus G at varying T 
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The following results are demonstrated: 

- Flotation and sedimentation are influenced by the same flocculation parameters, but 

to a different degree. 

- Flotation performance improves with increasing G-value, to an optimum at G = 70 -

100 s-1. This is considerably higher than the G = 20 - 40 s-1  required for optimum se-

dimentation performance. 

- Increasing residence time improves separation by flotation, but the improvement is 
modest in comparison to that attained with an optimum G-value. 

- Optimum flocculation/flotation (G = 75 s-1, Tflocc= 25 min, Vf, fiot = 5 m/h, R =15%) re-

sults in excellent effluent quality (Turb: 1 NTU, TotP: 0.15 mg/I) when precipitating 

presettled raw sewage. 

Results, not presented here, showed no advantage in tapering the G-value. 

No 
Nu  40 

$ 	t 	t 	i 	i 	l 	I 	l 	t 	?  
20 40 60 80 s' 	20 40 60 80 

G 	 G 
Fig. 18: Effluent concentration versus G at varying T 
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The Influence of Flocculation Variables on Filtration Performance 

The purpose was to study the influence of flocculation variables on filtration of precipita-
tes of humic substances. These were precipitation/direct filtration studies applicable 
both to water and wastewater filtration.  

Fig. 19: Flocculation/filtration pilot plant [7] 

The pilot plant is shown in a schematic diagram in Fig. 19. The flocculation unit has six 
compartments with the possibility of varying the G-value in each [7]. 

The two treatment systems were operated in parallel, one with a flocculation unit and 
one without. The two filters were two-media (anthracite/sand) filters and they were ope-
rated at various filtering velocities. 

Fig. 20 shows some of the results, including the break-through values under 
different flocculation process conditions. 

The G-values in Fig. 20a were G = 40 s-1  in first compartment, 20 - 30 s-1  
in the intermediate compartments and 5 s-1  in the last. The residence time of flocculation 
was 30 min, and the filter velocity 9.2 m/h. 

These are optimum settling conditions. Under these conditions, however, it is absolutely 
disadvantageous to flocculate prior to direct filtration, as shown in Fig. 20a. 

This result is demonstrated further in Fig. 21a. Although the large newly-created flocs 
are expected to be separated from solution in the top anthracite layer of the filter, the Mi- 
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Fig 20: Turbidity in filtered water versus length of filter run. Variation in G-values 
of flocculation. 

chau curves in Fig. 21a (low G-values) show that many small particles accumulate there. 
This must be due to floc break-up. Not only do the flocs break up under these condi-
tions, the resulting primary particles pass right through the sand layer of the filter, resul-
ting in very early break-through. These results suggest that for direct filtration, small, 
dense, strong flocs are required. 

The experiment was then repeated with higher G-values (G = 70 s-1  in first compart-
ment, 35 - 40 s-1  in intermediate compartments an 15 s-1  in the last), see Fig. 20b. This 
obviously helped, but the cycle was shorter than for the unflocculated situation, and the 
effluent quality was lower. 

Then the G-values were increased further (G = 120 s-1  in first compartment, G = 65 -
95 s-1  in intermediate compartments and 50 s-1  in the last), and the flow was doubled. As 
shown in Fig. 20c, the high G-values had an advantageous effect on flocculation. The fil-
ter cycle was longer and the effluent quality somewhat better than in the unflocculated 
case. The corresponding Michau curves are shown in Fig. 21b. One can see that the 
whole filter bed (both anthracite and sand layer) is very well utilized [7]. 

The Use of a Flocculation Aid 

As shown in the flocculation/sedimentation experiments, the use of a flocculation aid, 
for instance a polymer, may improve both flocculation performance (because the flocs 
can withstand higher shearing forces) and settling performance (because the flocs get 
bigger). 
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Fig. 21: Michau curves for flocculated and unflocculated water [7]. 

In direct filtration we now know that the correct use of a flocculation aid is more impor-
tant than the flocculation process itself for successful separation. In flotation, polymers 
are often used. Furthermore, both physical and chemical flocculation aids are in use. 
The chemicals make it possible to reduce total area of treatment plants, and especially 
in Scandinavia where very often plants are overbuilded, this may give a considerable 
economic profit. 

Summary and Conclusions 

This paper has attempted to demonstrate that flocculation has a two-fold purpose: 

a. To aggregate precipitated microparticles into flocs which can be separated out 

b. To prepare the flocs for the actual floc separation process to be used. 

And as a consequence of this, the design and operation of flocculators depends upon: 

20- 20 — 
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a. which floc separation process is to be used, 
b. the use of a flocculation aid, 
c. the total sepration result that is needed, and 
d. which precipitant is to be used. 

Flocculation/Sedimentation 

If a good separation of flocs (T,4190 %floc separation) is required, the flocculation step 
is essential. 

In order to optimize both flocculation performance and sedimentation performance: 

- The flocculator should be designed to give a flow distribution as similar to plug flow 
as possible. In a mechanically agitated basin this may be achieved by compartmen-
talization (preferably a 3) compartments. 

- The degree of agitation should be tapered from the flocculator inlet to the outlet in 
such a way that the suspension is first flocculated for a short time (first compart-
ment) at a relatively high G-value, then for a longer time (intermediate compart-
ments) at a lower, constant G-value, and eventually for a shorter time (one compart-
ment) at the lowest possible G-value to maintain a homogeneous suspension and 
prevent settling. 

Precipitant First comp. G, s'l 
Interme- 

Last comp. Tflocc vf-sedim. 

diate comp. (min) (m/h) 
AI/Feld  40 - 50 15 - 20 10 25 - 35 0.7 - 0.9 
Ca 30 - 40 15 - 20 10 15 - 20 1.0 - 1.2 
Feu + Ca 25 - 35 10 - 20 10 15 - 20 0.8- 1.0 
Al/Fe Hi + polym. 50 - 70 30 - 40 10 20 - 30 1.5 - 2.0 

Tab. 4: Design recommendations. Flocculation/sedimentation 

Recommended G-values and residence times for different precipitants are shown in 
Table 4. Values are also given for maximum overflow rates. These figures demonstrate 
the advantages of using a flocculation aid. 

Flocculation/Flotation 

Flocculation ahead of flotation seems to be quite essential for the total separation re-
sult. However, optimum flocculation conditions for flotation seem to be different from 
those in sedimentation. Again it is advantageous to design several (preferably more 
than two) compartment in series. 

There is no evidence that tapering the G-value from one compartment to the 
other is favorable. The optimum G-value is high, 70 - 100 5-1. The residence time of the 
flocculation should be 20 - 25 min. 
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Flocculation/Filtration 

Flocculation ahead of filtration (direct filtration) does not seem to be as important as for 
sedimentation and flotation. Big flocs, created by small to moderate G-values, are unde-
sirable because they create large head losses, short filter runs and poor effluent quality. 
In order to avoid these effects and utilize the flocculation tanks most effectively, the G-
value should be high, 70 - 120 s-1. The residence time should be 10 - 15 min. 

The use of a flocculation aid is of special significance in direct filtration. The use of the 
correct amount of a polymer will lengthen the filter run and improve effluent quality. 
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Flocculation in Tank 
Design and Operation 

T. Hedberg 

Background 

Treatment techniques differ from country to country. In Sweden, chemical treatment 
normally consists of flocculation tanks in series most often followed by sedimentation 
(in some cases flotation) and filtration. The demands on water quality have increased 
during the last years at the same time as water usage has stabilized or even decreased. 

In 1983 there was a change in the organisation of Swedish water administration. 
As a consequence of that, water quality is now controlled at the tap instead 
of at the water treatment plant. This may affect the treatment process as well as the ope-
ration of the waterworks. 

Flocculation not only involves the aggregation of particles in order to make them separa-
ble by means of sedimentation, flotation, or filtration, but also use of appropriate precipi-
tation chemicals. The chemicals should, in general, be used in as low a dosage as possi-
ble. Flocculation - design and operation - must be considered from a quality rather than 
a quantity aspect. 

Design and operation of a unit process like flocculation must be carried out in such a 
way that the overall costs from the raw water to the tap is minimized. Traditionally, floccu-
lation efficiency is measured in terms of the settling properties of the flocs, and is carried 
out in columns where the flocs are allowed to settle under quiescent conditions. The 
measuring procedure is important for the result obtained. 

In general, suspended solids or turbidity in the water withdrawn at a certain 
depth are measured, and a time-concentration curve is produced. This type of curve is 
normally used as a basis to predict the efficiency of flocculation. From a separation point 
of view, information on the particle size and particle size distribution is, of course, desira-
ble. Turbidity measurements may, however, be used bearing in mind that the floc pro-
perties change during sedimentation and are affected differently in different separation 
units. 

A Comparison of Jar-Test and Full-Scale Results 

A common procedure in designing or commissioning a waterworks is to run a jar-test. 
Hernebring [7] has carried out a comparison of jar-test and full-scale results. Figs. 1, 2 
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and 3 show some examples. There appears to be good agreement between the jar-test 

and full-scale results and, thus, the jar-test procedure might be used to predict suitable 

chemicals and dosages in the design stages of a water treatment plant. 

Flocculation 

In general, it is important to know the drawbacks of the testing systems before they are 

used in the design and operation of a flocculation unit. Although jar-tests are often used 

for determining dosage of chemicals, they are unsuitable for evaluating the nature of the 

flocs and may not reflect the quality of the water undergoing treatment in a large-scale 

plant. For this reason, pilot-plant studies have gained wide acceptance. 
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Pilot-plant studies usually include flocculation, sedimentation, flotation or filtration, and 
are thus costly and time-consuming. This drawback has led to the use of mathematical 

models which attempt to predict water quality and operation conditions in a settling co-
lumn. Flocs are generally characterized by a mean settling velocity, a standard deviation, 

and a residual concentration after a long sedimentation time. 

Several dependent and independent variables influence the flocculation process, 

making a mathematical model very complicated. In addition, the model is in-
fluenced by measurement techniques. In spite of these difficulties, a model is useful in 
determining the relative significance of the variables. Several flocculation models have 

been proposed in the literature. One model based on the residual turbidity concept is 
[4]: 

PG.T - Fi 
1 +K  2 	 R. — 

n — 1 	F. 
ni  = ni  — 1 

where:  

T 
1 + Ki  di  R. — 

F. 

ni  = concentration of the particles leaving the reactor i, 
K1  = coefficient for floc growth, 
K2 = coefficient for floc breakup, 
G 	mean velocity gradient in the reactor i, 
R1 	relationship between the residence time in reactor i and the total residen- 

ce time, 
T = total residence time, 
Fi  = coefficient describing the hydraulic conditions in the reactor (F= 1 fora 

CMF reactor, F = 00 for PF reactor), 
p = floc breakup exponent 

Models based on particle size distribution also exist [7]. 
From a design and operation point of view, the following parameters are important: 

- Optimum dosage, 
- Optimum pH, 
- Temperature, 
- Design of the mixing device, 
- Design of reactors, 

- Energy input, 
- Rate of flow through the reactor, 
- Direction of flow through the reactor, 
- Paddle design, 

- Distribution of the total reactor volume, and 
- Flocculation time. 

These variables have been studied at different levels, laboratory experiments and full-

scale operations at several water treatment plants in Sweden [2], [3], [4], [5], [6]. These 
findings are summarized below. 
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By means of laboratory tests, it is possible to determine an optimal dosage and pH inter-
val. For instance, the proper power input into a flocculation unit is of little value unless 
the coagulant is correctly dosed and the correct pH is present. 

For purposes of design and operation, Equation (1), the residual turbidity model, and the 
particle size model have been shown to describe the flocculation process quite suc-
cessfully (see Fig. 4). 

Poor flocculation efficiency in winter is a common problem which is due to an adverse 
temperature effect on both flocculation and separation. This effect may be compensa-
ted by adding a coagulant aid or by increasing the detention time. Very low temperatures 

Fig. 4a: Theoretical calculations of the residu- Fig. 4b: Correlation between ob- 
al turbidity according to Eq. (1), and some ob- served and calculated values over a 
servations in pilot plants 	 wide range of flocculation para- 
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also decrease the filterability of flocs, as shown in Fig. 5. Thus, not only settling proper-

ties, but particle size are important considerations. The effect of temperature is acknow-

ledged in the model. 

The geometrical design of the reactor also influences the flocculation process. 

A cubic reactor will act more like a CMF-reactor. This is also the case when 

the power input increases. For example, a G-value of 100 s-1  gives a time distribution si-

milar to that of a CMF-reactor, while a low G-value (10 s-1) reactor corresponds to about 

2.5 ideal CMF-reactors. 

When decreasing the residence time (increasing the flow rate), the tendency to remix 

water decreases and the amount of dispersion becomes smaller. Provided that plug flow 

is beneficial, an increased flow rate has a positive effect and counteracts the negative ef-

fect of the simultaneously decreasing residence time. 

The installation of baffles in a reactor has a marked effect on the detention 

time distribution curve and also on the flocculation process, according to Equation (1). 

Since a high gradient reactor is like an ideal CMF-reactor, it is most advantageous to in-

stall baffles in the first flocculation tank. 

Investigations [2] have shown that the main direction of the flow through the reactor 

does not significantly affect the result. Therefore, the water may pass up and down from 

one tank to another. Diverging opinions exist concerning the significance of the paddle 

design and the energy distribution through it. Investigations [7] have shown that as long 

as the paddles do not vary in the extreme, power input is far more important than paddle 

shape. 

In a stirred tank a uniform velocity gradient does not exist. The mean is defined as [1]: 

G = ( 2 1 

where: 
W is the work input (Watt/m3), and 
n is the dynamic viscosity ( Nsim2  ) 

The velocity gradient is often calculated according to the Camp formula [1]: 

CD Ap (1 — K)3  n3  r3  (270 3  

2Vµ  

Co = drag coefficient 
Ap  = cross-section of the paddle area 
p = density of water 
K = rotational speed of the water 
r = distance between the shaft and the paddle 
n = speed of the shaft 
V = volume of the tank 

G 

where: 

(3) 
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Hernebring [7] has shown that the exponent for the factor (1-K) should be 2 instead of 3. 

When a plant is designed, two independent parameters, namely shaft speed and paddle 
geometry, can be fixed. In existing plants, paddle geometry can usually no longer be 
changed, so that the variable parameter which remains is shaft speed. Hernebring [7] 
suggests several alternatives for measuring power input in both these situations. Herne-
bring [7] has shown that the power input influences the settling properties of the flocs as 
shown in Fig. 6. 

0.5 m/h 1 
mean settling velocity, vm, m/h 	mean settling velocity 

Fig. 6a: The principal effects on settling Fig. 6b: Example of the influence of the 
properties caused by changed power 	power input on settling properties. 20 min 
input 	 flocculation time. Temperature 2°  C 

The results from pilot-plant and full-scale studies indicate that the G-values should be in 
the range of 20 — 40 s-1  in the first tank and less than 5 s-1  in the last tanks. For a normal 
paddle design, this corresponds roughly to a rotational speed of the paddle of 0.6 m/s. 
In the last tank, the rotational speed may be 0.1 m/s. In Swedish water treatment plants, 
the energy levels vary greatly. In Fig. 7, each line represents one plant. 
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Fig. 7: Power input in Swedish waterworks 
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In practice, a number of tanks with equal residence time are operated in series. Hedberg 
[4] and Hernebring [7] have shown that a design principle with a successively increa-
sing residence time from one reactor to the next gives better results, especially with 
shorter detention times (Fig. 8). 

This principle offers several design possibilities (Fig. 9). 

In Sweden, waterworks are normally designed to allow a flocculation time of 40 minutes 
or more. A longer detention time results in higher settling rates and lower turbidity after 
sedimentation, and this affects the filtration process. Hernebring [7] has shown how the 
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Fig. 9: Designs of flocculation and sedimentation systems 
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floc properties are affected by different detention times at different power input levels 
(Fig. 10). 
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When the optimum flocculation time is determined for a new waterwork, the investment 
as well as operational costs of the separation process also become important. The filter 
is expensive to operate, so a short flocculation time may be more costly for total plant 
operation than a longer detention time. since the cost of water is independent of floccu-
lation tank volume (detention time), longer flocculation times are in general more advan-
tageous for the operation of the plant (Fig. 11). 

Conclusion 

The following conclusions may be made based on the results of pilot-plant and full-scale 
studies: 

- chemical conditions are critical to the flocculation process, 

- energy input levels are important at all stages of the flocculation process, 

- uniform energy distribution becomes more important at the end of the flocculation 
process, 

- flow dispersion must be controlled at the outset, since each reactor acts as a comple-
tely mixed unit due to the high energy input, 

- paddle design is not important as long as the paddles have an area of about 20 per-
cent of the cross-sectional area of the tank, 

- successively increasing tank volume is more efficient than equal-sized tanks in se-
ries, 

- long flocculation time results in flocs with higher settling rates and low turbidity, 

- long flocculation times do not increase the water costs, and 

- there is good agreement between mathematical models and results obtained in pilot 
and full-scale plants. The models are, therefore, a valuable tool in plant design or 
when increasing the capacity of an existing one. 
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Flocculation in Pipes: Design and Operation 

A. Groh mann 

Abstract 

Pipes with turbulent flow, when properly designed, constitute an effective technique for 

rapid aggregation of destabilized suspended matter in raw water. 

The entire flocculation process, from forming flocs to their separation from the liquid 

phase by sedimentation, filtration, or flotation, is broken down into the following four unit 

operations: 

I. Flash mixing of flocculants and other chemicals for correction of the pH 

II. Destabilization of the suspended matter 
III. Aggregation leading to microflocs 
IV. Aggregation resulting in macroflocs, with or without flocculant aids. 

The two proper parameters for scaling up laboratory results to full-size units are the 

mean velocity gradient G (shearing gradient) - a parameter well-suited for describing 

both turbulent and shearing forces - and process time. The higher the value of G, the 

better the process of aggregation, that is, up to a certain limit. From there on, excessive 

values of G gradually destroy the cohesive forces which hold the individual particles to-

gether. 

On the basis of this reasoning, the optimum diameter and length of pipes can be selec-

ted. 

Typical values in the various steps are as follows: 

Operation unit no.: 

II. G= 1000 ... 5000 s-1; t = 0.1 ... 0.5 s 

III. G= 200 ... 500 5-1; t = 15 ... 30 s 

IV a. Without flocculant aids: 
G = 20 ... 50 s-1; t = 300 ... 1000 s 
b. With flocculant aids: 
G = 50 ... 120 5-1; t = 20 ... 200 s. 
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Decreasing flux through the pipes brings about, as expected, a decrease in the value of 
G. At the same time, however, the detention time in the tubes increases, so that the re-
sults are only slightly influenced. 

Operation of properly designed tube flocculation units is very simple. These units can, 
for this reason, be effectively applied to surface water treatment, even in non-industriali-
zed countries, and without the benefit of flocculant aids. Application to industrial waste-
water treatment is also effective, especially when flocculant aids are used, since in such 
cases installed units become more compact and save capital expenditures. 

1 Introduction 

Due to their uniform surface charge, turbid substances contained in water form stable 
suspensions. They sediment very slowly and cannot be filtered out, conveniently. 

The task of flocculation is to destabilize the suspended particles and to allow them to 
grow to separable flocs. By means of this technique, water can be freed from most of the 
undesirable substances it contains. Due to the fact that, as a result of flocculation, bac-
teria and viri as well as oil suspensions and heavy metals are also removed, this techni-
que also deserves attention from environmental protection authorities. 

Flocculation in pipes represents a water treatment approach towards reducing 
overall flocculation process time, as well as capital costs and space require-
ments [1]. 

Pipe flocculation plants are generally simple in design and are well-suited especially for 
industry, where the need for removing contaminants at the place where they occur is 
more urgent [2]. 

The purpose of this paper is to summarize the basic principles of the flocculation pro-
cess, to clarify design and operation of pipe flocculation systems, and to compare floc-
culation in pipes with other current approaches. 

2 Principles of Flocculation 

2.1 Destabilization 

Pipe flocculator design proceeds according to certain theoretical principles which will 
be mentioned in the following discussion. In the first step, destabilization, all necessary 
chemicals are introduced (with the exception of flocculant aids, which are introduced at 
later steps in the process). The purpose of introducing these chemicals is to precipitate 
solutes in the raw water (for example, phosphates), to correct the pH, and to destabilize 
the turbid matter, precipitation products, and colloids of water. Numerous chemic-
al reactions take place in this step, simultaneously or in short succession. These inclu-
de, for example, formation of hydroxocomplexes based on Fe3+  and Al3+  ions, formation 
of ferrous-calcium phosphates, rapid building of carbonic acid, and its slow decompo-
sition to carbon dioxide - which effects a transient lowering of the pH to 4.0 ... 4.5, la- 
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sting about 1 s. During the destabilization process, suppression of the double layer of 

suspended particles, reduction of their surface charges, and their enmeshment in grow-

ing crystals also occur. The latter two processes are mostly responsible for the destabili-

zation of the particles. 

Some of these reactions require rapid mixing of the introduced chemicals. These inclu-

de phosphate precipitation, destabilization through neutralization of surface charge, as 

well as flocculation of algae. 

Other reactions - for instance, the enmeshment of heavy metals or macromolecular hu-

mic substances - require neither careful mixing of flocculants nor any strong turbulence 

in the destabilization step. 

The effectiveness of destabilization is represented by the collision efficiency factor a in 

the following equation used to describe the aggregation of suspended particles: 

do 
= 	k' • a • kp • G • n 	 ( 1 ) 

dt 

where: 
n = the number of particles present in the water at time t 

t = the time of aggregation (in s) 
k = a constant 
a = the collision efficiency factor 

= the volume ratio of flocs 
G = the velocity (shearing) gradient produced (s-1) 

The collision efficiency factor is an indication of the effectiveness of destabilization. If a 

= 1, then every single collision between two particles leads to their aggregation; if a= 0, 

absolutely no aggregation results. Effective flocculation demands that a be large for 

every kind of particle and precipitant in a polydisperse system. If a is large only for cer-

tain kinds of particles (for example, humic acid), while it approaches zero for others (for 

example, algae), then selected flocculation takes place. This means that turbid water af-

ter treatment may be possible, although the water has been treated with all necessary 

flocculants and flocs have been produced. If residual turbidity between the flocs re-

mains high after treatment, then destabilization is not working well: a problem which 

must be given additional, careful attention. 

2.2 Aggregation 

Aggregation begins immediately after destabilization, aided mainly by a shearing gra-

dient (turbulence) which increases the collision rate between the particles, resulting in 

microfloc formation (orthokinetic flocculation). Perikinetic flocculation, i.e., collision ef-

fected by the Brownian motion of the particles, also plays a role in floc formation in prac-

tice; however, it is relatively unimportant. For example, a suspension of 106  particles 

per cm3, which is common in raw water, requires 6 days for aggregation of half of the ini-

tial particles due to Brownian motion and only 10 seconds if a shearing gradient of 500 

s-1  is assured (under the assumption that k' = 4/Tr, a = 1, and y = 10-4  in Eq. 1). 
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After microflocs have practically obtained their final size as determined by the shearing 
gradient, flocculant aids may be added to accelerate floc formation. Slightly anionic po-
lyacrylamides with a mean molecular weight of more than 2 x 106  are more commonly 
used, in amounts of 0.2 ... 0.5 g/m3, in general not exceeding 1 g/m3. 

Formation of macroflocs takes extremely long if turbulence is not introduced. 
Here, one should take care not to introduce a shearing gradient exceeding the shearing 
strength of the flocs, since this would destroy them and render them inseparable from 
the water. 

The flocculation process is characterized by a number of reaction steps, in which the 
energy dissipation successively decreases. Since those steps may be described fairly 
accurately by the mean velocity gradient, the G-value may be used as a parameter for 
the extrapolation of laboratory experiments to large-scale units (i.e., as a scaling-up pa-
rameter). The results obtained with flocculation in pipes support this possibility. 

It must, however, be pointed out that the following parameters are generally the most im-
portant in making decisions or estimations concerning plant operation: 

- residual turbidity after separation of flocs 
- floc structure as well as floc diameter 
- volume of flow of raw water. 

The G-value, aggregation time, and pipe diameter and pipe length, are determined ba-
sed on the afore-mentioned decision variables. 

Thus, it is necessary to know the following empirical or theoretical correlations: 

- residual turbidity, value of G, and aggregation time 
- floc diameter and value of G 
- volume of flow of raw water, pipe diameter and value of G. 

The first correlation is described by the kinetic equations expressing the aggregation ra-
te, for example, Eq. 1. A great number of mathematical models has been offered to desc-
ribe effectively the kinetics of floc formation, all of them emphasizing the very crude ana-
lytical tools which have been utilized up to now. Most of these efforts have been limited 
in registering the residual turbidity in water after sedimentation of the flocs. This has the 
following disadvantages: 

- turbidity is only roughly proportional to the number of suspended particles 

- influences on aggregation, which extend up to the sedimentation step, cannot be 
excluded 

- aggregation phenomena during coagulation (microfloc formation) cannot be investi-
gated separately from those occurring after introducing the flocculant aids. 

The measurement techniques available at present are, therefore, not adequate for sup-
porting or excluding the various equations. This will be feasible only after new analytical 
tools become available [3]. 
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The following aspects must be considered in selecting a kinetic model: aggre-
gation kinetics describes the decrease of suspended particle number (approx-
imately expressed through turbidity measurements), as well as floc break-up by disrup-
tion of particulate elements attached to the floc surface. This does not indicate whether 
suspended matter is being attached to, or disrupted from, smaller or larger flocs. 

Floc growth proceeds according to laws which differ from those concerning suspen-
ded-particle aggregation. Generalized, this means that both processes do not necessa-
rily follow the same laws. It follows that two constants ka  and kb  used in the equation of 
Argaman and Kaufman [5] are related to turbid matter diminution (ka) and formation (kb), 
independent of whether microflocs or macroflocs are being formed. 

0 	 a 

log 

- 1 	- - - = 20s 1  
----G= 50s-1  
— G = 100 s-1  
— G — 200 s-1  

100 	200 s 300 

b 

0 	3 	6 	9 	12 s 15 
aggregation time 

Fig. 1: Decrease in suspended particle concentration (measured with respect to the 
initial turbidity) as a function of aggregation time. Curves estimated according to 
Argaman and Kaufman [5] and presented as first-order reaction courses. 
Fig. la: Difficult-to-flocculate turbid matter as example. Data from Bratby [4] 
(colored water); ka  = 2.5 • 10-4, kb = — 0.87 • 10-7  
Fig. lb: Easily flocculable turbid matter as example. ka  = 2 •10-4  (from Fig. lc), 
kb as in Fig. 1a 
Fig. lc: Measured values according to Reiter, Wiesman and Grohmann [9] (skim 
milk as model colloid); predicted curves as in Fig. lb. 
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Fig. 1 shows the course of time-dependent turbid-matter decrease according to the 
equation of Argaman and Kaufman, described as a first order reaction by log (n/no), with 
n/no  being obtained through relative turbidity measurements, versus the aggregation ti-
me. The data of Bratby [4] for ka  and kb  were used in Fig. 1 a, and a value of k (2 x 10-3) 
corresponding closely to our own results [6] with pipe flocculation (Fig. 1c) was ob-
tained. The relatively poor agreement between predicted and experimentally-gained va-
lues is due to the lack of proper analytical techniques, as mentioned above. The value of 
ka  according to Argaman and Kaufman is too small in comparison with the measure-
ments of Bratby [4] and Hedberg [7]. Supposedly, the destabilization conducted by Ar-
gaman and Kaufman was not optimal. This value is, therefore, not used. Figs. la and lb 
exhibit in exemplany fashion the aggregation kinetics of material that flocculates with 
and without difficulty, respectively. Bratby points out that his results should be applied 
to water colored with yellow humic matter. The experiments of Fig. lc were conducted 
using diluted skim milk as a model substance. 

Floc formation should, as already pointed out, be differentiated from aggregation of su-
spended matter. Fig. 2 shows how the number of flocs decreases with the progressing 
growth in floc size, in the specific case of flocculation in pipes. The measurements here 
were conducted with the aid of photography. After about 100 s, and with G = 40 s-1, 
flocs are 2 ..7 mm in diameter, which is totally acceptable for the subsequent 

8 

Fig. 2: Reduction in floc number as 
a result of macrofloc growth with 
G = 40 s-1  

Fig. 3: Floc size, obtained in the floc-
culation step, as a function of the ve-
locity gradient in the reactor 
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sedimentation step. When higher G values are applied, a stationary state can be obtai-
ned more rapidly, but the resulting floc size is smaller. 

Fig. 3 shows floc size, obtained with and without flocculant aid, as a func-tion of the G-
value applied. 

2.3 Concluding remarks on theory 

As is shown in Figs. la and 1 b, the results of flocculation are enhanced by extending the 
aggregation process and by decreasing the value of G. An increase in G is, therefore, in-
teresting only for the construction of particularly compact plants, for instance, with pipe 
flocculation. The intensity of shearing fields cannot be increased arbitrarily, since parti-
culate matter is removed from the flocs under the influence of shearing forces. This ex-
plains why poor results are obtained after, for instance, 150 s aggregation time, applying 
a G-value of 500 s-1, in comparison with G = 50 S. 

During microfloc formation, floc size can be disregarded. Thus, a G-value of 50 ... 200 s-1  
for easily flocculated matter, and a G-value of 200 ... 500 s-1  for turbid matter which can 
be flocculated only with difficulty can be selected. After about 30 s, the aggregation of 
more than 90 %of suspended particles will have been effected. Fig. 3 aids in the selec-
tion of proper values of G in the flocculation step (macrofloc formation). If floc 
diameter of approx. 2 mm is, for instance, desired, the G-value of 70 srl  with flocculant 
aid, and 20 s-1  without flocculant aid, may be applied. 

The time needed for flocculation in pipe reactors is shorter than in tank cascades with 
stirrers. In general, a Camp number (the product of G-value and time) of 4,000 is adequa-
te when flocculant aids are used. The shortest time period for obtaining residual turbidi-
ty of 4 to 6 %was measured to be 20 s [6]. A flocculation time of 100 s is nevertheless 
perfectly acceptable. It approximately corresponds to the value for a tank-cascade ar-
rangement preceding a filtration step [8]. 

If flocculant aids are not used, the flocculation time may be extended by a factor of 5. 

3 Design of Flocculation in Pipes 

3.1 Principles of design 

The G-value appears to be an appropriate parameter for evaluating flocculation in pipes. 
It corresponds to the pressure drop in pipes with liquid flow, and it can therefore either 
be directly obtained or estimated by means of known equations expressing the coeffi-
cient of friction in such pipes. 

V A p • u 
I • 77  

A p 	_ f•p•u2  

(2) 

d•2 
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2 

where: 
G 	= mean velocity gradient 
• = pressure drop per unit length of the pipe reactor 
• = energy input per unit volume of the pipe reactor 
rl 	= dynamic viscosity of the fluid 
• = kinematic viscosity of the fluid 
f 	= coefficient of friction 
Re 	= Reynolds number 
d 	= pipe diameter 
u 	= mean fluid velocity 
\:/ 	= volume flow of fluid through the pipe 
by 	= coefficient for the correlation between d and V 

(constant if G value and n are constant) 
bu 	= coefficient (as by) for the correlation of d and u. 

Equations 4 and 5 are graphically presented in Fig. 4 and Fig. 5. On the basis of these fi-
gures, it can be concluded that fluid velocity in large-diameter pipes should be higher 
than in small-diameter pipes, if the same G-value is to be obtained in both cases. 

Since the flocculation process proceeds with successively decreasing shearing forces, 
it is logical for pipe flocculation to occur in a series of pipes with decreasing fluid velocity 
or increasing pipe diameter. 

Pipe diameter and pipe length should be estimated for a certain volume of flow. What is, 
however, the effect of varying the volume of flow? An increase in flow results exclusively 
in smaller floc sizes. No other influence is apparent. Decreasing volume of flow, on the 
other hand, results in decrease of the G-value by the factor fG  (cf. Eq. 6). At the same ti-
me, however, aggregation time increases in the microflocculation and flocculation 
steps, with the result that the Camp number changes by the factor fca  [2]: 
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a function of the volume of flow of 
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Fig. 5: Correlation between diameter of 
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ter in the pipe, using the G value as an 
additional variable (20°C) 

fG  = 	(v2/ 	) 27/11 f Ca 
= 	u2 )  3/8 

u1  
( 6 ) 

Example: The reduction of volume of flow by one-half brings about a decrease of the G-

value by a factor of 7 and, simultaneously, a longer detention time, so that the product 

G x t (the Camp number) is actually decreased only by a factor of 1.2. 

3.2 Flash mixing 

Flash mixing is an effective technique for introducing flocculent into the raw water to 

permit development of the finest possible flocculent droplet distribution in the water 

phase; this will then disperse to molecular level under the subsequent high shearing 

gradient. Flash mixing must be designed in such a manner as to avoid ageing of the hy-

drolyzing cations, which means that molecular dispersion of the flocculants must have 

been effected within one second. 

One possibility is to arrange several dosing devices on the pipe and test their effective-

ness on the destabilization process. Mixing exerts a very great influence on the overall 

process time and on the way in which suspended matter is removed. 

Investigations conducted with jet-injection mixing in pipe flows have shown that the 

best dosing arrangement features the use of two or more jets installed with an angle of 

90° between them on the pipe wall, so that flocculent is injected at an angle of 90° to the 

direction of water flow. Even one jet installed in this manner can be very effective [9,10]. 
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3.3 Destabilization 

After flocculants are introduced, conditions of high turbulence are often created in the 
water in order to improve destabilization of suspended matter. Blenders, pipe-narro-
wings, pipe-elongations, tanks provided with stirrers, etc. are all techniques for achie-
ving turbulent conditions. Section 4 provides some examples. In the following process, 
ferrous calcium phosphates are easily formed, with strong attachment especially at ed-
ges around which there is intensive flow (see Fig. 6). Statically constructed devices on 
the pipe are therefore susceptible to clogging. 

Design and construction of functional devices for the destabilization step are still in the 
developmental stages [11, 12]. 

Fig. 6: Analyses of deposits on mixing devices in the destabilization step. 
The deposits can grow up to a thickness of several cm. 

3.4 Microflocculation step 

It has been shown that destabilization should be followed immediately by a process 
step with a G-value of approx. 200 s-1  for a duration of 15 ... 30 s. 

The data necessary for estimating pipe diameter and pipe length for this step can be de-
rived from Equations 4 and 5 (cf. Figs. 4 and 5). 

3.5 Use of flocculant aids 

Introduction of flocculant aids into raw water increases the shearing stability of the floc. 
Oldenstein, for instance, found a much smaller value for the suspended-matter forma-
tion constant (kb) [13] than was estimated by Argaman and Kaufman and Bratby when 
flocculant aids were not used. Thus flocculant and flocculant aid should be introduced 
simultaneously during high turbulence conditions in the coagulation phase in order to 
improve microfloc formation. Th is is, however, not possible forthe combination of metal-
lic salts and anionic polyacrylamide. In this case, the metal ions must be allowed 
a certain reaction time (about 30 s) before polyacrylamide is added. If polyacrylamide is 
added before the minimum reaction period has elapsed, excessive flocculant aid re-
mains in the water or flocculation efficiency is reduced. Fig. 7 shows this correlation 
[14]. 
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Fig. 7: Reduction of flocculable substances (humic acids, measured as extinction at 

254 nm) under constant dosages of flocculent (F) and flocculant aid (FA), as a result 

of extending reaction time before introducing the FA. Effectiveness of FA increases 

with increasing reaction time. The dissolved polymer concentration in flocculation 

outlet increases simultaneously. The reaction time should be at least 30 s. 

Flocculent aids are therefore best introduced after destabilization has been completed. 

Introduction is most effectively performed by using the high-speed injection technique. 

This marks the end of coagulation (suspended matter aggregated to microflocs), and 

the beginning of flocculation (in which macrofloc formation takes place). 

3.6 Flocculation 

Pipes in which macroflocs are intended to form should be as uniform as possible and 

should exhibit no narrow passages, since flocs are extremely sensitive structures. Nar-

rowed pipe elongations should, similarly, be avoided whenever possible, especially 

where the angle of constriction might exceed 10°. If regulating or similar valves and devi-

ces are necessary within this region, they should be placed such that the uniform pipe 

form is retained; otherwise, macroflocs will be adverse affected and possibly destroyed. 

Pipe bends (elbows) should always be such that the bending radius is greater than 5 

diameters. Particular care must be taken to avoid formation of stagnant gas voids at pipe 

elevation points. Such elevations influence macrofloc formation through narrowing of 

the pipe diameter and, subsequently, by leading to an excessive shearing gradient, 

which results in floc break-up. At such points, small degasing devices should be instal-

led which do not cause disruption of pipe flow. 

Although the pipe diameter can be determined fairly easily using Equations 4 and 5, the 

optimum pipe length calculation is more difficult. Pipe length is normally obtained by 

conducting local experiments. Fig. 2 shows the results of such experiments and can be 

used as a reference for pipe length approximation. 
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Generally speaking, if flocculant aids are added and if the flux is known, 100 s is a useful 
reference value for detention time in estimating optimum pipe length. 

If there are no space limitations, proper pipe length estimation and installation present 
not problems. lf, however, such limitations do exist (i.e., in relatively small industrial 
units), it is advisable to proceed with an excess of flocculant aids and apply higher velo-
city gradients in order to obtain the maximum floc size and to shorten the overall pro-
cess time. 

One special problem which should be avoided is the settling of sand-like particles in the 
flocculation tube when relatively low shearing gradients are present. Since this step oc-
curs at low G-values, the mean velocity u of the fluid in the tube will probably not be suffi-
cient for carrying away these particles, resulting in their gradual settling. For larger pipe 
diameters, u should therefore exceed 0.2 m/s, whereas for smaller pipe diameters 
local experiments should be conducted. 

4 Units as Examples 

4.1 Laboratory test unit 

The purpose of laboratory test units is to help determine the essential variables associa-
ted with the water treatment process. These include the following: 

- type and quantity of flocculants and flocculant aids 
- pH value for optimum flocculation 
- effective energy-input range 
- filtration characteristics. 

Fig. 8: Laboratory test unit 
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These parameters are best determined in short-duration laboratory investigations in 
which constant water conditions and effective colloid removal can be assured. Full-sca-
le flocculation units must adapt to changing water conditions, and are therefore not ap-
propriate for such determinations. 

mm  m/s s
-1 

G • t 	Op 
Pa 

4 - 8 0.1 1 0.1 1700 190 	290 
8 9 0.55 16 640 10200 	6700 

16 9 0.14 64 62 4000 	250 

100 2 2.1 0.95 840 800 	660 
700 2.2 0.04 50 — 	3000 

200 25 0.53 47 81 3320 	308 

laboratory unit 
V = 0.1 m3/h 

destabilization 
micro flocs 
flocculation 
with FA 

pilot plant 
V = 60 m3/h 

destabilization 
micro flocs*) 
flocculation 
with FA 

*) Energy input by fall head (No. 4 in fig. 11) 

Tab. 1: Design of two flocculation units as examples (calculated for 20°C) 

Fig. 8 shows the main parts of such a laboratory test unit for flocculation with subse- 
quent filtration. The data from the various unit operations are summed up in Table 1. 

A model substance (skim milk, humic acid, quartz powder, etc.) can be introduced into 
the water inlet from the water tank and mixed in the fluidized gravel bed (see 2 in Fig. 8). 
The flocculant is introduced in the pipe narrowing (3). The conical form here prevents 
the mixing device from being clogged by the growth of crystals of ferric calcium phos-
phates. 

+ 	30 — 	 pH = 7.2 
u_ 	 O c(Fe3+) = 269 mmol/m3  

0 	5 	10 	15 	20 	min 
testing time 

Fig. 9: Influence of various flocculant concentrations on the total iron content 
in filtrate, using the laboratory test unit 
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5 

A pipe with 8 mm diameter and 9 m length follows for microfloc formation. Flocculant aid 
is introduced through the mixer (5). Floc formation takes place in the 16-mm diameter 
pipe (6), also 9 m in length. A substream of water can flow through the test filter (7), with 
the rest being led directly to the outlet. 

Fig. 9 shows typical results obtained by means of this testing apparatus. The purpose of 
these investigations was to assess the optimum amount of ferric chloride which should 
be introduced in a sewage treatment plant outlet after precipitation and sedimentation of 
phosphates. 

It is possible to equip the apparatus with a laser device in place of the filter for direct 
measurement of the residual turbidity between the flocs [2]. This is to determine opti-
mum flocculent dosages. The results of such measurements are presented in Fig. 10. 

1 skim milk 
diluted 1:2000 

2 PAC; 
80%< 40µm 

3 silica powder; 
83%G iOpm 

4 formazin standard 

7 

	

I 	li 	II 	I 

	

0.1 	0.3 0.5 mol/m3  
FeCI3 dosage 

Fig. 10: Influence of various flocculant concentrations on the residual turbidity 
between the flocs. A laboratory test unit equipped with a laser photometric de-
tection step instead of a filter was used to determine the turbidity of the water 
between flocs [2]. 

4.2 Pilot plant 

Fig. 11 illustrates the components of a pilot-plant pipe flocculator treating 10 ... 60 m3/h 
of raw water; Table 1 lists the corresponding data. 
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Rapid mixing and destabilization occur in the tower (see 4 in Fig. 11), after 
introduction of the flocculants through free fall from a height of 30 cm at point (3). If we 
assume that high-turbulence lasts 3 s, then the shearing gradient occurring in the de-
stabilization step has a value of 1,000 s-1. 

—700-7 

sedimentation 

1700 

3 	1  °I CFA 
 

sludge
10  

ig 	
1 

clean 
water 

--Pipe flocculation 
d = 200 mm 
I = 25 m 

by-pass 

Fig. 11: Pilot plant unit for flocculation in pipes 

Detention time in the tower is 30 s with the maximum flow rate of 60 m3/h. 

Flocculant aids are introduced at the tower outlet point and are effectively mixed 
through turbulence. The 25 m pipe reactor (6), installed immediately thereafter, has a 
diameter of 200 mm and guides a substream of treated water to the sedimentation tank 
(8) for measurements of the effectiveness of the process. Results from this plant compa-
re favorably with those of the laboratory test unit described above; they are also presen-
ted in (2). In addition, a more recent modification of this unit has produced even greater 
efficiency. 

4.3 Other plants using flocculation in pipes 

Pipe flocculation is widely used, but optimization studies have rarely been conducted. 
Electroplating plants, for example, treat highly contaminated wastewater using pipe 
flocculation, yet could deliver treated water of significantly higher quality if several sim-
ple experiments were to be conducted on their premises. 

In the city of West Berlin several pilot-plant and full-scale pipe flocculators are currently 
in operation. The two largest are the Advanced Wastewater Treatment Plant in Ruhleben 
and the full-scale Phosphate Elimination Plant in Tegel, now under construction. 
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5 Operation of Pipe Flocculators 

5.1 Optimum flocculant dosage 

Once pipe flocculators have been properly designed and installed, there is only a limited 
framework within which operation parameters can be varied. 

From the very beginning, optimum flocculant dosages for routine operating conditions 
must be determined. The residual turbidity at the outlet should be plotted against the 
corresponding flocculant dosage introduced, as is shown for instance in Fig. 9. 

The optimum flocculant dosage is defined as the quantity required for elimina-
ting 90 ... 95 0/0 of the turbidity from the raw water inlet. It is again emphasized that the mi-
xer must be designed for an absolute minimum susceptibility to clogging, resulting prin-
cipally from crystals of ferric calcium phosphates growing around the edges of the injec-
tion and regulating devices. 

5.2 Flocculant aid dosages 

The optimum amount of flocculant aids should similarly be determined through local in-
vestigations. 

In general, such aids are delivered at amounts between 0.2 and 0.5 g/I, exceeding 1 g/I 
only in very few cases. The remaining polymer in the treated water should be eliminated 
as much as possible before separation of flocs. If residual polymer is not extracted, the 
flocs become sticky and, if filtration is the next step, the filter clogs. 

Three criteria are important in estimating proper flocculant-aid dosage: floc size, floc se-
dimentation velocity, and polymer remaining after flocculation. 

Floc size and sedimentation velocity both increase with increasing polymer concentra-
tion, which is desirable in the process. Meanwhile, however, residual polymer concen-
tration rises and additional flocculant must be added to remove it. 

The purpose of local investigation is to determine a compromise between these 
conflicting factors. This means retaining the best possible floc filterability and simulta-
neously avoiding the introduction of superfluous flocculants. This helps save chemicals 
and reduce operational costs. 

5.3 Other factors influencing flocculation in pipes 

Water flux is the main parameter which causes variation in pipe flocculation. It determi-
nes the effectiveness of destabilization by establishing the corresponding shearing gra-
dient and the detention time in the pipes. 

The influence of the G-value and detention time have been outlined previously; 
accordingly, one should be very careful in varying flux through the pipes. In practice, a 
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useful operational framework exists within which flux should be varied; otherwise, clog-
ging of filters, insufficient detention times, and macrofloc break-up may occur with ex-
ceeding volume of flow. On the other hand, insufficient destabilization and aggregation 
will result if extremely low flux values are introduced (low G-values). 

The settlement effect in the flocculation step should also be watched carefully. Mean 
fluid velocities under 0.2 m/s should be avoided in pipes of large diameter. Given the pi-
pe diameter, Fig. 5 allows the optimum mean velocity to be determined under a sufficient 
shearing gradient, in order to provide favorable conditions for settlement. 

6 Discussion 

In the flocculation step, tanks with stirrers represent the state of the art. Other floccula-
tion units, however, are also used with high efficiency cylindrical stirrers (Couette appa-
ratus) [6, 16], as well as pipes with turbulent flow as described in this paper. 

energy 

suPPIY 

distribution 	short 	reaction required G-value 
circuits time 	with without 

flocculant aid 

s min 	-1  

tank with 
stirrer 

cascade 
of tanks 

cylindrical 
stirrer 

pipes with 
turbulent 
water flow 

variable 
motor drive 

If 

(rotating 
cylinder) 

not very vari-
able, •affected 
by water flow 

not 
uniform 

not 
uniform 

high 	20...45 10..20 30...70 

low for 3 	2...15 10...20 30...70 
or more 
tanks in 
series 

uniform 	very low 	0.5..-2 	 50...200 

uniform 	very low 	0.5...2 20...50 50...100 

Tab. 2: Reactors used in flocculation 

The characteristics of these three very different units are summed up in Table 2. Al-
though 10 ... 30 minutes is used as a reference time for the flocculation process, Bern-
hardt [8] showed that 2 minutes may be sufficient for flocculation, at least if it is followed 
by filtration. If sedimentation is used instead for floc separation, studies with a cylindrical 
stirrer and with pipes produced results comparable to Bernhardt. In the latter case it is 
assumed that supply energy is converted into more uniform turbulence within the reac-
tor than occurs in tanks. The increase in the efficiency of floc aggregation due to tho-
rough destabilization is also important here. 

The simplest reactor for flocculation is a pipe with turbulent flow. But if a long retention 
period is needed in the flocculation step, a cascade of tanks provided with stirrers may 
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be less expensive. On the other hand, when reaction times are short, the flow velocity in 
the cascade becomes so high that the unit becomes like a tube with sharp elbows, with 
the flocs being destroyed and the advantage of the variable energy supply being lost. 
Therefore, the use of pipes for flocculation in very compact plants (for instance 
in industrial wastewater treatment) seems unavoidable. 

Table 2 shows that the cylindrical stirrer is superior to the other flocculation units, but it 
is neither simple to design and operate nor has it been tested on a full-scale basis. 

In some plants, it is essential to be able to vary the energy supply, but in others, more 
compact and economical methods for water treatment, e.g. mixing without a stirring de-
vice, are used. In both cases, pipe flocculation is appropriate. 

Compact units require the use of flocculant aids. In this case, it is possible to employ pi-
pes with lower diameters and to shorten overall process time to a considerable extent. 
Such units should usually used in medium-or small-sized industrial plants in which con-
taminants must be removed at the place where they originate before they are diluted by 
water coming from other influents. If, however, the units must be very simple, then floc-
culant aids should not be used. Flocculation pipes must then be designed with larger 
diameters as well as greater length. For instance, open water channels may act as sub-
stitutes for pipes, under the assumption that they possess flux characteristics similar to 
those of pipes. These units can effectively be applied to surface water treatment, princi-
pally in non-industrialized countries. Such channels have in fact already been construc-
ted and operated, but more research is required to ensure greater efficiency of the pro-
cess. 

In all these cases, the fast and simple flocculation process carried out in pipes enables 
considerable shortening of overall operation time, as well as the effective removal of su-
spended matter. 

Water treatment processes have become more efficient and treatment plants more com-
pact in recent years. This favorable trend promises to continue. 
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Sedimentation Tanks with Tangential Inlet 

K. Engel 

1 Introduction 

Conventional round or square sedimentation units are generally well-known. Bret-
schneider [1] gives a detailed overview on classical sedimentation tanks, and the more 
recent work of Tiessen [2] also contains valuable information on tank forms and applica-
tions as sedimentation basins. 

Recent investigations conducted with the objective of improving the quality of the trea-
ted water, as well as of increasing the efficiency of conventional basins have led to seve-
ral design approaches including installation of plate or tube packages in the interior of 
these tanks. Although sedimentation efficiency has increased with these systems, the 
disadvantages in terms of hydraulics remain to be corrected. 

This paper will describe a recently developed sedimentation tank with vanes, 
in which a stable, uniform and slow water flow is created resulting in better 
sedimentation characteristics of the flocs. 

2 Conventional and High-rate Sedimentation Tank 

In simple, i.e. square or round, sedimentation tanks, the main problem is the short circuit 
phenomenon between the inflow and outflow in the tank. These short circuits are crea-
ted by local temperature differences as well as undesirable hydraulic effects, and invol-
ve vortical motions of the fluid resulting in ineffective sedimentation of the flocs. As is 
known, it is important to leave the individual flocs undisturbed in order to obtain the pos-
sible sedimentation velocity. Any motion of the water which transports the flocs up-
wards, is highly undesirable. 

The short circuit problem can be solved either by increasing the area avail-
able for sedimentation, or by limiting parameters which contribute to turbulent motion in 
the fluid. In the first case, it is common to construct several horizontal plates one over the 
other. By means of this construction, the sedimentation path of the flocs is shortened 
since these can settle on a solid surface sooner. This installation, however, requires that 
an equal number of spacing devices is used. This, in turn, means a higher cost, so 
that this type of tank is not widely used. The installation of spacing devices 
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can be avoided by using laterally installed plates which permit the downward 
motion of the settling flocs. Such constructions correspond, in principle, to the system 
called „high-rate sedimentation tanks". 

The area available for sedimentation can also be increased in existing basins 
by installing plate or tube packages in the interior of these basins. The problem with the-
se installations, however, is non-uniform distribution of waterthrough the many plates or 
tubes: a difficulty which cannot be optimally solved in practice. A further disadvantage 
lies in the nature of the sticky floc structures, which end up in excessive concentrations 
on the laterally constructed plate or tube packages. These flocs gradually escape into 
the sludge zone. This results in movement of the solid matter, which may have 
an adverse impact on water quality. In extreme cases, it leads to clogs which 
require time-consuming cleaning processes. 

Deposition and clogging problems become more pronounced in industrial or municipal 
sewage water which contains fiber-like particles with typical clinging and clogging pro-
perties, in some cases with the capacity for growth. In this context, the mass develop-
ment of beard-like plant braids in tropical and subtropical waters deserves mention. 

The second alternative for increasing sedimentation effectiveness is the optimization of 
the flow pattern in the tank. This can be achieved by installing lateral vanes around the 
sedimentation region, resulting in a more uniform stable, and slow flow. In this case, the 
effectiveness of the plant is limited exclusively by the sedimentation velocity of the flocs. 
Clinging due to sticky floc structures is absent here. 

3 Principles of the Vane Sedimentation Tank 

The laterally installed vanes in a sedimentation basin serve to provide a uniform stable 
and slow flow of the raw water. The hydraulic principles underlying the vane sedimenta-
tion tank have been examined by Moll [3]. 

Uniformity of flow is obtained through rotation of water in the space between 
the vanes and continues throughout the sedimentation region. 

a 

Fig. 1: Ideal (a) and actual (b) flow pattern around a plate vertical to the flow 
direction (actual at Re = 27 [5]). 
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Stability of flow is maintained because of proper design, which accelerates the inco-
ming water from the circumference to the center of the tank. In fact it has been proven 
[4], that accelerated flows are more stable than retarded ones. This is also demonstrated 
in Fig. 1, where the ideal, theoretical flow pattern around a plate vertical to the flow direc-
tion (a) is compared with the actual flow in an experiment (b). An accelerated flow is pre-
sent on the left side of the plates, because the velocity of the fluid in this 
region keeps increasing due to the presence of the plate. In contrast, a retarded flow ap-
pears on the right side behind the plate since the fluid tends to regain its initial speed 
gradually. A comparison between the theoretical and the actual flow patterns shows that 
the accelerated part of the flow (left side) retains its ideal, stable form, whereas the retar-
ded flow (right side) shows effects of turbulence. This conclusion is generally true 
in fluid mechanics: accelerated flows are more stable than retarded ones. 

The design of the vane sedimentation tank conforms to this principle because 
the radial and circumferential velocity of the water keep increasing as they approach the 
outlet [3]. 

4 Description of the Rotopur System 

The surface loading capacity ranges from 0.5 to 4.0 m3/m2h (depending on the purpose 
of the unit) for conventional sedimentation basins. This limited capacity is, in our opi-
nion, due to unfavorable hydraulic conditions. The new ROTOPUR high-efficiency sedi-
mentation basin is not intended to increase the surface loading capacity, but rather to 
increase performance. 

The ROTOPUR system is based on the conventional round basin and clearly owes 
its increased efficiency to an optimal hydraulic flow, which is ensured by the vertically 
set guide shovels, as well as to a special cylindric outflow construction. 

Fig. 2: Top view of the ROTOPUR vane sedimentation tank. 
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Fig. 2 shows that water tangential enters the tank at (2) and flows along the cylindrical 
tank cover (1). The water then enters the space between the shovels and circulates two 
or three times. In this phase, a certain improvement in floc structure is obtained. Aided 

by vertically installed guide vanes (4), the water is directed towards the sedimentation 
space (5). The water containing the flocs subsequently flows radially along the shortest 

possible path into the centrally installed clear-water outflow tank (6). Along this 
route, the flocculated substances are separated from the water. The flocs sink to the ba-
sin bottom (7), from where they are continually transferred to the sludge outlet. 

The clarified water flows directly to a SULZER compact filter unit placed under the RO-
TOPUR system. This takes place through the clear-water cylinder (8), which at the same 
time determines the water level. It should be mentioned here, that the figures are sche-
matic diagrams which do not show other important parts of the system, as those for 
sludge transport. 
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Fig. 3: Cross section of the ROTOPUR vane sedimentation tank. 

Fig. 4: Construction of the guide vanes in the ROTOPUR. 
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Fig. 5: ROTOPUR with guide vanes already installed. 

Fig. 3 shows a cross section of the ROTOPUR system. With the aid of the outflow combi-
nation of slotted clear-water outflow (6) and clear-water cylinder (8), it is assured that no 
undesirable components appear in the main sedimentation space (5). 

Fig. 4 and 5 show in detail the elbowed guide vanes (shovels), which reduce the relative-
ly powerful circumferential flow of the water entering the space. This is made possible by 
reversing the direction of rotation. 

The guide vanes have an additional structural advantage in that their edges were desi-
gned to lie in the direction of flow. This arrangement prevents fibers or similar products 
of the textile, paper and cellulose industries from adhering to the unit. 

5 The Overall Plant in Conjunction with the Rotopur System 

The ROTOPUR system is a unit used for sedimentation of suspensa. Therefore, floccula-
tion must largely be completed when the water enters the system. To a limited degree, 
floc growth also occurs in the circumferential region of the sedimentation area. 

Additional units must have been installed ahead of the ROTOPUR system for 
the introduction of flocculants as well as for destabilization and aggregation of the su- 
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spended matter. The inlet water must enter the ROTOPUR tank in the form of a fast, uni-
form flow. The transport pathway between the flocculation tanks and the ROTOPUR sy-
stem must therefore allow for the development of a uniform flow. It is thus also possible 
to perform the flocculation step in tubes and dispense with flocculation in conventional 
tanks. In most cases, pipe flocculation is preferred over flocculation in conventional 
tanks, since the former proceeds in a simpler manner and more closely satisfies the re-
quirements of the ROTOPUR system. Mixing destabilization and aggregation must 
in this case be designed to fulfil the requirements of pipe flocculation. 

Like all sedimentation units, some suspended matter, about 1 ... 5 mg/I, leaves the 
ROTOPUR system via the outflow. It must therefore be determined whether a filter must 
be used subsequently to attain the water quality desired. 

The ROTOPUR system can also be used as a rainwater retention basin, where 
most of the suspended solids can sediment. In this case, the sedimentation area is desi-
gned to catch even the lightest matter in the raw water. Destabilization and aggregation 
are also possible in conjunction with these basins, but are not normally used. 

In applying the ROTOPUR system to phosphate elimination, a filter unit must 
be subsequently installed, since the outlet water from the ROTOPUR tank con-
tains particulate phosphate. In this case, the system is designed to have a smaller sedi-
mentation surface area in order to limit the investment costs. 

The outlet tube of the ROTOPUR unit is installed in the center of the unit and within it, a 
second construction serving for destabilization and aggregation of the remaining su-
spensa is installed. The filters lie under the ROTOPUR tank, which means that the unit is 
very compact. 

While conventional sedimentation units are designed to provide retention times of 1 1/2 
to 2 hours, the ROTOPUR system is designed for retention times between 12 to 20 minu-
tes. These shorter times are comparable with those of modern high-rate sedimentation 
units. The overall detention time in the plant is 25 to 50 minutes, depending on the volu-
me of the water, and it encompasses flocculation, sedimentation and filtration. 

6 Application and Results 

Following comprehensive theoretical and practical investigations, the first large-scale 
application of the ROTOPUR system was possible in the Phosphate Elimination Plant in 
Tegel, located in West Berlin. The plant has a water treatment capacity of 21,000 m3/h 
and features flocculation, sedimentation and filtration. The plant is shown in pictures 5 to 
8. Note that 3 ROTOPUR units each with a diameter of 28.0 m have been installed. 

The ROTOPUR unit has recently been tested in a sewage treatment plant, in 
which it functions as a final clarifier for municipal wastewater, without the addition of 
chemicals. The results have been encouraging, and the investigations will be continued. 
This system has potential application for treating wastewater from mines, metallurgical 
industries, coal mining, and the like. 
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Fig. 6: Work on the pipe flocculation lines and tangential inlet to ROTOPUR. 

Fig. 7: An aerial view gives a better impression of the plant: The 3 ROTOPUR units 
are located in star formation, each with a diameter of 28.0 m. In the center is the 
distribution area and to the right the operations building with monitoring systems, 
dosing units, and water supply, air-conditioning units, and social room. 18 closed 
concrete pressure-filters are subsequently installed under the ROTOPUR tanks. 
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Fig. 8: Model of the plant. 

During sedimentation research with the experimental plant „WAR" in the Berlin 
Waterworks, a ROTOPUR unit with a diameter of 4.26 m was tested over a long 
period of time. The suspended solids load was reduced from 25 to 100 mg/I 
in the inlet to 5 mg/I in the outlet, the performance depending on the iron 
dosage. 

Regardless of the sedimentation unit, destabilization, micro- and macroflocculation 
must be properly coordinated and, for all intents and purposes, completed prior to the 
sedimentation step. Then the hydraulically optimum design of the ROTOPUR system 
can function most effectively. 
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Complete Plant Approach Applying Lamella 
Sedimentation 

G. von Hagel 

Two different practical application situations involving lamella sedimentation will be dis-
cussed: 

In the first, a process will be described as it was developed in West Germany 
primarily for the treatment of surface water within potable water treatment plants and in-
dustrial water supplies [1, 2]. 

Secondly, a similar process will be discussed which presents a rather unique 
solution to chemical treatment of municipal wastewaters. 

Here in Gothenburg/Sweden, in the Chalmers Technical University, there is the birth 
place of the lamella separators. These have changed water technology in so far as the 
are positively different in performance compared with many types of tube settlers and 
polishing systems around today. It is an interesting facette that there is a similar French 
design dating back as far as 1887. 

The two processes are outlined in Fig. 1 and 2. 

There are a number of rules governing the application of parallel plate separators and 
their choice over conventional sedimentation tanks. 

1) Laminar flow conditions are the essential pre-requisite for the operation of any paral-
lel plate separator. Sectional reductions within the system and/or excessive feed 
port velocities etc. must be avoided. 

2) The plates should not be installed merely for the sake of applying this technology, 
whilst maintenance expenses increase unacceptably. 

3) This application of parallel plate separators can only be justified where actual cost re-
ductions can be made. 

4) The quality of the floc when it enters the separator determines the maximum possible 
hydraulic surface loading rate in any type of water or wastewater treatment applica-
tion. This rate depends entirely on the quality of the floc produced in the compart- 
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Fig. 1: Potable water treatment plant utilizing the Turbo-LME process. 

r
J r-------I-I  I 

I  tRotostrainer Sedimentation 
g,7111 	Flocculation 	and Thickening 

11= 
iiii 

 L 

91111M2%04 .. 

▪ Sludge Dewatering 

III I 11,11111111 	- 

Bar Screen Grit Removal 

Pumping Station 

■ 
Sludge 
Digestion 	I 

Fig. 2: Proposal for the physical-chemical treatment of municipal wastewaters. 
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ments upstream of the separator. This finding basically led to the design philosophy 
of the TURBO-LME process as such [2]. 

If parallel plate separators are carefully selected, they show several remarkable process 
advantages over other systems. 

1) Provided correct geometry of the plate system, the separators permit hydraulic 
shock loading of such clarification basins without detrimental effect on the clarified 
water overflow quality. 

2) Properly selected lamella separators permit a plate pack/thickener combination ap-
plying the so-called LME principle, as first reported by von Hagel and Roberts in 1977 
[3] as a means to drastically reduce overall investment costs in water treatment 
plants via the reduction of sludge volumes and increasing sludge concentrations by 
the factor of 4 - 12 with no additional consumption of either energy or chemicals. 

In accordance with the LME principle, solid matter which has settled out of the su-
spension is discharged directly into a lower thickening compartment of the lamella 
separator/thickener combination. the main difference being that here only solids are 
discharged from the plates unlike a conventional, separate thickenerwhich is fed un-
der turbulence with sludge consisting of say 99 0/0 of water and 10/0 dry solids. 

Fig. 3: Cross-counterflow lamella separator. 
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A successful application of this process is partially subject to the choice of the paral-

lel plate separator in which the water phase must be conducted under specific con-

ditions. No or little flow below the lamella plates should be present as is the case with 

tube settlers or corrugated plate designs, in order to reach optimum thickening re-

sults. 

3) Even distribution of water and solids over the whole sedimentation area, identical 

with the plate system projected. 

The cross counterflow lamella separator, representing a geometry similarto that develo-

ped here in the end of the sixties, has all the necessary flexibility and advantages and 

seems to be the optimum solution for separation problems in water and wastewater 

technology today. 

It has an interplate distance of 50 mm in surface water treatment and 100 mm in chemi-

cal treatment of primarily clarified municipal waste; the length of the plates amounts to 

2.8 m at a width of 1.5 m of the plate to European standard plate material. The interplate 

distance is sufficient to prevent reintrainment of settled flocs even at continuous high li-

near velocities between the plates. The length of the plates is, however, sufficient to re-

settle flocs that have once been entrained under hydraulic shock loading of the lamella 

system. 

Nevertheless, overviewing the design period of the last 15 to 20 years, it seems that it is 

no longer the lamella as such that matters but a number of further necessities, influen-

ces, implications, and demands that must be taken into immediate consideration within 

a complete plant approach, which were partially mentioned already, namely: 

1. further improvement in the quality of clarified overflow water 
2. reduction in the use of chemicals 
3. reduction of sedimentation time 
4. reduction of overall energy consumption 
5. increase in filtration rates, subsequent to sedimentation, but also avoiding deteriora-

tion of quality of the filtered water (mainly in potable water applications) 
6. increase in the sludge concentration from the process 
7. improvement in the mechanical sludge dewatering process or similarly, making the 

application of drying beds to such sludges economical and feasible again. 

Fig. 4 is a two-dimensional description of the present state of the art of surface water 

treatment including the development stages of the application of lamella settling and 

showing different complete plant approaches. 

The three levels of technological advances and the corresponding key numbers 

for destabilization/flocculation, sedimentation, maximum filtration rates, and sludge 

concentration can now be compared directly. 

On the „conventional level", i.e. conventional flocculation, sedimentation and filtration, if 

any, we find retention times up to 240 minutes. It is of interest that the sludge concentra-

tions obtained at this first level are higher as compared with the lamella level below. 
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Fig. 4: Comparison of technological levels in surface water treatment. 

On the „lamella level", flocculation times remain constant as compared with conventio-
nal systems, but sedimentation times are drastically reduced to less than 300 seconds 
whilst filtration rates are still conventional. 

In international competitive bidding for projects in the water sector, we usually find this 
type of technological level, provided that lamellas are at all accepted as a separation 
means. However, the level described below is the most advanced of the three. It corre-
sponds with Fig. 1. 

We find a total retention time for destabilization, flocculation and sedimentation of no 
more than 16 minutes. This is due to the superior floc quality after treatment of water ac-
cording to the principles of turbulence flocculation. Simultaneously, we find a drastic re-
duction of retention time in the lamellas due to increased surface loading rate. 

Fig. 5: Technological levels of physical-chemical wastewater treatment 
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The clarified overflow has a residual turbidity of less than 0.5 FTU and/or less than 1 mg/I 
of suspended solids, thus permitting rapid gravity filtration rates of up to 1 5m3/m2  x h. 

Sludges concentrate up to 18 % weight/volume dry solids, depending on the 
raw water suspended solids concentration which can fluctuate between zero and 
15,000 mg/I without upsetting the system as a whole. The overall plant performance fully 
meets the seven requirements of modern water technology as outlined before. 

The schematic Fig. 5 relates to the chemical treatment of minicipal wastewater. Again, 
there are three technological levels, each representing a complete plant approach. the 
three systems have bar screens and grit removal upstream of the primary sedimenta-
tion, which is conventional on level 1 and 2, with destabilization and flocculation reten-
tion times of 30 minutes. 

On the „advanced complete plant level", conventional primary sedimentation is repla-
ced by a rotatin screen, in this case the rotostrainer with an aperture of 1 mm. This is fol-
lowed by a TURBO-LME stage. Based on the actual tank surface here, the hydraulic loa-
ding rate is virtually 26 m3/m2  x h against only 6 m3/m2  x h on the lamella level. 

Clarified overflow qualities can be freely chosen between less than 10 and 50 mg/I of su-
spended solids depending on the dosage of primary flocculent. Slugde concentrations 
have their minimum on the lamella level and the obvious maximum is achieved by LME 
thickening on the most advanced plant level. 

Fig. 2 gives the flow sheet of the plant, completed with sludge digestors and chamber fil-
ter presses with chemical conditioning prior to sludge dewatering. 

The removal rates in terms of BOD have been 50 to 70 % in a full scale plant 
and of COD removal, 45 to 65 % 

The saving in area when compared to a biological plant amounts to approx. 
85 % which is an added advantage in this case. This type of plant is particu-
larly suited for densely populated areas with fluccuating numbers of population and in-
dustrial discharges, or for the clean-up of bis cities with large ocean outfall systems. 

It should be noted that for the more important sections of the plants, hard-
ware and software are almost identical for both fields of application discussed 
here, namely water and municipal wastewater treatment. It goes without saying 
that these plants for both applications can be operated on a start/stop principles as 
they are insensitive to shock loading and return to active stable conditions within 15 mi-
nutes after temporary shut-down. 

To achieve such a process performance, the plant set-up must be reactor-type, 
retention times must be small, and each unit must operate trouble-free over a wide range 
of conditions without noticeable active involvement of the plant personnel and little or no 
change in chemical feed rates. At the same time, the processes described represent an 
economical solution to the particular problems. 
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Dissolved Air Flotation 

B. Rosen 

Separation in Water Treatment 

Almost all water treatment processes involve the use of some separation method for the 
removal of suspended matter. 

In sewage treatment, the aim of the primary treatment is to remove the influent 
suspended solids. In the secondary treatment stage, microorganisms transform 
soluble and colloidal organic matter into biological flocs, which are separated 
from the water. In chemical treatment, the addition of coagulants transform colloidal 
matter into chemical flocs which also must be separated from the wastewater. 

Biological and chemical flocs normally sink and can thus be separated by sedimenta-
tion. However, as the density of the flocs generally is close to that of the water, they sink 
slowly; large settling units are consequently required. Most problems in sewage treat-
ment plants can be traced to separation problems, caused by too light flocs. 

No water treatment plant is going to give better results than its separation system allows 
it to do! 

Dissolved Air flotation 

By using dissolved air flotation in a suitable treatment design, the problem of poorly sett-
ling flocs is completely avoided. Dissolved air flotation has been used in water and wa-
stewater treatment in Scandinavia for more than 40 years with excellent results. 

For the flotation process, microscopic air bubbles are introduced into the suspension. 
The tiny air bubbles will attach the flocs and rapidly lift then to the surface, where they 
are removed as surface sludge. The bubbles used have a diameter of 30 - 80 microns, 
and are produced in a recirculation system, where air is dissolved under pressure, 400 -
600 kPa. The dissolved air is then precipitated as air bubbles by the pressure release in 
the nozzles in the inlet part of the flotation device. 

The mechanisms involved in dissolved air flotation are not exactly known, and are most 
probably very complex. The dissolved air flotation, however, is not complicated, but 
must be properly designed to give a good result. 
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In the practical design, all the elements in the flotation process must be carefully 
evaluated: 
- the Solution of air into the recirculated water 
- the pressure release system 
- the recirculation rate 
- the mixing of air bubbles and flocs 
- the hydraulic design 
- the sludge removal 
- the treated water collection 
- the possible chemical preparation of the suspension 

Fig. 1: Dissolved air flotation system 

In the literature on floation, the air/solids ratio is often discussed as a design parameter. 
From a theoretical point of view, this ratio might be of interest, but in practical design the 
use of recirculation rate is more correct. The air/solids analysis does not give any clue as 
to whether the solids are light or heavy. 

Process Advantages 

The rapid rise velocity of the air-floc aggregates means that a high overflow rate, gene-
rally 5 - 10 m/h, can be used, giving a very compact desing. As the air bubbles attach to 
all flocs, the removal efficiency is very high, and the air bubbles give a high oxygen satu-
ration. The dissolved air flotation method, resulting in a high removal of algae, is increa-
singly used even for potable water treatment all over the world. 

In chemical treatment, the chemical consumption is 15 - 30 % lower, compared 
to settling, where extra chemicals are needed to give reasonable settling velocities. The 
floated sludge volume will be considerably lower, partly due to the lower chemical con- 

148 



sumption, but mostly due to the high dry solids content, 3 - 6 0/4 where no further thicke-
ning before dewatering is required. 

To summarize: 
- high overflow rate 
- lower openating 
- low chemical dosage 
- high removal efficiency 

high algae removal 
- less sludge produced, with 
- high DS-content, 3 - 6 0/0 
- no thickening before dewatering 

The flotation will also give extra flexibility because of the possibility to vary recirculation 
rate and saturation pressure. 

Flotation Filter 

As the design overflow rate of flotation is the same as for rapid filters. i.e. 5 -10 m3/m2/h, 
flotation and filter can be combined in the same unit. This patented process, the flotation 
filter, Fig. 2, drastically cuts costs and space requirements. It is used for potable water 
treatment and in wastewater treatment, where high effluent requirements must be met. 

Fig. 2: Flotation filter 

Application of Flotation 

As a general rule, the choice of separation method depends on the charac-
teristics of the suspension. Dissolved air flotation should be used, where light flocs are 
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expected. In potable water treatment, when chemical precipitation is practiced, flotation 
can almost always be used, particularily if the raw water source is a lake, a dam or a river 
with algae problems. 

In wastewater treatment, the use of tertiary flotation for the removal of light chemical 
flocs and the solids which are carried out from secondary treatment, has given excellent 
results for over than 15 years. As problems will always occur in biological systems, this 
application has been acting as an extra process safety system, giving good results also 
during sludge bulking conditions. 

This experience has given rise to the idea of using flotation as a part of a more efficient 
biological system, comprising a two-stage separation system with a comparatively high-
ly loaded clarifier, followed by a flotation stage. Whatever is heavy, will be separated in 
the clarifiers, and the solids in the supernatant, which obvious are light, are consequent-
ly easily separated by the flotation. 

Solids carry-over constitute frequently a violation of effluent requirements in sewage 
treatment plants. The use of a two-stage separation system might solve most problems. 

Another way of tackling the problem might be to introduce tertiary filters. Such a solution 
will produce very good results as long as the amount of solids from the secondary clari-
fiers is reasonably low. But as soon as real problems occur, the filters will rapidly clog 
and must be by-passed. 

The two-stage separation has been tested in laboratory and pilot plant tests, 
showing excellent results also at high carry-over levels from the secondary clarifiers 
(more than 1,000 mg/I SS). Full scale tests have also yielded good results at secondary 
clarifier overflow rates of up to 3 m/h, with a subsequent flotation overflow rate of up to 
6 m/h, resulting in an overall reduction of volume, compared to a conventionally desi-
gned secondary clarifier, and safer operational conditions. 

The most interesting application, however, is a completely new approach in activated 
sludge operation. Traditionally, good settling sludge is supposed to include the „right" 
microorganisms for the activated sludge process. Practical experience, however, show 
excellent BOD-COD-removal with bulking sludges, provided the sludge content in the 
aeration tank can be maintained. If the filamentous microorganisms can be kept in the 
system, they do an excellentjob. The problem is that they will be carried over with the ef-
fluent in most systems. 

In a two-stage separation system, settling-flotation, provides some new operational pos-
sibilities: 

- The wasted excess sludge is taken out as flotation sludge, combining the thickening 
ability (3 - 5 %DS) with the possible removal of filamentous bacteria, bleeding them 
out of the system, and recirculating the „good" settled sludge/microorganisms to the 
aeration. 

- Recirculation of the light, active microorganisms in the flotation sludge (including fila-
mentous) and wasting the possibly more inactive mineralized settled sludge. 
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This possible „bio-fraction" is presently being tested on full scale operation to possibly 

confirm the ideas. Comprehensive sampling, biological and chemical analysis have so 

far shown excellent suspended solids, BOD and phosphorus removal. 

Summary 

Dissolved air flotation has been used in water and sewage treatment for a long period of 

time, and has shown excellent results in chemical treatment systems. The efficient and 

reliable removal of chemical flocs and algae in potable water treatment has in recent 

years been increasingly recognized in all parts of the world an is expected to raise con-

siderable interest in the future. 

As the effluent requirement in sewage treatment will become more stringent, efficient 

solids removal is imperative. The use of dissolved air flotation offers a reliable system for 

all operational conditions; it is dependable and predictable, unlike the situation in sewa-

ge treatment plants. 

Dr. Bjorn Rosen 
PURAC AB 
Box 1146 
S-22105 Lund 1; Sweden 
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Full-Scale Experience with 
Tertiary Contact Filters 

M. Boller 

Introduction 

Today, 65 %of the Swiss population living in the catchment areas of lakes is connected 
to wastewater treatment plants with mechanical-biological treatment and chemical pre-
cipitation. Nevertheless, in many lakes the actual phosphorus input surpasses many ti-
mes the tolerable load. The strategy to further combat eutrophication by decreasing the 
phosphorus input is 

(1) restriction of phosphates in detergents (pollution control at the source) 

(2) controlled fertilizer application in agriculture (control of diffused sources) 

(3) advanced phosphorus removal by chemical precipitation and contact filtration 
(control of point of sources). 

The construction of contact filters has priority in catchment areas where point sources 
from wastewaters make up a substantial part of the total phosphorus input into a lake. 
This holds mainly for densely populated areas. Today, fourteen contact filters of different 
types are in operation and others are under construction or in the design stage. The po-
tential application of contact filters in Switzerland is estimated at 60 to 100 plants of 
different size from 5,000 up to 500,000 population equivalents. The effluent stan-
dards for these filtration plants are usually set at 0.2 to 0.5 g total P/m3(in 4 of 5 sam-
ples). 

Process Scheme 

The desired low phosphorus residuals may be obtained by combining existing pre- or 
simultaneous precipitation installations and contact filtration. This process scheme of-
fers the advantage of a high effluent stability with respect to phosphorus and suspen-
ded solids and relatively low chemical costs by dosing Fe- or Al-salts in two stages. In 
the first precipitation step, the major part of the phosphorus is removed to a residual on 
the order of 0.8 - 1.2 g P/m3, and in the second step further reduction to 0.2 g P/m3  
or lower is attained. 

Whereas the first precipitation step leads to the formation of large amounts of precipita-
tes which are removed by sedimentation together with the sludge from mechanical or 
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Fig. 1: Scheme of a contact pressure filter plant for tertiary wastewater treatment 

biological treatment, the addition of precipitants to the second step produces only small 
amounts of solids which can be removed by means of filtration. 

Mixer 	Mixer 

The mechanisms involved, for nucleation of hydroxo-phosphate complexes, floc-
culation of the hydroxide-precipitates and other particulate matter and solids separa-
tion by filtration, are realized in a mixing step followed by treatment in a relatively small 
flocculation facility and a filter unit. All filters are equipped with an automatic backwash 
system. The necessary storage and dosing devices are usually set up for the addition of 
Fe- or Al-salts, as well as for dosing polyelectrolytes in liquid or powdered form. 
Figure 1 shows a schematic diagram of a contact filtration plant. 

Full-scale filter systems 

Stimulated by a new field of filter application, filter technology is in a phase of innovative 
progress. In recent years, many new filter systems were brought on to the market which 
have helped to decrease installation costs for small community plants. In Figure 2, sche-
matic diagrams show the filter systems which have been operating in full-scale for one 
or more years in Switzerland. A short description may explain the main process princi-
ples. 

Gravity Filter: This is the conventional type of deep-bed porous media filter well known 
from water treatment applications. Gravity filters for contact filtration of wastewater have 
to be designed appropriate to wastewater characteristics with a deep multi-media layer 
and ample height of available pressure-head on the order of 3 to 4 m water column. Main 
distinguishing features of gravity type filters are the open filter box containing the fil-
ter media, the filter floor with plastic nozzles allowing for combined air/water backwash. 

Pressure Filter:The same principle is applied in closed steel tank pressure filters. An ad-
vantage of this filter type may be the higher available head on the order of 6 to 8 m water 
column leading to prolonged filter runs especially in cases with high solids concentra-
tions in the secondary effluent. 
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Cell Filter: The relatively shallow filter bed is comprised of a series of small filter cells 20 
cm wide adjacent to each other. Each cell contains its own sand and underdrain, but all 
are exposed to the inflowing water in the common filter box. Backwash with water only is 
performed by a hood moving from one cell to the next, taking backwash water from the 
effluent channel and draining off the washwater by a pump. The filter is never 
taken entirely out of operation. The washwater can thus be continuously returned to the 
plant without the need for storage facilities. 

Continuous Up-flow Filter: This is a one-media deep-bed-type filter operated in the up-
flow mode. Solids separation takes place mainly at the inflow part of the filter bed. 
The polluted media at the bottom is continuously removed by a central Mammoth-pump 
where the sand is cleaned by the intense turbulence in the air/water mixture and 
brought to the top of the filter. The clean sand settles on the filter bed and the 
washwater is continuously recycled from the top to the treatment plant. The filters are 
constructed as round steel tanks in circular or as concrete boxes in hexagonal form. 

Cloth Filter: Cloth filters are applied in the form of rotating cylinders or filter plates. They 
belong to the typical surface filter types. Pilot-and full-scale experience has shown that 
cloth filters are more suitable for removing metal hydroxide flocs than the better known 
microstrainer types. After exhaustion of a relatively low available head in the order of 
0.5 m water column, the cloth filters are backwashed by a suction device removing 
the deposited particles in the reversed direction. One or more cloth drums rotate one af-
ter another along a fixed backwash installation or the suction device moves up and 
down the cloth plates. Comparing installation costs and achievable water quality with 
other filter types, the cloth filters may represent an attractive solution for smaller treat-
ment plants. 

Fig. 2: Process schemes of the filter systems operating in full-scale wastewater 
treatment plants in Switzerland 
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Gravity filters are considered to be more flexible with respect to water quality and quanti-
ty changes and more suited for large treatment plants than any other filter types, whe-
reas in medium and small treatment plants the continuously operating filter systems 
may bring considerable advantages with respect to cost and simplicity of operation. 

Table 1 gives an overview of the filter plants in operation or under construction, their size 
and design particulars on filtration velocity, available head and filter layer. 

Filtration Performance 

The aim of the Swiss filter plants is to remove phosphorus from wastewaters as far as 
possible. Of course, good phosphorus removal goes along with a nearly quantitative eli-
mination of suspended solids and all other waste parameters included in particulate 
matter. With all filter systems in operation, the suspended solids content always may be 
kept below 5 g TSS/m3, usually in the range of 0 - 3 g TSS/m3. Quality and flow fluctua-
tions of the filter inflow, in most cases, do not markedly influence mean effluent 
quality, if the filter-bed is designed properly. It was believed that deep-bed filters have a 
higher ability to retain particles in the kolloidal size range than shallow-sand layers and 
cloth filters, because of higher collision frequencies occurring within the media. Howe-
ver, since small particles in the size range of 1 to 5 pm do not contribute substantially to 
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Fig. 3a: Particle number removal as a func-
tion of particle size for a deep-bed and a 
cloth filter. 
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Fig. 3b: Cumulative frequency distribu-
tion of the particle mass in the influent 
and effluent of a deep-bed and a cloth 
filter. 
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the total particle mass in a secondary effluent, the difference between the vari-
ous different filter systems analyzed by total dry solids is not clearly evident. Only turbi-
dity measurements or particle size analysis may give further information on filter beha-
vior. 

In Figure 3a, the results of particle size measurements in the in- and outflow of a deep-
bed and a cloth filter treating the same wastewater show (1) that particles above 10 pm 
are removed quantitatively in both filter systems and (2) that a slight difference in particle 
separation is observed in the size range from 1 to 10 pm. Applying a particle density 
distribution from another investigation [1], the mass distribution in both filtrate waters re-
veal a difference of only 1 ppm of suspended solids, which is illustrated by the frequency 
distribution plot in Figure 3b. 

Soluble P 
	

Particulate P 	 Total P 

g/m3  % of 

tot. P 

Particle 

Size Range 

1 - 5 pm 

g/m3  % of 

tot. P 

Particle 

Size Range 

5 - 20 pm 

g/m3  % of 	g/m3  
tot. P. 

Inflow after 

chemical addition 

0.07 12 0.24 40 0.29 48 0.60 

Cloth Filter 0.07 39 0.09 50 0.02 11 0.18 

Deep-bed Filter 0.07 50 0.05 36 0.02 14 0.14 

Tab. 2: Distribution of the soluble and particulate phosphorus fractions for two dif-

ferent filter systems. 

Assuming a phosphorus content of the solids dry weight of 4 % and a resi-
dual soluble phosphorus concentration of 0.07 g P/m3, the typical concentration levels 
of soluble and particulate phosphorus in Table 2 result in total phosphorus concentra-

tions of 0.1 to 0.2 g P/m3  in the filtrate. 
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Whereas particle removal depends on particle characteristics such as particle size and 
shape, floc strength, surface chemistry, and on filter characteristics as grain size and 
shape, layer thickness, filtration velocity etc., phosphorus removal is in addition influen-
ced by the transformation of soluble to solid phosphorus. The efficiency of the precipita-
tion step is primarily governed by the chemical conditions, e.g. chemical dose, pH, 
and the presence of other than ortho-phosphate species. 

Molar Fe/P sol. - Ratio 
1.0 	2.0 	3.0 

	
4.0 

50 
4.0 
3.0 - 

- 	
1

1st step 

- 2nd step 

0.4 - 

0.2 -precipitation 

-dosage to wastewate 
2-step Fell!!! 

2. contact filtration) 

(1. simultaneous 

4 8 12 16 20 2
4  0.1 	

g/m3  28 
Fe(III) dosage 

Fig. 4: Residual phosphorus concentrations as a function of the Fe/P-ratio. 

Ortho-phosphate precipitates as metal-hydroxo-phosphate in the form of Me(PO4) 
x (OH)3  _3 x (H20) y, where x may vary according to the chemical environ-
ment (pH usually between 7 and 8) from 0.4 to 0.7. Practical experience has 
shown, that application of a molar ratio of Fe/Psoluble of 1.5 to 2.5 in both precipitation 
steps leads to the desired effluent phosphorus residuals. Figure 4 illustrates the relation 
between effluent phosphorus concentrations and the Fe/Psoluble  -ratio in a simultaneous 
precipitation step alone and in a two-step precipitation mode. From the experimental re-
sults it is obvious, that a high dose of Fe(III) is required to precipitate the soluble phos-
phorus nearly quantitatively, if only one step is applied, whereas a two-step pre-
cipitation may result in considerable savings in chemicals. 

In practice, the question arises, how much chemicals have to be added in each step to 
reach a desired residual at minimum operating costs. A wastewater containing 4.0 g so-
luble P/m3  in the primary effluent was treated with different combinations of chemical 
doses to the first and second step in order to attain a filtrate quality of 0.1 g soluble P/m3. 
The results, presented in Figure 5, show a minimum total amount of Fe(III) when 70 %is 
dosed for simultaneous precipitation and 30 %to the contact filter inflow. The resulting 
Fe-dose to the filter is considered to be an upper limit, since higher doses lead to exces-
sive solids production and hence to undesired short filter runs. 

When contact filtration is applied for surface water [2], very low residuals in the order of 
1-10 mg P/m3  are usually attained. In wastewaters, organic phosphorus and polyphos-
phates may limit the extent of phosphorus removal. In one of the mentioned treatment 
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Fig. 5: Optimum Fe( II I) dosage to precipitate soluble phosphorus in two steps by 
simultaneous precipitation and contact filtration. 

plants, different soluble phosphorus fractions were analyzed in the course of treatment. 
In Figure 6, the relative distribution of ortho-, poly- and organic phosphates is shown. It 
clearly demonstrates that (1) ortho-phosphates are completely removed in the second 
precipitation step, (2) residual phosphorus is comprised of 80 %organic P and 20 %po-
ly-phosphates and (3) organic and poly-P are partially adsorbed on the metal-hydroxide 
precipitates. 

Fig. 6: Relative distribution of different soluble phosphorus fractions in a waste-
water treated by simultaneous precipitation and contact filtration. 
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Summarizing practical experience with the different filter systems in respect to phos-

phorus removal, nearly all filters are able to reach an effluent standard of 0.2 g total P/m3  

after an initial optimization period of 3 to 6 months. An overview of the results is given in 

Table 3. Efficient hydroxide separation is considered to be possible only with the help of 

polyelectrolytes [3]. Nevertheless, most of the plants are operated without polymer 

addition or only at filtration velocities above dry weather flow. The reason might be, that 

today most of the plants are loaded considerably below design flow. In Figure 7, effluent 

concentrations of the different systems are presented as function of the applied mean 

Fe/Ptot-ratio. 

Fig. 7: Mean effluent phosphorus concentrations in function of the applied Fe/P -

ratio in different full-scale filter systems 

Operation performance 

The precipitant chemical and the polyelectrolyte are dosed at two separate places to the 

filter inflow. In most cases, hydraulic jumps serve as a rapid mixing step. Slow floccula-

tion is in many plants not especially designed for. Inflow channels and the filter box 

volume on top of the bed have been considered to offer ample detention time under low 

velocity gradients. Practical experience showed however, that the flocculation step 

should be designed with more care. In some plants, the time for floc-aggregation is too 

short and often takes place under too excessive shear stress. A proper design should 

include a slow flocculation step of about 3 to 5 minutes under velocity gradients in the 

order of 20 to 70 sec 1. 
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Fig. 9: Head-loss history curve of a deep-bed and a cell filter under extreme opera-
tion conditions. (Period with rain weather flow and high solids concentration). 
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The different filter systems and their operation flexibility can best be examined during 
periods of rain-weather flow when peak flows coincide with higher solids load. In nearly 
all plants, either break-through of solids or rapid clogging with unacceptably short filter 
runs were observed. Cell filters and deep-beds using polyelectrolytes show a tendency 
toward rapid clogging, whereas in deep-beds without polymers, up-flow filters, and 
cloth filters, breakthrough is predominant. 

400 

Deep-bed Filter 
yF = 10 m/h 

Cell Filter 
yF = 5 m/h 

500 	 1000 min 1500 

Run time 
Fig. 8: Head-loss history curve of a deep-bed and a cell filter under normal opera-
tion conditions. 

0 0 	
 

In Figures 8 and 9, the head loss history curves of a dual-media pressure filter and a 
shallow-layer cell filter give an example of operating performance of two different filter 
types under normal and extreme operating conditions. Whereas the deep-bed managed 
to control the critical situation, the cell filter was overloaded and by-passing was inevita-
ble. 
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yF 10 m/h 
H 6.0 m Wat. Col. 

without filter aid _ 
break-through in 
all cases 

0.2 mg/I 
polyelectrolyte 

0.3 mg/I polyelectrolyte 

The filter media is the most important design variable, since it prevents break-through or 
rapid head-loss build-up. A proper media design together with an efficient backwash 
system is the key to safe and stable operation of wastewaterfilters. In this respect, a mul-
ti-media deep-bed filter offers more possibilities for process optimization than a small-
grain shallow filter (cell filter), a continuous up-flow filter and a cloth filter. 
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Fig. 10: Filter run time of a dual media filter under different chemical conditions. 
Filtration velocity: 10 m/h; available head: 6 m wat. col. 

Filter System 	Back-wash 	Wash-water 	Long-term 
System 	use 	 performance 

% of flow 	of the media 

Gravity Filter 	air/water- 	 3 - 4 	Fine grain 
backwash 	 accumulation 
batch mode 	 on top 

Pressure Filter 	air/water 	 Fine grain 
backwash 	 2 - 3 	accumulation 

batch mode 	 on top 

Cell Filter 	water- 	 Filter floor 

backwash 	 4 - 6 	clogging 
batch mode 

Cont. up-flow 	continuous 	 Clogging of 
Filter 	 air/water- 	 4 - 5 	the media at 

backwash 	 the periphery 

Cloth Filter 	water- 	 Long term 
backwash 	 8 - 12 	clogging and 
batch mode 	 ageing of the 

cloth 

Tab. 4: Wash-water use and performance of different back-wash systems. 

o 	 
0 
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During the past few years, a great many different filter media layouts of the gravity and 
pressure filter types have been investigated [4, 5]. Considering cost, filterability, and 
backwash characteristics, a more or less standard design has proven to fulfill the requi-
rements for long filter runs on the order of 24 hours without severe break-through or 
clogging problems. The media consists usually of 30 - 50 cm of Quartz sand (0.7 -
1.2 mm) topped by a 120 - 150 cm thick layer of expanded slate (1.6 - 2.5 mm or 2 -
4 mm). The filter run which can be expected with this type of filter under different chemi-
cal doses of Fe(III) and polyelectrolytes can be taken from the experimental results pre-
sented in Figure 10. More data on filter performance of the Hochdorf and the Uster treat-
ment plant have been published elsewhere [6, 7]. 

According to the different back-wash systems in use, filter cleaning efficiency and 
washwater use differ widely. Again in this respect, deep-bed filters with intense air/water 
backwash showed lowest washwater use and satisfactory long-term performance of the 
filter media. Some of the results are summarized in Table 4. 

Naturally since many of the described filter systems were only recently put into full-scale 
wastewater treatment plants, a series of varying operating problems arose. Each filter 
system had its weak points. As the required effluent standards are close to nil, any ope-
rating difficulty may result in immediate deterioration of effluent quality. Generally, wa-
stewater filters are more susceptible to operating problems than other wastewater treat-
ment processes because their construction parts are more delicate as e.g. auto-
matic valves, regulated pumps, filter floor, automatic backwash programs, pressure gau-
ges, process computers etc.. Troubles with these installations can usually not be elimi-
nated by the plant operators; a control and maintenance contract with a specialist has 
shown to be advantageous. 
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Upflow Contact Filtration 

G. Peterson 

Summary 

Upflow contact filtration has been in full-scale operation in Sweden since 1971. At pre-
sent, there are some 20 waterworks and sewage treatment plants in operation in Swe-
den and Norway in which a new-type upflow filter - the AIB Mark II Contact Filter is used. 
The capacities of these filter plants vary from 15 to 2,000 m3/h. 

The basic prerequisite for filtration is that it takes place in a stationary bed, with a flow 
from coarse to a fine material. The AIB Mark II contact filter satisfies these requirements. 

A number of standard systems employing the AIB Mark II contact filter have 
been developed for chemical treatment or biological and chemical treatment. Many 
years of operation have shown that the consumption of chemicals in these systems is 
30 - 50 % of that of a conventional system. The design of the AIB Mark II contact filter 
permits flushing with raw water, so that there is no loss of wash water. A contact filter re-
places normal flocculation, sedimentation and downflow filtration. 

Conventional Chemical Treatment 

Flocculation, sedimentation and downflow filtration is a classical technique for chemical 
treatment of water (Fig. 1). 

Sedimentation prior to filtration is necessary here because the ability of a downflow filter 
to store sludge is limited. This type of filter must also be flushed with filtrate. Long filtra-
tion times are therefore important in the overall economy of the system. 

Fig. 1: Conventional chemical precipitation 

167 



The usual downflow filter has an intermediate bottom, with nozzles,the opening 
diameter of which is smaller than the smallest grain in the bed. If flushing is carried out 
with contaminated water, the risk of clogging the nozzles is considerable. Flushing with 
filtrate is therefore necessary for this reason as well. Because the filter in this system 
cannot be supplied with water containing large concentrations of suspended solids, the 
system requires that the maximum possible removal of the flocs produced takes place 
upstream of the filter. In other words, the production of flocs that can be sedimented 
becomes a decisive condition. This requires normally extra dosing of precipi-
tating chemicals and coagulant aids. 

Upflow Filters 

The basic conditions for filtration in granular beds are: 

1. Filtration should be carried out in a stationary bed; 

2. Filtration should take place from coarse to fine material 

The only practical way of completely fulfilling these conditions, is to filter upwards. 
Examples of upflow filters are shown in Fig. 2. If the sand is moving, the sludge in the bed 
is also moving (upwards). Break-through is prevented if the circulation of the sand is suf-
ficiently fast. 

The filters shown in Fig. 2b and 2c distribute the water over the filter bed by means of 
nozzles or perforated tubes surrounded by shingle or macadam. Transition layers are 

E 
CD 

E 

vi 

4 

A c 

Fig. 2: Upflow filters — examples; A: With moving sand bed; B: Upflow filter 
with nozzles; C: Upflow filter with perforated tubes. 
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above the coarse layers to prevent sand from penetrating the openings in the nozzles 
(tubes). These transition layers limit the usability of the filter; they are sensitive to water 
with high contents of suspended matter, coarse sludge, grease, etc. In contact filtration, 
experience has shown that the effective depth of the filter bed should not be less than 
about 2.5 m. 

Contact Filters 

Contact filtration normally denotes a filter in which the water and added chemicals are 
applied to the filter before flocs have been formed. Final precipitation, the build-up of ag-
gregates, and the separation of sludge then takes place in the filter bed. An example of a 
contact filter is shown in Fig. 2c. This type of filter is commonly used for production of po-
table water in the Soviet Union. In Sweden, there are about 10 waterworks and sewage 
treatment plants in operation that employ this type of filter. 

A filter with a moving bed of the kind shown in Fig. 2a may be used for di-
rect filtration of liquids with low contents of suspended solids. One prerequisite is that 
the settling rate of the sand is greater than the rate (with respect to the sand) at which 
the sludge rises. The sand must settle with complete symmetry to avoid partial stagna-
tion. 

AID Mark 11 Contact Filter 

In the early 1970s, a new type of upflow filter was developed (Fig. 3). The filter bed con-
sists in this case of a 2.5 m thick bed of sand and gravel, with particle sizes ranging from 
0.5 to 8 mm. 

4 	 

El 

co 
ri 

E 

Fig. 3: AIB Mark II contact filter 

The filter bed does not have the usual layers of various particle sizes and possibly diffe-
rent densities. Flushing is carried out upwards, so that the sand is sorted, with the coar-
ser particles in the lower and the finer particles in the upper part of the bed. Water is sup- 
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plied to the filter through „nozzles" with opening diameters of between 60 and 70 mm. 
The risk of clogging these nozzles is thereby negligible, even if the water is badly conta-
minated with sludge. 

The chemicals are added immediately upstream of the filter, normally into the suction pi-
pe of the filter pump, which then acts as a rapid mixer. Final precipitation and build-up of 
precipitation aggregates then takes place in the filter bed and in contact with the partic-
les of the bed. This means that it takes place faster than when flocculation occurs by mi-
xing in a free volume of water. 

Precipitation, Flocculation 

The following expression applies generally to the flocculation process 

dn 
— zit- 	f(7/ • 1 — • G • nil 

where: 
ri = particle impact efficiency 
N = viscosity 
G = velocity gradient 
nt  = number of particles in a time t 

Precipitation and flocculation in a granular bed yields larger values ofn and G as compa-
red to flocculation in a free volume of water. The number of particles per unit volume is li-
kewise higher. This implies that precipitation and build-up of the aggregates to a suita-
ble size for separation in the upper parts of the bed takes only a few minutes. A decisive 
difference between flocculation - sedimentation - filtration and contact filtration is 
found in that, in the former case, the production of settleable flocs is requisite to opera-
tion. 

Filtration 

The rate of filtration in contact filtration is primarily dependent on the design of the filter 
and precipitation chemicals selected. Table 1 shows examples of ordinary filtration ra-
tes in the AIB Mark II contact filter according to Figure 3. 

The filtration time is dependent, amongst other factors, on the amount of suspended so-
lids in the water and the chemical selected. It is generally felt that the total quantity of su-
spended solids and the resultant increase in head loss determine the maximum filtration 

Chemical Filtration rate, m/h 
Aluminium sulphate 6 - 	9 
Ferric chloride 12 - 18 
Lime + Ferric chloride 18 - 24 
Sodium sulphate + polymer 12 - 50 

Tab. 1: Filtration rates, AIB II 
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time. Practical operating experience indicates, however, that it is mainly the quantity of 
chemicals added that dictates when flushing should take place. It has been found in 
practical operation that there is generally no clear relationship between the total 
quantity of solids supplied and the increase in head loss. 

Sludge and chemicals remain in the voids of the filter bed during the entire 
period of filtration. This means that the chemicals are utilized efficiently and that even ve-
ry small particles (colloids, bacteria, etc.) are removed. 

Flushing 

Flushing of upflow contact filters of the types shown in Figure 2c is achieved at a rate of 
about 60 m/h. A contact filter of the type shown in Figure 3 (AIB Mark II) can be flushed at 
a higher rate, because the filter does not have distinct layers comprised of different par-
ticle sizes. Normal flushing rates are 75 — 85 m/h with a flushing time of 4 — 6 minutes. 
The cost of such a flushing is negligible because raw water is used. 

An AIB Mark II filter for the production of potable water is flushed after 12 — 18 hours of fil-
tration. In the case of chemical final treatment of sewage, flushing is carried out after 8 -
16 hours. The sludge removed by flushing has good sedimentation properties and is 
easily thickened to a dry solids content in the region of one per cent in 20 — 30 minutes. 

Treatment Systems VVith AIB Mark 11 Contact Filter 

Figure 4 shows some standard systems incorporating AIB Mark II contact filters. 

Fig. 4: Contact filter systems; A: Direct contact filtration; B: Presettlement + 
contact filtration; C: Simultaneous precipitation + contact filtration 

A 

B 
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The treatment of storm water, surface water and certain industrial wastewaters 
is carried out by contact filtration directly after screening (Fig. 4a). 
Sewage with low concentrations of impurities is pretreated mechanically and possibly 
also with presedimentation (Fig. 4b). 

Sewage with high concentrations of organic matter (BOD7  of over 150 - 200) are also 
treated biologically in a simultaneous precipitation stage where this is justified by the 
treatment demands (Fig. 4c). 

Operating Results 

At May 1984, there were about 20 waterworks and sewage treatment plants in operation 
in Sweden and Norway, where AIB Mark II contact filters were employed. Examples of 
the operating results from a variety of plants are presented below. 

Haparanda Waterworks 

This waterworks was taken into operation in 1980 (Table 2). The capacity of the 52 m2  fil-
ter stage is up to 500 m3/h. The rate of chemical consumption is normally about 20 g of 
aluminium sulphate per cubic metre of water. 

Raw water Clean water 

Colour mg/1 Pt 70 5 
Turbidity FTU 45 < 1 
Iron mg/I Fe 2.2 0.05 
Manganese mg/I Mn 0.07 < 0.05 
Aluminium mg/I Al — 0.07 

Tab. 2: Haparanda waterworks 

Norrsundet Sewage Treatment Plant 

This plant was taken into service in 1983 and is now operating under full load (Table 3). 
The sewage is screened, passed through an aerated grit chamber and subjected to pre-
settlement before being passed through contact filters with an area of 27 m2. The capa-
city of the plant is 465 m3/h. The amount of chemicals consumed is 1.5 - 2 g of trivalent 
metal per gram of phosphorus removed. pH of the filtrate is 6.5 - 7.5. 

	

Incoming 	Outgoing filtrate 
BOD7 	g/m3  02 	120 	 8 
COD 	g/m3  02 	290 	 50 
P (total) 	g/m3  P 	 6.8 	 0.10 
Susp. solids g/m3  SS 	100 	 6 

Tab. 3: Norssundet sewage treatment plant 
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Kil Sewage Treatment Plant 

After having been refitted with AIB Mark II contact filters in 1977, the plant started biolo-

gical treatment and contact filtration with aluminium sulphate. During 1 979/1 980, ope-

ration was modified to simultaneous precipitation and contact filtration using trivalent 

aluminium or trivalent iron. Table 4 shows the operating results for 1983.   The figures we-

re taken from the annual plant report. 

BOD7 	g/m3  02 

COD 	g/m3  02 

P (total) 	g/m3  P 

Susp. solids g/m3  SS 

Incoming Outgoing filtrate 

max. 1100 11 
average 523 3.3 
max. 2400 50 
average 939 22.8 
max. 15.8 0.6 
average 12.2 0.2 
max. 580 9 
average 371 5.45 

Tab. 4: Kil sewage treatment plant 1983 

The contact filters were originally designed for a flow of 1,000 m3  and a maximum rate of 

filtration of 10 m/h using aluminium sulphate. Subsequent tests showed that, using fer-

ric chloride, the capacity of the filters could be increased up to 2,000 m3/h. The rate of 

chemical consumption is 0.8 - 1 gram of trivalent metal per gram of phosphorus remo-

ved. 

Laisvall Mine Water Treatment Plant 

The plant consists of six AIB Mark 11 contact filters with a total area of 39 m2  for treating 

drainage water from Boliden AB lead mine. Precipitation is achieved with sodium sulphi-

de, using polymer as a coagulant aid. The work is run at a normal rate of filtration of more 

than 20 m/h, corresponding to a capacity of 800 - 900 m3/d (Table 5). 

	

Incoming 	Outgoing filtrate 

Lead 	g/m3  Pb 	0.5 - 5 	0.05 - 0.4 

	

Susp. solids g/m3  SS 30 - 300 	1 - 10 

Tab. 5: Laisvall mine water treatment plant 

Treatment tests carried out on the water showed that with these chemicals it was possi-

ble to precipitate the required amount of lead, but it was not possible to separate the 

flocs using conventional techniques (sedimentation, etc.). However, if precipitation was 

carried out by employing a contact filter, a flushing sludge was obtained that was easy to 

thicken and dewater. 
Gunnar Peterson 
Al !manna I ngenjorsbyran AB 
Pyramidvagen 2 B 
S-17125 Solna; Sweden 
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Chemical Water and Wastewater Treatment 
Schr.-Reihe Verein WaBoLu 62 (1985), 
G. Fischer Verlag, Stuttgart / New York 

Continous Sand Filtration 

H. Larsson 

Abstract 

Chemical treatment of water and wastewater in conventional plants normally involves 
addition of chemicals, coagulation, flocculation and floc separation. The equipment 
used comprises flocculation tanks, settling tanks and in many cases sand filters. 

The DynaSand continuous sand filter makes it possible to carry out coagula-
tion, flocculation and separation directly in the filter bed, even for waters needing high 
doses of coagulation chemicals and/or containing high levels of impurities, and produ-
ces from these waters a high-quality filtrate. The equipment used is very simple and ope-
ration of the DynaSand Filter is uncomplicated. 

Since basically all steps of the chemical treatment are carried out directly in the filter 
bed, the resulting savings in equipment volume can be up to 85 0/4 compared to conven-
tional chemical treatment. The dosage of chemicals can in many cases be reduced by 
20 - 30 0/g as compared to conventional chemical treatment, when using continuous 
contact filtration. Applications described range from drinking water/process water pro-
duction to treatment of municipal and industrial wastewaters. 

The DynaSand Filter 

More than 1000 units of the DynaSand Filter are in commercial use around the world. 
Roughly one fourth of these filters is used for contact filtration of water and wastewater. 

The DynaSand Filter is a continuous upflow filter. Its operation principle is shown in Figu-
re 1. 

The filter bed is cleaned continuously while the filter is in operation. The dirtiest sand is 
incessantly taken out of the filter bed, washed and returned to the clean part of the sand 
bed. Thus the filter does not have to be taken out of operation for backwashing. 

The feed is introduced into the lower part of the filter bed through riser tubes which di-
scharge under a distribution hood. Filtration takes place upwards through the sand bed 
which is moving downwards. Most of the suspended solids in the feed will be separated 
near the feed level, meaning that the dirtiest sand collects in the lower part of the filter. 
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Fig. 1: Scheme of the DynaSand filter 



The sand bed is kept in a slow downward motion by an air-lift pump which takes out dirty 
sand from close to the bottom of the filter tank. In the air-lift pump the sand 
is subjected to thorough mechanical agitation by the action of the air bubbles 
and the dirt is separated from the grains of sand. 

The dirt is finally rinsed off from the sand in the sand washer, which is placed concentri-
cally around the upper part of the air-lift pump. The clean sand is returned to the top of 
the filter bed. Reject water is continuously taken out from the sand washer. The filtrate 
leaves the filter as an overflow. The DynaSand Filter is very simple, both with regard to 
construction and operation as compared to a conventional sand filter. For instance, 
since the filter bed is not backwashed there is no need for backwash pump, back-
wash water storage tanks or an automatic control system. 

The filter design is based on a module system with a hexagonal or circular 
basic module. See Figure 2. 

Fig. 2: Multi module filter 

Large filter systems are composed of the required number of basic modules. 
No inner walls are needed in a filter containing multiple basic modules. The height of a 
large system equals that of a single module. 

Contact Filtration in the DynaSand Filter 

The DynaSand Filter will operate without interruptions for backwashing and will also ac-
cept high suspended solids levels in the feed stream. These characteristics make it pos-
sible to carry out coagulation and flocculation directly in the filter bed even for waters 
containing fairly high amounts of impurities. Chemicals are injected into the feed pipe of 
the filter. Thorough mixing of raw water and chemicals can be obtained by using a static 
mixer prior to the filter. 

Coagulation and flocculation in a granular bed is a very effective process since on the 
one hand, the water to be treated will be exposed to frequent contacts with already se-
parated flocs present in the sand bed and there will be a large number of collision possi-
bilities for the microflocs within the bed on the other hand. Furthermore, effective sepa-
ration in a sand filter will be achieved at much smaller floc sizes than is required for a se-
dimentation tank. The chemical dosage will therefore be reduced, in many cases 
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static 
mixer 

turbidimeter 

pH-control 

clean water 
reject 

DynaSand fi ter 

raw water 

Flocculation 
Chem. 	tanks 	 Settling tank 	 Filter 

Backwash 
storage 

Chem. DynaSand filter 

Fig. 3: Size comparison of a conventional system and the DynaSand filter system 

for surface water treatment. 

by as much as 30 0/c, Normally, reaction/contact times of 2 - 5 minutes are 

sufficient for precipitation/flocculation in a granular bed as compared to normal deten-

tion times in conventional flocculation tanks of 20 - 40 minutes. 

Fig. 3 shows a size comparison between a conventional system based on coagu-

lation/flocculation, settling plus sand filtration and a system based on the DynaSand Fil-

ter. 

Drinking Water and Process Water From Surface Water 

Production of drinking water and process water from surface water by use of contact fil-

tration in the DynaSand Filter has been undertaken in commercial installations and de-

monstrated in a number of field tests. In the field tests filters of commercial size were 

used. 

pressurized air 

Precipitation 	pH-adjus ment 
chemicals 	chemicals 

Fig. 4: Schematic diagram. Surface water treatment by contact filtration. 
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Experimental Investigation 

The basic schematic diagram for the test operations as well as commercial installations 
is shown in Fig. 4. Chemicals dosing equipment introduces coagulation chemicals into 
the feed line to the DynaSand Filter. A static mixer is provided to ensure good mixing of 
chemicals and raw water. Coagulation, flocculation and separation all take place within 
the filter bed in the DynaSand Filter. The quality of the treated water is checked by a tur-
bidimeter. Dosage of precipitation chemicals (alum or ferric chloride) is proportional 
to the feed flow to the filter while addition of pH-adjusting chemicals (if any) is controlled 
by a pH-meter. 

Filters with a minimum filter area of 1 m2  have been used in all of the tests. Duration of the 
tests ranged from 2 weeks to 3 months. 

Drinking Water 

Table 1 summarizes results and operating conditions for 4 tests where drinking water 
has been produced from surface water. 

The composition of the raw water was in the following range: 

Colour: 	 25 - 60 mg/I Pt 

Permanganate value: 23 - 42 mg/I 

Surface load in the filter was in the range 6.5 m/h - 12 m/h. 

The quality of the water obtained after treatment in the DynaSand Filter plant was on the 
average: 

Colour: 	 < 5 mg/I Pt 

Turbidity: 	 < 0.5 FTU (JTU) 

Permanganate value: 10 mg/I 

Al-rest: 	 < 0.1 mg/I 

The quality of the drinking water produced in the DynaSand Filter was in all cases ac-
ceptable according to the Swedish standards for drinking water quality. 

Tests have been carried out to study the tolerance of the continuous contact filtration 
method for suspended solids in the surface water. At present, acceptable drinking water 
of less than 1 JTU turbidity has been produced from river water to which 200 mg/I of clay 
had been dosed. Surface load on the filter was in this case 8 m/h and precipitation was 
carried out by the addition of 15 mg/I Fe3+  in the form of ferric chloride. 

178 



-7
1

c
D
 

L
o
c
a
ti
o
n
 	

F
ilt

e
r 

W
a

te
r 

so
u

rc
e

 	
S

u
rf

a
ce

 
lo

a
d

 

m
/h

 

D
os

ag
e 

R
a

w
 w

a
te

r 
T

re
a

te
d

 w
a

te
r 

A
lu

m
 

m
g
/I
 

N
a

O
H

 

m
g
/I
 

C
o

lo
u

r 

m
g

/I
 P

t 

K
M

n
O

4
- 

va
lu

e
 

m
g
/I
 

T
u

rb
id

it
y
 

F
T

U
 (

J
T

U
) 

C
o

lo
u

r 

m
g
/I
 P

t 

K
M

n
O

4
- 

va
lu

e
 

m
g
/I
 

T
u

rb
id

it
y
 

F
T

U
 (

J
T

U
) 

A
l-
re

st
 

m
g

/I
 

H
o

fo
rs

, 
S

w
e

d
e

n
 	

1
2

 
L
a
ke

 w
a
te

r 

V
a
xj

a
, 
S

w
e
d
e
n
 	

8
 

L
a
ke

 w
a
te

r 

B
o
ck

n
a
s,

 g
la

n
d
 	

6
.5

 
L
a
ke

 w
a
te

r 

H
'b

o
, 

S
w

e
d

e
n

 	
8
 

3
5
 

4
3
 

5
2
 

3
2

 

1
1
 

1
1
 

—
 

4
0

 

4
0

 

6
0

 

2
5
 

3
0
 

3
2

 

4
2
 

2
3

 

1
.8

 

—
 

—
 

3
.5

 

<
 5

 

<
 5

 

8
 

<
 5

 

9
.5

 

9
 

1
4

 

9
 

0
.2

2
 

0
.3

0
 

0
.3

3
 

0
.3

5
 

0
.0

5
 

0
.0

5
4
 

0
.0

8
0

 

0
.0

6
6

 

T
a

b
. 

1
: 

S
u

m
m

a
ry

 o
f 

d
a

ta
. 

D
ri
n

k
in

g
 w

a
te

r 
p

ro
d

u
c
ti
o

n
 f

ro
m

 s
u

rf
a

c
e

 w
a

te
r 

b
y
 c

o
n

ta
c
t 

fi
lt
ra

ti
o

n
 

L
o

c
a

ti
o

n
 	

F
ilt

e
r 

T
y
p

e
 o

f 
p

la
n

t 	
S

u
rf

a
ce

 
W

a
te

r 
so

u
rc

e
 	

lo
a
d
 

m
/h

 

D
os

ag
e 

H
a
w

 w
a
te

r 
I 

re
a
te

a
 w

a
te

r 

A
lu

m
 

m
g
/I
 

N
a

O
H

 

m
g
/I
 

C
o

lo
u

r 

m
g

/I
 P

t 

K
M

n
O

4
- 

va
lu

e
 

m
g
/I
 

T
u
rb

id
it
y
 

F
T

U
 (

J
T

U
) 

C
o
lo

u
r 

m
g

/I
 P

t 

K
M

n
O

4
- 

va
lu

e
 

m
g
/I
 

T
u
rb

id
it
y
 

F
T

U
 (

J
T

U
) 

A
l-
re

st
 

m
g

/I
 

N
yn

a
s 

P
e

tr
o

le
u

m
 

R
e
fin

e
ry

, 
S

w
e
d
e
n
 

B
o

ile
r 

fe
e

d
 w

a
te

r.
 

 
D

e
si

g
n

 f
lo

w
 r

a
te

 	
8
 

3
9
-4

0
 

1
0
 

2
5

-7
0

 
2

0
-6

0
 

1
5

-2
0

 
<

 5
 

<
 1

3
 

0
.2

-0
.4

 
<

 0
.0

5
 

1
0
8
 m

3
/h

. 
In

 o
p
e
r-

a
tio

n
 s

in
ce

 1
9
8
2
- 

1
0

-1
5

. 
L

a
ke

 w
a

te
r 

B
ill

e
ru

d
 P

a
p
e
r 

M
ill

, 	
1
0
-1

2
 

4
0

-7
5

 "
' 
1
0
 

3
0
 -

9
0
 

3
0

-4
0

 
2
-4

 
<

 5
 

--
 1

2
 

0
.2

-0
.5

 
<

 0
.1

 
S

w
e
d
e
n
. 
D

e
si

g
n
 f
lo

w
 

ra
te

 5
3

0
 m

3
/h

. 
In

 o
p
e
r-

 
a
tio

n
 s

in
ce

 A
u
g
.,
 1

9
8
3
. 

 
L
a
ke

 w
a
te

r 

H
a
lls

ta
 P

a
p
e
r 

M
ill

, 	
6

 
1

5
0

 
1
0
 

1
0

0
 

6
3

 
9

.8
 

<
 5

 
1

4
 

0
.5

5
 

0
.1

 
S

w
e

d
e

n
. 

P
ilo

t 
te

st
 	

8
 

8
0
 

3
 

1
0
5
 

6
6
 

1
1

 
<

 5
 

1
7
 

0
.5

0
 

0
.1

1
 

T
a

b
. 

2
: 

S
u

m
m

a
ry

 o
f 

d
a

ta
. 

In
d

u
s
tr

ia
l 
p

ro
c
e

s
s
 w

a
te

r 
p

ro
d

u
c
ti
o

n
 f

ro
m

 s
u

rf
a

c
e

 w
a

te
r 

b
y
 c

o
n

ta
c
t 

fi
lt
ra

ti
o

n
. 



During two of the tests, at Vaxjo Municipality and at Bocknas on the Island 
of Aland, the water produced in the DynaSand Filter plant was distributed to consumers 
through the drinking water system. The only additional treatment after direct filtration 
consisted in chlorination and pH-adjustment. A commercial plant in which drinking wa-
ter according to the above described methods is produced, is in operation since August 
1983 at Bocknas, Island of Aland. 

Process Water 

Table 2 summarizes results and conditions in two commercial contact filtration Dyna-
Sand Filter plants as well as in one pilot test. 

In general, the results obtained in the process water plants are very similar to those from 
the drinking water plants, that is: 

Colour: 	 < 5 mg/I Pt 

Permanganate value: 12 - 14 mg/I 

Turbidity: 	 0.2 - 0.5 FTU (JTU) 

In one case, at the Hallsta Paper Mill, where the feed water had high colour and perman-
ganate values (75 -100 mg/I Pt and 60 mg/I resp.), the corresponding quality of the trea-
ted water was: colour approx. 5 mg/I Pt and permanganate value 14 - 17 mg/I. In the 
Scandinavian plants the surface load in the filter was between 6 and 12 m/h. 

Tables 3 and 4 summarize experiences from some U.S. test plants where pro-
cess water is produced through contact filtration of river water. In these cases, the surfa-
ce loading rate in the filters was up to 17 m/h. In one case, alum was used as coagulant 
while polymer was the only chemical used in the other case. 

DSF 
Influent 	Effluent 	City water 

Surface load 15 m/h 
Dosage 9 - 10 mg/I Alum 

Turbidity (NTU) 	Avg. 6.3 	0.5 	 0.71 
Suspended solids (mg/I) 	Avg. 6.4 	0.45 

Surface load 15 m/h 
Dosage 20 mg/I Alum 

Turbidity (NTU) 	Avg. 7.6 	0.37 	0.40 
Suspended solids (mg/I) 	Avg. 8.7 	0.13 

Surface load 5 m/h 
Dosage 20 mg/I Alum 

Turbidity (NTU) 	Avg. 6.2 	0.37 
Suspended solids (mg/I) 	Avg. 7.0 	0.0 

Tab. 3: Pilot test data DynaSand filter, Detroit Edison, USA 
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Date Filter Surface 
load (m/h) 

Turbidity (NTU) 
Raw water 	Filtrate 

Polyelectrolyte 
(mg/I) 

7.14 15 105 - 110 0.8 - 0.9 5 
7.15 15 89- 	93 0.9- 1.3 5 
7.16 10 - 12 47- 	65 0.5 - 1.3 2 - 3 
7.17 10 - 12 54- 	57 0.7 - 1.4 4 - 5 
7.21 10 42 0.9 4 
7.22 13 38 - 40 0.4 - 0.6 2 - 3 
7.23 13 38- 41 0.4 - 0.5 1 -2 
7.24 16 - 17 42 - 	43 0.5 0.7 - 1.4 

Tab. 4: Daily results torn pilot test at Good Hope Refinery, USA, with a 1 m2 

DynaSand filter. 

Where alum was used turbidity values of less than 0.4 NTU were obtained. In the case 
when only polymer was dosed to the river water, the turbidity could be reduced from ap-
prox. 50 - 100 NTU to 0.4 - 1.4 NTU. 

Wastewater Treatment 

Municipal Wastewater 

Continuous contact filtration as described above can also be used for chemical treat-
ment of wastewaters. Fig. 5 shows a plant where biologically treated municipal wastewa-
ter is subjected to direct precipitation with addition of alum for phosphorus elimination. 
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Fig. 5: Set-up for advanced wastewater treatment. 
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Alum dosage has been 70 - 80 mg/I. The suspended solids content in the 
wastewater was reduced from 40 to 60 mg/I (after precipitation) to 0 - 3 mg/I in the filtra-
te. In general, the suspended solids reduction over the filter was 97 - 98 0/o. Very good re-
sults were also obtained regarding phosphorus removal. The total phosphorus concen-
tration in the filtrate was normally 0.05 - 0.3 mg/I, which corresponds to 90 - 99 %remo-
val. Fig. 6 summarizes the results. 

6.0 m/h 

mg/I 1.7 1/m2  .s 
9.0 rn/h 
2.51/m2  •s 

10.0 mill 
2.8 1/m2  •s 

  

influent 

cn 40 

effluent 

0 	  
May 1 	 June 1 	 July 1 	Time 
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60 • 
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May 1 
	

June 1 	 July 1 	Time 

m WC 

0 
<I 0.4' 

0.2 

May 1 	 June 1 	 July.  1 	Time 

Fig. 6: Typical performance data from advanced treatment of municipal waste-
water 

A large number of plants are in operation using the above method. The plants 
give similar results to these reported above, see table 5, although the suspended solids 
concentration in the feed to the filter (before precipitation) is sometimes as high as 100 
mg/I. 

Industrial Wastewater 

Wastewater from the metal finishing industry can be pH-adjusted for precipitation of me-
tal hydroxides and then fed directly into the DynaSand Filter. In this case flocculation/fil- 

0.6. 

0' 
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Process 	Surface load 
DynaSand 
m/h 
average-peak 

Required 
quality 
mg/I 

Operating 
results 
mg/I 

Bergshamra As/Contact 5 - 10 BOD7 : 15 BOD7 : 2 - 3 
Filtration (Alum) TOT-P: 0.5 TOT-P: 0.1-0.2 

Grisslehamn Biorotor/Contact 5 - 10 TOT-P: 0.5 TOT-P: 0.15 
Filtration (Alum) 

Messlingen Biol. Filter/ 5 - 10 BOD7: 15 BOD7 : 1 - 3 
Contact TOT-P: 0.5 TOT-P: 0.1 
Filtration (Alum) 

Lofsdalen Mechanical/ 5 - 10 BOD7 : 60% BOD7: > 90% 
Contact RED RED 
Filtration (Alum) TOT-P: 0.3 TOT-P: 0.14 

- 0.23 

Essvik Mechanical/ 18 TOT-P: < 0.3 
Field test Biological/ (10 - 20) 

Contact Filtration 
(FeC13) 

Tab. 5: Municipal wastewater treatment 

Fig. 7: Schematic diagram for treatment and recirculation of process water in iron 
and steel industry. 

183 



tration takes place in the filter bed. Spent process water can be purified and recycled in 
many process industries. This not only results in less pollution of the external environ-
ment but also contributes to lower water and energy costs. As a rule, filtration will 
produce treated water of sufficiently high quality for reuse in the plant. 

In hot rolling mills and continuous casting plants in the steel industry large amounts of 
water are used for both cooling and transport. This water can be recirculated after treat-
ment, which removes mill scale, oil and grease. Figure 7 shows a schematic diagram for 
a treatment plant. Note that the filter reject water is settled in a thickener and returned to 
the filter feed. Dosing of polymer to the reject water enables the thickener to cope with a 
high load. Residual polymer in the overflow of the thickener being recirculated 
to the filters enhances separation in the filters. 

Design 	Surface load 	Feed 	Filtrate 
Flow Rate 	 SS 	SS 
m3/h 	 m/h 	mg/I 	mg/I 

Degerfors 360 20 50 - 100 < 5 
Fagersta 450 19 50 < 5 
Swedish Steel Corp. 725 20 50 < 5 

Tab. 6: Recirculation of process water ; iron & steel industry 

Table 6 gives operating data from a number of DynaSand Filter installations in the steel 
industry. The filtered water is of a high quality and normally contains less than 5 mg/I of 
suspended solids and oil. 

Summary and Conclusions 

Continuous contact filtration in the DynaSand Filter of surface water and wastewaters 
has been presented. This method makes it possible to carry out contact filtration also for 
waters high in colour, organic matter, turbidity, and suspended solids, and obtain from 
these waters a high-quality filtrate. The equipment used is very simple and operation of 
the DynaSand Filter is not complicated. Since all steps of the chemical treatment are ba-
sically carried out directly in the filter bed, the resulting savings in equipment volume 
can be up to 85 °/q compared to conventional chemical treatment. 

Dr. Hans F. Larsson 
Axel Johnson Engineering AB 
Box 1004 
S-14901 Nynashamn; Sweden 
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Sludge Removal from Ponds 
or Simple Earth Basis 

U. Weidling 

Introduction 

This paper has been presented to acquaint the profession with an automatic sludge re-
moval system developed by lndustrikonstruktion AB in Sweden and installed at a num-
ber of plants all over the World. Some of these installations have been in operation for 
several years under varying conditions. Thus, it can be said that the know-how to solve 
different sludge removal problems under changing conditions is now available. So far, 
few pieces of equipment have been developed for the removal of sludge from simple 
earth basins lined with rubber or plastic sheeting onlay. Instead the design of 
earth basins has frequently employed expensive concrete structures in order to support 
mechanical systems for sludge removal. 

The Sludge Monster system proposes to solve this problem. It features an automatically 
controlled monitoring system for a submersible pump that takes in sludge at three diffe-
rent levels in required quantities and/or concentrations. It works like an automatically 
controlled vacuum cleaner. The name was selected in order to give a descriptive impres-
sion of how the system works. The Sludge Monster concept is particularly well suited for 
applications when sludge has to be removed from lined basins and when a submersible 
pump is used to suck the sludge at the bottom level without damaging or moving 
the lining material. 

Atmospheric pollution problems may occur during the long-term storage of sludge in 
large basins. The lining of large basins, where sludge is stored and intermittently remo-
ved, always constitutes a problem. It is often preferrable to construct multiple smaller ba-
sins to serve as sedimention tanks and for the continuous removal of sludge. A solution 
can then be employed where a submersible pump is suspended under a raft or from an 
overhead girder bridge. It sucks sludge and transports it in a floating hose to a receiving 
station on land. The raft is automatically propelled across the water with the aid of a gui-
de wire system. In the case of an small pond the overhead girder bridge that moves over 
the pond on rails in a controlled pattern can be used. 

Installations of this type have been in operation for several years. Larger mobile units 
can also be manufactured in the case of restoration of polluted lakes, and can be empo-
lyed as well for the recovery of fibre bank deposits on lake beds and other waterways.  
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Background 

Demands for a better environment grew stronger in the 1950's and 1960's and a new en-
vironmental conservation legislation was passed in Sweden in 1969. This legislation 
particularly enforced regulations on discharge of polluted water into Swedish water-
ways. At that time large quantities of pollutants had already been released and, as a con-
sequence, many stretches of water had become seriously affected. Many engineers 
started to ponder over what a final treatment plant should look like. A large number of 
plant types were installed with widely varying results. The thinking circled around the 
determination of settling pond shapes, pond depths, surface loads and other 
technical specifications. The most important aspect was less frequently mentioned, i.e. 
the problem of removing sedimented solids; the use of bottom scrapers was the only 
technique applied at that time. The establishment of a smoothly functioning sedimenta-
tion plant design was hindered by the inability to solve the sludge removal in such a way 
that the platn would retain its high grade treatment results. Moreover, sludge treatment 
did not function as envisaged, which meant further complications in operation and 
maintenance. 

Pond Layout and Design 

In pond layouts there is frequently a choice between a round or rectangular shape. Both 
forms have been extensively analysed to find out the hydrologically most advantageous 
proportions, and it has generally been established that a rectangular basin with a side 
proportion of 1:5 should be preferred. Even a rectangular basin with a side proportion of 
1:3 gives a better flow pattern than a round pond (see Figure 1), if there are no guide va-
nes in operation. 

Rectangular Pond 
	

Round Pond 

Fig. 1: Pond layout and design 	 Plan 

The depth depends more on practical experience but usually varies from 3 to 6 m. Ho-
wever, it has in general been difficult to remove sludge from a large, say 1,000 to 3,000 
m2  rectangular, pond without dividing it into separate parallel units. In the case of a lar-
ger pond, an arrangement consisting of a round basin with a rotatin scraper that moves 
the sludge to a pump, which in turn pumps out the sludge concentration that is moved 
down on to it, is frequently considered to be a more expedient solution. In such 
a case the sludge removal problem has in fact decided the layout. Since the 
scraper also requires an even, well defined bottom and a rigid construction, if it is to 
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function well, it has also influenced the construction principles and thus caused the de-
signer to select relatively sophisticated structures. 

The inflow zone should admit the water at a smooth flow and with a minimum 
of turbulence. The outlet zone should in the same way discharge the water with a mini-
mum of disturbance. The outlet is normally designed to have the same depth as the sett-
ling area, and a width equal to its depth. Naturally, the settling area creates a separation 
of sediments and sometimes necessitates the monitoring of the sedimentation process. 

Pond design varies to a great extent. In small ponds, concrete is the most frequently 
used material, although some cost saving designs have been employed for large round 
ponds, e.g. asphalt on graded gravel. Wood panels have in some cases also been em-
ployed for large round pools fitted with scrapers. 

Simple ponds are constructed as excavations in the ground with dirt walls. 
Water proofing, if required, can be achieved by employing a clay seal protected 
with sand and gravel or by using plastic sheeting. However, if an impermeable 
seal is required, one of the modern, self-vulcanizing synthetic rubber mats that forms an 
internal coating can been used. These mats in 3 to 6 m wide strips with overlap in accor-
dance with supplier specifications, seal the pond completely. 

Development and Functioning of the Sludge Monster System 

The limitations imposed on pond designs by sludge scrapers initiated the development 
of the Sludge Monster System. The system starts by moving a submersible pump (or a 
suction nozzle) in the sludge in three dimensions and at varying speeds dependent on 
the amount of sludge. The sludge pump moves continously through the sludge, which is 
removed in a programmed way, as opposed to earlier methods where the sludge was 
moved by scrapers to the pump, which then pumped all of it out regardless of concen-
tration. 

The next stage in the development was to design a system would allow a pump 
follow an uneven surface on the bottom at different preset depths. An irregularly shaped 
basin in the ground with varying depths and sloping sides was used as a basis for trials. 
The suction head had to be moved just above the bottom surface without moving the 
bottom lining material. The solution to this problem turned out to be a freely suspended 
suction pump with a suction funnel specially shaped to rest on the bottom. The suction 
funnel was so designed that the upward flow of wastewater would take the sludge away 
but not the bottom lining material. An easily adjustable spacing device was placed bet-
ween the suction funnel and the firm bottom lining to adapt the system to the situation 
where it would be employed. 

The entire device, comprising of the pump, suction funnel and spacer for detecting va-
riations at the bottom, was suspended from a rod or a line to form a pendulum. This pen-
dulum could be raised or lowered by a hoist. As the device was raised, the swing of the 
pendulum was correspondingly reduced. This condition was registered, causing the 
device to be lowered. In this way, the device was raised and lowered above and below 
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Fig. 2: Submersible pump raised or lowered by a hoist, following the basin 
bottom. 

the pre-set optimum angle for the pendulum swing (see Fig. 2 and Fig. 3). This meant that 
when the submerged pump passed through thicker sludge with correspondingly higher 
resistance force, causing the angle of suspension to increase, the pump could 
be made to go up, thus taking out a continuous flow following the contour of the sedi-
mented sludge. 

With the aid of the pump, suction funnel, spacer device, hoist and pendulum-angle con-
trol described above, the suction nozzle can be guided to follow the basin bed at a con-
stant height above the bottom. 

To control the type and quantity of removed sludge, the entire operation can be monito-
red an controlled by flow quantity, density, concentration, pH-value, temperature, elec-
trical conductivity or radioactivity. The system also comprises propulsion equipment for 
moving the suction device in three planes, a regulator for the separate sludge transport 
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Fig. 3: Entire device for automatic sludge removal. 

pump or pumps, and a monitoring equipment to ensure that the sludge is pumped in the 
required quantities and in the required concentration. In addition, there is a ver-
satile hose system, section of which can be combined to form booms or trans-
port hoses on the water (floating hose), or which can be used as transport 
hose on land. 

Several years of experience have shown that the size of a given pond deter-
mines the kind of equipment required to carry the Sludge Monster system. For ponds up 
to 35 m wide an overhead crane is the best solution and for larger ponds a raft system is 
more economical. 

Advantages 

The advantages of the system vary with the fields of application, but in general are: 

- The pond design can be selected freely both with regard to the layout as well as the 
cost efficiency, and the sedimentation removal equipment can be adapted to fit the 
pond rather than the other way around. 

- The concentration of the removed sediment can carefully be controlled, simplifying 
sludge dewatering considerably. 

For the pulp industriy for example, it means, that the concentration of the fibre sludge 
can be chosen up to a level of approx 4.5 0/0. Fibre sludge of suche concentration hardly 
flows in open troughs. Another advantage is that the pond may also be used as a buffer 
tank, if a suitable pond depth is selected. Since the sludge pump works vertically and 
never gets stuck in the sludge, it is possible to allow the sludge to fill a large area of 
the pond. This means that the sludge recovery rate can be adapted to suit, 
for example the working hours of the personnel, including breaks for holiday 
etc. 

189 



Types of Plants Now in Operation 

- Automatic sludge removal from rectangular concrete basin with sloping sides by a 
submersible pump suspended from a bridge crane. 

- Automatic sludge removal from irregularly shaped ponds by a submersible pump su-
spended under a raft. 

- Mobile diesel hydraulic driven rafts for the removal of sludge from lake beds. 

The rapid progress recently made in the sludge treatment field is stedily extending the 
application of the sludge pumping system. One example is the enormous amount of fi-
bre waste deposited on the bottom of lakes and rivers close to pulp mills. These fibres 
could be used profitably if only they could be freed of the mercury previoulsy employed 
as anti-rot dressing. If it becomes possible to use complexing agents to clean fibre slud-
ge effectively by removing the mercury, and to clean industrial and community effluent 
to remove toxic substances and heavy metals, then the sludge pumping technique 
will become a necessary step in this recovery process. 

Sludge pumping effectively solves the problem of sludge removal from a spe-
cific location and delivery to another location for further treatment. In addition, it means 
that ponds may designed with simplicity and economy. 

Reference 

Sandberg, A.: Modern teknik for sedimentupptagning, Svensk Papperstigning, 16 
(1976) 

Ulf Weidling 
Boliden WP-Contech 
Drottniggatan 99 
S-10430 Stockholm; Sweden 
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Characteristics of Sludge from Wastewater 
Flocculation/Precipitation 

V. Mertsch 

Introduction 

An area of considerable concern for wastewater treatment plant operators is the dewa-
tering and disposal of sludges that remain after different treatment processes (e.g. pri-
mary clarification, activated sludge or trickling filter units, the precipitation/flocculation 
process). Because of the growing use of physico-chemical treatment operations -alone 
or in combination with primary or biological treatment - especially the quality and quanti-
ty of chemical sludge deserve attention. This is because of the predicted increase 
in sludge quantities compared with mechanical and biological sludges and because of 
the different sludge characteristics. 

Chemical sludges are often characterized by their gelateneous nature, high water con-
tent (low suspended solids concentration), high resistance to mechanical or gravitatio-
nal dewatering and other problems associated with their handling and ultimate disposal. 
In fact the resulting sludge has been a special problem of chemical precipitation/floccu-
lation in the past. It is surprising to read Michael Blew's notice from 1935: „The peak (of 
the chemical precipitation) was reached between 1880 and 1890 with the advent of bio-
logical methods. Sanitarians at that time were tired of constantly fighting the 
sludge problem of chemical precipitation, which, incidentally, should not be a problem 
today" [1]. 

Today, the precipitation/flocculation process can be considered a technology for ad-
vanced wastewater treatment, often proved in practice. Presently in the Federal Repu-
blic of Germany, the sewage of approximately 9 million inhabitant equivalents at 150 wa-
stewater treatment plants is chemically treated [2]. Fig. 1 shows the location of munici-
pal sewage treatment plants using the precipitation/flocculation process. 

Although the removal of phosphorus from effluents is the primary reason for 
establishing the precipitation/flocculation process at wastewater treatment plants, this 
process serves other functions as well. These include the increased removal of suspen-
ded solids, BOD and COD relevant material, the relief of overloaded conventional treat-
ment plants or the control of bulking sludge (Fig. 2). 

Depending on the objectives of the precipitation/flocculation process, many different 
treatment systems, including modifications of existing primary and secondary treatment 
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Fig. 1: Status of the chemical treatment of municipal wastewater in the Federal 

Republic of Germany in 1983 

plants, can be installed. These treatment processes can be grouped into four classes 
(Fig. 3). Almost all sewage works have a primary and secondary wastewater treatment 
stage. Addition of metal salts to the secondary effluent (tertiary treatment) is used 15 
of the time. That means that in practice, conventional sludge handling for primary slud-
ge, secondary sludge and chemical sludge is necessary 85 % of the time. This 
large percentage suggests that the characteristics of sludge should be investigated in 
order to optimize the design of sludge treatment systems. 

Sludge generation at chemical treatment plants 

Sludge production from wastewater treatment is influenced by a number of variables. 
For conventional plants influent solids, overflow rate, temperature and general waste 
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characteristics influence the quality of primary and secondary sludge. The amount of 

additional biomass depends on the kind of biological treatment process. When chemi-

cals are added, additional factors such as type of chemicals, chemical dosage and the 

point at which chemicals are added influence the sludge quantities produced. 

The literature abounds with sludge production data from chemical treatment. An exten-

sive literature review [3] illustrates the degree of variability of sludge production data re-

ported. Pre-precipitation (addition of metal salt to the primary sedimentation tank) pro-

duced 0 - 450 %additional sludge volume, simultaneous precipitation (addition of che-

micals to biological treatment) - 38 to 161 0k, and post-precipitation an additional 61 

- 100 0/0. 
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The analysis of sludge production data obtained from a 1983 survey of 84 chemical 
treatment plants [2] shows that only the total quantity of sludge is measured at a great 
number of full scale facilities practising the precipitation/flocculation process. A compa-
rison of sludge production with and without installation of precipitation systems is 
shown in Table 1. 

Plant type 	Sludge volume 	 Sludge mass 
lid 	 % DS 	g/d 

Precipitation* 	1.70 	 3.85 	65.5 
Conventional** 	1.31 	 4.60 	60.5 
• Data from [2]; **Data from [4] 

Tab. 1: Sludge generation at conventional and chemical wastewater treatment plants 
in the Federal Republic of Germany, per capita. 

The raw sludge produced consists of both primary and waste activated sludge and in 
addition, chemical sludge of precipitation plants. Bench scale and pilot scale studies 
would appear to provide more specific information about sludge production because of 
better process control. Therefore pilot scale studies were carried out at different sewage 
works. The results show that the sludge mass (dry solids produced) depends directly 
upon the amount of chemicals added. Fig. 4 illustrates this relationship for sludge from 
post-precipitation. The increase in water content corresponding with an increased addi-
tion of metal salt is typical for sludges from wastewater precipitation/flocculation. 
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Fig. 4: Observed relationship between sludge production and chemical dosage for post-
precipitation; a: Solids content of the chemical sludge; b: Total solids production; 
c: Chemical sludge volume 
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A popular approach to estimate chemical sludge mass are calculations based 

on stoichiometric relationships. The chemistry of phosphorus removal by interaction 

with metallic ions is complex, but for the sake of simplicity it can be assumed, that phos-

phorus reacts as the orthophosphate form P043-  and that aluminium and ferric ions can 

combine with orthophosphate ions to form aluminium and iron phosphate. Since ferric 

and aluminium ions have similar reactions with phosphate, the nature and quantity of 

chemicals only marginally influence the characteristics of the sludge. Thus, a calcula-

tion of sludge production is possible, namely by assuming a competitive forma-

tion of metalphosphate and insoluble metalhydroxide [5], [6], [7]. Assuming that 50 Woof 

the metal added reacts with phosphorus compounds which are thereby removed and 

50 0/0 of the metal forms hydroxide, sludge production is 2.3 g/g Fe3+. 

Aside from a reduced phosphorus concentration in the effluent, chemicals have other 

positive effects, namely lower BOD5  and COD and lower suspended solids. Data availa-

ble, then, indicate that the chemical sludge mass is higher than the values predicted by 

simple stoichiometry. There is reason to conclude that chemical sludge production 

could be higher than stoichiometric values because other cations and anions can be in-

corporated into the complex ligand structures of aluminium and ferric hydroxides. In ad-

dition, soluble organic material apparently is adsorbed on the precipitate. Conse-

quently itois recommended that with either Al or Fe, sludge mass be estimated 

to be 35 percent higher than the simple stoichiometric volumes [8]. 

It is very difficult to define these different chemical reactions between coagulant and dis-

solved organic or inorganic wastewater constituents. These reactions, which lead to the 

formation of metalhydroxide, metalcarbonate and metal complexes [9] may result in an 

increased addition of chemicals or in more sludge mass. The sludge mass, which re-

sults from coagulation and separation of colloidal solids, is easier to calculate. With re-

gard to estimated sludge quantities based on a stoichiometric relationship, two equa-

tions may be derived for ferric and aluminium salts. They include the variables: dose of 

chemicals, efficiency of phosphorus suspended solids elimination. 

SAl = 1.42 rip P + 2.89 Al3+ + 	F 

SFe = 1.42 rip P + 1.91 Fe3+ + nF  F 

where: 
S 	 sludge mass (g/m3) 
Al3+; Fe3+ 	dose of chemicals (g/m3) 
P; F 	phosphorus and susp. solids content in the inflow of the 

chemical wastewater treatment stage (g/m3) 
rip; 	 efficiency of phosphorus and suspended solids elimination 

Sedimentation, thickening and dewatering characteristics of chemi-
cal sludges 

Although a study of full-scale treatment facilities [3] has shown that the behaviour of 

chemical sludges in thickening is poor and slightly better in dewatering, no extensive in-

formation concerning the solid-liquid separation of chemical sludges is available in the 

literature. Studies [11], [12] have, however, shown that there is a relationship between 
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Fig. 5: Comparison of the settling behaviour of sludge suspensions from pre-, simul-
taneous and post-precipitation. 

the method of precipitation/flocculation and the characteristics of the resulting che-
mical sludges in terms of settleability, thickenability and dewatering behaviour. 

In most modern wastewater treatment plants, chemicals may be added at seve-
ral points. A dosage of metal salts to the primary or secondary treatment stage normally 
results in an increased settling velocity. Especially the second addition -just prior to or 
directly into the aeration basins - effects an increased settling velocity. Consequently a 
positive change of sludge volume index - measured as settleability of waste activated 
sludge - is observed (Fig. 5). Investigations by different authors agree with these results 
[13], [14]. Therefore, hydrolizing metal salts are often recommended for the control of 
bulking sludge [15],[16]. In contrast to simultaneous precipitation, pre- and post-preci-
pitation results in a moderate sedimentation behavior of the resulting sludges. The addi-
tional use of polyelectrolytes as flocculation aids can improve the settleability 
to a large extent. The energy input, i.e. the G-value or the Camp number G t, may also be 
varied to change the sedimentation behavior. Fig. 6 illustratesthe influence of energy in-
put on sludge volume SVi20. A higher G-value produces more compact (denser) aggre-
gates with a higher settling velocity. Reduced sludge volume is also the result of more 
compact aggregates. Thus, improved settling behaviour might be produced making the 
flocs larger by optimizing the intensity and duration of the energy input. 

A survey [17] showed that most sewage works maintain a gravity thickening facility in 
addition to the sedimentation tank. Gravity thickening is a simple and inexpensive pro-
cess used for concentration priorto digestion and dewatering. Thickening increases the 
solids content of a sludge by partial removal of the liquid portion. 

In general, the thickenability and the thickened sludge concentration depends 
to a high degree on the volatile fraction of sewage as well as on the kind, 
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the number and diameter of sludge particles. The thickenability of wastewater sludges 
increases when the mean solids particle diameter increases and/or the volatile fraction 
of sludge decreases. Therefore, primary sludges with a high amount of granular partic-
les normally reach a higher degree of consolidation than waste-activated sludges and 
hydroxide sludges with their pronounced floc structure. Sludges from the primary, se-
condary and tertiary treatment stages differ clearly in thickenability. On the other 
hand, after the addition of chemicals to the primary or secondary treatment step only 
small changes of thickenability may be observed. Thus, the thickened sludge concen-
tration seems almost independent of the dosage of chemicals. Sludges resulting from 
pre-precipitation are more or less comparable in terms of their thickenability with prima-
ry sludges and sludges from simultaneous precipitation with surplus sludges. 

An illustration of the thickening behavior of sludges from pre-, simultaneous and post-
precipitation is shown in Fig. 7. The figure illustrates that sludges from mechanical-che-
mical stages of treatment after sedimentation and before thickening possess a much 
higher dry solids content than biological-chemical and tertiary sludges. The highest 
sludge volume reduction will be achieved for sludges from simultaneous precipitation. 
The sludges from pre-precipitation, however, show the highest absolute solids content. 
Tertiary sludges, which have a very low solids content after sedimentation show an unfa-
vorable thickenability in comparison with other types of sludges. 

The purpose of dewatering processes is to reduce sludge volume in order to decrease 
the costs of the subsequent sludge processing and disposal. To meet this goal mecha-
nical filtration processes (filtration, vacuum filter, filter press, belt presses) are most wi-
dely used. For filtration processes specific resistance to filtration and capillary suction ti-
me are the most frequently used and accepted parameters. In Fig. 8 the capillary suction 
time of the the thickened sludges from pre-, simultaneous and post-precipitation is plot- 

Fig. 8: Relationship between capillary suction time and chemical dosage for 
sludges from pre-, simultaneous and post-precipitation. 
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ted as a function of chemical dosage. For each of the three precipitation methods used, 

a decrease in capillary suction time is observed corresponding with an increased dosa-

ge of metal salts. Especially for the sludges resulting from pre- and post-precipitation it 

may be assumed that an increased fraction of hydroxide flocs leads to better dewatering 

behavior. In any case, a systematic increase in the chemical dose results in a signi-

ficant decrease of capillary suction time as well as specific resistance to filtration of the 

thickened sludges. These results confirm earlier investigations [18] with regard to a dec-

rease in the volatile fraction and a higher fraction of hydroxide sludge leading to a clear 

improvement of dewatering characteristics. 

Interpretation of chemical sludge properties 

Little information is available on the physical characteristics of chemical sludges. In or-

der to facilitate the design of sludge treatment systems, it is imperative that fundamental 

sludge properties be investigated to determine why chemical sludges possess these 

particular phase separation characteristics. 

Previous studies have often emphasized only sludge macroproperties, such as specific 

resistance, capillary suction time or cake solids concentration. Few studies have at-

tempted to explain observed results in relation to sludge floc microproperties, such as 

size distribution and density. 

The following section will try to clarify the differences in phase separation of mechanical, 

biological and chemical sludges by means of the particle diameter respective particle 

distribution. The equations of Stokes and Carman-Kozeny indicate the significant in-

fluence of particle and floc diameter on sedimentation, thickening and dewatering. Gale 

already [19] presented the Kozeny equation for flow through incompressible media to 

show the relationship between sludge floc size and specific resistance to fil-

tration. The following equation summarizes this relationship: 

r = [ K (S0 2) (1 — e) 	€ 3  p 

with So  as a function of diameter de, So  = 6/de, yields: 

e4  

where: 
K 	Kozeny particle shape factor 
e 	porosity of sludge cake (cm3/cm3) 
p 	sludge floc density (g/cm3) 
So 	specific surface area (cm2  /cm3) 

specific resistance to filtration (cm/g) 
de 	equivalent diameter (cm) 

Furthermore this equation includes a term for porosity. The fractional void of a sludge 

cake is also a significant determining factor in dewatering. However, analytical techni-

ques for an accurate determination of cake porosity have not yet been developed [20]. 

Knocke et al.[21] studied the effect of particle size on the dewatering characteristics of 
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• 
• 

• 
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metal hydroxide sludges. Any treatment variation that resulted in a shift in particle 
size distribution had a corresponding effect on sludge specific resistance. Novak et al. 
[22] showed that particle size plays a significant role in defining the dewatering rates of 
aluminium and ferric hydroxide sludges from water treatment. Luggen [23] and Karr [24] 
[25] point out that colloidal and supra-colloidal sludge particles significantly influen-
ce dewatering properties. The higher the fraction of colloidal particles, the more difficult 
the mechanical dewatering of sludge. Karr suggest that particles of this size, as well the 
sludge cake and the filter medium glue together during filtration. Investigations of Engl-
mann [26], which also show a relationship between the amount of fines <63 urn 
and capillary suction time, confirm this hypothesis. 

Particle size measurements were made with a Hiac PA-720-channel particle analyzer, 
employing a 2.5 micron aperture sensor. The system operates on a light blockage prin-
ciple, measuring the projected surface areas of the particles. These data were subse-
quently converted mathematically to the diameters of spherical particles that have the 
same projected surface areas as those of the measured particles. Concentration limits 
necessitate the dilution of sludge suspensions prior to testing. 
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Fig. 9: Effect of the number of sludge particles on the capillary suction time of 
sludge from simultaneous precipitation (activated sludge). 

Fig. 9 shows that capillary suction time is also a function of particle concentration. Given 
a constant solids content, a higher number of particles corresponds to a smaller mean 
particle size and therefore a higher capillary suction time. 

With regard to particle concentration, primary sludges possess a relatively constant 
number of particles, while waste-activated and surplus sludges are characterized by 
considerable changes particle concentrations. The same is valid for particle size distri-
bution. Fig. 10 shows that the variability is smallest for sludges from pre-precipitation 
and greatest for biological sludges. Compared with other sludge types, the thickened 
tertiary sludge has a very homogeneous particle distribution. The frequency distribution 
of the medians of particle diameters therefore shows a relatively broad spec-
trum for the median d50. Changes in particle distribution may be related to the addition of 
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Fig. 10: Comparison of the particle size distribution of sludge suspensions from 
primary, secondary and tertiary treatment. 

coagulants. A higher percentage of fine particles, for example, results after pre-precipi-
tation/flocculation. This is due to the precipitation of dissolved solids and the aggrega-
tion and sedimentation of suspended solids. 

On the other hand, simultaneous precipitation/flocculation produces a shift in the par-
ticle distribution in sludges toward larger particles (when compared with waste-activa-
ted sludges). A change in the particle volume distribution - as found in [28] added to bio-
logical for increasing chemical dose sludges (Fig. 11) would explain the better sludge 
volume index (Fig. 5) as well as the shorter capillary suction time (Fig. 8). 

Chemical sludge as a source of pollutants 

Several important factors are of interest with regard to final sludge disposal. In particular: 
content of pathogens, potentially toxic substances like heavy metals and organic micro-
pollutants, and the nutrient content. 

It may be interesting, however, to examine the content of heavy metals in sludge as a re-
sult of adding metal salts to the wastewater. Mier [27] has examined the influence of 
chemical treatment on various sludge constituents, and subsequent utilization and di-
sposal of the sludge. 

Primary sludge 

Activated sludge 

Tertiary sludge 
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Fig. 11: Particle volume distribution of different biological sludges. 

A 1983 survey [2] has shown that the concentration of heavy metals in sludges from wa-
stewater treatment plants using flocculation and precipitation is comparable to that in 
sludges from conventional treatment plants. Table 2 shows that differences in concen-
trations follow in pattern and depend more on the kind of treatment. Thus, the reference 
values for limit concentrations of heavy metals in sludges are applicable to chemical 
treatment processes as well. 

Sludge content Sludge from chemical treatment* 

ME 	AM 	S 	N 

	

m./k. DS 	- 

Sludge from conventional 
Mechanical-biological treatment** 

ME 	AM 	S 	N 

	

mg/kg DS 	- 

Nutrients 

Total phosphate 65000 64222 26096 23 33600 39000 30800 2021 
(P2O5) 
Total nitrogen 34725 42109 23691 24 
Potash (K2O) 3000 3639 2588 19 
Calcium (CaO) 64000 78353 51769 19 

Heavy metals 

Cadmium 	Cd 4.0 6.4 11.9 53 5.6 11.1 24.4 1990 
Nickel 	Ni 38.4 79.8 144.0 50 47.4 94.4 194.8 1657 
Zinc 	Zn 1480.0 1829.0 1535.0 50 1318.0 1700.0 1867.0 2108 
Mercury 	Hg 2.4 2.6 1.6 38 1.7 2.7 3.9 1157 

Lead 	Pb 150.5 253.2 294.0 52 194.8 303.2 520.9 1844 
Chromium 	Cr 91.0 207.3 264.8 49 66.5 263.7 690.5 1576 
Copper 	Cu 359.0 449.5 273.0 52 225.6 358.8 587.7 2090 
Silver 	Ag 15.0 25.0 23.5 10 
Manganese 	Mn 415.0 434.7 133.5 13 

'Coagulant' 

Iron 	Fe 60000 62160 34132 23 

ME = Median; AM = Arithmetic mean; S = Standard deviation; N = Number of plants investigated 

• Data from [2]; ** Data from [17] 

Tab. 2: Content of nutrients and heavy metals 
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Summary 

Chemical treatment of wastewater, i.e. precipitation and coagulation, is a proven method 
for the elimination of phosphate and for the improved reduction of suspensa. The inc-
reased efficiency of the treatment process and the addition of chemicals will, however, 
lead to increased sludge yields. At the same time this sludge will have different charac-
teristics as compared to the known primary and secondary sludge. Today's practice 
does not necessarily reflect, neither in the design nor in the operation of sludge hand-
ling plants, that there are changes, both in quantity and quality of sludge. 

Parameters which could affect the quantity and quality of chemical sludge produced 
were investigated using a small, half-technical treatment plant. Beside the evaluation of 
the sludge production in terms of volume and dry matter, other important data for cha-
racterization of sludge quality, such as floc size distribution, sedimentation, sludge volu-
me index, thickenability, capillary suction time and specific filter resistance were investi-
gated for each sludge. Systematic variation of the process parameters, such as 
type and dose of chemicals, resulted in different types of sludge. 

The increase of the produced sludge volume when chemical treatment is intro-
duced depends directly upon the amount of chemicals added. The amount of 
sludge produced can be predicted quantitatively as a function of the chosen dosage 
and the amount of solids removed (the latter quantity depends, of course, on the chemi-
cal dosage used); the basis for such calculations are stoichiometric relationships. 

Furthermore, the characteristics of these sludges, particularly in comparison with the 
quality of primary or secondary sludges, were affected to a large degree by changes in 
the particle or floc size distribution. Varying the process parameters leads to significant-
ly different sedimentation, thickening and dewatering characteristics. 
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Concentration of Sludge by Atmospheric 
Flotation 
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Introduction 

The general treatment procedure for waste sludge generated from the activated sludge 
process consists of thickening, anaerobic digestion and dewatering. After passing 
through these stages, the thickened sludge is incinerated or composted. Within the 
sludge treatment process the thickening of the sludge itself is one of the most important 
operations. In fact, it is not an exaggeration to say that the efficiency on the entire sludge 
treatment process is vitally affected by the satisfactory or unsatisfactory results 
of thickening. 

In conventional thickening, gravity sedimentation has been used extensively. However, 
this technologically out-dated method encounters two difficulties with the thickening 
concentration: it is (1) extremely low and (2) very unstable. In other words, the thicke-
ning is easily affected by changes in weather and seasons and also by variations in the 
sludge's nature and composition. 

In addition to the gravity thickening processes, the dissolved air flotation method (DAF) 
has been developed. When compared to the gravity sedimentation method, DAF has a 
very high thickening flotation-separation speed and a more reliable solid-liquid separa-
tion. However, the DAF method has the following problems: 

(1) A high air-solid ratio cannot be achieved because the quantity of air bubbles produ-
ced is restricted by the dissolubility of air in water and by economic factors. 

(2) The SS of the separated water is high. 

(3) The concentrated sludge's solid content has a limit of approximately 4 %. 

(4) It has a high electricity consumption. 

Atmospheric flotation is a method that not only solves the above-mentioned problems 
but also attains a thickened sludge solid content of up to 8 % at normal atmospheric 
pressure. The atmospheric flotation system's principles, equipment and efficiency will 
be explained briefly below. 
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Principles 

In contrast to DAF's expensive method for producing fine bubbles through the dissolu-

tion-separation of air in a pressurized tank, atmospheric flotation is an economical me-

thod for producing fine bubbles at normal pressure and does not consume much elec-

tricity. In the atmospheric flotation method fine bubbles are formed by stirring the liquid 

containing the foaming agent with turbine blades. This creates a turbulent flow zone in 

which fine bubbles are formed by the shear force of the turbine blades. Air bubbles 

formed by this process have relatively large diameters between 300 - 500 pm. 

A second characteristic of the atmospheric flotation method is the adsorption of air bub-

bles to solids in the sludge. The bubbles do not adsorb physically to the indentations 

around the floc or to the fibrous material as is the case with DAF. Rather, by using poly-

meric flocculant, the surface charge of the particles in the sludge is eliminated and a 

bridging effect is produced between the particles. This results in the bubbles being 

electrochemically trapped in the sludge floc. In the case of organic sewage slud-

ge, for example the particles are negatively charged and their zeta-potential is between 

-16 to -22 mV . Thus, a cationic type polymer should be used to induce the neutralizing 

and bridging of the particles with the subsequent trapping of the bubbles inside the floc. 
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Fig. 1: Mixing methods 

There are two methods for mixing the sludge, producing bubbles and polymeric 

flocculent. These are illustrated in diagrams (a) and (b) on Figure 1. In method (a), the li-

quid mixture of the foaming agent and polymeric flocculent is stirred by the turbine bla-

des forming fine bubbles whose surfaces are covered with polymeric flocculent. Then, 

by mixing the bubbles with the sludge, the adsorption of the bubbles to the sludge part-

icles occurs. In method (b), only the liquid containing the foaming agent is stirred by the 

turbine blades to form fine bubbles. Then, the sludge and bubbles are mixed. Finally, po-

lymeric flocculent is added to this mixture and the adsorption to the bubbles 

with the particles occurs. Regardless of which mixing method is used, the adhesion bet-

ween the particles and bubbles is very strong. In case (a), however, a hindrance may oc- 
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cur between the foaming agent and polymeric flocculent, depending on the type of che-
micals used in them. Thus, the chemical agents should be carefully chosen. Method (b) 
requires smaller chemical dosages and is a more reliable approach. 

Equipment Description 

Figure 2 provides a schematic diagram of the atmospheric flotation system's compo-
nents and its treatment process. The major components consist of: an additive dissol-
ving-storage tank, a foaming unit, a mixing unit, a flotation tank and a horizontal scraper. 

Fig. 2: Equipment and flow diagram 

According to the treatment process in Figure 2, the chemical additives, air and part of 
the water that has been separated from the solids in the flotation tank are supplied to the 
foaming unit where fine bubbles are formed by the mechanical stirring of the turbine bla-
des. Simultaneously, sludge kept in the sedimentor, sludge storage tank and sludge di-
gestion tank is sent to the mixing unit where the sludge and air bubbles are mixed. The 
air bubbles electro-chemically attach by adsorption to the solid particles in the sludge. 
The sludge-bubbles mixture is sent to the flotation tank where the solids float instanta-
neously since the apparent specific gravity of the solids is below 1.0. 

The thickened sludge which floats to the top of the tank is removed by the 
horizontal blades of the scraper and sent to the next stage in the treatment 
process (e.g. dewatering, digestion etc.). On the other hand, the separated water goes 
over the overflow weir of the water level regulator. A small part of the separated water is 
recycled to the foaming unit and the rest is sent back to the influent inlet of the sewage 
treatment process (Fig. 3). 

cc 
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Fig. 3: Weir 

The overflow weir, which is attached to the flotation tank, is connected by a pipe to the 
lower portion of the tank. Consequently, the flotation tank's water level can be freely ad-
justed by either raising or lowering the weir. This means that the sludge residence time 
can be regulated as desired and, as a result, the concentration of the thickened sludge 
adjusted to the desired level. 

Efficiency 

Figures 4 and 5 and Tables 1 and 2 present performance data on the atmospheric flota-
tion method's thickening efficiency. 

Figure 4 and Table 1 present data on the thickening of waste-activated slud-
ge taken from the secondary clarifier. There is a clear tendency for the thickened slud-
ge's solid content to increase in proportion to the weir depth. The SS remains constant 

Facility A 
- Facility B 

0  	0 
0 	50 100 150 200 mm 	0 	50 100 150 200 mm 

Weir depth 	 Weir depth 
Fig. 4 and 5: Relationship between separated water SS and solid content to weir 
depth. 
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Load rate Additive Fed sludge 
dosage 	solid content 

kg/m2  • h % DS 	g/I 

	

26 — 27 0.2 	 7.01 

	

36 — 50 0.25 	8.10 
— 11.50 

Air-solid 
ratio 
kg/kg 
0.05 

0.05 — 0.06 

Separation 
efficiency 

Above 99.5 
Above 99.4 

Tab. 1: Data of the thickening of waste-activated sludge taken from 
ry clarifier. 

the seconda- 

Load rate Additive 	Fed sludge 	Air-solid 
	

Separation 

	

dosage 	solid content 	ratio 	 efficiency 
kg/m2  • h % DS 	mg/I 	kg/kg 

Facility B 25 — 37 
	

0.25 	12.500 	0.04 — 0.06 
	

Above 99.2 

	

0.35 	— 18.500 

Tab. 2: Data of the thickening of mixed sludge taken from primary and waste-
activated sludge. 

and is not affected by the weir depth. Since the weir depth can be freely adjusted, the 
solid content can be regulated to conform to the operating conditions of a facility. For 
example, highly concentrated sludge may be sent directly to the dewatering process, 
while rather low concentrated sludge may be sent to anaerobic digestion. 

Figure 5 and Table 2 present data on the thickening of mixed sludge taken 
from both primary and waste-activated sludge. As in the above mentioned example 

0 	0.02 0.04 0.06 0.08 kg/kg 
	

0 	0.2 0.4 0.6 0.8 % 
Air-solid ratio 	 Additive dosage, DS 

Fig. 6: Effect of air-solid ratio on sludge 	Fig. 7: Effect of additive dosage on 
concentration and separated water SS. 	sludge concentration and separated 

water SS. 
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on thickening only waste activated sludge, the solid content increases in proportion to 
the weir depth. The SS of the separated water is slightly higher because a considerable 
amount of sand and grosser solids, which are difficult to float, is contained in the primary 
sludge. Since consolidation of the mixed sludge is high, a high sludge concentration is 
achieved with a shallow weir depth. In this instance the SS of the separated water is be-
low 100 mg/I and the separation efficiency is above 99 oh These results are obtained 
because a high air-solid ratio is maintained by the large quantity of fine bubbles 
and the electrochemical adsorption of the solids and bubbles is very strong. 

In the atmospheric flotation process, the solid content of the thickened sludge can be 
changed to the desired level between 4 0/0 and 8 % by regulating the weir depth. In figu-
res 6 and 7 and tables 3 and 4, the air-solid ratio and additive dosages are changed and 
the resulting thickened sludge's solid content is measured. 

In both the above cases, the solid content of the thickened sludge remains 
almost constant. Thus, the air-solid ratio and the additive dosages have virtually no ef-
fect on the solid content of the thickened sludge. The solid content is primarily determi-
ned by the weir depth. 

The weir depth regulates the water level. When the water level in the flotation tank is 
changed, the thickness of the froth layer also changes. Thus, the time required for the 

Treated 
sludge 

Load rate 

kg/m2  • h 

Fed sludge 
solid cont. 

mg/I 

Air-solid 
ratio 
kg/kg 

Weir 
depth 
mm 

Separ. 
effic. 

---Fac. A Waste Activ. 17 — 19 6300 0.04 100 > 99 
sludge — 	7100 
Mixed sludge 27 — 35 13700 0.04 100 > 99 Fac. B 

— 17700 — 0.06 
Fac. C Waste Activ. 

sludge 
20 5200 0.06 110 > 99 

Fac. D Waste Activ. 16 — 20 5400 0.04 60 > 99 
sludge — 6700 0.06 

Tab.3: Effect of air-solid ratio on treated sludge. 

Treated 	Load rate 	Fed sludge Additive 
sludge 	 solid cont. dosage 

kg/m2  • h 	mg/I 	% DS 

Weir 
depth 
mm 

Separ. 
effic. 

% 

---Fac. A 	Waste Activ. 	18 	6900 
sludge 

0.2 100 > 99 

Fac. B 	,, 	 20 	4500 0.46 110 > 99 
— 5400 — 0.54 

-- Fac. C 	,, 	12 — 18 	4900 0.38 60 > 99 
— 6300 — 0.81 

Fac. D 	II 	 6200 24 0.3 100 99 

Tab. 4: Effect of additive dosage on treated sludge. 
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solid to travel from the bottom to the top of the froth level, where it is removed by the sc-
raper, also changes. This residence time is a crucial factor in determining the solid con-
tent. 

The sludge residence time is estimated by the weir depth, fed sludge's con-
tent and its volume. Then, in Figure 8, the relationship between the predicted 
residence time and the actual solid content is plotted and approximated. It shows that 
there is a relationship, similar to a quadratic one, between the thickened sludge's resi-
dence time and solid content. However, since the sludge's characteristics differ for each 
treatment facility, the actual co-efficients affecting the solid content vary from one treat-
ment facility to another. 

0.20.4 	0.6 h 	0 8 
time 

Fig. 8: Residence time and solid content 

Summary 

The principles, equipment and efficiency of the atmospheric flotation method have been 
briefly explained. Three major characteristics of the atmospheric flotation process are: 
(1) the method for forming fine bubbles, (2) the method for adsorption of the sludge so-
lids to the fine bubbles and (3) the method for regulating the solid content. Since the fine 
bubbles are formed by stirring the liquid containing the foaming agent with turbine bla-
des, fine bubbles are economically produced with a large volume with low electricity 
consumption. In addition, the adsorption of the solids and the bubbles is very strong sin-
ce the neutralization of the solids surface charge, their bridging and the trapping occurs 
electrochemically by using polymeric flocculant. Finally, by changing the weir depth, 
and consequently the sludge's residence time, the desired solid content can be obtai-
ned. 

Through the atmospheric flotation method, because of the above characteris-
tics, sludge generated from the activated sludge process can be thickened to a solid 
content of any level up to 8 0/0 and, the separation efficiency moreover, can be maintai-
ned above 99 0/0. 

10 

8 

6 c 
o 

-6 4 
(1) 

2 

0 
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When sludge is thickened to a high solid content by atmospheric flotation, the load on 
the dewatering process is reduced and highly efficient and stable operation of the anae-
robic digestion tank is possible, as well. 

Akira Suzuki and Yasumi Shioya 
SHI NR YO Air Conditioning Co. Ltd. 
2-4 Yotsuya 
Shinyuku-ku 
Tokyo 160; Japan 
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Chemical Water and Wastewater Treatment 
Schr.-Reihe Verein WaBoLu 62 (1985), 
G. Fischer Verlag, Stuttgart / New York 

Chemical Sludge as Soil 
Conditioner and Fertilizer 

B. Hansson 

Introduction 

To obtain a healthy crop and a high crop yield it is necessary to add plant nutrients as 
fertilizers to the agricultural land. If the level of agricultural products were to be raised 
high enough to feed the world population, the amount of fertilizing would have to be rai-
sed many times. But, just as it is necessary to have a healthy crop it is also necessary to 
have a healthy soil, and excessive application of inorganic fertilizers may con-
stitute a serious hazard. 

The areas where an increase in food production is possible, is evenly spread over the 
world. Many of these regions are close to dense populated areas with a high production 
of sewage sludge. A proper utilization of the sludge as fertilizer would mean a large inc-
rease in food production in those areas where it is needed. 

A fertile soil capable of carrying a good crop must have a good nutrient balance espe-
cially with regard to nitrogen, phosphorus and potassium. It should also have a high 
content organic matter and a good soil structure. How can sewage sludge be used to 
good advantage in our efforts to maintain these properties? 

The Nitrogen Content 

All insoluble impurities in the wastewater end up in the sewage sludge, which means 
that the organic matter that does not decompose will become a part of the sludge. The 
mineralization of nitrogen will start immediately in the sludge, since bacteria are present. 
Organic nitrogen will hydrolize to ammonium and later oxidize to nitrate which is the 
form in which nitrogen that enters the plant (Fig. 1). 

The sludge contains a total of approx. 3 - 5 % nitrogen, i.e. approx. 200 kg 
of N per ha. The rate of mineralization is very hard to predict, as the bac-
teria in the soil are accustomed to a pH between 6 - 7 and a temperature 
of between 3 - 15 °C. The best effect, is, therefore, obtained from sludge with a neutral 
pH. Losses of nitrogen occur mainly as ammonia volatilization which is enhanced by a 
high pH. 
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NH3 (gas) 

volatilization 

Sludge 	 Plant uptake 
R — NH2  —>OH-+NH-14-  --> NO3 

organic nitrogen 	Ammonium 	Nitrate 

Fig. 1: Transformation of organic nitrogen 

The addition of sewage sludge in springtime can serve as an ideal fertilizer. Sludge is 
then easily decomposed on account of the rising temperature and most of the nitrogen 
will be mineralized. The first year after application, the sewage sludge could supply quite 
a large amount of nitrogen to the plants. The spring addition is necessary since the nitra-
te is easily leached out from the soil if no crops are present. 

The Phosphorus Content 

If chemicals are used for phosphate removal, the precipitated phosphorus accumulates 
in the sludge. Different phosphates have different solubility (see Table 1), which means 
that they possess different availabilities for the plants. 

Log Ks 
Monocalciumphosphate 	Ca( H2PO4  )2  • H2O 	— 1.1 

Dicalciumphosphate 	CaHPO4  • 2 H2O 	— 6.6 

Octacalciumphosphate 	Ca 4H(PO4 )3  • 3 H2O 	— 46.9 

Hydroxyapatite 	 Caio (PO4  )6(01- )2 	— 113.7 

Fluorapatite 	 Ca10(PO4)6F2 	 — 120.9 

Variscite 	 AIPO4  • 2 H20 	— 30.5 

Strengite 	 FePO4  • 2 H2O 	— 34.9 

Tab. 1: The solubility of different phosphates.(Source: Lindsay, Chemical equi-
libria in soils) 

Most available is monocalcium phosphate and least available are different forms of apa-
tites. Soil precipitates of iron and aluminium phosphates have a rather low solubility and 
are considered to be just barely available forthe plants. Phosphates precipitated in a se-
wage sludge have, however, a different release mechanism than the corresponding soil 
precipitates. If aluminium sulphate is used as flocculent, the sludge will be supersatura-
ted with aluminium phosphates over aluminium hydroxides. In the soil, the natural 
ratio is the other way around, i.e. aluminium-hydroxides are supersatured over the alu-
minium phosphates. 
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Soil phosphor 
AIOH O'AIP 

Aluminium phosphates 
converts into 
aluminium hydroxides 
AIP P-release 

Fig. 2: Conversion of aluminium phosphates 

When the sludge is added to the soil, the sludge content will reach the same 
equilibria that already existed in the soil. That means that phosphorus will be released 
during transformation from aluminium phosphate to aluminium hydroxide (Fig. 2). This 
phosphorus will form monocalciumphosphate and, according to our own investigations 
and those of others, wastewater phosphorus precipitated with aluminium salts is availa-
ble to plants to approx. 95 0/a 

If an access of calcium is present, as e.g. when lime is used as precipitant, the monocal-
cium phosphate will transform to other less available calcium forms. If different forms of 
apatites are formed, the phosphorus is considered lost forever for the plants. 

This release mechanism has been proven in a number of pot trials. Precipitates 
from Boliden AVR and Na2HPO4, with the different Al/P ratios are shown in Table 2. 

Soil 	Al/P-Ratio 	Yield 

P-rich 	0/0 	 74.7 
120/0 	 71.0 
120/10 	74.8 
120/20 	68.3 
120/40 	68.3 
120/60 	69.9 

P-lacking 	0/0 	 60.6 
120/0 	 37.2 
120/10 	 57.5 
120/20 	60.1 
120/40 	66.9 
120/60 	60.8 

Tab. 2: Pot trials with sewage sludge as phosphorus source. After S.L. Jansson. 
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Sesquioxides Van der Waals 
Forces 

soil particle 

— soil particle F. 

Organic matter 

These precipitates were added to one P-rich and one P-lacking soil. Analysis of the 
plants showed that the addition of precipitates without P tied up phosphorus in the soil, 
while the addition of precipitates with P delivered P to the plants. 

The P-release is slower than the nitrogen mineralization, which means that the P-effect 
prevails longer than the N effect. Phosphorus, unlike NO3, cannot be leached out from 
the soil. The value of the nutrients nitrogen and phosphorus is by far largest for phos-
phorus. Sewage sludge has no effect whatsoever on potassium status. 

Soil Structure 

A good crop yield also needs a healthy soil. Good soil has a high structural stability 
which means that the soil particles appear in an aggregated system. This aggregated 
system, which establishes a better porosity and air-water relationship in the soil, is pro-
moted by a proper amount of salts and a high content of organic matter. 

The Z potential in the soil should preferably be as low as possible (Fig. 3). If this floccula-
ting status is to be maintained in the soil, it is necessary to have some binding materials 

Bad crop 
	

Healthy crop 

Small root system 

Low structure stability 
Compact soil 
Low porosity 
High Z-potential 

Large root system 

3 

High structure stability 
Aggregated soil 
High porosity 
Low Z-potential 

Fig. 3: Conditions for a healthy soil 

Fig. 4: Binding forces and cementing agents 
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that attache the soil particles to one another. In a water solution, the Van der Waals for-

ces are usually sufficient but in the soil some stronger „hooks", are needed (Fig. 4). 

Cementing Agents 

The most important cementing agents, as we call these hooks, are named sesquioxides. 

They consists of iron- and aluminiurn-oxides- and hydroxides. The lack of Fe- and Al-hy-

droxides usually leads to a loss in structural stability. The sesquioxides build bridges 

between the soil particles and tie them together. According to recent research develop-

ments, the addition of Fe and Al hydroxides will increase the aggregate stability. Austra-

lian and German research has proven that laboratory addition of such hydroxides in-

creases the porosity of the soil. 

In our department, we have also precipitated iron and aluminium hydroxides in situ in 

the soil by using aluminium salts (Boliden AVR). These movements tend to increase the 

amount of larger aggregates (unpublished work). 

During the summer of 1983 we treated a soil from Albo, a so called „problem 

soil" (silty clay), with aluminium sludge from the drinking water plant Gervaln outside 

Stockholm. The Albo soil is known to persist „cluddy" effects and crusty properties (low 

structure stability) and is very difficult to cultivate in a profitable way. The addition of alu-

minium hydroxide encouraged plant growth and that means that the treatment of pro-

blematic soils with this waste material opens a new avenue for land reclamation. 

Organic Matter 

The organic matter in the soil consists of long chains with active groups such as sugar 

complexes, carboxyls, humic colloids or fulvic acids. The organic part of the sewage 

sludge is a extremely active material which attaches very easily to the soil particles, but 

is also very easily decomposed. The sludge organic matter can be visualized like spiral 

chains pulling the soil particles together. 

The addition of alum sewage sludge affords, therefore, two possibilities to improve the 

soil structure. The organic substances will first aggregate the soil particles and the aged 

aluminiumhydroxide will thereafter serve as a sesquioxide in the soil, which maintains 

the improved soil structure. 

Structural Effect of Sludge 

How is it possible to prove that sewage sludge, besides influencing the nutrient value, al-

so affects the soil status ? In our department we have made comparative trials between 

inorganic fertilizers, farmyard manure and sewage sludge. The data shown in Table 3 are 

summarized for 12 subsequent years, where sewage sludge and manure were added 
every fourth year. 
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Inorganic fertilizers were also added to the sewage and manure plots to avoid 
any fertilizing effects of those organic matter. In these trials the manure effect on soil 
quality is approximately 1 - 4 %and the soil effect of the alum sludge is 6 -13 %in terms 
of crop yield. 

A Norwegian investigation showed that the percentage of water-stable aggregates,i.e. 
the ability to resist heavy rainfall or erosion, increased from 5 %to 13 %with the addition 
of alum sludge, compared with the organic fraction in manure. 

An Italian investigation comparing different sludges and manure shows, that manure is 
the most effective material for increasing the porosity of the soil. This is due to the high 
content of organic matter in such application. However, if the soils samples are de-
stroyed by placing a soil sample in water, the most stable aggregates are found in sludge 
treated samples. This is due to the fact that sludge contains a larger quantity of cemen-
ting agents than farmyard manur (Tab. 3). 

Basic appl. 
of mineral 
fertilizers 

— 

Organic 
application 

— 

Yield of cereal 

kg/ha 

1790 

grain 

% 

100 
Sludge + 290 116 
F.M. + 160 109 

NK — 2920 163 
Sludge + 250 177 
F.M. + 170 173 

PK — 1860 104 
Sludge + 370 125 
F.M. + 180 114 

NPK — 3140 175 
Sludge + 140 183 
F.M. + 	60 179 

Tab. 3: Yield-improving effects of normal applications of sewage sludge and manure. 
After Prof. S.L. Jansson 

Aluminium Toxicity 

Today, there is a great concern in aluminium toxicity endangering plants and woods. 
Aluminium is a very abundant material and about 8 %of the earth surface consists of alu-
minium. The problem with aluminium is only related to the soil pH. 

The plant-toxic aluminium-hydroxo-ions can only exist in poisonous levels at a pH be-
low 5. On farm land, this pH is never reached since lime is always added to keep the nu-
trient status under control. The addition of sewage sludge does not effect this pH-balan-
ce and if the pH drops below 5, the aluminium may be present in the soil itself as well as 
in the sludge (Fig. 5). 
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Fig. 5: Al-concentration in eluate versus pH 

In our department, we have treated calcareous soils with up to 100,000 kg/ha 

of iron containing aluminium salts (Boliden AVR). The aluminium content in soil solution 

was measured and correlated to pH. Independent of treatment it was clearly shown that, 

if pH raised over 5 after the acidification from the salt, no available aluminium was found 

in the eluate. 

Summary 

The use of sewage sludge on arable land is beneficial both to the plant and to the soil. 

The sludge can replace some inorganic fertilizers and is capable of improving soil struc-

ture. Chemical sludge possesses a great value, not only as regards its phosphorus con-

tent, but also because of its potential to convert nonarable land into a fertile soil by inc-

reasing the structure stability and diminishing the hazards of erosion. The proper use of 

sewage sludge would help to increase food production in the world. 

If sludge is used every fifth year on a field, the crop yield may rise by approximately 10 0/0 

or, to put it differently, 500 kg more wheat can be har on an average crop per hectare. 

A treatment plant of 100,000 p.e. produces 8,000,000 kg of sludge a year; enough to 

treat 1,600 hectare of land every fifth year. Such a treatment plant will thus produce 

sludge for 8,000 hectare. Since 500 kg more wheat were produced per hectare sludge-

treated land, this treatment plant produces 4,000 tons of wheat every year (Fig. 6). 

100000 PE 

 

 

 

 

8000000 kg dry matter of sludge 

j, 
 per year 

increases crop yield 10% 
4000 tons more wheat 

8000 hectare 	 produced with a proper 
utilization of the sludge 

F ig. 6: Increase in crop yield with proper use of sewage sludge. 
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Summarized: The use of sludge on farmland will increase wheat production by 40 kg per 
person on a normal soil in Sweden. 
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Chemical Water and Wastewater Treatment 
Schr.-Reihe Verein WaBoLu 62 (1985), 
G. Fischer Verlag, Stuttgart / New York 

State of the Art of Wastewater Treatment 
with Biological and Chemical Means 

C. F. Seyfried 

1 Introduction 

According to a study in [13], 82 Woof the phosphates in the surface waters of the Federal 

Republic of Germany originate from sewage works effluents. This large percentage can 

be diminished to a large extent by advanced purification processes in the sewage 

works, for example, by chemical precipitation. The phosphates in domestic sewage co-

me from the following sources: 
human excreta 	1.9 g/d 
cleaning agents 	0.35 g/d 
detergents 	2.65 g/d 

total 
(P per capita) 

4.90 g/d 

Thus, if the average water consumption per capita is 2001/d the theoretical phosphate 

concentration in domestic sewage amounts to approx. 24.5 mg/I P. The normal comple-

te treatment plant eliminates on an average about one third of the phosphates: 0 - 20 % 

are removed in the preliminary clarification and 5 - 30 0/0in the biological stage [16]. An 

effective reduction of the phosphates in the sewage works effluent can be achieved only 

by advanced purification. Two processes are available: chemical precipitation and bio-

logical phosphate elimination. 

Algae have been used only sporadically throughout the world, and are still in the test 

phase. Activated sludge bacteria, however, have been induced to increase their phos-

phate uptake („luxury uptake") by changing the aerobic, anoxic and anaerobic zones. 

The latter process is used in many modified activated sludge plants in South Africa, al-

though the luxury uptake was unsuccessful when oxygen could not be completely pre-

vented from entering the anaerobic zone. 

Chemical phosphate precipitation has been practiced at more than 1,000 sewage 

works for many years. The conventional process techniques and the most im-

portant practical experiences will be discussed. 

2 Precipitation Process 

For the precipitation of phosphates out of municipal sewage, iron (Fe2+, Fe3+), alumi-

nium (A13+), calcium (Ca2+) or combinations of these metals are used. Since hydroxyl 
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ions (OH-) possess nearly the same affinity to the central atom Me3+  as the phosphate 

ions, not only are phosphates precipitated, but these also undergo coagulation reac-

tions with the metallo-hydroxides. The percentage depends much more on flash mixing 

than on the pH value. The addition of other precipitants to municipal sewage involves 

many physico-chemical processes, which will not be discussed at this time. 

The different precipitation processes are distinguished by the point at which precipitant 

is added and the separation of the flocs. The conventional processes are preprecipita-

tion, simultaneous precipitation, post-precipitation, tertiary contact filtration and combi-

ned processes. Pre-precipitation is often used in overloaded sewage works, because 

considerable quantities of polluting substances have coagulated and are removed to-

gether with the precipitated phosphates,thereby facilitating the biological stage. The ef-

ficiency of P-elimination is limited in this case, since it is imperative that suf-

ficient amounts of phosphate are available in the biological stage. No further 

details on the pre-precipitation processes are given here. 

The easiest and cheapest process is simultaneous precipitation. Cheap ferri-sulfate can 

be dosed prior to or in the activated sludge tank. Post-precipitation requires a separate 

precipitation stage for coagulation and a settling or flotation tank. Contact filtration is on-

ly used for eliminating phosphorus residues; precipitation, coagulation and separation 

take place on the filter. A summary of the precipitation processes is shown in Table 1. 

The amount of precipitant dosed can be regulated in accordance with the in-

flow or depending on the measured phosphate load. Because automatic analysis 

of phosphorus is very costly and has its problems, a dosage proportional to the inflow is 

commonly used. The mixing of the precipitant into the wastewater flow must be intensi-

ve and rapid; for the flocculation only a low turbulence is permitted to prevent destruc-

tion of the agglomerating flocs. This is where most of the mistakes are made in the de-

sign and operation of precipitation plants. A high consumption of precipitants and bad 

efficiency are the consequences, if the mechanisms of precipitation and flocculation 

are neglected. 

A summary of the precipitant feed for the several precipitation processes is shown in Ta-

ble 2. 

Process 	 Rel. feed of precipitant, 8-ratio 	Feed of precipitant 
11= c(Me)/c(P) 	 per 1 mg/I P 

mol/mol 	 mg/I precip. 

Me(III) 	Ca + Fe(II) 	Ca(II) 	Al(111) 	Fe(III) 

pre-precipitation 	1.2 - 2.5 	4 - 6 	4 	1.0 - 2.2 	2.2 - 4.5 

simultaneous 
precipitation 	 1.1 - 1.8 	4 	 - 	1.0 - 1.6 	2.0 - 3.2 

post- precipitation 	1.6 - 2.8 	 - 	1.4 - 2.4 	2.9 - 5.0 

tertiary contact 
filtration 	 1.7 	 1.5 	3.1 

Tab. 2: Quantities of precipitant feed for several precipitation processes 
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3 Efficiency of Precipitation Processes 

3.1 Simultaneous Precipitation 

Results from a number of special investigations and from publications are compared in 
Figure 1.1t is apparent that the efficiency of P-elimination rises with the increasing 13-ratio 
(mol precipitant / mol phosphorus). At 13 = 1.5 the average efficiency reaches about 90 
Wa Beyond that no substantial increase in efficiency is possible, as Miller [9] has also 
shown (Fig. 2). Zerres [17] and Schussler [13] had contrasting results in their invest-
igations on the effect of sludge loading on efficiency of P-elimination. Fig. 3 shows a ri-
sing efficiency as sludge loading is increased. Fig. 4 shows just the opposite. The rea- 
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Fig. 2: Sum frequency of P-concentration in the effluent versus relative quantity of 
precipitant [9]. 
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Fig. 4: P-elimination by simultaneous precipitation versus sludge loading [13] 

son is simple: SchOssler used a large aeration tank with a volume of 800 m3  and with 

floc-preserving screw-pumps forthe return sludge, on the other hand, Zerres used aera-

tion tanks with a volume of 103 and 205 m3  and centrifugal pumps. In this case the „floc-

stress" falsified the results. Without floc-stress a low sludge loading has an ad-

vantageous influence on P-elimination. In addition, according to Schussler [15], the Fe-

concentration in the activated sludge tank should be more than 300 mg/I Fe (Fig. 5). 

Conditions for optimal simultaneous precipitation: 
- large aeration tanks 
- floc-preserving aeration 
- for the delivery of the return sludge: 

screw-pumps, no centrifugal pumps 
- B-ratio — 1.5 
- expected concentration in the effluent: 1 - 2 mg/I P 
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Fig. 5: P-concentration in the effluent versus concentration of precipitant in the 
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3.2 Post-precipitation 

Post-precipitation in general leads to lower concentrations of P in the effluent than si-

multaneous precipitation. At the same time, other parameters such as COD, BOD5, sett-

ling solids, heavy metals, etc. are reduced by post-precipitation. According to one re-

port [16], a 8-ratio of 1.6 - 2.8 is used to attain an average outlet concentration below 1 

mg/I P, that means, more precipitant is required. Precipitant dosage can be economized 

with the sludge contact process. According to Schussler [15], the best results are attai-

ned at a return rate of contact sludge between 75 - 100 % (Fig. 6). For the separation of 

the precipitation sludge, sedimentation tanks, lamella separation or flotation are used. 

The „flotation filter" developed by PURAC is unusual in that dissolved air flotation is com-

bined with a filter on the bottom. 

3.3 Tertiary Contact Filtration 

If high standards are set for P-elemination, and outlet concentrations of 0.1 - 0.2 nng/I P 

may not be exceeded, only the combination of simultaneous or post-precipitation with 

tertiary contact filtration is feasible. Boller [3], Firk [2, 5] and Hibbeln [7] achieved a P-
elimination rate of more than 98 %at semi-technical pilot plants and large-scale plants 

(Fig. 7). Dual media filters were used to obtain good space filtration. For keeping 

the consumption of rinsing water low and thereby the operating costs, filter runs of at 

least 24 hours must be attempted. The dimensions of the filter and the efficiency of the 

first precipitation stage have an influence on the filter run. Fe(III) is normally used as the 

precipitant and polyelectrolytes as flocculation aids. Firk [2, 5] recommends the follo-

wing dimensions: 

filter medium: 	1.5 m hydroanthracite (1.6-2.5 mm) 
0.4 m quart sand 	(0.7-1.2 mm) 

filtration rate: 	4 - 6 m/h 

filter run: 	 at least 1 day 

filter backwashing: 	air and water 

4 Sludge Treatment 

There is no agreement between the results in the literature and my own data concerning 

the amount of sludge produced by chemical precipitation. Certainly, the 6-ratio and thus 

the proportion of metallohydroxides have a significant influence on the quantity of resul-

ting sludge. Figure 8 shows the sludge produced when aluminium and iron were used as 

precipitants in the simultaneous precipitation process. A correlation between results is 

not visible. Fig. 9 shows similar results for post-precipitation. 

The precipitated phosphates may go into solution (redissolve) in the course of sewage 

treatment. Figure 10 shows that a high dissolution of phosphates occurs at short dige-

stion times. As reported by Hierse [8], dissolution depends on the content of calcium 
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ions and sulfide. If the calcium content is high, dissolution is reduced probably due to 
the formation of apatite; if the sulfur content is high, dissolution is increased due to the 
formation of sulfide. According to Hierse [8], the negative effects of phosphate sludge 
on the digestion process are compensated by its positive effects on the dewatering of 
sewage. 
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Fig. 10: P-concentration in the digested sludge liquor versus digestion time 

In any case, efficient treatment includes the collection of sludge water from the sludge 
thickener, sludge dewatering, and precipitation of the phosphates with lime in order to 
avoid P-circulation. 

5 Costs 

The costs involved in different post-precipitation plants were determined and compared 
with those of full scale plants in a study [15]. Figure 11 shows the annual costs (opera-
tion, maintenance, depreciation, interest) incurred during the post-precipitation pro-
cess with effluent P-concentrations of 2 mg/I P and 1 mg/I P. It is apparent that the iron + 
lime combination is advantageous only at high loading. 

Figure 12 shows that the combination of simultaneous precipitation and tertiary con-
tact filtration is cheaper than post-precipitation alone, because it is possible to use a lo-
wer 6-ratio and cheaper precipitant; investment costs for simultaneous precipitation are 
also very low. In Figure 13 the most favorable processes for attaining different outlet con-
centrations are compared with regard to their costs. The high cost of sludge treatment 
within the total operational costs of phosphate precipitation is demonstrated in 
Figure 14. 
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6 Summary 

The chemical precipitation of phosphates in domestic sewage is a process which has 
been successful throughout the world. Even if phosphates are substituted in deter-
gents, it is not possible to eliminate phosphates completely in the effluent. Unsatisfacto-
ry precipitation efficiency is often the result of insufficient consideration of the floccula-
tion mechanisms. Cost studies indicate that for the following outlet concentrations, the 
respective precipitation process is most appropriate: 

2.0 mg/I P simultaneous precipitation 
1.0 mg/I P simultaneous precipitation combined with post-precipitation 

< 0.5 mg/I P simultaneous precipitation combined with contact filter. 
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Chemical Water and Wastewater Treatment 
Schr.-Reihe Verein WaBoLu 62 (1985), 
G. Fischer Verlag, Stuttgart / New York 

Evaluation of the Economics of Wastewater 
Precipitation 

U. Neis 

Introduction 

Precipitation of domestic wastewater is performed in most instances to remove phos-
phorus. In general, other positive effects will also be observed, e.g.: better suspended 
solids removal and, therefore, improved BOD and COD effluent quality. If the costs evo-
ked by chemical precipitation in wastewater treatment are balanced by the monetary va-
lues of involved improvements (solids removal and BOD or COD reduction), then chemi-
cal treatment is able to compete with conventional biological treatment, from the stand-
point of economy, not including the economic valuation of ecological benefits through 
phosphorus elimination. Therefore, the objective of this paper is to develop a mathema-
tical model allowing an economic comparison between chemical precipitation proces-
ses and standard mechanical-biological treatment systems. The model is based on a 
thorough consideration of time-dependent variables like wastewater flow, flocculent do-
sage, operating costs, wastewater discharge fee, etc. 

F.M. 

Primary clarifier 
Pre-precipitation 

Activated 
sludge, 
Simultaneous 
precipitation Secondary 

clarifier 

CL 	 
Pre-Thickener Digestion Post-Thickener F1  

Container 

Fig. 1: Schematic presentation of the selected wastewater treatment systems 

Centrifuge, Horizontal 
belt filter or filterpress 
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Treatment Systems 

The following treatment systems are discussed: 

1 - Mechanical-biological activated-sludge plant with sludge load BTs = 0.3 kg BOD5/ 

kg MLSS • d and 0.15 kg BOD5/kg MLSS • d effluent: BOD5  = 20 mg/I, COD = 

90 mg/I and 12 mg/I, 60 mg/I resp. 

2 - Simultaneous precipitation (activated sludge BTs = 0.3 kg, BOD5/kg MLSS • d), ef-

fluent: BOD5  = 12 mg/I, COD = 60 mg/I. 

3 - Pre-precipitation (activated sludge ars = 0.3 kg BOD5/kg MLSS • d), effluent: BOD5  

= 12 mg/I, COD = 60 mg/I. 

A schematic presentation of the selected systems is given in Figure 1. 

The design of each system is performed according to actual design criteria in the FRG, 

[1]. Investment and operating costs are established for each part of the wastewater and 

sludge treatment system as shown in Table 1. These values are averaged values from 

and intensive study of published cost data in the German literature. The given cost func-

tions relate either to volume of reactor, population equivalent and flux of solids through 

the reactor. More details about the selection of these functions can be found in [2]. 

Unit 

1. Primary Clarifier 

2. Activated Sludge Tank 

3. Secondary Clarifier 

4. Pre-Thickener 

5. Anaerobic Sludge Stabilization 

6. Post-Thickener 

7. Dewatering 
— Centrifuge, Horizontal Belt 

	

	 B = 0.028 I + I = 20500 PE(137  
Filter 	 109.5 S + 

30112* 
— Filter Press 	 I = 10851 PE 0.51 	B = 0.028 I + 

191.6 S + 
30112*  

V = volume (m3), DS = daily flux of sludge dry solids (kg/d), PE = population equivalent, 
S = daily flux of sludge volume (m3/d) 
" For S <70 m3/d: 30112, for S >70 m3/d: 3089 + 386 • S  

Tab. 1: Cost functions for selected wastewater and sludge treatment units. Operat-
ing costs not including chemicals. Functions related to 1981. 

Sludge 

Increased production of sludge is obviously a consequence of induced chemical preci-

pitation. Therefore, the costs for sludge treatment plants have been estimated as a func- 

Investment 	Operating 
Costs (DM) 	Costs (DM/a) 

I = 4326 V °•68  

I = 1263 V "3 	B=I 2.5 PE "29  
I = 6100 V °'67  

I = 9998 V 0.57  

I= 26325 DS °'5°  B= 17.85S1.64 
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tion of the amount of solids treated by the relevant unit. The whole sludge treatment pro-
cess is designed in accordance with the most common treatment scheme used in the 
FRG: Pre-Thickening, Anaerobic Stabilization, Post-Thickening, Chemical Conditioning, 
Mechanical Dewatering. The amount of sludge produced by conventional mechanical-
biological and/or chemical treatment varies considerably from plant to plant. For the sa-
ke of convenience the following average values are used for the model (see Table 2). 
These values were obtained through a comprehensive study of numerous full-size plant 
data. However, effects of different sludge production figures can easily be studied with 
the model. One example will be given later on in this paper. 

Dry weight of Sludge per Capita 	Primary Sludge 	Digested Sludge 
(ed) 

1. Activated Sludge 	 65 	 45 

2. Pre- and Simultaneous Precipitation 	81 	 54 

Difference 2. — 1., (%) 	 25 	 20 

Sludge volume per Capita (1/d) 

1. Activated Sludge 	 1.60 	 0.85 

2. Pre- and Simultaneous Precipitation 	2.00 	 1.02 

Difference 2. — 1., (%) 	 25 	 20 

Tab. 2: Assumed sludge production 

Chemicals 	 Brand 	Form of 	Average con- 	Price 
name 	delivery 	centration 	ex works 

appl. (g/m3) 	(DM/t) 

Fe(11)SO4.7 H2O 	Quickfloc 	wet salt 	 10 - 80 

Fe( I I)SO4.6.5 H2O 	Ferrogranu I 	granulate 	 80 - 150 

Fe(III)CIS04 	 Ferrisol 	solution 

AICI3 	 Aluchlorid 	solution 	100 - 300 

Fe(III)/AI(III)-Salt 	Siidflock 	solution 	 130 - 200 
AVR 	granulate 

Ca(OH)2 	 Lime 	powder 

Tab. 3: Chemicals selected, assumed dosage, and range of prices for flocculation/ 
precipitation of domestic wastewaters 

Chemical 	 Concentration applied (kg/m3) Price ex works (DM/t) 
low medium high low medium high 

Organic polymer 	0.1 	0.2 	0.3 	8000 	12000 16000 

Ferric salt 	 3 	4 	5 	500 	200 	250 

Lime 	 10 	15 	20 	120 	160 	200 

Tab. 4: Assumed dosage and range of prices for chemical sludge conditioning 
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Chemicals 

One major objective of this work is to evaluate the economic effects of the general use of 
chemicals in wastewater and sludge treatment works. Therefore, a wide range of diffe-
rent chemicals for flocculation/precipitation of wastewater and conditioning of sludge 
are introduced into the mathematical model. This is done by using chemical dosage and 
price as variables. The selected range of application for these two variables is presented 
in Tables 3 and 4. 

Dynamic Calculation of Economics 

In order to take into consideration the time variant character of costs over the length of 
the planning period, a dynamic cost calculation model is developed. Mainly, costs chan-
ge as a function of time because of a change in treatment efficiency and the variation in 
operating and working expenses. Both factors may be promoted by additional areas se-
wered or more stringent effluent quality criteria. Especially the high operating cost of 
chemical treatment may be interpreted uncorrectly, if the dynamic character of the 
overall cost is not considered. We have included the following categories of costs: 

- investment costs as amortization, At  

- operating costs (materials, energy, personnel), Bt  

- flocculation/precipitation costs (price ex works, transport, dosing station), Ft  

- costs for chemical conditioning, Ct  

- wastewater discharge fee, ABGt  

- capital costs, Zt  

The planning period is 30 years. We assumed a linear increase in hydraulic 
and organic loading of the treatment works from today (t = 0) to t = 30 years. 

During a year t the total expenses would be: 

GAJt  = Bt( 1 + 	/100)" + Ft(1 + pF  /1001"  + Ct(1 + pF  /100)"  + ABGt  

where pi  = general price index 
pF  = price index for flocculants 

( 1 	) 

The capital costs would then be: 

ZKOSJ., = 	
t 	1

(GAJt  (1 + pl/100)1 	T-1  • pk  /100) ( 2 ) 
T = 0 

where pk  = interest rate 

The annual costs are hence calculated as follows: 

GESKOJt  = At  + GAJt  + ZKOSJt  ( 3 ) 

For the whole planning period the total costs are determined by summation of the an-
nual costs GESKOJt. 
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Fig. 2: Total costs for wastewater and sludge treatment with and without pre-pre-
cipitation. Interest rate pk = 4%; 1 = Activated sludge, BTs = 0.30 kg/(kg • d) 
BOD5/MLSS; 2 = Activated sludge, BTs = 0.15; 3 = pre-precipitation with 200 
g/m3, price: 200,- DM/ton; 4 = Simultaneous precipitation with 200 g/m3, price: 
150,- DM/ton. Sludge dewatering with horizontal belt filter and 0.3 kg/m polymer, 
price: 16 000,- DM/ton. 

Amortization 	Operation 	Capital costs 	Precipitation 	Sewage Fee 
costs 

Fig. 3: Share of different cost species on total costs within planning period of 30 years. 
Example is for pre-precipitation, 20000 PE, interest rate pk  = 4%, price index chemi-
cals pF  = 4%, price from factory for chemicals 150,- DM/ton, effluent: 12 mg/I BOD5, 
60 mg/I COD. 
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Results and Discussion 

An example of the calculated total costs of simultaneous and pre-precipitation systems 
compared with conventional activated-sludge treatment is shown in Figure 2. Total 
costs are expressed here in Thousand Deutsche Mark per capita on the ordinate. Small 
plants, of course, give rise to higher specific costs than large plants. The share of costs 
for sludge treatment decreases with increasing size of the plant. Whereas the difference 
in total costs for the four selected cases shown seems not to be very significant, one can 
readily demonstrate by further model calculations that pre- or simultaneous precipita-
tion will almost never be cheaper than high-load activated sludge systems (organic loa-
ding assumed to be BTs = 0.30 kg/kg x d). However, compared to the more expensive 
lower biological load activated sludge plant (B-rs = 0.15), flocculation/precipitation is, in-
deed, competitive. 

The total costs are mainly influenced by the chemical and capital costs. Thus, we find 
that the chemical dosage, the price for chemicals and the interest rate as major model 
parameters. As another selected example, the shares of the different types of cost cate-
gories are presented in Figure 3. 

In this example of wastewater treatment with pre-precipitation (no sludge treatment inc-
luded), the following types of cost are shown with their percent share of the total costs. It 
is obvious that financing and flocculation/precipitation costs dominate the overall cost 
calculation. 

The share of flocculation/precipitation costs is strongly dependent on the interest rate 
and price index variation. For the same example selected in Figure 3, the following table 
indicates that the relative costs for flocculation/precipitation wastewater treatment dec-
rease with rising interest rates. This fact leads to the conclusion that periods of high in-
terest rates, favour chemical treatment systems. 

Interest rate 

Pk (%) 

Rise in prices for chemicals, pF  (%) 
4 	 8  0 

0 36.1 52.5 70.0 
2 23.6 36.5 52.8 
4 14.9 24.4 38.1 
6 9.3 15.8 26.3 
8 5.7 10.0 17.6 

10 3.5 6.3 11.5 

Tab. 5: Percentage of total costs for wastewater treatment evoked by flocculation/ 
precipitation 

It is evident that chemical dosage and price dominate the flocculation/precipitation 
costs. Investment costs for dosage station or transport costs are of minor importance. 
Chemical dosage and price may be combined quite easily by multiplication to yield a 
factor which may be called precipitation or flocculation index IF. 
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Conventional low organic 
sludge load system (13Ts=0.15) 
is cheaper than chemical 
treatment 

103 104  105  PE 

/Chemical treat-
ment is cheaper 

1.0 

0 

IF = DF 	PF 
	 ( 4 ) 

where: 

IF  = flocculation index (DPf/m3) 

DPf= Deutscher Pfennig = 10-2  DM 

DF  = flocculant dosage (g/m3) 

PF  = flocculant price ex works in (DM x 10-4/ton) or (DPf/g). 

This index may be used for a better comparison of the economy of different chemical 

treatment systems. With the help of IF, the results of the model calculations are now dis-
cussed in a more general way. Figs. 4 and 5 show the flocculation index IF* as function of 

the plant size. IF* represents the value at which the chemical treatment system costs 
equal to the total costs of the conventional activated sludge plant. (13Ts = 0.30 
and B-rs = 0.15 respectively.) 

An optimum range of the IF*-function is given for medium sized plants. Accordingly, for 
pre- and simultaneous precipitation, a plant size between 10,000 PE and 50,000 PE is 
economically favourable. Compared to high-load activated-sludge treatment, chemical 
treatment is not competitive, since IF-values lower than 1.0 for pre-precipitation are un-
realistic (see Figure 5). 

Simultaneous 
precipitation 

Pk = 8% 

	

3.0 	 •—•—••• Pk = 4% 
Pre-precipitation 

Pk 8% 
--- Pk = 4% 

	

2.0 	Conventional high organic load 
system (Bi-s=0.30) is cheaper 
than chemical treatment 

Fig. 4 and 5: Flocculation/precipitation index I; indicates the value at which che-
mical treatment system costs are equal to the total costs of activated sludge plants. 
Activated sludge with organic loading of BTS = 0.15 kg/(kg • d) BOD5/MLSS on the 
left diagram, BTS = 0.30 kg/(kg • d) BOD5/MLSS on the right. 
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Fig. 6: Influence of BOD-removal in primary treatment with pre-precipitation 
on marginal cost 

Pre-precipitation is more economical than simultaneous precipitation as can be derived 
from the considerable difference in height between the relevant IF'-functions. This is 
due to the fact that pre-precipitation reduces the organic load of the biological system 
significantly which, therefore leads to the use of smaller aeration tanks and lower energy 
consumption of the aerators. Reductions of BOD5  in pre-treatment units with precipita-
tion are estimated to be ABOD5  = 600/0in the usual model calculations. In Figure 6, final-
ly, the result of calculations with different ABOD5-values is shown. There, the prominent 
influence of ABOD can easily be observed. The increasing economy for medium and lar-
ge-sized plants remains almost proportional to the increase in ABOD. For smaller plants 
however, the increased in economy surpasses even the relative increased in ABOD. 
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A Concept for the Conservation 
and Restoration of Lakes: 

The Example of Lake Tegel in Berlin 

U. Hasselbarth 

Abstract 

Lakes are subject to a natural aging process. Sooner or later, in depending on condi-
tions in their drainage areas, they all cease to exist - whether after a number of centu-
ries, or millions of years. In the North German Coastal Plain, the effective aging process 
includes the following stages: fertilization by nutrients, silting up, and then development 
of swamp, moor, and forest. This process is speed-up by increased introduction of nu-
trients, resulting in accelerated eutrophication. Restoration of a lake involves reduc-
tion in the introduction of nutrients, either down to a natural level, or even below. There 
are several ways to achieve this objective. In the north of Berlin, the most favorable pro-
cedure has proved to be elimination of phosphates from the tributaries to Lake Tegel. At 
the same time, however, precautionary measures will have to be taken for Lake Tegel to 
ensure that additional nutrient loads not covered by the restoration will remain negligi-
ble and ineffective. A special problem at Lake Tegel concerns nutrient-containing 
sediments left over from earlier times. These must be immobilized and must be preven-
ted from taking part in the endogenous nutrient transformation processes in the lake. 

The Idea of Environmental Protection 

To be sure, efforts taken for the conservation or even for the restoration of surface waters 
are usually not motivated by love of nature or by the initiative of scientists. Numerous 
examples of damage caused to our environment have taught us that man should not un-
dertake excessively extensive modifications to his natural surroundings - if he wants to 
preserve those conditions of nature which make his continued existence possible. This 
knowledge has not brought about a situation in which active intervention, or 
intentional neglect, are undertaken on a major scale in efforts to protect or to safeguard 
areas of land or bodies of water. 

For these reasons, motives for the protection of bodies of water are today still restricted 
for the most part to the removal of nuisances in the utilization of the water involved. As a 
result, natural waters are considered restored when they can be customarily utilized as 
before. Such a restored condition, however, must not necessarily be identical to a stea-
dy state which is theoretically demanded from the environmental point of view. 
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Fig. 1: Map depicting the Lake Tegel area and the catchment area Nordgraben and 
Tegel Fliess. 

Such developments in thinking can be very impressively demonstrated on the 
example of Lake Tegel, a body of water located in Berlin. This lake is situated in the North 
German Glacial Moraine. Its natural influent is a glacial drainage channel called the Te-
geler Fliess [1]. 

Lake Tegel empties into the Havel River, at its southwest end. Not far south 
of this discharge point into the Havel River, a river barrage with flood channel was con-
structed in the city of Spandau in 1250 [2]. 

This resulted in an increase of the water level by 1.84 m. Since then, Lake Tegel has had 
a surface area of 4 km2  (1.54 square miles) and a volume of 32 million m3  (1,130 
million ft3). 

During the 1930's, Lake Tegel was provided with an artificial inlet in its natural inflow 
area. This was a channel called the Nordgraben which was dug to provide drainage of 
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Historical Plan of the Spandau Lock about 1250 after A. von Muller 

Fig. 2: Flood channel 

rainwater from part of the suburbs in the north of Berlin. To relieve flooding problems 

with the Panke, another glacial drainage channel nearby, the Nordgraben was eventual-
ly extended to this second water course. There had been regular high-water problems 
with the Panke in the northwest parts of the old city of Berlin. Today, the Nordgraben ac-

commodates the water from its own drainage area, as well as about two-thirds of the 
water coming from the Panke. As a result, its volume is now greater than that of the Tege-

ler Fliess, and it is the largest inlet of Lake Tegel [3]. 

There is a good bit of agricultural activity in these catchment areas of Lake Tegel. In addi-
tion, numerous sewage farms have been in operation in the lake drainage area for the 
past 90 years, as part of the metropolitan sewage-disposal system for several million 
people. As a result, the inflow of nutrients has increased to the point that Lake Tegel is 

now in a state of accelerated eutrophication. This situation meant that the lake can no 
longer be used optimally for extracting potable water by bank filtration and artificial re-

charge of the surrounding groundwater, and for bathing and aquatic sports. 

So much for a rough sketch of the present situation. Let us now return to a thought pre-
sented at the beginning of this presentation. In order to restore permanently acceptable 

conditions in the lake catchment, these areas must be managed in such a way that the 
nutrient load for the lake can be reduced to a predictable, tolerable level. 

Of course, such an undertaking would not ensure complete regeneration of the lake: ad-
ditional efforts would be required for that. Indeed, a project calling for complete rejuve-
nation would be unrealistic in conception and fartoo expensive in scope. Present efforts 
have therefore been limited to partial restoration of Lake Tegel, with the conditions of the 

tributaries being left as they are. After all: only the condition of the lake presented 
problems; the polluted inflowing sources escaped attention. 
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Methods of Lake Restoration 

Over the past three decades, several methods have been developed to restore eutro-
phied lakes. These methods have been successfully applied in accordance with the fol-
lowing factors: 

- the conditions encountered in the lake drainage area 
- the water management situation involved 
- the morphology of the eutrophied lake 
- the nutrient load. 

The following measures have been employed in such cases: 

1. Reduction of nutrients added to the influents in the drainage area.Th is measure inclu-
des the following individual efforts: 

- reduction of the runoff from agricultural areas 
- elimination of nutrients from sewage introduced into the influents of the lake 
- -, as an alternative to elimination of nutrients: diversion of sewage out of the lake drai-

nage area, by means of a pipeline loop [4]. 

2. Hypolimnetic aeration of the lake, or oxygenation, to ensure immobilization of the nu-
trients on the lake bottom [5]. 

3. Removal of the hypolimnetic water which is entirely depleted of oxygen and rich in nu-
trients [5]. 

4. Elimination of nutrients from the inlets to the lake [6, 7]. 

Fig. 3 shows the advantages of the various methods, in accordance with the given local 
conditions. If the advantage of a particular method can in fact be ascertained, then it is 
additionally advisable to consider combinations of different methods in order to enhan-
ce the effectiveness and the economy of the overall program. Methods 2 and 3 cannot 
be combined, however. 

Sources of nutrient load 

	

diffuse 	point 	V 	Q/Qh 	morphology 
h 	l 	h 	l 	h 	l 	h 	l 	deep shallow 

restoration of the 	+ 	+ 	+ 	+ 	+ 	 + 	+ 
catchment area 
hypolimnetic 	 + 	+ + + + + + 
aeration 
withdrawal of 	 + 	+ 	+ 	+ 	+ 	+ 
hypolimnetic water 
nutrient removal 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 

h = high; I = low 

Fig.3: Comparison of different methods 
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There are principal differences between the above-mentioned measures and those 

which involve removal or immobilization of the nutrients in the lake. These latter methods 

include dredging of high-nutrient bottom mud and the treatment of sedimentation. Such 

measures affect the endogenous nutrient cycles in the lake and are especially effective 

the passage time of water through the lake is fairly long. Methods, of this kind should, 

however, be considered only as supportive action: as sole means for restora-

tion of a lake, they are just as unsuitable as, for example, the introduction of agents to 

promote the coagulation of algae and phosphates. 

Conditions in the Drainage Areas of the Inlets to Lake Tegel 

The catchment area of the Tegeler Fliess, which empties into Lake Tegel, is 123.8 km2  

(47.8 square miles] in size. An investigation of the sediment in the lake allows insights in-

to the historical development of the area. The retreat of the last ice sheet took here place 

12 to 13 thousand years ago, during which time Lake Tegel was also created. Owing to 

the low temperatures which prevailed during that time, vegetation was established only 

very slowly and exhibited tundra characteristics, with growths of hazel and pine playing 

predominant roles. About three thousand years later, pines, birches, and a few other ty-

pes of deciduous trees began to spread and to form dense forests. Starting around 

1200 A.D., these forests began to be cleared on a larger scale. Analysis of the sediment 

in Lake Tegel points toward increased biological production during this period, which 

resulted in turn from an increased introduction of nutrients. It appears that, at least on 

part of the Tegeler Fliess catchment, seedling-regenerated high forest was established 

during the sixteenth century, although this cannot be absolutely verified. Over the past 

100 years, pine and spruce forests have grown only on its western and northern edges, 

without much significance in extent. Nowadays, the major part of this drainage area is 

used for agricultural purposes. 

Similar conditions are encountered today in the neighbouring drainage area of the Pan-

ke, although it is completely devoid of forest. This area is 251.8 km2  (97.2 square miles) 

in size. As far as Lake Tegel is concerned, however, only the upper course of the Panke, 

with 172 km2  (66.4 square miles), and one section of the Nordgraben, with 26.2 km2  

(10.1 square miles), play a role as far as the actual watershed is concerned. This 

amounts to a total of 198.2 km2  (76.5 square miles) as effective drainage area Lake 

Tegel receives from these two water-courses. 

Between 1872 and 1912, sewage farms were established in both of these watersheds as 

part of the sewage-disposal system of Berlin. The fertilizers contained in the sewage 

(i.e., phosphates and nitrogen compounds) were intended for further use in agriculture. 

Sewage was allowed to stand in pools, whereby the water seeped into the ground, at a 

seepage rate of about 700 mm per year. This seepage rate amounted to only slightly mo-

re than the annual rainfall figure of 600 mm/a. The water from these sewage farms see-

ped down into the groundwater and any excess quantities were introduced into draina-

ge systems, through channels, and into the Panke or the Tegeler Fliess. After 

1920, considerable increases in the quantities of sewage had to be disposed 

of, owing to the general growth of the population. As early as 1928, it became 

clear that this system was insufficient and that shortcomings demanded improvement. A 

plan was therefore drawn up which provided for the construction of biological sewage- 
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treatment plants and for the seepage of biologically treated sewage in larger sewage 
farms located on the outskirts of the city. Until 1960, however, these plans had not been 
implemented further than the construction of two experimental sewage-treatment 
plants in the south of Berlin. 

As a result of slow of progress in sewage disposal in Berlin, more and more 
sewage had to be transported to the sewage farms, where the required seepage 
rate increased to 10,000 mm/a. The vastly increased influx of nutrients associated with 
these conditions could be accommodated only to a very small extent by the originally 
intended users, the farmers in the vicinity with their sewage-fertilized cultures. Almost all 
of these nutrients were therefore introduced either into Lake Tegel via drainage chan-
nels, or into the ground water. At present, the phosphate content of groundwater in this 
part of Berlin has been measured to be up to 0.8 mg/I P [8]. 

Beginning in 1985, expansion of the Ruhleben Sewage Treatment Plant in West 
Berlin will relieve the sewage burden by half for these two catchment areas 
of Lake Tegel. At a later time, construction of the North Sewage Treatment Plant is plan-
ned in the drainage area of the Nordgraben, with a population equivalent of 500,000. By 
virtue of simultaneous precipitation, phosphates will be removed from the sewage down 
to a residual content of 2 mg/I P. The effluent from this treatment plant will be introduced 
into the Panke/Nordgraben system, or will be allowed to seep into the ground if neces-
sary. 

Insofar as one can forecast such developments for the future, it can be ex-
pected that nutrients from the following sources will continue to be introduced into Lake 
Tegel: 

1. The effluents from the agriculturally utilized areas 

2. The effluents from the sewage farms (which would by then no longer be supplied with 
sewage) 

3. Treated sewage. 

Conditions on the Shore of Lake Tegel 

Nutrients are introduced into Lake Tegel not only via Tegeler Fliess and the Nordgraben: 
direct discharge is also involved. Twelve years ago, a total of 21 such direct inlets were 
registered, by means of which untreated sewage, sewage treated in septic tanks and 
precipitation are allowed to flow into the lake. The influx of sewage has been eliminated 
by the installation of sewerage systems in the surrounding settlements Tegelort, Kon-
radshOhe, and Heiligensee. This measure also eliminated several underground sources 
of sewage seepage located at some distance from the lakeshore. These sources 
had also contributed to fertilization of the lake in the northern area of the shore, as a re-
sult of exfiltration of groundwater. In several cases, collection cisterns have been instal-
led, which are regularly emptied by sewage tank trucks. 
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At present there are still three large inflowing sources of nutrients into Lake Tegel. It is 
planned to intercept the majority of undissolved matter contained in this runoff by 
means of sedimentation facilities. In comparison to the total amount of nutrients added 
to the lake, however, the significance of the interception of this undissolved matter from 
the runoff is indeed slight. 

In Berlin discharge cooling water into the storm drainage system is permitted. Since the 
groundwater here has a high phosphates content, this constitutes yet a further threat to 
Lake Tegel. The amount of nutrients added to the lake will further increase in cases in 
which polyphosphates are used in cooling equipment to prevent the formation of sludge 
deposits. In the future, operators of such equipment will be required to drain such phos-
phated water back into the underground via drainage wells, to prevent further fer-
tilization of the lake. 

At its southwest end, where Lake Tegel joins with the Havel River, there is no lake barra-
ge between the two bodies of water. It therefore merges with the river without a definite 
transition point. Th is end of the lake is, however, divided into two junction areas by the is-
land Valentinswerder. A further source of lake fertilization is provided by the influx of river 
water, which is itself hearily burdened with nutrients at these points. This has 
negative effects on Lake Tegel, especially at its southern end. 

The Concept for Reduction of Nutrients into Lake Tegel 

The cause of accelerated lake eutrophication is the massive development of algae to an 
extent that the organic substances formed can no longer be aerobically decomposed. 
The amounts of organic substance which can be aerobically decomposed are quanti-
ties particular to each individual lake, even though these figures may not be able to be 
exactly determined. In any case, this means that there is a particular limit value for the 
nutrient input which may not be exceeded if the lake is eventually to be restored. It is 

1.4 	" A 600 g/m2  a C (OECD study) 

Fig. 4: Productivity of nutrient load 
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replenishmen 

not required, however, for all nutrients to be reduced: it may suffice for one type to be 
sufficiently diminished. Natural waters in this part of the world are limited in their content 
of phosphorus. It therefore suffices and in keeping with a natural mode of restoration 
that the level of phosphorus in such bodies of water be reduced to the correspon-
dingly required extent (Fig. 4). 

In accordance with Vollenweider's input/output model [9], and on the basis of its mor-
phology and present passage time of water across the lake basin, Lake Tegel should not 
be charged with more than 0.25 g/m2/a  P. This corresponds to an input of approx. 1 t/a 
P (metric tons), including phosphorus remobilization from the sediment and the phos-
phorus content of precipitation falling directly onto the surface of the lake. 

At present, however, the situation looks far different: the influx of nutrients from the Te-
geler Fliess amounts to 46 t/a P, with an additional 230 t/a P coming from the Nordgra-
ben. This means a total of 276 t/a P both inflowing sources. Of this amount of nutrients, 
5.1 t/a P originate from diffuse sources on agriculturally utilized areas. The latter figure 
means that the tolerable input of nutrients is exceeded five times alone by one partial 
source. 

The amounts of nutrients originating from sewage disposal in the lake drainage area will 
be considerably reduced by the planned deactivation of the sewage farms and by the 
construction of the North Sewage Treatment Plant. This plant will feature simultaneous 
precipitation, with the result that residual loading for the receiving water can be assu-
med to be at the level of 109 t/a P. Of this amount, 72 t/a P will be introduced into the 
Nordgraben (Fig. 5). 

The water from the Havel River which is introduced into Lake Tegel contributes an addi-
tional load of 7.1 t/a P. After completion of the presently planned expansion of the sewa-
ge-disposal plants, the total nutrient load for Lake Tegel will be 84.2 t/a P (5.1 + 72 + 

5.1 t/a P diffuse load 
\ 	(agriculture) 	/ 

\ 	 / 	72 t/a P 

84.2 t/a P 
7.1 t/a P 

	 ✓  83.2 t/a P elimination 
1.0 t/a P residual load 

1 km 
Imamormaml 

Fig. 5: Load diagram 

/ / 
/ 	point load 

/ 	(treated sewage) 
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7.1 t/a P). Taking into the sewage farms (which will be deactivated by that time), the ac-
tual annual load will lie between 84.2 and 276 t/a P. 

Since it was possible to physically unite all the influents into Lake Tegel into one tributa-
ry, it would naturally be advantageous to construct a phosphorus elimination plant at the 
one inlet point. The water introduced from the opposite end of the lake from the also ex-
tremely eutrophic Havel River will however also have to be taken into account. Measures 
are now being implemented to direct water from the Havel River, at the southwest end of 
the lake, via pipeline, around the lake to the phosphorus-elimination plant at the junction 
of the other tributaries. The treated water with reduced phosphate content coming from 
the North Sewage Treatment Plant (with a nutrient share of 72 t/a P) would represent the 
greatest share of the load to be handled by this new plant to be built near the lake. This 
plant, if it were to reduce nutrient levels introduced to the lake to tolerable levels, would 
of course require higher investment costs than the other sewage-treatment plant. 

Such a phosphate-elimination plant located at the lake would be required to eliminate 
only 12.2 t/a P it would, however, have to be designed to handle the same amount of 
water. One disadvantage of the present situation, furthermore, is the requirement to 
operate two separate plants. The problems involved here will have to be worked out to 
exactly account for each particular case as it arises. The design results will indeed have 
an effect on the price of the phosphate-elimination plant, but not on the actual sucess 
of the restoration of the lake itself. 

The Water Management Situation at Lake Tegel 

The relationships involving water management for Lake Tegel are somewhat complica-
ted. In the North German Coastal Plain areas, the outflow of a lake is expected to equal 
the inflow less the evaporative losses. This is not the case for Lake Tegel. On the basis of 
observations made here from 1961 to 1975 on the mean discharge, the Federal State of 
Berlin has published a special bulletin, as part of the Annual Hydrological Report [3], 
which provides interesting information in this regard. According to these data, 
the Tegeler Fliess supplies 0.52 m3/s, and the Nordgraben 1.28 m3/s, adding up to a to-
tal of 1.8 m3/s. Water treatment facilities extract 0.35 m3/s by filtration, and 1 m3/s by 
bank filtration. Together with evaporative losses of 0.15 m3/s, this amounts to a total 
withdrawal amount of 1.5 m3/s. If one disregards the negligible removal of nutrients in 
water used for infiltration, then a calculated residence time of 3.4 years results. 
If the assumption is made that at least ten water changes are necessary for 
purging the nutrients contained in the lake, then one could expect restoration 
of the lake by means of phosphorus elimination from the inflowing sources at the earliest 
after 34 years. This calculation does not take into consideration the considerably lower 
P concentrations required for such residence times, nor the remobilization of P from the 
sediment. 

Consideration of the mean outflow data provided here, however, does not pro-
vide a true picture of the situation in Lake Tegel. Since the outflow rates from the Tegeler 
Fliess and the Nordgraben fluctuate greatly, with maximum and minimum rates at ratios 
of 20:1, great theoretical deficits could from time to time occur. Since, however, the wa-
ter level of Lake Tegewl actually remains at at fairly constant level, another phenomenon 
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must be considered here: during periods of low flow, a reverse flow of water back 
through the outflow acts to compensate for this loss by addition of considerable 
amounts of water from the Havel River. The actual mean outflow rate of the 
lake is estimated 1 m3/s, and the additional supply of water in a reverse direction via the 
outflow is 0.72 m3/s on the average. Since the water from the Havel River is very eutro-
ph ic, it is clear that it would be hopeless to attempt to restore Lake Tegel exclusively by 
means of phosphate elimination at the inflowing sources. 

This general situation will become even more unfavorable for a period of several years, 
since, beginning in 1985, an amount of 0.9 m3/s of sewage from West Berlin will no lon-
ger be irrigated in the catchment area of Lake Tegel, but will be treated in the expanded 
facilities of the Ruh leben Sewage Treatment Plant and discharged into the Havel River 
south of Spandau (below Lake Tegel). Only later, after construction of the North Sewage 
Treatment Plant, will the situation be more or less compensated for once again. 

In order to achieve an exchange of water required to ensure restoration of Lake Tegel, 
we have proposed to provide the required extra quantities of water through a specially 
installed lake pipeline. Optimization calculations performed for the design of the Tegel 
phosphate elimination plant have revealed that such a pipeline would have to feature a 
transport capacity of 2.4 m3/s. In this manner, it would be possible to ensure sufficient 
flow through the elimination plant and, in turn, through the lake, at the rate 
of 3 m3/s [10]. In years with little rainfall without significantly increased discharge rates 
(eventualities which have to be taken into consideration here), the following situation 
would result on the basis of an extraction rate of 1.5 m3/s: a calculated residence time of 
8.1 months and - making an allowance in calculations for discharge rates rising from ti- 

Fig. 6: Discharge diagram 
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me to time as high as 6 m3/s - a calculated residence time of approx. 6 months, corres-
ponding in this latter case to a mean outflow rate of 3.5 m3/s (Fig. 6). 

If it is further assumed, on the basis of the above-stated conditions, that at least a tenfold 
change of water would be necessary for purging of the lake nutrients, successful resto-
ration results could be expected in just under seven years in the least favorable case, 
and after five years in the most favorable. 

One imponderable is high water resulting from unusually high amounts of pre-
cipitation. According to the design concept of the Tegel phosphate elimination plant, 
outflow rates of up to 6 m3/s will be treated. If the contributions of the Tegeler Fliess and 
the Nordgraben rise above this amount, then up to 2.4 m3/s more can be directed 
through the above-mentioned lake pipeline, this time in the reverse direction, into the 
Havel River. In this manner, high water rates of up to 8.4 m3/s could be handled without 
adversely affecting Lake Tegel. Any amounts in excess thereof (which can on a 
statistical basis be expected once in very 5...10 years) would flow untreated into the la-
ke. In such an event, the decision would be made to allow the Tegeler Fliess to flow un-
treated into the lake, since the phosphorus load of the Fliess is relatively low in compari-
son to the Nordgraben. In the event that contribution of phosphorus to the lake would 
then rise by more than 1 metric ton per annum as a result of such a situation, provisions 
could be taken to ensure more rapid purging of nutrients from the lake by increasing 
the outflow from the phosphate elimination plant. 

We hope that the above-described measures will be successful. In order to avoid hasty 
and unwise investments, initial operational results of the Tegel phosphate elimination 
plant should first be assessed. 

Reversal of Eutrophication of Lake Tegel and Maintenance of a Re-
stored Lake 

The present amount of nutrients contained in Lake Tegel suffices to ensure almost one 
hundred times the maximum degree of algae development. The concept detailed above 
is to purge the lake of these nutrients by a continuos exchange of water. It is difficult to 
forecast how Lake Tegel will behave during this phase of restoration. Every similar lake 
treated to date has shown its own particular response to restoration efforts, in accordan-
ce with the specific conditions encountered. We expect such a characteristic 
result from Lake Tegel as well. The peculiarities involved elsewhere in such efforts again 
and again give rise to discussion as to whether restoration of a lake can at all be achie-
ved by such methods. Pessimistic arguments here are based on the two following 
points: 

1. Over the long run, the supply of nutrients cannot be maintained at a sufficiently low le-
vel. 

2. Remobilization of the nutrients from the sediments cannot be avoided. It is calculated 
that the quantities stored there (estimated at 200...400 metric tons of phosphorus) 
would suffice to maintain the lake in a eutrophic state for many decades to come. 
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The solution of the first problem, of course, is a task to be solved by tech-
nological means - insofar as the main inflowing sources are involved. The residual loa-
ding of the lake will be considerably aggravated by inflow of nutrients directly from the 
shores in rainwater, by a outing a storm drainage into the lake, and by the addition of 
phosphates from rain falling directly on the surface of the lake. According to our estima-
tes, however, such fertilization would probably not result in a situation in which the criti-
cal load defined by Vollenweider will be exceeded. For the more distant future, certain 
relief can be expected from improvement in flue-gas treatment systems for coal-burning 
facilities. 

The problem of remobilization of nutrients from the sediment is considerably more se-
rious, however. We have based our assessment of the repeatedly confirmed experi-
mental observation that removal of phosphates can take place only under conditions of 
reduction at the water/sediment interface. As long, however, as the production of algae 
is greater than can be aerobically decomposed, there will indeed result oxygen-free for-
mation of an hypolimnion, with, in turn, reducing conditions on the water/sediment inter-
face. 

In order to interrupt this process, two procedures can be implemented. During 
the winter stagnation cold, oxygen-rich water is introduced into the hypolimnion. Whe-
ther this measure will be as successful with Lake Tegel as with the Schlachtensee (a la-
ke farther south in Berlin), remains to be seen. The second measure is the use of 15 ae-
ration units, which have until now kept Lake Tegel provisionally alive until the phosphate 
elimination plant can be put into operation. They have already been successful in ensu-
ring that deep water at almost all points of the lake demonstrates an oxygen content 
of at least 2 mg/I. Such an oxygen concentration will suffice to prevent remobilization. 

With these measures we hope to achieve restoration of the lake. Oxidizing treatment of 
the sediment would be very expensive, and removal of the bottom muds is not feasible. 

Entirely apart from the above-described problems is a situation involving one particular-
ly atypical characteristic of Lake Tegel. As there is no possibility for an investigation of 
the water currents at the junction of Lake Tegel and the Havel River, it is most difficult to 
predict to what extent algae and nutrients will be brought into the lake from the south-
west in the event of even minor disturbances in outflow and water levels. Areas of the 
lake particularly affected here would be those between the settlement of Tegelort and 
the island of Valentinswerder, or perhaps even those between Tegelort and the island of 
Scharfenberg. One will simply have to wait for developments there. Physical measures 
would be difficult to implement here, since the passage of ships and boats could be im-
peded. 

At this point I would especially like to take the opportunity to thank all my colleagues 
from the various departments involved, for the satisfying and harmonious collaboration 
which has been made possible over the last twelve years of work on this project. 
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Chemical Precipitation: 
Altemative or Complement to Biological 

Treatment 

I. Karlsson 

The title of this lecture should perhaps more apt be: Chemical precipitation - an alterna-
tive and a complement to biological treatment. First, a comparison between a biological 
and a chemical treatment will be made, both with regard to the results and the economi-
cal aspects. Second, the chemical treatment method will be examined as to the results 
and the economical point of view and, finally, the possibility of combining the che-
mical and biological processes will be discussed.. 

In Table 1 we can see mean values for BOD, SS, P, and N, which are as far 
as the recipient is concerned, the most important impurities. A normal sewage 
water also contains bacteria, virusses and eggs of intestinal parasites. If we now compa-
re the effect of biological treatment with chemical, the following results can be expected, 
see Fig. 1. The reduction of BOD will, of course, be quite considerable in a biological 
treatment step. A reduction of up to 90 %and more can be obtained. Even tri-valent che-
micals can perform a good reduction of BOD. Up to 70 %reduction and even more, de-
pending on the composition of the water can be achieved. 

Organic matter (BOD) 60 - 90 g/pe-d 	 Biological Chemical 
Suspended solids (SS) 70 - 90 g/pe-d 	BOD 	26* 	39* mg/I 
Phosphorus 	(P) 	3 - 4 g/pe-d 	 + + + 	+ + 
Nitrogen 	(N) 10 - 14 g/pe-d 	P 	 4.7* 	0.6*mg/I 
Micronutrients 	 + 	+++ 
Complexing agents 	 N 	 + (+ +) 	+ 
Bacteria and virus 	 Heavy metals 	++ 	+++ 
Eggs of intestial parasites 	 Bacteria, virus 	++ 	+++ 

.avarage values in the effluent 

Tab. 1: Median values for municipal 	Fig. 1: Results from treatment of 
sewage water 	 sewage water 

For the reduction of phosphorus the chemical treatment is superior to the biological 
one. With chemical precipitation, at least 90 %can easily be obtained depending on the 
dosage. With the biological treatment, the reduction is normally not more than 25 - 
30 0/o. There are methods for sufficient biological phosphorus reduction which are, ho- 
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wever, far too expensive. In Fig. 1, the mean values of BODE  and total phosphorus of the 
effluent from more than 100 swedish plants using the direct precipitation technique are 
compared with the mean value obtained from the biological treatment plants (statistical 
data for 1979). The somewhat lower BODE-reduction obtained in the direct precipitation 
plants indicated by the official statistics can be regarded negligible for most recipients, 
particularly when considering the low phosphate contents of effluent. The reduction of 
Nitrogen is low both for biological and chemical treatment. There is a possibility for 
biological Nitrogen reduction but this process needs very large tanks in a biological 
system. Furthermore, as we shall see later, chemical treatment can make nitro-
gen reduction possible, even with small volumes and highly loaded biological 
treatment stage. The reduction of virusses and bacteria through a chemical treatment 
with aluminium salts is very high. Nearly 100 %of the reduction can be obtained (Fig. 2). 

No treatment 

CMm 

Sedimentetion 

Biological Biological—Charnical 

Fig. 3: Sewage treatment in Sweden 
1965 - 1982 according to the National 
Environment Protection Board. 
Population clusters with at least 200 
inhabitants are called localities if the 
distance between buildings as a rule 
does not exceed 200 m. Localities 
account for approx. 83% of the po-
pulation [4] 

1965 
	

1970 	1975 
	

1980 Compl. 

An industrial discharge can seriously harm and even kill the organisms in a biological 
system. Building up a new biological activity can take several weeks. During this period 
of rehabilitation, the sewage water will be purified only through mechanical sedimenta-
tion. When using chemical precipitation in return, the sensibility for industrial dischar-
ges will be much lower. Furthermore, the process does not need a period of rehabilita-
tion if it has been disturbed by accidental industrial discharge. For this process, chemi-
cal precipitation is much easier to maintain than a biological purification stage. 
Another advantage is that direct precipitation can be completed with a biolo-
gical purification stage after the chemical stage, if higher reduction of organic material is 
desired. This new stage can now be built precisely to the extent necessary to oxidize the 
remaining, after chemical step carbonaceous, BOD. The disadvantage which might ea-
sily become a considerable advantage, is the increase quantity of sludge obtained with 
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chemical treatment as compared to biological treatment. This advantage can be seen 
when the sludge is stabilized by unaerobic methods. More digester gas can then be 
obtained. But more about this later on. 

For economical comparison the following processes were used (see Table 2). 

Energy for 
aeration kWh 

Sludge 

kg TS 	m3 
Digester gas 
converted into 
oil litres 

Simultaneous- and 
post-precipitation 

20 40 1.4 6 

Pre-precipitation 10 45 1.1 8 
Optimal 7 49 1.1 9.5 
Pre-precipitation 

Tab. 2: Energy and sludge data 

Biological Treatment and Direct Precipitation 

First, in the biological treatment we have a preliminary sedimentation tank and then a 
biological treatment step. Our calculations are based on an activated sludge step. The 
direct precipitation begins also with a preliminary sedimentation tank followed by a che-
mical step. The size of a plant is calculated to 125,000 p.e. All economical values were 
taken from the Swedish Environmental Protection Board PM 1237. No cost for the treat-
ment of sludge is involved. For the biological sewage plant, the initial cost is nearly 
30 % above that required for the chemical plant. Operating cost is even higher 
because of the necessity for skilled operation; in fact, 38 %more than that of a chemical 
plant. The largest portion of the operating costs for a biological treatment stems from the 
energy demand for aeration. The cost of electricity in Sweden is low, there are only a few 
countries, e.g. Canada and Norway, where it is still lower. In most other countries, it is 
much higher, in some cases more than double as much. The ratio between chemicals 
and electric power is in Sweden about 1 ton trivalent precipitation chemical (3.2 mol/kg) 
corresponds to the cost of 2,000 kWh of electric power. 

A very cheap alternative, of interest especially with a view to initial cost, is primary preci-
pitation, involving only one chemical treatment step without preliminary sedimentation 
tank. For some types of waste water this is a highly interesting process. The capital in-
vestment will be very low, only 55 %of the cost for a biological treatment plant. The ope-
rating cost will be about the same as that for direct precipitation. An example for primary 
precipitation is Oslo West, a very large plant, treating 250,000 m3  per day. 

Now we have seen how competitive a chemical precipitation sewage plant is 
with a biological sewage plant, regarding the purification result as well as from the eco-
nomical point of view. But even as a complement to biological treatment chemical treat-
ment is very interesting. The very latest development in Sweden is the use of chemical 
precipitation as a complement to the biological treatment stage. 
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There has been an intensive expansion of sewage plants in Sweden during the 
60s and 70s. According to Swedish authorities a phosphorus is the limiting factor for al-
gae growth in the recipients. lf, for instance, all phosphorus from waste water were to 
cause a growth of algae in the water, this secondary pollution could lead to a many times 
greater demand for oxygen for decomposing in the receiver than the corresponding pri-
mary contamination in the sewer. This is why most of the sewage plants in Sweden use 
chemical treatment. This takes place, in most cases, in the third stage - the so called 
chemical stage. The common purification requirements in Sweden are about 15 grams 
BODE  per m3  for organic matter, for phosphorus 0.5 grams per m3. Demands for reduc-
tion of nitrogen are very rare in Sweden. These three-stage plants built first during the 
60s and the 70s, (see Fig. 3 and Table 3) produce good results and comply with the puri-
fication demands set up by the authorities. 

No treatment 
No of plants Capacity, 1000 PE 

7 
Sedimentation 109 138 
Biological 284 1206 
Chemical 165 311 
Biological-Chemical 676 5063 
Complementary 35 199 
Total 1269 6924 

Tab. 3: Type of sewage treatment 

Increasing operating costs of sewage plants have actualized efforts to optimize the pro-
cesses, both as far as the cost and the results are concerned. First, each purification sta-
ge was optimized separately, i.e. the mechanical by itself, the biological by itself and the 
chemical by itself, without any consideration of their mutual co-operation. For example 
in the biological stage the amount of oxygen was regulated to correspond more exactly 
to the need in the oxidation process. In the chemical stage a better intensive mixing 
and improved flocculation lead to a higher utilization of precipitants. This type of optimi-
zation of the individual purification stages is now being practiced as a matter of course. 
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Fig. 4: Scheme of chemical treatment 
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The next development stage is the coordination of all purification stages. An example of 
this is nitrification in the biological stage, i.e. the biological stage is run in such away that 
higher iron is engaged. This can contribute to a reduced dose of chemicals since an op-
timum precipitation pH can be achieved with a smaller dose of chemicals. 

Another example is pumping of the chemical sludge from post-precipitation back to the 
beginning of the purification process, see Fig. 4a. 

Chemical sludge can be returned either to the biostage or to the mechanical stage. The 
prereduction of phosphorus achieved in this way means a better utilization of the preci-
pitation chemicals. Quite a few sewage works apply resetting of chemical sludge suc-
cessfully. Besides the advantages on the sludge side, a saving of chemicals of about 
20 %is achieved. The same result obtained by pumping the sludge back can also be ac-
complished by two or more points dosage. Several points dosage means that chemicals 
are added in the mechanical stage and/or in the biostage as well as in the chemical sta-
ge, see Fig. 4b. This way prereduction of both phosphorus and organic substance 
is achieved. The BOD load to tank volume in the biostage can be substantially 
reduced and the total use of chemicals decreased. 

The latest development in Sweden towards a reduction in operating cost and 
an improvement of the purification result is pre-precipitation. The town of Norrk6ping 
was one of the first to use this method with a great success. 

The sewage plant in NorrkOping is a conventional 3-stage plant with an activated sludge 
stage and post-precipitation. The water entering the post-precipitation stage is strongly 
buffered. A high dosage of chemicals is necessary to effect good reduction of phospho-
rus. Efforts to get nitrification have been made in order to reduce the dosage of chemi-
cals. Because of the high ratio of BOD load to tank volume this has not been successful. 
Different attempts to minimize the chemical dose have been undertaken. 

Interesting things began to happen when experiments were made with addition 
of trivalent iron salt before entering the aerated grit chamber. The pH-determined dose 
of chemicals in the chemical stage went down to almost one tenth of the original dose; 
the pre-precipitation dose was nevertheless rather low. Analysis of out-going water sho-
wed a very good reduction of both phosphorus and organic matter. Furthermore, water 
was analysed after treatment in the preliminary sedimentation tank. It was concluded 
that about 55 %of incoming phosphorus was separated in the preliminary sedimenta-
tion tank. In addition, a reduction of organic matter over the preliminary sedimentation 
tank had taken place. About 50 % of the organic matter which normally enter 
the biostage was separated. Because of this, nitrification in the biostage could be achie-
ved, which in turn, made a reduction of post precipitation dose possible. Three basic as-
sumptions were established: 

1) Low load on biostage; 

2) High age of the sludge; 

3) Enough oxygen. 
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Reduction of organic matter in the biostage was a direct result of pre-precipitation. High 
age of sludge was a result of reduced supply in the biostage and the stepped-up return 
pumping of sludge. The reduced sludge load or F/M ratio, combined with a constant ef-
fect of blowing machines, ensured the demand for enough oxygen. 

Both analyses of BOD and phosphorus show low values in the water that enter 
the post-precipitation stage. The phosphorus values were just below 1.0 g/m3. 
In NorrkOping efforts our now underway to increase the pre-precipitation dosage in or-
der to stop the post-precipitation dosage and to eliminate the chemical stage altoge-
ther. But higher chemical dosage did not help. The phosphorus at all times on the same 
level as the activated sludge step. 

One of the explanations was that the higher the age of the sludge, the higher 
the mineral content of the sludge. Mineralization or decentrigration means that dissol-
ved oxygen leaks out. By reducing the age of the sludge, however by no more than was 
necessary to maintain the nitrification, the share of dissolved phosphorus was reduced 
to such an extent that the post-precipitation stage could be totally abandoned while the 
content was still less than 0.5 grams per m3. 

To understand more exactly what happened in the sewage work in Norrkoping 
when pre-precipitation was carried out with trivalent metal salts, see the article of 
H. Hahn [2] in this issue. 

One reason why an intensive agitation is extremely important is the hydrolysis 
of a trivalent metal kation in water, developing high loaded polynuclear complexes. But 
they exist for just a very short time. To use these overloaded complexes as effectively as 
possible, vigorous stirring is necessary. Even for destabilization the rapid mixing is very 
important (see Section 2; colloid destabilization [3]). 

The processes that follow, agglomeration and separation are of course essen-
tial in order to achieve a good reduction. 

If we now have a look at Fig. 5 we can, very schematically, explain what happened in 
NorrkOping. The ring with BOD symbolizes the organic load on the sewage plant. The 
next ring symbolizes the amount of microorganisms that will transform the organics into 
a state in which they can be extracted from the solution. Oxygen, 02, will be needed for 
this. The amount of microorganisms and the BOD load balance well with each other. 
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Fig. 5: Reduction of oxygen demand by pre-precipitation 
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From the old amount of microorganisms a new set of microorganisms is produced, as 
can be seen in the picture at the extreme right. Half of the mixture of old microorganisms 
and sludge mineralizes and disappears in the form of carbondioxide, water and inorga-
nic salts. The other half constitutes excess sludge. The lower line in the figure shows 
that the incoming organic matter, the organic load, i.e. the BOD ring, is halved as a result 
of pre-precipitation, though we have the same amount of microorganisms which, with a 
help of oxygen will turn the organic matter into an extractable form. The BOD load is hal-
ved through pre-precipitation meaning there is no nutrition for a new set of microorga-
nisms to emerge and to be pumped back. That is why excess sludge must be used for 
return pumping. This also explains why the age of the sludge and mineralization increa-
ses. 

In the equation (1) we can see the formula for food to microorganism ratio, 
or sludge load. When the BOD content is halved, the sludge load will also be halved, pro-
vided the other parameters are constant. In order to preserve a constant sludge load and 
sludge age by pre-precipitation, either the MLSS or the aerated tank volume must be 
halved. 

BOD-content x Flow  
Sludge content x Aeration tank volume 

(1) 

The relationship between BOD content and sludge growth can then be seen in 
Fig. 6. This diagram shows that a normally loaded activated sludge works, as far as a 
sludge load is concerned, will shift towards a low loaded one when the content of BOD 
decreases. Nitrification develops more easily. The production of sludge falls off because 
of the more extensive mineralization. By reducing MLSS in the activated sludge stage 
the curve can be shifted back to a normally loaded works. A highly loaded plant can, in 
this way, become more normally loaded through pre-precipitation. 

Let us have a look at what happened in NorrkOping before we started with 
pre-precipitation. 

Quantity 
• 

Sludge growth 

BOD content 

Time 

 

High 	Conventional Low 
sludge load T sludge load 	T sludge load 
Conventional sludge load 
0.3 — 0.6 kg BOD/kg SS • d 
SS = Aeration tank volume x Sludge content 

Fig. 6: Sludge growth as a function of the retention time in the plant. 
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Half of the organic matter is removed earlier by pre-precipitation with trivalent metal 
salts. Now that we have learnt what F/M ratio or sludge load means, the amount of mic-
roorganism is adjusted to half the previous amount. This we can achieve e.g., by closing 
down half of the aerated tanks in an activated sludge step. This also implies that only half 
as much oxygen as before is needed. Out also implies that only half as much oxygen as 
before is needed. Out of the now halved amount of microorganisms, half will decompose 
into carbon dioxide salts and water, exactly as before. The remaining fourth part will be 
taken out of the process as excess sludge. We will now introduce a new concept - opti-
mized pre-precipitation. By direct precipitation 90 0/0 phosphorus reduction and 75 0/0 
BOD-reduction is often achieved. That is why we can count on achieving a 75 %reduc-
tion of organic matter. This means that the biological stage will only be loaded with one 
fourth of the organic matter as compared to conventional post-precipitation or simulta-
neous precipitation process. We have now learnt to adjust the amount of microorga-
nisms to these new circumstances. The demand for oxygen will also be one fourth 
of what is needed by simultaneous or postprecipitation. One fourth of newly 
produced microorganisms and sludge will be pumped back as return sludge. 
One eighth of the original BOD amount is taken out as excess sludge and the 
other eighth is decomposed. 

For sludge production, let us calculate the following: When we do not use a pre-precipi-
tation system, the organic substance BOD that enters the biological stage is decompo-
sed. One half goes to carbon dioxide, inorganic salts and water. This oxidation process 
requires oxygen. The other half is taken out as excess sludge. For pre-precipitation, we 
can take out 50 %of the organic matter with help of chemicals already in the preliminary 
settling tank. This means, that it is necessary to oxidize only half as much organic 
matter. The oxygen demand is halved, but if we look at the sludge we can 
see that the digester will have 50 0/0more when we used pre-precipitation instead of si-
multaneous or post-precipitation. The reason is, of course, that the organic substances 
are reduced before the biological stage and not decomposed by oxygen. We can take it 
directly to the digester for gas production. 

By optimized pre-precipitation we can achieve 75 0/0 reduction of the BOD in 
the preliminary settling tank. That is to say only one fourth of the BOD that enters the bio-
stage. The demand for oxygen will only be one fourth of that used in a process with pre-
precipitation. So, while saving energy, more energy is available from the sludge as dige-
ster gas. 

To summarize using pre-precipitation, the biological stage must be adjusted to the lower 
BOD load either by reducing the tank volumes or by reducing the amount of sludge in 
the activated sludge stage. Pre-precipitation gives us another sludge production. As far 
as total solids are concerned, we get more sludge. Pre-precipitation also means that the 
energy consumption decreases because of the lower demand for oxygen in the biologi-
cal stage. Besides, tank volumes can be taken out and possibly be used for any other 
purpose. 

Let us now have a look at the economical aspects of pre-precipitation. In Fig. 7a we can 
see how the organic substance is distributed in a conventional plant. Of an incoming 
amount of 75 grams per person and day, 30 %will be separated in the pre-sedimenta-
tion. 60 0/0 is separated in the biostage, the remaining 10 0/0goes out into the receiver. 
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Incoming sewage 
water 
^' 75 g BOD/pe-d 

Mechanical 
treatment 

25 g 

Biological 
treatment 

43 g 

7b pre-precipitation 

Outgoing water 7 g 

Incoming sewage 
water 

75 g BOD/pe-d 

Biological 
treatment 

23g 

Mechanical-
chemical 
treatment 

45 g 

Outgoing water 7 g 

Incoming sewage water 
— 75 g BOD/pe-d 

7c optimal pre-precipitation 

Biological 
treatment 

12g 

Mechanical-
chemical 
treatment 

56 g 

Energy consumption for biological treatment 
1 kg BOD = 1.3 kWh 
0.02 kWh/pe-d 
— 7 kWh/pe-annum (- 75%) 

7a conventional biological treatment 
Outgoing water 7 g 

Energy consumption for biological treatment 
1 kg BOD = 1.3 kWh 
43g BOD = 0.056 kWh/pe-d 
— 20 kWh/pe-annum 

Energy consumption for biological treatment 
1 kg BOD = 1.3 kWh 
0.03 kWhipe-d 

11 kWhipe-annum (- 50%) 

Fig. 7: Separation of organic matter and economics in a sewage plant 

When the 60 0/0 is converted into grams, we have 43 grams that will be biodegraded in 
the biostage. To breakdown, or to oxidize, 1 kilo BODE  requires about 1.3 kWh. This 
means that power consumption will be about 20 kWh per person per year at a con-
ventional sewage work. By pre-precipitation as we see in the next figure, 7b, 60 %of the 
organic substance will be separated in the preliminary sedimentation tank. 30 %goes on 
to the biological stage and 10 %still goes out. When speaking of the 30 %which goes on 
to the biological stage, we are talking about the biodegration of 23 grams BOD. Only 
11 kWh per person and year will be required to do this: A reduction of 50 %of energy de-
mand compared with a conventional purification process. 

By optimized pre-precipitation as we see in the next figure (7c), 75 %of the organic mat-
ter will be separated in the mechanical stage or in the pre-sedimentation tank. Only 
12 grams goes to the biological stage. For biodegration of these 12 grams, 7 kWh per 

Nitrification 

NH4+  + 2 02 	NO3—  + 2 H+  + H2O 

12 g N as NH4  demand 55 g 02  

55 g 02  = 0.055 kWh/d = 20 kWh/annum 

Fig. 8: Energy demand for nitrification 
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Outgoing water 10% 

9a conventional biological treatment 

Decomposed to 
CO2 + H2O 30% 

Biological 
sludge 30% 

Outgoing water 10% 

Sludge production 
g dry solid/pe-d 1/pe-d dry solid % 

Mechanical 	50 	0.8 	6 
Biological 	35 	1.8 	2 
(Chemical 	25 	1.2 	2) 

Total 	 85 (110) 	2.6 (3.8) 

Mechanical 
sludge 30% 

Gas production 
Mechanical —17 1/pe-d 
Biological — 8 I/pe-d 

Total 	25 l/pe-d 

—175 kcal/pe-d 
— 63000 kcal/pe-annum 
— 61 oil/pe-annum 

Decomposed to 
CO2 + H2O 15% 

Biological 
sludge 15% 

9b pre-precipitation 

Sludge production 
g dry solid/pe-d l/pe-d dry solid % 

Mechanical 110 2.2 5 
Biological 17 0.9 2 

Total 127 3.1 

Mechanical 
sludge 60% 

Gas production 
Mechanical ~ 29 l/pe-d 
Biological -- 4 Upe-d 

Total 	331/pe-d 
— 230 kcal/pe-d (+ 30%) 
—83000 kcal/pe-annum 
~81 oil/pe-annum 

Outgoing water 10% 

9c optimal pre-precipitation 

Decomposed to 
CO2 + H2O 7% 

Biological 
...... sludge 7% 

Mechanical 
sludge 75% 

Gas production by digestion 
Mechanical — 36 l/pe-d 
Biological ~ 2 l/pe-d 

Total 	38 1/pe-d 
~265 kcal/pet! (+ 50%) 
~97000 kcal/pe-annum 
~9.51 oil/pe-annum 

Sludge production 
g dry solid/pe-d 1/pets dry solid % 

Mechanical 130 2.6 5 
Biological 8 0.4 2 

Total 138 3.0 

Fig. 9: Sludge production 
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person and year will be required: A reduction of 75 %compared with conventional purifi-
cation process. By pre-preciptation, the biostage will be less loaded with the organic 
matter. The lack of easily assessable nourishment means that the biostage can develop 
a bacterium stock with a higher share of nitrification microorganisms. Thus, nitrification 
can more easily be impelled by, e.g., lower water temperatures and lower sludge age. In 
Fig. 8 we can see that for total nitrification of normal Swedish waste water, the oxygen 
demand is about the same as for the reduction of carboneous BOD matter. The excess 
capacity of the oxygen adding system can be used for nitrification, because of the pre-
precipitation. 

Distribution of organic matter in the form of sludge takes place at a conven-
tional sewage works as follows (see Fig. 9a). 

In the preliminary sedimentation tank 30 0/0 is separated, in the biostage 60 0/0 half of 
which i.e. 30 0/0is decomposed into carbon dioxide water and inorganic salts. The rest is 
taken out as sludge. 10 %goes out to the recipient. Normally, it is estimated that the me-
chanical stage gives 50 grams total solids per person, per day. The biostage, 35 grams 
per person per day, and the chemical stage 25 grams total solids per person, per day. If 
the concentration of sludge in the mechanical stage is 6 0/0 the biological 2 0/0 
and die mechanical 2 °/q the total volume of 3.81 of sludge per person and 
day is received. By unaerobic stabilization or disgestion of these sludges we get about 
171 of gas from the mechanical stage per person, per day. From the biological 81 per 
person, per day, or a total of 25 I. Converted into oil we get 61 per person, per year. 

Fig. 9b shows the production of sludge by pre-precipitation. 60 0/0 is separated in the 
mechanical stage, 30 0/0is separated in the biological stage, half of which is decompo-
sed into carbon dioxide, water and salts. 10 %goes out. This leaves us in the chemical 
stage the 50 grams from before, plus 25 grams chemical sludge, plus 35 grams, which 
previously went to the biostage, where it was partly broken down. In total we get 
110 grams of sludge per person per day in the mechanical stage. In the biological stage 
we get 17 grams, i.e. 35 grams come in, half of which are broken down and 17 grams re-
main as sludge so that we get a total of 127 grams sludge per person, per day. 
The concentration can be assumed to be somewhat lower by pre-precipitation, 
let us say 5 %compared to 6 before. The biological excess sludge will be, as before, 2 0/0 
This gives a total reduction in volume from 3.8 to 3.1 litres but an increase of the total so-
lid content. The production of gas from the sludge will now total 33 litres per person, per 
day or, converted into oil, about 8 litres per person, per year. 

By optimized pre-precipitation, shown here in Fig. 9c, up to 75 %of the organic matter 
will be separated in the preliminary sedimentation tank. Therefore, in the biological sta-
ge only 15 %will be broken down, half of which will be taken out as sludge. That leaves 
us with 13 grams of mechanical sludge, from the biostage 8 grams per person, per day, 
that is 138 grams per person, per day. The concentration is assumed to be 5 %for the 
mechanical sludge and 2 0/0for the biological excess sludge, that is a total volume of 3 li-
tres per person and day. About 38 litres of gas can be extracted per person and 
day or 9.5 litres oil per person, per year. 

Finally, with pre-precipitation we can (see Table 3): 
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Me3+  flocculant 

1- -)S 1 _L th-* 	-) 	 --)Optimal pre-precipitation Li= 

- Decrease BOD load to the bioprocess, and have it run more stable. 
- Reduce energy costs. 
- Achieve better nitrification possibility. 
- Have more digester gas. 
- Have a good reduction of phosphorus. 

Biological treatment 

 

 

flocculant 

111  Post-precipitation 

 

Optimal pre-precipitation compared with 
post-precipitation biological treatment 

Capital costs 76% 90% 
Running costs 82% 110% 
Energy 68% 75% 

Fig. 10: Size and economics of different sewage plants 

If we now use the values from the Swedish Environmental Protection Board PN 1237 [4], 
in order to compare the initial and operating costs for optimized pre-precipitation, we 
can see the result in Fig. 10. The initial cost will be just 36 %if we build a pre-precipitation 
plant instead of a post-precipitation one. The running cost will be 82 %and the energy 
consumption 68 0/0 for pre-precipitation compared with post-precipitation. 

The figure shows also the situation for a biologically activated sludge stage compared to 
optimized pre-precipitation. Both capital investment and operating cost will be on the 
same level for both processes. An interesting and important difference is the lower ener-
gy consumption when using pre-precipitation. Other benefits are that by pre-precipita-
tion phosphorous is precipitated and extracted from the water as well, and, as said befo-
re, more digester gas can be achieved. 

To sum up, chemical treatment gives you much for your money compared to bio-
logical treatment both from the economical point of view and the result. 

And if your purification demands are high, a solution including chemical treatment as a 
complement to the biological process is the most efficient method. As seen before this 
method pre-precipitation is also cost-effective. - Chemical treatment is both an alterna-
tive and a complement to biological treatment. 
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Chemical Water and Wastewater Treatment 
Schr.-Reihe Verein WaBoLu 62 (1985), 
G. Fischer Verlag, Stuttgart / New York 

Altemative Chemicals Used 
for Direct Precipitation in the Water Pollution 

Control Plant West - 
The Oslo Wastewater Authority 

F. Medboe, P. Sagberg and R. Saether 

In retrospect, the fact that we were able to use both hydrated lime and ferric chloride had 
a beneficial effect on the economy of the operation as well as the results. As concerns 
the use of ferric chloride, this was the preferred choice from the very beginning for at 
least three good reasons. 

1. It was the cheapest of the three chemicals. 
2. It was considered the easiest to handle and dose. 

3. The governmental pollutional control authorities had to remove iron and pickle wa-
stes in one area - through chlorination-turning it into a useful chemical in another 
sensitive area. In other words they indicated that they preferred VEAS to use 
ferric chloride - the more so as it was a Norwegian product. 

4. Trials in smaller plants had yielded good results. 

Ferric Chloride 

Ferric chloric arrives by truck once a day and is unloaded into 6 polyester tanks with a 
total capacity of 450 m3  - see Fig. 1. 
The chemical is pumped into a day tank where it is diluted with 3 parts of 
water and then pumped to a „busline" where each sedimentation unit takes out the cor-
rect amount proportional to flow. 

Phosphate removal results have been very satisfactory from the time the plant 
was first taken into operation-with results well below the permitted limit. However, it has 
been our policy to optimize the performance continually with a view to keeping the ope-
rating costs as low as possible while attaining the highest rate of P-removal possible. 

The flocculation and coagulation process sets in immediately at the point where the 
chemical is added - the inlet behind the grit chambers. Now follows rapid mixing and 
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Fig. 1: Ferric chloride; storage and dosing system. 

	

150 rpm 	1 min 

	

40 rpm 	19 min 

	

10 rpm 	0 min 
Residual phos-
phorus mg/I 0.11 

1 min 	1 min 	1 min 	1 min 
14 min 	10 min 	6 min 	2 min 
5 min 	9 min 	13 min 	17 min 

0.07 	0.08 	0.11 	0.16 

Tab. 1: Effect of flocculator speed on residual phosphorus in lab. scale ferric 
chloride precipitation. 

1 min 150 rpm + 20 min 25 rpm 
	

0.15 mg/I P 
2 min 150 rpm + 20 min 25 rpm 

	
0.16 mg/I P- 

3 min 150 rpm + 20 min 25 rpm 
	

0.21 mg/I P 

Tab. 2: Effect of rapid mixing on residual phosphorus in lab. scale ferric chloride 
precipitation 

floc build-up in 4 flocculation chambers lined up in one row, equipped with horizontal 
paddles with decreasing speeds, before the particles settle in conventional rectangular 
basins equipped with chainbelt - driven scrapers. 

The optimum speed for rapid mixing and flocculation is determined in the lab - see 
Table 1. 

There is an optimum, but no definite conclusions can be drawn at this stage. 

Table 2 shows the effect of excessively long rapid mixing - where the floc obvioulsy is 
going apart - with longer detention times. 
It is, of course, difficult to control this parameter in a continously operating plant. Of inte-
rest is to see the differences between various chemicals. This will, however, be discus-
sed later. Figure 2 shows the variations of incoming phosphorus through the week. The 

270 



A 
mg/1 

5 

- 
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Fig. 2: Daily variation in incoming phosphorus to SRV in dry weather periods in 

1984. 

PARAMETRERING JERNKLORID 

DATASETT: 2 	GJELDER SED.HALL: I 2 3 4 5 6 	8 

FORHOLDSKONST. V/MAX.FLOW: 0. 8 ML.F CL/L.VANN 

RPH 	 MAX.FLOW: 	8S0 L/S VENTETID V MAX: 	TIME(R) 
RFORH 
RFECL 	 MIN.FLOW: 200 L/S VENTETID V MIN: 	TIMER) 

KL 	MAN 	TIR 	ONS 	TOR 	FRE 	OR 	ON 	KL 

ea 	0.70 	0.70 	8.70 	0.70 	8.70 	.50 	.59 	08 
99 	0.78-- 0.70-- 0.70-- 0.70-- 0.70-- 	.59-- .59-- 09 
10 	0.70 	0.70 	0.78 	0.78 	0.70 	.58 	.58 	10 
11 	0.70-- 0.70-- 0.70-- 0.70-- 0.70-- .50-- .58-- 11 
12 	8.70 	0.70 	8.78 	0.70 	8.70 	.50 	.58 	12 
13 	0.78-- 0.70-- 0.79-- 8.70-- 0.70-- .50-- .50-- 13 
14 	8.70 	8.70 	8.78 	8.70 	8.78 	.50 	.50 	14 
15 	0.79-- 0.70-- 0.78-- 0.70-- 0.78-- .58-- .50-- 15 
16 	0.70 	0.70 	0.78 	0.70 	8.78 	.50 	.58 	16 
17 	9.70-- 0.70-- 8.70-- 0.70-- 0.78-- .50-- .58-- 17 
18 	0.79 	0.78 	0.78 	0.70 	0.78 	.50 	.58 	18 
19 	0.70-- 0.70-- 0.70-- 0.70-- 0.78-- .50-- .50-- 19 
20 	8.70 	9.70 	0.78 	0.70 	9.78 	.50 	.58 	20 
21 	0.70-- 0.70-- 0.70-- 0.70-- 8.78-- .58-- .58-- 21 
22 	0.70 	0.70 	8.70 	0.70 	0.70 	.58 	.50 	22 
23 	0.79-- 0.70-- 8.78-- 8.70-- 0.78-- .58-- .58-- 23 
80 	9.78 	0.70 	6.70 	0.70 	0.70 	.50 	.50 	00 
01 	0.78-- 0.70-- 8.70-- 0.70-- 0.70-- .50-- .se-- 01 
02 	0.78 	0.70 	0.70 	0.70 	0.7 	.58 	.58 	02 
93 	0.70-- 0.70-- 0.70-- 0.70-- 	.78-- .58-- .50-- 03 
04 	8.70 	0.70 	0.78 	0.70 	70 	.50 	.50 	04 
05 	0.70-- 0.70-- 0.70-- 0.78-- .70-- .50-- .58-- 05 
06 	9.70 	0.70 	0.78 	0.70 	0.70 	.59 	.50 	06 
07 	0.70-- 0.70-- 0.70-- 0.70-- 0.78-- .50-- .58-- 07 

DAG:MAN KL: 6 VERDI: 0.70 KOPI:TIR TIL MAN 
MAX.FLOW: 850 FORH. V/MAX.FLOW: 0.5 MIN.FL 
VENTETID VED MAX.FLOW: 3 VENTETID VED MIN.FL 

Fig. 3: Weekly program for dosing ferric chloride 

0/05-8 	14:13:46 
W: 209 
W: 5 
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Ferric chloride (approx. 500 /LS) 

flow is rather constant for five days - dipping a little during weekends. The standard de-
viation is small. From this curve we have programmed the dose for the day as shown in 
Figure 3. 
This leads up to Figure 4, where the variations in P-concentration vary in the course of 24 
hours - also a fairly stable curve. 
The VEAS plant is located quite a distant from the nearest population concen-
tration. The only differences between plants concern the peaks and the lows 
that occur during the day. The computer program will be used in future to vary the che-
mical dose throughout the day according to P-concentrations - but it still wants more 
statistics before implementation. The program takes care of rain situations with unusual 
dilutions. The dose is reduced after a period of three hours with increasing flow taking 
thus care of the first flush effect. After return to normal flow, the ordinary program is reac-
tivated. 

0 	4 	8 	12 	16 	20 	24 hours 

Fig. 4: Second hourly variation in incoming total phosphorus to SRV 

 

Ferric chloride + seawater 
(approx. 1200 /. S) 

0 

 

Time 

Fig. 5: Residual total phosphorus after full scale precipitation with ferric chloride 
with and without seawater. 
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Tab. 3: Residual total phosphorus 
scale; mg/I P). 

after precipitation with FeCI3  + seawater (lab. 

Ferric Chloride + Seawater 

Table 3 shows quite dramatically the potential for saving on chemicals by adding seawa-
ter. A low dose of ferric chloride with increasing amounts of seawater results in improved 
P-removals. We stopped adding seawater at the 6 %level - at this stage the reduction of 
hydraulic capacity of the plant starts to become important. Full-scale trials with seawater 
give similar results to those shown in Figure 5. 

Amount of Ferric chloride dose m1/I 
seawater 140 153 165 176 188 200 

0% 0.29 0.20 0.15 0.16 0.10 0.09 
1% 0.17 0.14 0.13 0.11 0.09 0.09 
2% 0.16 0.15 0.16 0.12 0.09 0.08 
3% 0.14 0.15 0.13 0.11 0.10 0.09 
4% 0.18 0.15 0.14 0.13 0.11 0.10 
5% 0.17 0.12 0.11 0.12 0.09 0.10 
6% 0.11 0.11 0.10 0.11 0.11 0.09 

The seawater can be controlled and added by measuring the conductivity. 1,200 
NS/cm is comparable to 2 0/0 seawater addition. We observe that P-removal is increased 
by some 30 %through the addition of saltwater pumped from the fjord. The theory be-
hind saltwater addition is rather obscure. Is it the magnesium content that is effective or 
just the increased ion strength...? Corrosion problems were not encourtered but this 
problem will be studied further. 

Silgrain Acid Compared With Ferric Chloride (Fe-12) 

Silgrain acid is a waste liquor from the silicon-production industry on the west coast of 
Norway. For treatment or filtration of the waste, the liquor can be compared with Ferriklor 
12 (Fe-12). Table 4 shows the difference, with silgrain having more aluminium-ions and 
less active iron-ions than Fe-12. 

Ferriklor 12 Silgrain acid 
Total Fe g/I 175 110 
Fe2+  3 40 
Al 0 45 

Tab. 4: Comparison between the composition of Ferriklor 12 and silgrain acid as 
tested in full scale. 

This product - which is considerably less expensive than Fe-12 - was employed for a 
full-scale period of one month. The results in Figure 6 show constantly better P-removals 
in parallel! basins with the same dosage in ml/m3. 
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1.0 

— Ferriklor 12 
Silgrain acid 

Time (days) 

Fig. 6: Residual phosphorus after precipitation with Ferriklor 12 and silgrain acid. 

The sludge behaves differently, however, since sludge from silgrain precipitation is ligh-
ter and does not thicken as well as sludge from Fe-12 precipitation. This can possible be 
explained by the aluminium content. The silgrain acid used was poorly treated and con-
tained particles clogging up lines, valves and pumps. It is vitally important that the treat-
ment facilities on the silicon-side are in good repair and function smoothly. 

Lime and Seawater Precipitation 

Historically, calcium has been added to treat both drinking water and wastewater. Re-
moving P from wastewater demanded high Ca-doses, up to 5 - 600 gram of hydrated li-
me per m3. This created excessive sludge production - which was not desirable - at 
least in large plants. The introduction of seawater in addition to calcium in the early se-
venties reduced the sludge problem considerably. VEAS plant was prepared for lime-
sea-water precipitation by building storage bins - slakers - and dosing equipment - in 
addition to a large seawater pumping station. 

Table 5 shows what is ratherobvious by now, namely that increasing lime doses result in 
better P-removals and increasing seawater also improves P-reduction. 

Conductivity ps 
175 g/m3  

Ca(OH)2  
200 g/m2  225 g/m3  

1000 1.8 1.5 1.0 
1500 1.4 1.0 0.6 
2000 1.4 0.9 0.6 
2500 0.7 0.3 0.3 
3000 0.7 0.4 0.3 
3500 0.5 0.4 0.2 

Tab. 5; Lime + seawater precipitation ( lab. scale). Effect of seawater and lime 
concentration on residual phosphorus (mg/I P). 
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However, so far it was commonly believed or theoretically accepted, that an increasing 
use of seawater in addition to lime would result in prohibitive sludge production. Lab-
scale experiments clearly show that this is not so. At increasing conductivity from 500 to 
3,000 NS/cm, the suspended solids ramain at 200 mg/I. 

	

150 rpm 
	

2 min 
	

6 min 
	

10 min 
	

14 min 
	

20 min 

	

20 rpm 
	

18 min 
	

14 min 
	

10 min 
	

6 min 
	

0 min 

	

Total-P1) 
	

0.48 
	

0.19 
	

0.15 
	

0.11 
	

0.11 

1) Decant after 30 min sedimentation mg/I P. 

Tab. 6: Effect of mixing on phosphorus removal in lime + seawater precipitation 
( lab. scale). 

With a constant lime dose, there is not any significant increase in suspended 
solids with increased seawater doses. lf, however, the lime dose is increased, 
the sludge production increases as well. Table 6 confirms the fact, that lime is difficult to 
dissolve and disperse. It takes vigorous agitation with prolonged rapid-mixing to activate 
the lime - in contrast to ferric chloride, where this was a limiting factor in the opposite di-
rection. 
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Fig. 7: Residual total phosphorus after full scale precipitation with lime + sea-
water and FeCI3. 

We know that air-diffusors atomizers are employed in the mixing chambers of lime-pre-
cipitation plants. We will try adding the lime in the grit chambers. A comparison between 
lime + seawater and ferric chloride alone, where the dose is comparable with regard to 
cost, shows in Figure 7 that lime + seawater reduces P better than Fe-12. 
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Pre-precipitation in the Helsinki Sewage 
Works 

S. Kiiskinen 

In October 1983 pre-precipitation tests were started in the Vuosaari wastewater treat-
ment plant. Until then the only phosphorus removal method in the practiced wastewater 
treatment plants of Helsinki had been simultaneous precipitation of phosphorus with 
ferrous sulphate (FeSO4  x 7 H2O). 

The purpose of pre-precipitation tests was to investigate how this method could be ap-
plied to the special process situation at Vuosaari as well as the economics of pre-preci-
pitation compared to simultaneous precipitation. 

Vuosaari Wastewater Treatment Plant 

The plant is designed for 100,000 person equivalents and the design flow is 
50,000 m3/d. The process is the complete mix modification of the activated sludge pro-
cess. The sewer system is separate. 

The centralization of wastewater treatment in Helsinki in order to reduce sewerage di-
stricts brought about changes in the Vuosaari plants process conditions. The load of the 
Herttoniemi plant was reduced to one half and transferred to the Vuosaari plant at the 
end of 1983. 

Before this new loading situation occurred, only one process lines out of three was in 
operation, while the handling of the increased load required the opening of a second 
line. lf, however, the phosphorus removal technique were to be changed from simulta-
neous precipitation to pre-precipitation, there was a good chance that continued opera-
tion oft just one process line was possible. 

Accordingly, it was decided to investigate the suitability of the pre-precipitation method 
to new loading conditions. AVR (a mixture of aluminium and ferric sulfate) was used as 
precipitation chemical. AVR was dissolved and added to the line leading to primary 
tanks, as rapid mix and flocculation units are absent. 
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Process Data 

The data of plant loading, primary settling, aeration and final settling are presented in Ta-
ble 1. The corresponding process values taken before and after half of the wastewater 
from Herttoniemi was connected with Vuosaari are also included. 

Plant loading 
Total flows, m3/d 

Design Silmultaneous 
precipitation 

Pre- 
precipitation 

Average daily 50000 17700 31800 

Maximum daily 60000 30300 49500 

Maximum hourly 3700 2000 3200 

Total loadings, kg/d 
Average daily (BOD7) 7500 4700 8200 

Primary settling tanks 
Number of tanks 2 1 1 

Detention time, h 
At average flow 3.2 4.5 2.5 

At maximum flow 1.7 1.6 1.0 

Overflow rate m3/m2/h 
At average flow 0.83 0.59 1.05 

At maximum flow 1.55 1.68 2.68 

Percent BOD7 removal 30 25 - 35 55 - 65 

Percent P removal 15 20 - 40 60 - 70 

Aeration tanks 3 1 1 
Detention time, h 

At average flow 3.4 3.2 1.8 

At maximum flow 1.8 1.2 0.75 

Sludge load, kg/kg/d 0.25 0.35 0.27 

Volume load, kg/m3/d 0.75 1.40 1.25 

MLSS concentration, kg/m3  3 4 4.5 

Final settling tanks 
Number of tanks 3 1 1 

Detention time, h 
At average flow, h 5.5 5.2 2.9 

At maximum flow 2.9 1.9 1.2 
Overflow rate m3/m2/h 

At average flow 0.55 0.59 1.05 

At maximum flow 1.03 1.60 2.54 

Solid loading, kg/m2/h 
At average flow 1.7 2.4 4.7 

At maximum flow 3.1 6.4 11.4 

Tab. 1: Data of plant loading, primary settling, aeration and final settling. 

278 



Data on pre-precipitation process was collected for a period of three months 
(1.1. - 31.3.1984). Operational parameters for pre-precipitation show that the process is 
under control at average flow. At maximum hourly flow, peak values, particular for final 
settling are exceeded and solids are lost in the effluent. An additional settling tank is 
needed in order to stabilize the process. At Vuosaari this measure requires special ar-
rangements which are beeing fulfilled. 

Aeration and final settling are bottlenecks for simultaneous precipitation. Sludge load 
0.6 kg BOD7/kg MLS/d causes low soluble BOD removal, because the continuous BOD 
loading exceeds the design limits of the system. As overflow rates and solid loadings for 
final settling are the same for both methods, simultaneous precipitation requires the 
operation of two process lines. 

Economics of Pre-precipitation 

The economics of the pre-precipitation method compared to simultaneous precipitation 
method are given in Table 2. 

Aeration 

Pre-precipitation 

FIM 

Silmultaneous 
precipitation 

FIM 

Energy, kWh/d 1908 381 4452 890 
Efficiency, kWh/kg BOD7  0.80 0.90 
Efficiency, kWh/m3  0.06 0.14 

Dosing 
AVR, g/m3  90 
AVR, kg/d 2862 1431 
FeSO4, g/m3  165 
FeSO4, kg/d 5247 959 

Sludge 
To digestion, m3/d 240 240 
To centrifuge, m3/d 150 150 
Polymer, kg 18 360 18 465 

Gas 
Production, m3/d 3500 3180 
Yield, m3/m3  0.11 0.10 

Wastewater 
Flow, m3/d 31800 31800 

Cost 
Unit cost FIM/m3  0.068 0.073 

Tab. 2: Economics of the pre-precipitation method compared to the simul-
taneous precipitation method. 
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The cubic meter of treated wastewater is slightly cheaper with the pre-preci-
pitation process than with the simultaneous precipitation process. The value of digester 
gas and the maintenance cost for a second aeration tank are not considered. The pre-
precipitation method ist favoured in both cases. 

Operating costs are real for pre-precipitation method and estimated for simultaneous 
precipitation method. In September 1983, when only one process line was in operation 
for simultaneous precipitation, one cubic meter costed 0.071 FIM. The load from this line 
as compared to the present loading conditions (2 process lines and simultaneous preci-
pitation) is almost the same. The only change is the quantity of waste sludge; it doubles, 
resulting in the above-stated effect on sludge dewatering costs. 

Treatment Results 

According to the present standards, the biological oxygen demand (BOD7) of the waste-
water discharged into the water course must not exceed 25 mg/I nor may the phopho-
rus concentration exceed 1.5 mg/I P. The target is 90 %reduction of BOD7  and 1.0 mg/I 
P. 

During the last quarter of 1983, the average flow of 24,000 m3/d was treated 
with 90 g/m3  AVR. In plant effluent, biochemical oxygen demand was 24 mg/I 
and that of phosphorus was 0,9 mg/I P. Maximum flow was 35,600 m3/d (see 
Table 3). 

Flow 

Influent Settled Effluent 

m3/d 24000 24000 24000 
Load 

BOD, kg/d 6000 3840 576 
P, kg/d 209 120 21 

Tab. 3: Average values in the last quarter of 1983. 

During the first quarter of 1984, the average flow of 31,800 m3/d was treated 
with 90 g/m3  AVR. In plant effluent, biochemical oxygen demand was 30 and 
phosphorus was 1.4 mg/I. Maximum flow was 49500 m3/d during exceptionally 
fast snow melting. Without this single day, average values of BOD and total P would have 
been 25 mg/I and 1.0 mg/I, respectively. 

Flow 
Influent Settled Effluent 

m3/d 31800 31800 31800 
Load 

BOD, kg/d 8200 3500 954 

P, kg/d 242 99 44 

Tab. 4: Average values in the first quarter of 1984. 
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Future results will in general be better when it is possible to operate one aeration tank 
and two final settling tanks at the same time. 

Summary 

Pre-precipitation with AVR has proved its efficiency at the Vuosaari wastewater treat-
ment plant. The method is also competitive with other precipitation methods from an 
economical point of view. Solids carryover increased at higher solids loading rates (over 
6 kg/m2/h) and deteriorated the quality of the effluent. Optimal combination at Vuiosaari 
requires one aeration basin and two final settling tanks. 

Seppo Kiiskinen, Operation Chief 
Helsinki Sewage Works 
Kylaesaarenkatu 8 
SF-00550 Helsinki 55; Finland 
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Nitrification in Connection With 
Pre-Precipitation 

M. Makeia 

1 Background 

Most municipal wastewater treatment plants in Finland use biological and chemical me-

thods. Simultaneous precipitation is employed for treatment of more than two thirds of 

wastewater, as shown in Table 1. The proportion of direct precipitation is decreasing. 

Ferrous sulphate (FeSO4  x 7H20), which is a by-product of titanium oxide manufactu-

ring is used in simultaneous precipitation. In direct precipitation, lime used to be the 

most common precipitant, but nowadays the use of aluminium sulphate, mainly AVR, is 

increasing. Many plants which use primary sedimentation are operated with partial pre-

precipitation, for instance, using a two point addition of precipitants. 

Treatment method Number of Number of persons served 
treatment plants 1000 inhab. % 

Simultaneous 
precipitation 

378 2400 70 

Direct precipitation 55 510 15 

Pre- or post-preci- 
pitation 

35 290 8.5 

Other methods 95 120 3.5 

Septic tanks only — 100 3.0 

Total 563 3420 100 

Tab. 1: Municipal wastewater treatment in sewage works 1. 1. 1983. 

Treatment method Effl. conc. BOD7  mg!l P Removal % 
BOD7 and P 

Simultaneous 
precipitation 

20 - 25 0.8 - 1.5 85 - 90 

Pre- or post-pre- 
cipitation 

20 0.5 90 

Tab. 2: Typical requirements for municipal wastewater treatment 
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Requirements for wastewater treatment are almost always expressed by maxi-
mum concentrations of BOD7  and phosphorus in the effluent, and by the per-
centage reduction of these parameters, Table 2. The requirements refer to average re-
sults during a specified time period (3, 6 or 12 months), including possible by-passes. 
BOD7  values refer to determinations that do not preclude nitrification. With allylthiourea 
(ATU) additive, the BOD7  values have to be 5 - 10 ring/I lower. 

No requirements have as yet been set for the amount of total nitrogen, be-
cause the need for nitrogen removal is not sufficient clear. However, the removal of am-
monia has been required in a few cases, and the number of these requirements is ex-
pected to increase during the next years, mainly because of the need to prevent oxygen 
depletion in the receiving water courses. In practice, ammonia removal is carried out by 
oxidizing it by nitrification in the activated-sludge process. The maximum permitted am-
monia nitrogen content has been 4 ring/I N, with the requirement for 80 or 90 per cent 
ammonia reduction. 

2 Process Design Fundamentals for Nitrification 

The basic criteria affecting the nitrification process in activated-sludge plants are: 
Sludge age (sludge retention time) 
Process temperature 
Alkalinity, pH 
Oxygen content 

In most cases efficient nitrification can be achieved, if the sludge age is at all times suffi-
cient to maintain nitrification at the operating temperature of the process, and the dro-
ping of alkalinity below level 0.5 - 1 rrirno1/1 has been precluded. 

The average influent to a treatment plant has the following characteristics: 
BOD7 	 200 mg/I 
Phosphorus, P 	8 mg/I 
Total nitrogen, N 	36 mg/I 
Ammonia nitrogen, N 25 mg/I 
Alkalinity 	 3 - 3.5 mmo1/1 

During cold seasons, the normal process temperature in aeration tanks is 5 - 10 °C. In 
addition to the low process temperature, the low alkalinity contributes to the special pro-
blems encountered in nitrification in Finland. 

Fig. 1 shows the effect of temperature on sludge age used as a design value 
for nitrification. In winter, the design value of sludge age must be in most cases at least 
20 days. In combined carbon oxidation-nitrification the sludge load should not be more 
than 0.06 - 0.08 kg/kg, BOD7  per MLSS (Mixed Liquor Suspended Solids) per day, 
when simultaneous precipitation is used. During warm periods, this is adequate also for 
a partial denitrification. 

An alkalinity loss of 0.14 mol (7.1 g as CaCO3) will occur when 1 g of ammonia nitrogen is 
oxidized. Denitrification brings back 0.07 mol of alkalinity per 1 g of reduced nitrate ni-
trogen. 
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Fig. 1: Design values for sludge age of nitrifying activated sludge process 

In simultaneous precipitation of phosphate by ferrous sulphate, the Fe to P molar ratio 

should be at least 1.5 - 2. The normal dosage is 100 - 150 g/m3  Fe SO4  x 7H20 which 

ought not to inhibit nitrification considerably. In pre-precipitation aluminium sulphate or, 

alternatively, ferrous sulphate together with lime have been used. The usual dosages of 

aluminium or iron precipitants needed for phosphorus removal destroy the alkalinity by 

0.6 - 1.2 mmo1/1 or 30 - 60 mg/I as CaCO3. 

Ordinarily, the alkalinity of influent is insufficient to nitrification with pre-or simultaneous 

precipitation and the addition of lime is necessary, or the use of denitrification for retai-

ning the alkalinity at a level of 0.5 - 1 nnmo1/1. 

3 Methods Used for Nitrification 

The first nitrification plants in Finland were small oxidation ditches without any primary 

treatment (Fig. 2). An efficient (90 0/0) nitrification could be carried out with a sludge load 

not exceeding 0.1 kg/kg, BODE  per MLSS per day, even at the lowest (2 - 5 °C) tempera-

tures. When the oxygen content was kept at a suitable level, it was possible to utilize 

denitrification for regulation of alkalinity without any lime feeding. 

Fig. 2: Main types of nitrification-denitrification processes in Finland. 
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It was only possible to design a new plant especially for nitrification in two cases. These 
plants were built in 1983 (at Hyvinkaa and Riihimaki). Both of them consist of oxidation 
ditches designed for simultaneous precipitation. 

In most cases, nitrification has to be carried out by using old simultaneous precipitation 
plants which are too heavily loaded for nitrification. Pre-precipitation may offer the ea-
siest way for prolonging the sludge age, provided the plants have primary sedimentation 
tanks. The efficiency of pre-precipitation is easy to regulate, and is particularly suitable 
where denitrification is not used. However, through efficient denitrification it is possible 
to save 50 % of the lime and oxygen requirements for nitrification. 

4 Results of Pilot Plant Experiments 

One of the most comprehensive studies concerning nitrification and nitrogen removal in 
the activated-sludge process was performed at Hyvinkaa, where a pilot plan with several 
process lines was operated from 1980 - 1982. 

Pre-precipitation was also studied at Hyvinkaa by using ferrous sulphate and lime. Some 
representative results are shown in Table 3. These results were taken from the process 
line with the shortest detention time: 3 - 4 hours in the aeration tank. 

Run I 	 Run II 
7 weeks 	4 weeks 

Process tem. 	 °C 	 9.3 	 14.2 
MLSS 	 kg/m3 	 3.1 	 3.7 
Sludge load 
BOD7/MLVSS 	kg/(kg • d) 	 0.14 	 0.19 
Sludge age 	 d 	 13 	 12 
Detention time in 
aeration tank 	h 	 3.2 	 3.7 
SVI 	 m1/I 	 220 	 200 

1 	2 	3 	1 	2 	3 
Alkanity 	 mmo1/1 2.1 	2.9 	1.1 	2.7 	3.3 	0.9 
pH 	 7.2 	9.0 	7.2 	7.3 	8.5 	7.1 
BODE 	 mg/I 94 25 12 176 55 8 
BODE, ATU 	 mg/I 	 6 	 4 
Total N 	 mg/I 	20 	17 	16 	28 	22 	20 
NH4-N 	 mg/I 	12 	12 	0.3 	17 	18 	0.1 
Total P 	 mg/I 	4.1 	0.9 	0.2 	6.9 	1.7 	0.2 
Susp. solids 	 mg/I 	 30 	5 	 56 	4 
1 	influent; 2 pre-precipitated; 3 effluent 

wastewater 

Tab. 3: Pre-precipitation experiments at Hyvinkaa 1981. Average results of two 
test periods. Iron feed (ferrous sulphate) was 33 g/m3  Fe2+, !ime feed was 105 
g/m3  Ca(OH)2. 

285 



1.0 
mg/i • 

z 0.8 

o 0.6 
E 
E 0.4 

0.2 

0 
0 	5 	10 	15 

Sludge age 

•	 

o 

• o 

.60•oo=2o 

o 
o •• • 

dlia • 
20 d 25 

o• 
o- 

mg/I 

0.8 

0.6 

0.4 

0.2 

0 0 

o 

• 
• • 
• 

o o 

• • 
o • o 

• 
• 

• 
f • 

•: 
•• 

5 	10 	15 	20 	25 mg/I 

Suspended solids 

Fig. 3: The importance of an effective final settling. Effluent phosphorus versus 
suspended solids contents at Hyvinka5 pre-precipitation pilot plant. White spots 
indicate sludge age under 10 days, black spots over 10 days. 
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Fig. 4: Effect of sludge age on effluent ammonia content at Hyvinkaa pre-precipi-

tation pilot plant. White spots indicate process temperature under 10°C, black 
spots over 10°C. 

Efficient nitrification was achieved without any particular difficulties. Other treatment re-

sults were equally satisfactory. However, the poor settling properties of the activated 

sludge may cause difficulties in final sedimentation, Figs. 3 and 4. 

Table 4 shows some results from the pilot plant studies at Lohja are shown. 

At a temperature of 7 °C, the sludge load 0.07 kg/kg BODE  per MLSS per day was just 

low enough for reasonable nitrification. 

At Riihimaki nitrification with chemical precipitation and two-stage biological filtration 

was also studied. One trickling filter was used for carbonaceous reduction and another 

for nitrification. Some of the results are shown in Table 5. The use of filters for nitrification 

is obviously not economical for the normal process temperatures in Finland. 
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Process temp. 

MLSS 

Sludge load 
BOD7/MLVSS 
Detention time in 

°C 

kg/m3  

kg/(kg • d) 

Run I 
2.5 weeks 

7.2 

4.3 

0.07 

Run 11 
1 week 

6.5 

3.0 

0.13 

aeration tank h 3.0 2.4 
SVI m1/I 61 173 

1 2 3 1 2 3 

pH 8.2 7.1 8.1 7.3 
BOD7 mg/I 143 40 10 146 38 16 
BOD7' ATU mg/I 40 7 36 5 
Total N mg/I 32 16 16 32 16 16 
NH4-N mg/I 13 1.3 10 7 
Total P mg/I 6.8 1.5 0.6 6.8 1.5 0.7 
Soluble P mg/I 0.2 0.1 
Susp. solids mg/I 60 21 42 23 

1 	influent; 2 pre-precipitated; 3 effluent 
wastewater 

Tab. 4: Pre-precipitation experiments at Lohja 1979. Average results of two test 
periods. Iron feed (ferrous sulphate) was 25 g/m3  Fe2+, lime feed was 50 - 65 g/m3  
Ca(OH)2. 

Temperature 	°C 
BOD load 	 kg/m3  • d BOD7 
Ammonia load 	g/m2  • d NH4-N 
Ammonia removal g/m2  • d NH4-N 

Tab. 5: Two-stage biological filtration experiment at Riihimaki 1979. Average 
results of the trickling filter used for nitrification. 

Markku Makela 
Vesi ha I itus 
Rautatiek 21 b 
SF-00100 Helsinki 10; Finland 

7.5 16 
0.12 0.12 
0.39 0.56 
0.23 0.45 
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WRK III Treatment Plant Enkhuizen Holland: 
Research, Design and Operating Experience 

P C. Kamp 

Introduction 

On September 25th, 1981 H.R.H. Prince Claus of the Netherlands officially opened the 

WRK III works, the plant was named after H.R.H. Princess Juliana of the Netherlands. 

As the name WRK III indicates,this plant is the third extension of the water treatment and 

transport system of the W.R.K. company. The W.R.K. which is short for Watertransport-

maatschappij Rijn-Kennemerland (Rhine Kennemerland Water Transport Company), is 

a company formed jointly by the Province of North Holland and the municipality of Am-

sterdam in 1952. The purpose of this company is to supply water to drinking water com-

panies and industries to be used for infiltration and process water respectively. 

WRK I and WRK II, in operation since 1956 and 1967, respectively withdraw 

raw water from the Rhine river and have a combined capacity of 150 million 

m3  of water per year. 

As a source for WRK III the lake Ijsselmeer was allocated by the Government 

instead of the Rhine. The capacity of WRK III is 110 million m3  per year and the maximum 

delivery flowrate is 15,000 m3  per hour. The treated water is pumped through a double 

1,400 mm diam. 56 km long pipeline to the dune area where it is used by PWN (Provincial 

Drinking Water Company of North Holland) for infiltration and by the steel industry „Hoo-

govens" as process water. 

The contract for design and engineering of the whole project was entrusted by the 

W.R.K. to the Provincial Drinking Water Company of North Holland. 

Choice of the Treatment Process 

As mentioned before, the Ijsselmeer water had to be made suitable for infiltration to ser-

ve for drinking water supply and direct use by the steel industry as process water. This 

meant that suspended solids had to be removed almost completely and organic matter 

as far as possible. Because of the high content of suspended solids (especially during 

storms) and sometimes very high concentrations of algae (in spring and summer) in the 

Ijsselmeer water, the choice of a coagulation process followed by filtration was obvious. 
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Fig. 1: WRK Ill water treatment plant "Princess Juliana" 
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Fig. 2: Process flowchart of WRK 111 
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For quality smoothing and to provide some presettling of suspended matter an 
intake reservoir with a minimum residence time of 15 days was projected. By giving this 
reservoir a maximum depth of 20 m and artificially mixing the content by means of air in-
jection, algea are forced to stay mostly in the dark. Thus a very important function of dec-
reasing the raw water algea content was added to the water treatment plant. 

To choose a coagulation process a very comprehensive study of different systems was 
performed. The following systems were compared: 
- Horizontal settling 
- Lamella sedimentation systems: 
- Axel-Johnson (co-current) 
- TPS (counter-current) 
- GEWE (counter-current) 
- Sludge blanket clarifiers 

Not only investment costs but also construction, maintenance and reliability were com-
pared. It turned out that the GEWE system, developed at the University of Gothenburg, 
was the most attractive system, in all aspects. 

For the filtration both double layer and upflow filtration were considered. Pilot plant stu-
dies favoured the latter, as will be described under the pilot-plant results. 

Fig. 3: Scheme of the GEWE lamella sedimentation system 
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An electrical fish-gate, bar screens, rotating drum screens, intake pumps, filtrate reser-
voirs and transport pumps completed the chosen treatment process (see Fig. 2). 

Since the water is infiltrated in the dune area first and treated afterwards, before it is 
used as drinking water, no desinfection step was necessary. A discontinuous chlorine 
dosing before the intake pumping station was projected to prevent the growth of fresh-
water mussels. The discontinuous chlorine dosing in front of the transport pipes has to 
prevent an increase of headloss due to bacteriological growth. 

Pilot Plant Research 

After the GEWE system had been chosen a pilot plant was built. For the design of the 
flocculation unit two new concepts were used. One was adopted from the research car-
ried out at the Department of Sanitary Engineering of the University of Gothenburg. It 
concerned the use of increasing detention times in each successive flocculation com-
partment. Because of the shorter detention times in the first compartments, higher ener-
gy input can be used before the danger of floc break-up occurs. As a result the overall 
flocculation time can be shorter. By deviding the first of the original 4 compart-
ments in the ratio of 1:2,5 compartments were created with a detention time 
ratio of 1:2:3:3:3. 

0.5 	1.0 	1.5 	2.0 T 

Fig. 4: Measured cumulative frequency distribution of detention times of the 
WRK III pilot flocculation unit. 

The other new concept was the creation of slender flocculation compartments 
(height 4.5 m, width 0.75 m). By flowing through them in the direction of the stirrer shaft, 
the residence time of the water is only slightly disturbed by the rotation of the water cau-
sed by the stirring. The cumulative frequency distribution of detention times, measured 
by means of salt injection, turned out to be almost to turbulent plug flow (see Fig. 4). This 
very steep detention time distribution is very favourable for flocculation since it means 
that all flocs will stay in each compartment more or less the same time. Due to these 

291 



equal detention times, optimization of energy input in each compartment will have a pro-
nounced effect on flocculation results, especially on iron content after sedimentation. 
Conventional flocculation chamber designs have a detention time distribution of com-
plete mixed reactors which is much less steep (see Fig. 4), resulting in higher iron con-
tent values after sedimentation. 

A very important part of the coagulation process is the mixing. Not only the overall effi-
ciency but also the iron content after sedimentation is greatly influenced by the mixing. 
For this reason elaborate mixing tests have been carried out. Different mixing devices as 
pipe restrictions, mechanical mixers, static mixers and overflow weirs have been tested. 
An example of the mutual influence of mixing, flocculation energy input and iron content 
after sedimentation is given in Fig. 5. As can be seen this influence is considerable which 
makes it very important not only to look for the best mixing device at pilot plant scale, but 
also to choose a way of mixing that can be transferred to full scale and still keep the sa-
me efficiency. For this reason mixing with an overflow weir was chosen, not only becau-
se of the high mixing efficiency but also since up-scale was only a matter of length-
ening the weir accordingly. 

mg/I 

E 2 

c 
c 
o 

E 1 

(lamella surface load 
1.6 m3/m2  projected area) 

 

mixing with pipe restriction 

   

mixing with weir 

  

Energy input 	 Flocculation 

Fig. 5: Influence of mixing and flocculation energy input on iron content after 
sedimentation. 

Apart from the mixing, other parts and parameters of the flocculation and lamella sedi-
mentation, such as stirrer configuration, dosing of flocculation aid, energy input in each 
compartment, flocculation time, lamella surface load, lamella distance etc. have been in-
vestigated. 

Although the pilot tests showed that higher loadings were possible, for safety reasons a 
flocculation time of 15 minutes, a lamella surface load of 1.6 m3/m2  projected plate area 
(plate width 1.2 m, length 3 m, angle 55 degrees) and a plate distance of 8 cm were cho-
sen. 

As mentioned earlier double layer filtration (sand-anthracite) and upflow filtration were 
investigated. With upflow filtration, due to the complete freedom in choosing grain dia-
meters, higher filtration rates than with double layer filtration could be reached. For this 
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reason upflow filtration was chosen. With a bed thickness of 2.4 m and a grain size ran-
ging from 3 to 1 mm, a maximum filtration rate of 20 m/h turned out to be possible. 

Development of the Ferrox-process 

An interesting part of the pilot plant studies was the development of the Ferrox-process. 
After having chosen ferric as a coagulant for reason of coagulation efficiency, a decision 
had to be made in which form ferric salt was to be bought or prepared. Ready-made fer-
ric solutions are in most cases much more expensive than on spot oxidised ferro solu-
tions, since ferrosulphate is a waste product of the steel and paint industries. Oxidation 
with chlorine, until recently the most economic and common way of oxidation 
of ferrosulphate, was rejected because of the safety-risks in handling chlorine, asking 
for ever more strict and severe safety-measures. For this reason another oxidation me-
thod was sought. 

Fig. 6: Basic process diagram of the Ferrox-process 

From literature it is known that oxidation of a ferrosulphate solution is possible with air 
under dosing of sulphuric acid and in the presence of activated carbon as a catalyst. In 
Europe a batch process based on this principle is developed, patented and sold by Lur-
gi in Germany under the name Oxorbon-process. Due to the required high content of 
powdered activated carbon (100 to 150 g/l), the batch settling of the carbon asks for ve-
ry long settling times (30 to 40 hours) compared to the oxidation time (90 %oxidation in 
16 hours). As a result the required reactor volume is considerable, reducing the econo-
my of the process. 

Fundamental research was carried out in order to raise the efficiency of the process. 
Most of the parameters governing the kinetics of the oxidation, were studied. A special 
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0 	50cm 

lamella separation technique was developed to remove the powdered activated carbon 
from the oxidized liquid, asking for only a fraction of the original batch settling volume. 
The use of this lamella separation and the change from a batch to a continuous process, 
finally led to the development of the Ferrox-process. 

Design and Construction of the Treatment Plant 

The plant site and the reservoir were built into the lissellake. To create the artificial penin-
sula, with an area of 26 ha, first 1.5 m of bad soil had to be removed, after which a layer of 
7 to 8 meters of sand was deposited taken from the bottom of the Ussellake a few hun-
dred meters farther. Together with the material for the dam of the reservoir, some 3.5 mil-
lion m3  of sand had to be pumped. The reservoir, with an area of 52 ha, was 
deepened beyond the local depth of 5 m to a maximum depth of 20 m and provided 
with air injection in the middle for reason of algae control as mentioned before. From this 
reservoir the water first has to pass an electrical fish gate before it can flow through an 
inlet channel to the intake pumping station. 

Bar screens and rotating drum screens, with a mesh of 0.1 mm, remove all 
the particles too large to be coagulated. Four speed-regulated pumps are provided to lift 
the water to three raw water channel leading to the treatment process. From here the wa-
ter flows due to gravity through the whole plant. 

In the treatment building (Fig. 7) the raw water channels lead to three mean 
lines each of which is divided into two sub lines. After mixing, flocculation and lamella 
separation the water is filtered in 18 upflow filters. Thus by walking less than 20 meters 

Fig. 8: Scheme of the mixing weir 
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not only a clear view of all the main treatment processes can be obtained, but also the 
quality of the water before and after each process can easily be inspected visually. The 
preparation and the pumping of the chemicals, together with the local control room, are 
located in front of the treatment process. 

The form of the mixing weir, which was found in the pilot tests to combine 
a good mixing efficiency with simplicity, can be seen in Fig. 8. The weir is made of prefa-
bricated concrete. The ferric sulphate is dosed as shown in Fig. 8, the lime for pH adjust- 

Fig. 9: Scheme of flocculation unit and stirrer configuration 

Fig. 10: View of the G EWE-system 
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ment is dosed behind the weir in front of the first compartment. Apart from mixing, the 

weir also functiont to split the total flow into equal flows to each process line. 

Due to their large range of combinations of low number of revolutions and high torques, 

hydraulic motors were chosen to drive the stirrers of the flocculation unit. The motors 

are bolted directly to the shaft of the stirrers, the driving pumps are located outside the 

flocculation compartments. The diameter of the shaft is such that the stirrers have no 

weight under water, thus reducing the forces on the bearings considerably. When the 

energy input in the flocculation unit of the pilot plant was measured, it was noticed 

that the torque changed four times per revolution a factor two in magnitude. 

Explanation of this phenomenon was not difficult since the stirrer had four arms and the 

flocculation compartment being square. To have a more constant torque and energy in-

put in the full scale plant, it was decided to give the stirrers an odd number (5) of arms 

(see Fig. 9). 

The side walls of the lamella channels of the GEWE-system are mounted at a T-shaped 

concrete beam. In this way the concrete core provides the required strength and stiff-

ness leaving for the side walls and lamella only the function of guiding the water. There-

fore they could have a light-weight construction. The material chosen was stainless 

steel. 

The sludge is collected underneath the lamellae with a circular scraper and pumped to 

drying beds. The corners which are not scraped, are filled with concrete in an angle of 60 

degrees. 

The upflow filters have a specially designed bottom construction to assure an even 

wash water distribution without the danger of clogging during filtration due to the flocs in 

the raw water. Because of the large maximum diamester of the filter grain, these upflow 

filters require a high washwater velocity, up to 110 m/h. The resulting large volume of 

wash water is supplied by two elevated wash water reservoirs situated above the filters. 

From the filters the water is led to three buffer reservoirs each with a water content of 

5,000 m3. Walking through the central reservoir one reaches the transport pumping sta-

tion. Four speed controlled pumps are installed each with a capacity between 2,000 and 

5,000 m3/h. 

After starting up the plant, some usual mechanical and electrical starting problems were 

experienced. The process however gave, after only a short optimization, the same ef-

fluent quality as the pilot plant. Ever since the iron content after sedimentation has been 

between 0.3 and 0.5 mg/I, while the final effluent turbidity and iron content have always 

been below 0.2 FTU and 0.003 mg/I respectively. 

Ir. Petrus Cornelis Kamp 
Production Engineer 
Provincial Drinking Water Company (P.W.N.) 

Postbus 5 
NL-2060—BA Bloemendaal; Holland 
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Chemical Water and Wastewater Treatment 
Schr.-Reihe Verein WaBoLu 62 (1985), 
G. Fischer Verlag, Stuttgart / New York 

Design Criteria on the Basis 
of Pilot Plant Investigations for the 

Water Treatment Plant Cacak, 
Yugoslawia 

A. Tucovi6 
Introduction 

In 1982, pilot-plant-scale investigations aimed at determining the optimal technology of 
the water treatment process to be applied for the new drinking water plant for the town of 
Cacak were carried out. Deterioration of the raw surface water quality due to increase of 
organic pollution, removal inadequacy of the existing plant designed for underground 
water treatment, occasional accidental river pollution, as well as the problems of insuffi-
cient amounts of underground water due to increased water demands, determined the 
usage of surface river water in spite of traditional usage of underground water. The spe-
cified water treatment process, consisting of preozonisation, flocculation, settling, sand-
anthracite filtration, ozonisation, granular activated carbon adsorption and chlorine 
desinfection has been determined on the basis of experimental investigations. 

The Tasks of Clarification 

The water quality and the concept of the adopted treatment process determined the 
main tasks of clarification: 
- reduction of suspended solids 
- reduction of organic pollution. 

Various commercial types of clarification units were considered before to the experi-
mental investigations were taken up, such as pulsator, accelerator, lamella separator 
and classical horizontal settling unit. Lamella separator was been chosen for the follo-
wing reasons: 
- Considerable temperature variations between summer and winter 
- Required efficiency in removing suspended solids 
- Standard commercial requirement for low chemical and energy consumption 
- Low investment costs. 

Raw Water Quality 

The range of water quality parameters is important for clarification. Values recorded 
during the investigation period of one year are shown in Tab. 1. 
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Parameters Units min. max. 

Turbidity NTU 1 400 
Temperature °C 1 27 
pH — 7.4 9.2 
Suspended solids mg/I 5 500 
UVE m-t 4 40 
KMn04 consumption mg/I 3 40 
TOC mg/I — 20 

Tab. 1: Mean annual raw water parameters. 

Scope of Investigation 

Evaluation of clarification efficiency from the standpoint of suspended solids concen-

tration of turbidity, KMn04, UV-extinction, TOC, and some specific compounds (trihalo-

methanes) has been carried out with the aim of choosing the design criteria for coagula-

tion, flocculation and settling that guarantee high reliability of the system and satisfy the 

principles of economics. Bearing this in mind, the following design criteria have been in-

vestigated: 
- type and dosage of chemicals 
- flocculation time and energy 
- settling surface loading 
- lamella plate distance 

The following important parameters and criteria were not included in the investigation: 

- hydraulics inside the settling units 
- shape and surface of lamella plates 
- number of flocculators 
- shape of mixers. 

Experimental Equipment 

Pilot-plant investigations were carried out with the clarification units made by Swedish 

company „GEWE". The scheme of the equipment is shown in Fig. 1. 

Rapid Mixer 	Flocculation 	Sedimentation 

Il mom 

m.,21111 1 11111111 

Fig. 1: Scheme of the pilot plant 
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Main characteristics of the equipment: 
capacity 5 to 15 m3/h 
rapid „inline" mixer with velocity gradient G = 500 s-1  
three flocculators, each of 900 liter capacity with velocity gradient ranging from 5 s-1  
to 100 s-1  and with vertical mixers. 
settling units with surface loads ranging from 0.7 to 2.5 m3/m2h with changeable 
number of lamella plates and distance between them. 

Methodology of Investigation 

Coagulation, flocculation and settling pilot plant investigations were preceeded by labo-
ratory jar-tests. The following conclusions were drawn: 
- application of acid in obtaining pH <= 7 is required 
- much better results in flocculation process are obtained by using flocculation aid 

such as polyelectrolyte in addition to Al-sulphate 
- longer flocculation time affects positively the quality of the effluent. 

The pilot plant investigation flow is shown in Fig. 2. 

CLARIFIED WATER) 

Fig. 2: Pilot plant investigation flowchart 
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The selected chemicals comprised: 
- sulphuric acid for pH correction to 6.7 > pH < 7 
- Al-sulphate as main coagulator with the dosing range between 30 and 100 mg/I 
- polyelectrolyte as flocculant aid with the dosing range between 0.1 and 0.7 mg/I. 

Ozone was occasionally applied during the investigation for preoxidation purposes, do-
sed in range from 0.4 to 1.0 mg/I. 

Preozonization effects were investigated apart from clarification process, from the 
standpoint of a reduction of organic pollutants. It was observed that, when applying 
preozonization, a 200/0 decrease of chemical dosages was obtained. The reasons for not 
using the recycling sludge in this investigation were that sludge removal from settling 
units to the municipal sewerage system is accepted without treatment and also because 
of the type of the selected water treatment process. 

Special attention was paid to determine the injection points of particular chemicals and 
to the flocculation time as well. It has been concluded that usage of rapid mixer is neces-
sary to enable adequate dosing of Al-sulphate. It was further concluded that the optimal 
injection point for polyelectrolytes depended on temperature of the treated water in as 
much as lower temperatures required injection point closer to the first flocculator en-
trance. The range of the experimentally checked flocculation times was from 10 min. 
to 40 min. Analysis included effects of energy gradients as well, in a range 
between G = 5 s 1  and G = 100 s-1. 

The settling surface loading range from 1 to 2 m3/m2h was defined to provide system re-
liability in operation as well as keeping it consistent with the principals of economics. 
Evaluation of clarification efficiency has been made on the basis of effluent turbidity. On-
ly after satisfactory effluent turbidity results, could the system be optimized with regard 
to organic pollutants. 

Results of Investigation 

Results of clarification optimization are shown in Fig. 3. Investigations comprised 20 
tests and lasted two months in the period winter-spring, during which the temperature of 
water ranged between 1 and 8 °C. The mean turbidity of raw water and pH value amoun-
ted to 20 NTU and 8.3, respectively. Preliminary tests were performed without polyelec-
trolyte. 

The results showed that high effluent turbidity and low-quality flocks were obtained 
which would have adversely affected the filter runs between two backwashings. Relati-
vely low settling unit loading, expressed per total area of lamella plates, and longer floc-
culation time could not provide any improvement in effluent quality. 

It was concluded that the system would have survived without polyelectrolyte, i.e. the 
operation of the system would have been possible but under aggrevating conditions. 
The application of polyelectrolytes, accompanied by the increase of loading at 2.5 m3/ 
m2h and a decrease of flocculation time, resulted in only partial improvement of floc 
quality and slight reduction of effluent turbidity. It was further concluded that reduction 
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Fig. 3: Optimization of clarification 

of chemical dosages below critical values did not provide satisfactory results, 
even under the flocculation time was extended to 40 min. 

This stage of the investigation, performed on raw water of the given quality, yielded the 
following optimum values regarding floc quality and required effluent turbidity of 1 
NTU: 
- settling unit loading 	 1.5 m3/m2h 
- flocculation time 	 30 min. 
- average dosage of Al-sulphate 	50 mg/I 
- dosage of polyelectrolytes 	0.3 ring/I 
- pH value 	 ca. 6.8 

The results of the clarification unit operation, obtained during 8 months of investigations, 
after 20 tests being performed, are shown in Fig. 4. 

The adopted clarification system, manufactured by the Swedish firm of GEWE, 
belongs to a group of high-efficient low-energy settling units, special attention having 
been paid to the determination of adequate energy input in the flocculation stage. Ener-
gy inputs varied within narrow limits, which is characteristic for this type of settling unit. 

Revolution per minute in the mixing devices are shown in Fig. 4. A magnitude 
of 20 rpm corresponds to the mean velocity gradient of 100 s-1, whereas 5 rpm corre-
sponds to 5 s-1. 
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The obtained experimental results showed that, for raw water of average tur-
bidity, no significant effects could have been expected through a small increase of ener-
gy input. In case of water of high turbidity, an increase of energy input by 10 0/0 may im-
prove the reliability of the system and, combined with an increased dosage of chemi-
cals, may provide a low effluent turbidity of 1.5 NTU. 

A vivid resistance of the system, with regard to sudden high raw water tur-
bidity reduction, was observed during the investigations. The effects of horizontal di-
stance between lamella plates on clarification efficiency were experimentally conside-
red as well. That was a subject of special interest because of the difference of opinion 
that may be found in the literature. No functional relationship was found to exist determi-
ned between horizontal distance between plates and floc quality, i.e. effluent turbidity. 

The described investigations confirmed the choice of basic design criteria and parame-
ters regarding turbidity reduction after clarification, which was the principal aim. As al-
ready stated, the organic pollution reduction was another object of the investigations on 
clarification. Reduction of organic pollution, expressed by general parameters such as 
KMnO4  consumption and UV extinction versus pH value, are shown in Fig. 5. The results 
confirmed the high efficiency of clarification with respect to organic pollution re-
duction. 

The importance of the pH factor was observed as well. Reduction of organic 
pollution was more pronounced at pH = 6.7 than at pH = 7. The importance 
of clarification as to organic pollution reduction, was clearly observed. Concentration of 
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organic pollution expressed by KMnO4  consumption and UV extinction in the effluent 
versus turbidity of raw water, is shown in Fig. 6. The results showed that for raw water of 
average turbidity, the consumption and UV extinction had not exceeded specific values, 
i.e. that clarification had been completed in stable conditions. This is of special impor-
tance for future treatment plant since it provides a good basis for evaluation of opera-
ting costs (electric energy consumption for ozone, required time between two regenera-
tions of granulated active carbon etc., and for cost of effluent quality). 

The absence of proper chemical analysis which would have qualitatively defined orga-
nic pollutants in raw water as well as the high efficiency in reducing KMnO4  consump-
tion and UV extinction, required that special attention be paid to the problem of trihalo-
methanes. 

For that purpose, a test on chlorine consumption was performed and results from raw 
water, clarified water, underground water from existing system and treated water obtai-
ned at the end of pilot plant investigations, compared. Preliminary dosage of chlorine 
amounted to 3 g/m3. The results are shown in Fig. 7. 

mg/I A 

The test was repeated several times in raw water of average quality and hence may be 
considered typical. The results indicate that in clarified surface water there were some 
substances which consumed chlorine, pointing up the fact that the quality of clarified 
water was not satisfactory. 

Within the scope of the pilot plant investigations, an extentive programme of tests regar-
ding total content of trihalomethanes and compounds designated by that name, was 
conducted. This paper presents only characteristic tabulated results connected with 
clarification process. Total trihalomethanes comprised the following compounds, as de-
termined by available measuring technics: CHCI3, CH2Cl2, CH3CI, CHBrCl2, CHBr2CI 
and CHBr3. 
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Tests in raw surface water, with no chemical added, with a view to total trihalomethanes 
TTHM, showed an average TTHM content of 17 mg/I. Tests on trihalomethanic potential 
and TTHM in raw surface water, underground water, clarified water, and fully treated wa-
ter, were performed as well, the results of which are given in Table 2. 

Location of sampling 

Raw water 
Underground water 
Clarified water 
Fully treated water 

TTHM 	TTHM 
potential 	(mg/l) 

188 	 105 
177 
120 	 97 
105 	 35 

Tab. 2: Trihalomethanic potential and TTHM versus purification of raw water. 

They indicate that the removal of trihalomethane is difficult. Relatively high values of 
TTHM potential indicate that raw water has a considerable amount of trihalomethane 
precusors. 

From the clarification point of view, observed TTHM potential reduction of ca. 35 0/0 pro-
ved to be insufficient to provide the required water quality, other stages of the process 
being included as well. 

In addition to the above-described investigations, tests on prechlorination were also 
performed towards TTHM formation evaluation under real conditions. Results are given 
in Table 2. The prechlorination dosage was determined so as to provide a residual value 
of 0.45 mg/I after clarification and a value of 0.1 mg/I after sand-anthracite filtration. The 
obtained results of prechlorination tests for TTHM are in conformity with TTHM potential 
and indicate that chlorine as an oxidizing agent should not be applied. 

Conclusions 

On the basis of pilot-plant investigation works, the following conclusions were drawn: 

- the adopted clarification system, operated under selected adequate design criteria, 
provided effluent turbidity lower than 2 NTU 

- in case of the usual average quality of raw water, a reduction of organic pollutants in a 
amount of 60 % may be expected (evaluated through KMnO4  consumption, UV ex-
tinction and TOC) under selected design criteria 

- correction of pH value with acid and application of flocculant aid such as polyelectro-
lyte in addition to AI-sulphate, proved to be necessary and desirable 

- necessity of high energy flash mixer usage was justified to provide adequate dosing 
of Al-sulphate 

- optimum flocculation time of 30 min. and mixing velocity gradient range of G = 100 s-1  
to G = 65 s-1  were evaluated as being optimum 
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- surface loading of settling unit, amounting to 1.5 m3/m2h proved to be tech no-econo-
mical optimum 

- insufficient reduction level of trihalomethane precusors in the clarification stage 
emphasized the necessity of chlorine rejection as an oxidizing agent. 
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	 61 

Jar test, comparison to full-scale 103 

Lake restoration 
	 246 

- aging 
	 243 

Lamella (see sedimentation) 
Lime 
	 274 

Loading rate 
	 144 
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Micheau curves 
	

100 
Mixer, in-line 
	

69 
—, static 
	

69,177 
—, turbine 
	

70 
Mixing scale-up 
	

71,292 
Mixing weir 
	

296 
Model colloids 
	

6,41,59,126 

Nitrification 
	

264,284 
Nitrogen removal 
	

285 
Nutrients 
	

249,253 

Organic pollution 
	

299 
Overflow rate 
	

148 
Overflow weir 
	

209 
Ozonization 
	

302 

Paddle 	 107 
Particle aggregation 	2, 40, 259 
—, removal 	 156 

size 	 6, 156 
— distribution 	 3, 158 
— of sludge 	 201 
— shape factor 	 199 
Phosphate, metal-hydroxo- 	159 
—, molar ratio 	 159, 225 
Phosphorus removal 	159, 222, 269 
Pipe expansion 	 60 
Plant loading 	 278 
Plug flow 	 40, 291 
Polyacrylamid, flocculent aid 122, 128 
—, residual in water 	 123 
Pond design 	 186 
Post-precipitation 

(see contact filtration) 
Precipitation, simultaneous 159, 223, 

258, 269, 282 
Pre-precipitation 	 266, 285 

economics 	 266, 279 

Pump, submerged sludge 
	

188 

Rapid mixing (flash —) 

—, jet injection 
— in open channels 
— in pipelines 
Rapid-mix unit 
Remobilization 

38,58,63, 
66,121 

56 
57 
58 
42 

253 

Repulsion forces 	 7 
Residence time (see detention —) 
Reuse of water 	 184 

Sand bed 	 174 
Seawater 	 274 
Sedimentation (settling) parameters 91 
Sedimentation tank 	 132 
— with guide vanes 	 134 
— with plates (lamella) 	132, 140 
—, plate distance 	 143 
—, laminar flow 	 140 

counterflow 	 143 
Sesquioxides 	 217 
Sewage farms 	 247 
Shear field 	 33 
Silgrain acid 	 273 
Size distribution (see particles) 
Sludge, activated 	 283 
—, bulking 	 196 
Sludge characteristic 	 191 
— generation 	 192 

N-content 	 214 
P-content 	 215 

— porosity 	 199 
— production 	 265 
— removal 	 185, 189 
— residence time 	 212 
— specific resistance 	 199 

stoich iometry 	 195 
— surface area 	 199 

thickening 	 206 
volume 	 198 

Soil structure 	 217 
Solid sphere 	 19, 24 
Solids loading rates 	 281 
Stability of colloids 	 7 
Stirrer, gate 	 66, 74 
—, propeller 	 15, 68, 74 
Surface loading 	134, 145, 301 
Suspensions, heterodisperse 	16 

Tank design 
	

109 
Test units 
	

41,67,98,124 
Transport mechanism 
	

4 
Turbulence intensity 
	

60 

Velocity gradient (G-value) 11, 33, 54, 
84, 107, 120 
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