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CHAPTER 1 

INTRODUCTION 

One of the major areas of concern in water and waste 

treatment is the handling and dewatering of sludge residues 

remaining after most physical, chemical and biological treatment 

processes. These sludges are often characterized by high water 

content (low suspended solids concentrations), high resistance 

to dewatering, and other problems associated with their handling 

and ultimate disposal. Each of these characteristics has both 

technical and economical costs associated with it. For example, 

it has been estimated that fifty percent of the cost of waste 

treatment is due strictly to sludge handling and disposal. 

Past attempts at sludge characterization have resulted in 

the generation of little quantitative data related to 

fundamental sludge floe properties. Rather, literature sources 

have presented empirical equations and/or observations that 

relate to a limited number of sludges. However, more recent 

studies (1 ,2) have shown that an examination of fundamental 

sludge properties is important to a better understanding of 

sludge dewatering processes. 

In an attempt to address the issue of a better 

understanding of sludge properties, the following objectives 

were established: 
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(1) to define acceptable analytical procedures for 

evaluating sludge floe micro-properties such as size 

distribution, specific gravity, shear strength and 

water content; and 

(2) to evaluate the role of each of these sludge floe 

properties in defining the response of various sludges 

to alternate dewatering techniques. 



CHAPTER 2 

LITERATURE REVIEW 

In a literature review of this nature, one becomes quickly 

aware of the vast collection of references related specifically 

to the dewatering characteristics of waste sludges. However, 

few studies have dealt exclusively with the interrelationship of 

sludge floe parameters and dewaterability. When such studies 

have been undertaken, the major parameter evaluated is floe 

size. 

Karr and Keinath (2) studied the effect of particle size on 

the dewatering of biological sludges. By fractionating sludges 

into various size ranges using a sequential filtration 

technique, particle size distributions of one sludge were 

adjusted to match another. Subsequent vacuum filtration tests 

revealed that, in most cases, the two sludges had similar 

dewatering characteristics. 

Knocke, et~· (1) studied the effect of particle size on 

the dewatering characteristics of metal hydroxide sludges. 

They, too, found that sludge floe size had the greatest impact 

on sludge dewatering rates. Any process which resulted in a 

shift in the floe size distribution produced a corresponding 

shift in specific resistance. Both the addition of larger sized 

particles to a sludge and the use of sludge conditioning 

polymers effectively altered floe size distribution. 

3 
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Floe strength is a key parameter in relation to dewatering 

rates. Vesilind (3), citing Petersen and Hansen (4), quantified 

floe strength as the quotient of the capillary suction time 

before and after intense mixing. During dewatering operations, 

sludges are often subjected to violent shear forces. Floe 

rupture may result in the release of particle fines capable of 

migrating through the sludge cake and blinding filtering media. 

Moreover, floe deterioration alters particle size distribution 

thereby minimizing the available pore space for fluid flow. 

Clearly, particle size distribution plays a dominant role 

in determining sludge dewaterability, but other parameters like 

sludge floe density play important roles as well. Huang (5) has 

shown that a relationship exists between floe density and final 

cake solids concentration after vacuum dewatering. As floe 

density increased, an accompanying increase in dewatered cake 

solids concentration occurred. 

Sludge filtrate viscosities are commonly assumed equivalent 

to that of water at the same temperature. When dealing with 

sludge conditioning experiments, a significant source of error 

may develop when dealing with conditions of excess polymer 

addition. Boepple (6) showed conclusively that filtrate 

viscosities exceeded those of water under such conditions. 

Therefore, the interchangeability of water and sludge filtrate 

viscosities remains in question. 
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Another dominant parameter playing a key role in dewatering 

is sludge compressibility. Gale (7) hypothesized and confirmed 

his theory where part.icles at the bottom of a sludge cake 

deformed more so that did particles at the sludge cake surface. 

When subject to vacuum filtration, excessively compressive 

sludges reduce permeability by closing interstitial pore 

voidage. Therefore, compressibility characteristics affect both 

the rate and manner at which individual sludges dewater. 

Finally, sludge characterization would be incomplete 

without regard to a sludge handleability parameter. This 

parameter could be utilized to monitor the performance of sludge 

dewatering processes. In the past, most research reported 

handleability measurements as percent cake solids. 

Unfortunately, the final cake solids concentration ultimately 

achieved in any dewatering process may vary over a large range. 

At any given percent solids concentration, Calkins and Novak (8) 

have shown that sludges exhibit large variations in 

handleability. The aforementioned authors then recommended that 

a more suitable handleability parameter would incorporate some 

measurement of sludge shear resistance. For as a sludge 

dewaters, solids content continues to increase until the sludge 

exhibits solid-like properties. One such property of a solid is 

its increase in shear resistance as moisture is lost; therefore 

as recommended, sludges are suitable for handling at a shear 

resistance of 0.03 to 0.04 ton/ft2. 
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This literature review dealt exclusively with sludge 

dewatering and the fundamental floe parameters which control 

sludge dewaterability. Most fundamental floe research has been 

assembled around the evaluation of particle size distributions 

and then effect on sludge dewatering rates. Others have looked 

at sludge floe density, filtrate viscosity, and compressibility. 

Theories in relation to sludge handleability were also 

investigated. In all, no bonafide attempt has been made to 

interrelate the broad spectrum of floe parameters into a 

comprehensive evaluation of their effect on sludge dewatering 

rates. 



CHAPTER 3 

THEORETICAL CONSIDERATIONS 

The following section will deal with the theoretical 

principles and equation derivations which are the basis of many 

of the sludge macro-and micro-properties that were examined 

during this research. 

Specific Resistance 

Specific resistance is defined as the resistance to fluid 

flow exerted by a cake of unit weight dry solids per unit area. 

Historically this term was developed through Carmen 1 s 

application of Darcy 1 s law to filtration of compressible sludges 

under constant pressure. Coakley and Jones (9) further applied 

Carmen 1 s equations to the vacuum filtration operation. Gale (7) 

summarized this body of work and his derivation of specific 

resistance shall be presented here. 

The flow of a liquid through a filter cake supported on a 

filter media can be calculated as: 

where 

dv Pt · l 
-::rz- = - • -ut µ RT 

v =Volume of liquid per unit filter area 

t = Filtration time 

( l ) 

P = Total pressure difference across the cake and filter t 

7 
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µ = Viscosity of the filtrate 

RT = Total resistance to flow of the cake and medium 

This equation defines RT, the total resistance to flow. 

However, the total resistance can be broken into the following 

parts: 

(2) 

where 

RC = Resistance of the sludge cake 

Rm = Resistance of the filter medium 

As filtration proceeds, the resistance of the cake increases 

with increased solids deposition and makes it very difficult to 

quantify sludge cake resistance. Thus Re is related to the 

specific resistance of the cake (r*) and the mass of dry solids 

per unit area (w) as follows: 

R = r* · w c 

Substituting, Equation may be modified to: 

(3) 

(4) 

The total pressure drop across the cake and filter is composed 

of the pressure drop across the cake (Pc) and the pressure drop 

across the filter (Pm). Unless the filter medium is blinded, 

the pressure drop across the cake is significantly greater than 



9 

the pressure drop across the filter, alleviating the need to 

quantify Pm. 

The mass of dry solids per unit area (w) is difficult to 

measure. However, this mass may be related to the volume of 

filtrate per unit area (V) and the i•1eight to dry solids deposited 

on the cake per unit volume of filtrate (C*). 

w = C*v 

Thus, Equation 4 may be rearranged as follows: 

dv _ Pt l 
d t - µ · -r*_C_*_v_+ ____ R_m 

If the pressure differential (Pt) and sludge specific 

resistance (r*) are assumed to be independent of filtration 

time, the above equation may be integrated to yield the 

following: 

t - = v 
µr*C* 
2Pt 

(5) 

(6) 

(7) 

The volume of filtrate per unit area (v) may be defined as the 

total volume of filtrate (V) obtained with a filtration area, A, 

so that: 

v v =A (8) 

When substituted into Equation 7 the following equation is 

developed: 



t - = v 

10 

µR v + _!!!. 
t 

(9) 

When a proper filter medium is selected, the medium resistance 

Rm will be minimal in comparison to Rc. Thus Equation 9 may be 

simplified to: 

t V = µr*C* . V 
2A2P t 

(la) 

From Equation 10 it can be seen that a plot oft versus V should 

be linear with a slope equal to b, where b is defined as: 

µr*C* b = ~=----
2A2P 

t 
Specific resistance may then be calculated as: 

2bA2Pt 
r* = µC* 

( 11) 

( 12) 

The weight of dry suspended solids in the cake per unit volume 

of filtrate may be calculated as: 

where 

wc = Final sludge cake solids, (%suspended solids) 

ws = Initial concentration of dry solids of the sludge 

(%suspended solids) 

( 13) 
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Sludge Compressibility 

The applied pressure differential across a sludge cake is 

one operational parameter which may be varied to produce an 

optimum sludge dewatering rate. To accomplish such an 

optimization, a relationship between pressure differential (Pt) 

and sludge specific resistance (r*) must be developed. This 

relationship is especially important due to the compressible 

nature of sludge particles. 

It is the current practice to quantify sludge 

compressibility by performing several specific resistance 

measurements at differing pressure differentials. This allows 

for the determination of the sludge coefficient of 

compressibilfty, 11 S11 , according to the equation: 

where 

r* = r* r P )S 1 \ t 

r*1 = Sludge specific resistance when log Pt = 1 

S =Sludge coefficient of compressibility, 

( 14) 

The numerical value of 11 S11 is determined by developing a 

logarithmic graphical relationship between Pt and r*. The slope 

of the resultant data plot is equal to 11 S11 • 

Sludge Floe Particle Size 

Gale [7] has presented the Kozeny equation for flow through 

incompressible media to show the relationship between sludge 
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floe size and specific resistance. Equation 15 summarizes this 

relationship: 
2 so (1-e:) 

r* = ---=----3 

K • 
(15) 

e: pp 
where 

K = Kozeny particle shape factor 

S0 = Specific surface area of a unit volume of sludge solids 

e: = Fractional voidage of sludge cake 

pp = Sludge floe density 

Sludge floe density is included in Equation 15 since specific 

resistance is, by definition, the resistance of a unit weight of 

solids. If the density of sludge floes in a sample increases, 

the actual number of particles per unit volume would decrease, 

producing a corresponding decrease in sludge specific 

resistance. 

The specific surface area, S0 , can be related to the 

equivalent diameter, de, of a mixture of particles. The 

equivalent diameter is defined as the diameter of a particle 

which has the same surface area to volume ratio as that of the 

mixture of particles. When dealing with spherical particles, 

the two parameters may be related by: 

( 16) 

Substituting in Equation 15 yields: 
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r* = 36K • (1-s) 
d2 E: pp 
e 

( 17) 

This equation shows clearly the relationship between the size of 

sludge floes and sludge resistance to filtration. The porosity 

of a sludge cake is also a significant determining factor in 

dewatering; however, good analytical techniques have not been 

developed which would allow for an accurate determination of 

cake voidage. During this study, particle size was the major 

parameter studied. 

One area in which observed dewatering rates deviate 

significantly from that predicted by Equation 17 is under 

conditions of sludge "blinding". The term blinding is often 

used to describe the effect produced when coTloidal particles or 

polymers migrate within a sludge cake or filter medium, 

resulting in blockage of the available pore space and a 

corresponding reduction in filtrate flow rates. When this 

occurs, the specific resistance observed will be much greater 

than that anticipated. Huang [5] developed a filtration 

equation which is useful in detecting conditions of sludge 

blinding. Starting with the equation: 

r* = a v8 ( 18) 

The following expression was developed: 

t = µ a C* V(s+2) 
(s+2)PtA2 

( 19) 
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a = Average specific resistance over the cake thickness 
when the initial unit volume of filtrate is collected. 

B = Constant characterizing the resistance to filtration as 
the sludge dewatering proceeds. 

Taking logarithm on both sides of Equation 19, the following 

expression is developed: 

Ln t = (e+2) Ln V + Ln µ a C* 
(e+2)PtA2 

(20) 

Equation 20 shows that a logarithmic plot of filtration time and 

filtrate volume should yield a straight line of slope (B + 2). 

When B is greater than zero, the sludge is felt to be exhibiting 

a condition of blinding, with specific resistance increasing as 

a function of dewatering time. When B is equal to zero, 

Equation 19 is seen to simplify to Equation 10, yielding the 

same result as that derived by Coackley and Jones [9]. The 

numeric value of a is determined from the vertical-axis 

intercept of the logarithmic plot of filtration time and volume. 

Particle Shape Considerations 

As predicted by the Kozeny equation, specific surface area 

(S0 ) is a key parameter in the measurement of sludge specific 

resistance. Previous research studies have often analyzed 

sludge particles as perfect spheres; therefore, S0 was equal to 

the inverse of an equivalent particle diameter, de. However, it 

is clearly understood that sludge particles are not perfect 
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spheres; thus, size and shape considerations should both enter 

into the calculation of S0 . By definition, specific surface 

area is the ratio of surface area to volume. Sludge particles, 

assumed as ellipsoids, were measured in two dimensions, and both 

volume and surface area can be generated by revolving the 

correspondent ellipse with major axis, a, and minor axis, b, 

around the x-axis. 

By definition, an elliptical surface of revolution is given 

by the general formula: 

x2 1/2 xlf 2• f(x) )1 + [f'(x)J2j dx 
(21) 

The general formula for an ellipse is: 

(22) 

Therefore, 

(23) 

and 

2 2 
f'(x) = -(b /a )x 

[b2-b2/a2x2]l/2 
(24) 

By establishing limits of integration about the x-axis and 

substituting f(x) and f'(x), the definite integral becomes: 

2 
aJ2~[b2 - (1 - 1z x2 + b4 x2]1/2 dx 

-a a a 
(25) 
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Upon integration, the formula for surface area of an ellipsoid 
is: 

4•b [ ·:;/ r2 ~ (~:-b2 -.,,,2 
4 + a sin-l a 

2(a2-b2) 1.a4 J 
La2-b~ 

(26) 

Likewise, by definition, an elliptical volume of revolution can 

be calculated with a triple integral: 

Volume = Z2JY2JX 2Jdxdydz 
zl y 1 x, 

The general formula for an ellipsoid is: 

x2 y2 z2 
-z+-:z+:z= 
a b C 

(27) 

(28) 

and the limits of integration along the x, y, and z axes, 

respectively, are 

X = [a2 (29) 

(30) 

and z = c ( 31 ) 

By applying these equations as the boundary conditions, the 

integration of Equation 27 yields: 

Volume = 4'JT~bc (32) 
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With a knowledge of surface area and volume as functions of 

particle size and shape, an investigation of specific surface 

area and specific resistance can be determined. 



Water Source Description 

CHAPTER 4 

EXPERIMENTAL METHODS 

Sludges examined during this research study were generated 

at various water and wastewater works. Representative sludge 

samples included: 

(1) alum and lime sludges from water treatment facilities; 

(2) waste activated, anaerobically digested, heat treated, 

chlorine treated, and filter humus sludges from 

wastewater treatment facilities; 

(3) chemically and biologically treated sludges from an 

oil refinery; and 

(4) chemically conditioned sludges generated in the 

VPI & SU Civil Engineering laboratory. 

Waste Collection and Handling 

Wastewater sludge samples were collected from sludge 

recycle pumping lines whenever possible. Certain samples were 

effectively dipped from temporary holding basins. Wastewater 

and oil refinery sludges were collected in one-half gallon 

Nalgene carboys and transported in storage containers packed in 

ice. 

Alum sludges were collected from the bottom of water 

treatment sedimentation basins. A one liter flask plugged with 

a rubber stopper was weighted and sunk to the bottom of the 

18 
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basin. Upon reaching the bottom, the rubber stopper was 

released from the flask, allowing the entrapped air to escape 

and sludge solids to fill the air-vacated flask. Samples were 

then transferred from the flask into a five gallon Nalgene 

carboy and transported back to the VPI & SU Civil Engineering 

laboratory. This collection system was necessitated since many 

water treatment plants within the Commonwealth of Virginia do 

not contain facilities for pumping sludge from sedimentation 

basins. 

Upon arrival at the laboratory, all sludge samples were 

stored at 20°C. All biological sludges were tested within 24 

hours to minimize changes in sludge properties due to biological 

activity during storage. Most chemical sludges were also tested 

within 24 hours to minimize the effects of "sludge aging''. 

Description of Chemical Conditioner 

One polymer was used as a sludge conditioning chemical 

during this study. A one percent (by weight) high molecular 

weight, cationic polymer (supplied in liquid form by BETZ, 

Inc.*) was diluted with distilled water to produce 500 and l ,000 

mg/l stock solutions. These stock solutions were then utilized 

for sludge conditioning experiments. New stock solutions were 

prepared periodically to insure product reliability. 

* Trevose, Pennsylvania 
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Conditioned Sludge Generation Procedure 

Sludge samples were transferred from storage carboys to one 

liter beakers and mixed using a standard Phipps & Bird* 

six-place jar test apparatus. The conditioning test procedure 

consisted of an initial five to ten second rapid mix period 

following polymer addition. A thirty second flocculation period 

under slow mix conditions followed. Since the high molecular 

weight polymer would function by adsorption-bridging, the 

agglomeration of floes was almost instantaneous under the mixing 

conditions utilized. This is reasonable since high mixing 

intensities and short mixing durations are often characteristic 

of the optimum use of polymers as coagulants. No attempt was 

made to find an exact optimum combination of mixing intensity 

and time; rather, a realistic value based upon prior experience 

was utilized. Specific studies which were aimed at mixing 

effects on sludge characteristics will be described in a 

subsequent section of this report. 

Buchner Funnel Test 

The standard Buchner funnel test measures vacuum filtration 

rates of sludges. A typical funnel experimental apparatus is 

shown in Figure l. A 9 cm diameter Whatman 40 filter pad was 

* Richmond, VA 
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\ No. 40 AsHLESS Fr LTER PA~ER 

9 CM BUCHNER FUNNEL 

VACUUM PUMP 

100 ML hRADUATED 
(YLI NDER 

Figure l. Buchner Funnel Dewatering Apparatus. 
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placed in the bottom of the Buchner funnel and wetted with 

distilled water. An applied vacuum pulled the water through the 

filtering-medium, effectively sealing the filter pad to the 

bottom of the funnel. Excess distilled water which passed 

through the filter pad and collected in the 100 ml graduated 

cylinder was then discarded. After the filter medium was 

sealed, 100 ml of sludge were slowly poured into the funnel to 

minimize turbulence and the potential for floe shear. After 

allowing approximately twenty seconds to establish a sludge cake 

structure, a pressure differential equivalent to fifteen inches 

of mercury was applied across the sludge cake using a vacuum 

pump. By measuring the volume of filtrate collected as a 

function of time, the filtrate flow gradient, b, and the sludge 

specific resistance r*, could then be calculated. 

Sand Bed Drainage Test 

The sand bed drainage test was another method utilized to 

evaluate sludge dewatering characteristics. The sandbed 

apparatus used during this study is shown in Figure 2. Each 

drainage cylinder was 9 cm in diameter and contained 2" of 

coarse sand for support and 3" of fine sand for filtration. 

Prior to each sand bed drainage test, the sand was 

supersaturated with water and allowed to drain. When drainage 

was complete, a relatively large amount of water remained in the 

sand due to the combined effects of wetting and the surface 

tension of the water. At this stage of the test, the sand bed 
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Graduated 
Cylinder 

Sludge 

Figure 2. Sand Bed Dewatering Apparatus 
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was considered saturated, and 100 ml of sludge was poured onto 

the top of the sand bed. This quantity was chosen to provide the 

same surface loading rate of sludge solids as was utilized 

during the Buchner funnel testing. Drainage of liquid from the 

sludge occurred instantaneously, producing a supersaturated 

condition within the sand bed. Assumedly, the filtrate from the 

sludge displaced an equal volume of water from the sandbed, and 

this displaced water was then collected in a 100 ml graduated 

cylinder. This rate of volume loss of water was monitored as a 

function of drainage time. 

Filter Press Test 

The final method used to measure sludge dewatering was the 

filter press apparatus as diagrammed in Figure 3. Filter press 

components included a 54 mm diameter stainless steel cylinder, a 

piston, a porous metal support and Whatman 40 filter pad, 

compressed nitrogen gas and regulator, and a 100 ml graduated 

cylinder. Initially, a 50 ml sludge sample was placed into the 

press chamber, corresponding to a filter surface loading rate 

similar to that utilized for the Buchner funnel and sand bed 

drainage tests. The pressure differential was applied across 

the sludge cake using compressed nitrogen gas. 

All filter press dewatering tests were controlled at a 

constant pressure differential of 8.3 psi (15 11 Hg). When the 

pressure was initially applied, a state of nonequilibrium 

existed between the piston and sludge boundaries. To relieve 
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r--- Applied Pressure 
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Sludge 

No. 40 Ashless Filter Paper 

Figure 3. Filter Press Dewatering Apparatus 
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the applied stress, the sludge released water as consolidation 

of the cake continued toward a new equilibrium state. During 

this nonequilibrium state, the rate of filtrate flow was 

quantified as a function of time. 

Sludge Filtrate Viscosity 

Following a Buchner funnel dewaterability test, filtrate 

viscosities were measured using a size 50 Cannon Feneske 

viscometer. The size 50 viscometer could measure dynamic 

viscosities in the range of 0.6 to 4.0 centipoise. Viscosity 

determinations consisted of a two step process, namely 

calibration and verification. 

Using the method proposed by Boepple [6], calibration 

consisted of the following steps: 

(1) The viscometer was acid washed and rinsed thoroughly 

with distilled water. 

(2) The viscometer was placed in a water bath at a 

temperature equivalent to the temperature of the 

sludge during the Buchner funnel dewatering test. 

(3) A burette clamp held the viscometer in a vertical 

position in the water bath. 

(4) Five milliliters of distilled water were pipetted into 

the viscometer reservoir and several minutes were 

allotted for the distilled water to come to an 

equivalent temperature with the bath. 
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(5) With the aid of a vacuum pump, the water was drawn 

from the reservoir through the capillary into the 

bulb. 

(6) The sample then flowed freely, due to the influence of 

gravity, from the bulb and through the capillary into 

the reservoir. The time required for the meniscus to 

drop from one timing mark to the next was recorded. 

Verification of the dynamic viscosity of the filtrate 

consisted of the following: 

(l) Steps l thru 6 of the calibration technique were 

repeated for the sludge filtrate in question. 

(2) Dividing the time recorded in steps 6 of the 

verification step by the time recorded in step 6 of 

the calibration step, the resulting number was a 

constant which could be multiplied by the dynamic 

viscosity of the distilled water at the temperature of 

the bath. 

Sludge Handleability Test 

The Atterburg liquid limit test was used to determine the 

water content at which a sludge had a particular value of shear 

strength. The American Society for Testing Materials standard 

liquid limit procedure (ASTM D 423-66) was performed as 

described by Krebs and Walker [11]. For testing purposes, the 

handleability limit coincided with the water content at which a 

pat of sludge in a standard brass cup and cut by a l/2 inch 
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groove of standard dimensions flowed together so as to close the 

groove along its bottom under the impact of thirty successive 

blows in the liquid limit apparatus. 

One problem encountered with the Atterburg liquid limit 

test was that sludges exhibit thixotropic properties. Although 

the mechanics associated with thixotropic changes within the 

sludge cake are not well known, thixotropy by definition is the 

loss in shear strength as a sludge remolds. Due to its 

flocculant nature, rearrangement of the sludge cake is easily 

accomplished with vibratory motions. As a sludge matrix 

rearranges, individual sludge floes orient themselves into 

positions less favorable to shear resistance. In an effort to 

combat this problem, each sludge was impact~d with 100 

successive blows of the liquid limit apparatus prior to each 

handleability test which allowed any thixotropic changes to 

occur. 

Solids Determination 

Each sludge sample was investigated for its total solids, 

suspended solids, and dissolved solids content using procedures 

described in Standard Methods [12]. Cake solids contents were 

determined only on a total solids content. However, this was 

assumed to be a good representation of the suspended solids 

content after dewatering since the dissolved solids content of 

the sludges were minimal. 
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Distribution of Water 

Vesilind [3] classified the water associated with sludges 

into four categories: (1) free water; (2) floe water; (3) 

capillary water; and (4) bound water. High speed centrifugation 

equipment has been used to generate the data necessary for 

quantification of these water classifications. During this 

study, volume-change characteristics of sludges were based on 

changes in centrifugal acceleration. Compaction of the sludge 

cake continues as more and more water is removed at increasing 

centrifugal speeds; therefore, a continuum between cake solids 

concentration and centrifugal acceleration should also reveal 

the inflection points of the differing water classifications. 

The analysis is completed by making a plot of centrifugal 

acceleration on the abscissa versus sludge cake solids 

concentration (expressed as a percentage) on the ordinate. 

Equivalent weight sludge samples were poured into 

centrifuge tubes and centrifuged at preselected speeds for 

fifteen minutes using a Beckman Model J 21C centrifuge. Based 

on the dimensions of the centrifuge head, rotational speeds were 

translated into centrifugal accelerated values. Following 

centrifugation, the compacted solids were placed in a preweighed 

aluminum pan, and total solids concentration expressed as a 

percentage was calculated as described in the Solids 

Determination section of this report. 
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Coefficient of Compressibility 

The compressibility coefficient, 11 S11 , was determined for 

several of the sludges examined during this study. Specific 

resistance values were determined at pressure differentials of 

5, 10, 20, and 25 inches of mercury, respectively. A 

logarithmic plot of applied pressure differential versus 

specific resistance was then made with a statistically derived 

line-of-best-fit being used to determine the compressibility 

coefficient. An illustration of this graphical technique is 

shown in Figure 4. 

Sizing of Sludge Particles 

Commericially available particle-counting devices are 

commonly used for the measurement of particle size 

distributions. Within a given sludge sample, particle size 

distributions were measured with a twelve-channel HIAC model 

PC-320 particle size analyzer. This analyzer had the capability 

of measuring size distributions in two different ranges. One 

sensor measured sludge particles with diameters from 5 to 300 

microns, while the other sensor measured only those particles in 

the 1 to 60 micron range. Most sludges analyzed in this study 

had size distributions well in excess of 60 microns; therefore, 

the 5 to 300 micron aperture was used more frequently. 

The HIAC sensors work on a light blockage principle. As a 

particle enters the field of light within the sensor, the 

counter measures the projected area of the particle and 
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calculated a particle diameter based upon a sphere of equivalent 

projected area. 

Due to the extreme sensitivity of the HIAC analyzer, only 

one particle is allowed to flow through the sensor at a time. 

Therefore, dilution media was prepared by filtering sludge 

supernatant through a 0.8 micron filtering media, and diluting 

each sludge sample to concentrations less than 500 particles per 

milliliter. Furthermore, in an effort to protect the 5 to 300 

micron aperture from blockage, all sludges were screened prior 

to dilution with a 300 micron sieve which allowed only those 

particles less than 300 microns to pass. Ten milliliters of 

sample were then passed through the sensor at manufacturer's 

suggested flow rates. Each sludge sample was tested twice which 

permitted the development of an average size distribution. 

Shape of Sludge Particles 

Singular floe particles of sludge are highly irregular in 

shape. Very few particles exist as equidimensional floes; 

moreover, individual floes have dimensions of length, width, and 

depth of differing magnitudes. The engineering significance of 

such shapes is profound, when consideration is given to the 

surface area to volume ratio of such particles in relation to 

sludge dewaterability. A particle of uniform sphericity has a 

minimum of surface per unit volume. As a particle deviates from 

that of a perfect sphere, an increase in the surface area per 

unit volume occurs. Therefore, increases in the surface area to 
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volume ratio would be accompanied by increases in viscous drag 

forces about each sludge particle, resulting in decreased sludge 

dewatering rates. 

Preliminary analysis showed that a majority of sludge 

particles may be considered elliptical in shape. To establish a 

shape correction factor, six sludges were analyzed for 

characteristic floe shape variations. After diluting each 

sludge as described in the Sizing of Sludge Particles section of 

this report, measurement of both major and minor axes were 

determined by microscopic techniques using a Filar objective 

lens and micrometer. 

Pressure-plate Test 

The main advantage of the pressure-plate device is its 

ability to dewater a sludge in an undisturbed state. Since 

pressure can be applied equally at all locations, no disruption 

of the floe matrix occurs using the desorption process. Just as 

high speed centrifugation established water-content relations 

versus centrifugal acceleration, the pressure-plate apparatus is 

another method which develops water distributions as a function of 

pressure. The pressure-plate apparatus used in this study 

(Figure 5) is similar to that used by Olson and Langfelder [13]. 

As necessary with all pressure-plate devices it is 

essential to saturate the ceramic plate with water and to remove 

any air entrapped within the plate by prolonged evacuation. 

Saturation of the ceramic plate required twelve hours of soaking 
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in a water bath. After removal from the water bath, sludge 

specimens were quickly placed on the ceramic plates in 25 cubic 

centimeter, aluminum containing rings. Assembly of the pressure 

chamber followed, and this operation generally required less 

than 2 minutes. The air pressure within the chamber was 

adjusted to four different pressure differentials in this study. 

Adjustment of the chamber pressure was repeated at 20, 40, 80, 

and 160 psi. Dewatering of the sludge sample was completed when 

no water dripped from the outlets. The sludge specimen was then 

carefully removed from the ceramic plate and its weight was 

determined before and after oven drying. Solids concentration, 

expressed, as a percentage, was determined utilizing the methods 

established in the Solids Determination section of the report. 

Ceramic plates of any air-entry value can be installed in 

this equipment as long as the applied pressure does not exceed 

the rated air entry value of the plate. A 5-bar ceramic plate 

was used at the 20 and 40 psi dewatering experiments, while a 

15-bar plate was used at the 80 and 160 psi runs. 

Floe Strength Test 

Often in dewatering processes, sludges are subjected to 

mechanical shearing forces. A key parameter in sludge 

generation, then, is the proliferation of strong floes, not 

necessarily large floes. 

The stirring apparatus used in the floe strength test is 

shown in Figure 6. For evaluation of floe strength, one liter 
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of sludge was poured into the stirring apparatus and rapidly 

mixed for one minute. Rapid mix G-values used for floe strength 

determinations were 415, 1090, and 1970 sec-1. Before and after 

mixing, a 100 ml sample of sludge was filtered through the 

standard Buchner funnel apparatus, and the times required to 

collect 30 and 50 ml of filtrate were recorded. If sludge 

reflocculation occurred, the time to measure 30 and 50 ml of 

filtrate should decrease progressively. Therefore, in an effort 

to quantify this phenomenon, samples were measured at intervals 

of 5, 10, 15, 20, and 30 minutes following rapid mix. Duplicate 

runs at three different mixing intensities were also measured. 

Conditioned sludges were produced as stated in the 

Conditioned Sludge Generation section of this report. Following 

conditioning, these sludges were also diagnosed for floe 

strength as outlined above. 

Computer Analysis 

Data analysis utilized the Virginia Polytechnic Institute 

and State University's computing center. For calibration of 

particle shape, representative chemical and biological sludge 

samples were evaluated separately. Fifty particles were meas-

ured per sample, and two samples were inputted together. Sample 

input data included both particle major and minor axes. Based 

on a Watfiv-5 compiler, and Fortran and Statistical Analysis 

System languages, a plot of the ratio of minor axis (b) to major 

axis (a) on the ordinate versus major axis on the abscissa was 
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developed. Also, a line of best fit of the form, b = lOman was 

calculated using a stepwise, non-linear multiple regression 

analysis. 

Calculations of particle size distributions and effective 

surface area to volume ratios were developed utilizing values 

from both the non-linear regression analysis of shape and the 

data generated by the HIAC particle analyzer. 



CHAPTER 5 

RESULTS AND DISCUSSION 

Sludge Dewatering Parameters 

In order to better understand dewatering processes, one 

must investigate the fundamental parameters which affect sludge 

dewatering rates. Particular parameters of interest include 

those which are contained in the specific resistance equation of 

Coackley and Jones [9]. In this regard, a systematic 

examination of key parameters such as floe size and density, 

floe strength and compressibility, and filtrate vicosity was 

undertaken. The following discussion is a summary of the 

research findings related to each of these topics. 

l. Sludge Floe Density. Broad variations in sludge floe 

der.sity may play a key role in relation to sludge dewatering 

rates as was previously shown in Equation 15. Tables I and II 

present the average floe density and corresponding specific 

resistance values for the various sludge types examined during 

this study. The results presented show that floe density did 

not vary significantly for the several sludges tested; instead, 

most had a density only slightly above that of water. The sludge 

examined was the only one which was characterized as having 

high-density floes. Thus, it is difficult to truly ascertain 

the role of density in sludge dewatering rates. For sludges of 

similar density, Tables I and II show significant variations in 
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Table I. Floe Density and Filtration Characteristics 

of Various Biological Sludges 

Sludge_Type 
Density3 

Ave. (g/cm ) 
Rang~ 
(_g_L~ 

Specific Resisti~ce 
Ave. (m/KgxlO ) 

Range 1 
(m/KgxlO 1) 

Primary l. 006 l. 006 625 625 

Waste Activated 1.002 1.001-1.004 612 5-2425 

Waste Activated and Polymer l. 002 l. 002 502 672-334 

Biological Oil Refinery l. 034 l. 034 68 68 +:> 
0 

Anaerobically Digested l. 002 l. 002 267 50-483 

Filter Humus l. 001 l. 001 375 375 

Heat Tr~ted l. 003 l. 003 8 8 

Chlorine Treated l. 002 l. 002 24 24 



Table II. Floe Density and Filtration Characteristics 

of Various Chemical Sludges 

Density Range Specific Resistance Range 
Sludge Type P..~~J!J I cm 3) _(~!l_j_ Ave. (m/KgxlO 11 ) ~~101 1 

Alum l. 008 l. 002- l. 030 76 28-202 

Alum and Polymer l. 002 l. 002 33 6-108 

Lime l. 292 l. 292 2 2 ~ __, 

Chemical Oil Refinery l. 004 l. 004 54 54 
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specific resistance values, leading to the conclusion that other 

parameters are more important in determining sludge dewatering 

rates. 

Table III presents data showing an apparent relationship 

between floe density and final cake solids concentration after 

vacuum dewatering. These results are in agreement with the work 

of Huang [5], who showed that floe density was a determining 

factor in the solids concentration produced by different 

mechanical dewatering processes. 

2. Sludge Filtrate Viscosity. An analysis of data related 

to the measurement of filtrate viscosity showed that, in 

general, the filtrate viscosity values determined did not vary 

significantly from that of water at the same temperature. The 

variation between the two values rarely exceeded four percent. 

Thus, for most sludges, the substitution of water viscosities 

during the calculation of specific resistance appears valid. 

Caution must be exercised when dealing with sludge conditioning 

experiments, especially under conditions of excess coagulant 

addition. Boepple [1980] showed conclusively that a significant 

source of error may develop when dealing with conditions of 

excess polymer addition. Filtrate viscosities were found to 

significantly exceed those of water under such conditions. 

3. Sludge Floe Compressibility. Table IV presents data 
' related to the range of sludge compressibility coefficients (S) 

observed for biological and chemical sludges examined during 



Table III. Effect of Floe Density on Final Cake 

Solids Concentration Obtained After 

Vacuum Filtration 

Floe Density (gr/cm3) 

1. 00- 1. 006 

l . 008 - 1. 018 

1. 03 

l. 297 

Cake Solids Concentration 
(%Solids} 

7 - l 9;; 

20-34% 

37% 

62% 

.p. 
w 



Table IV. Coefficient of Compressibility 

Characteristics of Various Chemical 

and Biological Sludges 

Alum 

Alum and Polymer 

Lime 

Chemical Oil Refinery 

~·Jas te Activated 

Waste Activated and Polymer 

s 
0 

_lave.) 

. 97 

. 94 

. 79 

.93 

. 98 

l. 01 

Range 

. 7 ti- l . 26 

.94 

.79 

. 93 

.74-1.16 

l. 01 

~ 
~ 
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this study. An attempt was made to determine whether particle 

size had any effect on observed sludge compressibility. Such a 

relationship has been proposed by researchers in the past. 

However, no statistically significant relationship could be 

developed from the data obtained. A preliminary observation that 

was made was that floe density appeared to have an impact on 

sludge compressibility. Particles of greater density were found 

to have lower compressibility coefficients, although more data 

would be needed to affirm this observation into a direct 

conclusion. 

Floe Strength. The concept of floe strength is of great 

importance to the environmental engineer. Sludge particles . 
which possess low shear strength often yield operational 

problems due to inefficient solids capture during dewatering. 

This is especially true in centrifugal dewatering systems where 

large mechanical shearing forces are applied to sludges. Floe 

breakup may also cause problems in filtration systems due to the 

penetration of ruptured sludge floes into the sludge cake and 

filter medium pore structure, resulting in sludge blinding and 

poor dewatering characteristics. 

A review of the literature plus preliminary experimental 

trials in the laboratory resulted in the conclusion that no 

direct quantitative technique for floe strength could be 

developed. Instead, it was decided that a semi-quantitative 
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technique (previously described in the Methods & Materials 

Section) would provide useful information for evaluating floe 

strength characteristics. During this study, sludge samples 

were exposed to three different mixing conditions, ranging from 

low mixing intensity to high mixing intensity. Reflocculation 

characteristics were also considered important to sludge 

dewatering performance. 

The results of several sludge floe strength determinations 

are shown in Figures 7 and 8. The data presented show that the 

poorly dewatering waste activated sludge had little tendency for 

floe disruption or reflocculation. Instead the effect of mixing 

was rather minimal. This is in contrast to the second 

biological sludge tested which showed an initial degradation of 

dewatering characteristics. The difference in these two sludge 

responses may be due to a higher initial degree of flocculation 

in the faster dewatering sludge. These floes, although large in 

size, had low floe strength and were easily sheared during 

mixing. In contrast, the sludge with poor dewatering rates had 

a greater initial number of small, stable floes which did not 

show a tendency to degrade or reflocculate. 

The alum sludge tested showed a tendency for rapid floe 

destruction under mixing conditions. It was also of interest to 

note that no major degree of reflocculation was observed during 

the study. This was not the expected response since alum is 
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utilized as an effective coagulant and it was felt that 

reflocculation could be significant for alum sludges. 

Sludge conditioning effects on floe strength were also 

examined, with the results presented in Figures 7 and 8. In 

each case, the effect of polymer conditioning was a significant 

improvement in sludge dewatering rates under conditions of low 

mixing intensities. However, under intense mixing, the effects 

of conditioning were minimized due to floe rupture. Again, no 

significant amount of reflocculation was observed. 

The results of these studies offer two points for 

discussion. First, careful consideration must be given to the 

floe strength of sludges before they are applied to dewatering 

equipment so as to minimize potential operational problems. 

Secondly, and most importantly, the addition of sludge 

conditioning chemicals must be done under conditions which will 

result in the production of large, stable floes which can 

withstand the shearing forces developed in commercial dewatering 

equipment. The results presented show that conditioning 

chemicals added to sludge samples under low mixing intensities 

will exhibit minimal floe strength when high levels of mixing 

are encountered. Thus, the potential economic benefit of sludge 

conditioning chemicals may not be realized to its fullest. 

Novak [14] has shown that sludge conditioning chemicals should 

be added under conditions of intense mixing. This results in 
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the production of a stable floe structure which can withstand 

the shear forces developed during dewatering. 

Effect of Floe Size and Shape on Sludge Dewatering 
Characteristics 

Previous research by Karr and Keinath [2], Knocke [15], and 

Knocke et al., [l] has shown that particle size has a 

significant effect on the dewatering characteristics of 

biological and chemical sludges. Experimental results showed 

that significant variations in sludge specific resistance could 

be accounted for by changes in sludge floe size distribution. 

These results were in agreement with that predicted by the 

Kozeny equation (as presented in the Theoretical Considerations 

Section of this Report). These studies utilized varying 

techniques to quantify particle size. Karr and Keinath utilized 

sequential filtration, whereas the other two researchers 

utilized an automatic particle counter. However, the data were 

analyzed assuming the sludge floes had specific surface ratios 

(S0 ) equal to that of spheres. 

This research study attempted to account for the 

non-spherical nature of sludge floes in its analysis of particle 

size effects on dewatering. Sludge samples were analyzed 

visually under the microscope to determine the length of both 

the major and minor axis of the floe. Six sludge samples were 

evaluated, with fifty particles counted for each sludge. These 

results were subsequently grouped into two categories, namely 

biological sludges and chemical sludges. The original 
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hypothesis was that very small floes would be more nearly 

spherical in nature and, as floe size increased, the 

characteristic shape would progress to being more ellipsoidal. 

However, an examination of data presented in Figure 9 for 

biological sludge floes and Figure 10 for chemical sludge floes 

does not bear out this hypothesis. Rather, a wide range of 

particle shapes was observed for the smaller particle size. 

Included on both Figure 9 and 10 are statistically developed 

lines of best fit. These lines, plotted together in Figure 11, 

served as the basis for modifying particle size data to account 

for shape variations. 

An attempt was made to show the relationship between 

particle size, quantified as particle long axis length 11 a11 , and 

sludge specific resistance, with the results shown in Figure 12 

for biological sludges and Figure 13 for chemical sludges. 

Figure 12 shows that no apparent relationship existed between 

particle size and sludge dewatering rate. This response was not 

totally surprising since other factors may have a significant 

effect on the specific resistance of biological sludges. 

Roberts and Olsson [16] and Novak and Haugan [17] have shown 

that the presence of bacterial exocellular polymers have a 

significant effect on the dewatering characteristics of 

biological sludges. 

Figure 13 shows a better relationship between particle size 

and sludge specific resistance when considering chemical 
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sludges. Additional information has been included from 

literature references which have dealt with the dewatering of 

metal hydroxide sludges [15] and water treatment plant sludges 

[18]. The data presented suggest that particle size is a 

critical parameter in relation to the dewatering characteristics 

of chemical sludges. 

The role of sludge conditioning chemicals in producing 

improved dewatering rates may be evaluated from data presented 

in Figure 14. The interrelationship between conditioning 

chemicals, particle size, and sludge dewatering rate may also be 

observed in Figure 15. Available particle specific surface area 

has been quantified on the horizontal axis with sludge specific 

resistance being plotted as the dependent variable of interest. 

These results show that, for the alum sludges considered, a 

significant relationship was seen between surface area and 

sludge dewatering rate. Also, for the rapid dewatering (low r*) 

biological sludges considered, the size effect was also evident. 

However, for the more difficult to dewater biological sludge, 

there was a minimal relationship between particle size and 

dewatering rate; rather, it was felt that conditioning this 

biological sludge yielded an improved dewatering rate due to an 

interaction between the polymer added and biopolymer present in 

the original sludge sample. Again, Roberts and Olsson [16] and 

Novak and Haugan [17] have shown that, with certain biological 

sludges, the conditioning dose required for optimum sludge 
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dewatering may be correlated to the presence of excess anionic 

biopolymers present in the biological sludge. 

With respect to the results of this study, an attempt to 

show that particle size could describe the dewatering 

characteristics of all biological and chemical sludges was not 

successful. For chemical sludges, the relationship was much 

more distinct; with biological sludges, it would be appropriate 

to conclude that both particle size and biopolymer content are 

critical to the response of sludges to dewatering processes._ 

Evaluation of Sand Bed and Filter Press Dewatering 

Characteristics 

An additional goal of this study was to evaluate both sand 

bed and filter press dewatering operations in relation to 

Buchner funnel dewatering predictions. If such correlations 

could be developed, it would provide a useful, convenient 

laboratory technique for evaluating the efficiency of sand beds 

and filter press systems for dewatering various sludges. 

According to Coackley and Jones [9], specific resistance 

calculations require knowledge of filtration pressure 

differential, filter surface area, filtrate flow gradient, 

filtrate viscosity, and solids deposition rate. All of these 

parameters except pressure differential may be easily quantified 

for sand bed drainage studies. The pressure differential 

theoretically would be equal to the depth of sludge applied to 
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the sand bed. Applied sludge depth is difficult to quantify 

since the sludge is never quite uniform over the sand bed; 

further, the depth is continually decreasing as filtration 

proceeds. This is unfortunate since, conceptually, the sand bed 

should function in a manner similar to that of the vacuum filter 

when the applied pressure differential approaches zero. 

To investigate the correlation between sand bed dewatering 

and vacuum filtration, an attempt was made to compare specific 

resistance values to the ratio of sand bed dewatering parameters 
A2b 
uw . Since the area of both the sand bed test apparatus and the 

Buchner funnel were equivalent, Figure 16 was developed to show 

the correlation between the two dewatering techniques. An 

analysis of this Figure shows a high degree of correlation 

except for a group of data points corresponding to high specific 

resistance values. For these data, there were no apparent 

relationship between the two dewatering techniques. It was 

postulated that these sludges dewatered slower on the Buchner 

funnel apparatus due to either sludge cake or filter medium 

blinding. 

Using the graphical technique of Huang [5], Figure 17 was 

developed for these three sludges plus one which fit nicely into 

the correlation. An examination of Figure 17 shows clearly that 

each of the sludges suspected of blinding had a B value 

significantly above zero. In contrast, the sludge sample which 
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exhibited a good correlation between sand bed drainage rate and 

specific resistance had a 8 value significantly above zero. In 

contrast, the sludge sample which exhibited a good correlation 

between sand bed drainage rate and specific resistance had a B 

value near zero. Thus, sludge blinding would appear to yield a 

reasonable explanation for the failure of these sludges to fit 

the observed correlation. 

Figure 18 presents data relating the observed specific 

resistance value obtained by both the Buchner funnel apparatus 

and the filter press apparatus for several sludge samples. 

Although the correlation observed was very good, the results 

were not as expected. Rather, it was anticipated that the 

specific resistance of a sludge would be similar whether using a 

vacuum filtration device or a filter press device at the same 

pressure differential. No rational explanation could be 

verified in the laboratory to explain the observed response. 

Possibly the method of application of the pressure differential 

has a significant role in the development of the sludge cake 

structure and, correspondingly, an effect en observed sludge 

specific resistance. Further research is warranted in this 

area, especially when considering that more and more treatment 

systems are utilizing filter press dewatering systems. 



,........ 
r-
r-

0 
r-

x 
Ol 
~ 
......... 
E ---

0.. 
-1<4-s... 

200.-~~~-r-~~~--,,--~~~-.-~~~--.~~~~-..-~~~--.~~~~-..-~~~-, 

150 Theoretical 0 

Actual Data Line-of-Best-fit 

lO 
0 

---5 - 0 -0 ---------.0-- -- 0 

0 50 100 150 200 250 300 350 400 

* ll rvf (m/Kg x 10 ) 

Figure 18. Filter Press (fp) and Vacuum Filtration (vf} Sludge Dewatering Rates 

(J) 
U1 



66 

Sludge Handleability 

One of the principal aims of sludge dewatering processes is 

the production of a sludge residue that is handleable, i.e. able 

to be transported and placed by machinery without excessive 

operational difficulty. The water content of a sludge sample 

will dictate its handleability, with improvements in handle-

ability and solid-like characteristics being coupled to the 

reduction of the water content of a sludge. Vesilind [3] has 

attempted to classify the water content of a sludge in four 

categories: 

(1) Free water - water that is not held to sludge solids 

and can be removed by simple gravitational settling. 

(2) Floe water - water that is trapped within the sludge 

floes and can be removed by mechanical dewatering. 

(3) Capillary water - water that is held to sludge solids 

by surface tension and attractive forces and can be 

squeezed out only upon compaction and deformation of 

the floes. 

(4) Bound water - water which is chemically bound to the 

individual floe particles. 

Vesilind utilized high-speed centrifugation to quantify the 

amount of each type of water present in a sludge sample. Figure 

19 presents the results of studies using Vesilind 1 s technique 

for both biological and chemical sludges. Several points are 

presented for consideration: 
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(l) The quantification of each of the floe water content 

categories involved an analysis of distinct points of 

deflection on the solids concentration - centrifugal 

acceleration graph. An examination of Figure 19 shows 

that no distinct changes occurred along the data plot; 

instead, a reasonably smooth relationship was 

observed. This would allow one to question that 

general utility of the Vesilind water distribution 

analysis technique. 

(2) Of greater importance is the observation that very 

distinct differences in ultimate solids concentration 

were obtained after centrifugation. Biological 

sludges and alum sludges, materials characterized by 

low floe density, required extensive expenditures of 

energy to obtain cake solids of 10 to 20% by centri-

fugation. In comparison, the lime sludge examined, 

which was characterized by a floe density of 1 .29 

gr/cm3, was able to be dewatered to 50% suspended 

solids with minimal effort. Again, the effect of floe 

density on sludge dewatering processes was evident. 

(3) The effect of sludge conditioning can be observed from 

the data representing alum sludge characterization. 

Minimal differences in solids content (and thus, water 

content) were noted throughout the range of centri-

fugal speeds utilized. Other research [19] has 



69 

shown that sludge conditioning chemicals function only 

for particle sizes improvements with minimal effect on 

dewatered cake solids concentrations. 

This research study also investigated the use of the 

standard liquid test from the field bf solids analysis to 

determine its applicability to the quantification of sludge 

handljng characteristics. Results from these experimental 

studies are shown in Figure 20. Casagrande [20] theorized that 

each blow of the standard liquid limit apparatus correlated to a 

shear resistance of 1 gr/cm2. By applying the necessary 

mathematical manipulations, it was determined that thirty blows 

of the standard liquid limit apparatus corresponded to a shear 

resistance of 0.031 ton/ft2. Calkins and Novak [8] recommended 

a shear resistance of 0.03 to 0.04 ton/ft2 as being suitable for 

sludge handling and placement by earth moving equipment. 

An examination of Figure 20 shows that the low density alum 

and biological sludges reached the point of handleability at 

suspended solids concentration below 20%. In comparison, the 

lime sludge studied did not reach a point of good handling 

characteristics even at a 60% solids concentration. Thus, one 

should conclude that solids concentration alone is not a good 

measure of sludge handleability. Additional characterization 

work such as has been presented with the liquid limit procedure 

is necessary to better define sludge handling properties. 
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A third water characterization procedure examined involved 

the use of a high-pressure filtration apparatus (previously 

described in the Methods and Materials Section of this report). 

This technique is commonly utilized in the field of soils 

engineering to quantify the moisture properties of soils. 

Figure 21 presents data on the application of this technique to 

sludge samples. These data allow for speculation in regard to 

the ultimate solids content that could be obtained by any 

dewatering technique for a given type of sludge. For example, 

in reference to alum sludges, the use of high pressure filtra-

tion still yielded a cake of only 50% suspended solids. It may 

be concluded that the additional water associated with this 

sludge would be chemically bound water within the molecular 

arrangement of the solid Al(OH) 3(s). This conclusion is 

reasonable when considering that the aluminum hydroxide molecule 

is highly hydrated. In comparison, the lime sludge, which is 

dominant in calcium carbonate, a material with minimal waters of 

hydration, yielded greater than 90% solids concentration 

following high pressure filtration. Finally, the biological 

sludge tests showed an ultimate solids concentration less than 

40% solids. Again, the high water content would be expected due 

to the amount of water inherent to the internal constituents of 

the bacteria and other microorganisms that compose a significant 

portion of the biological sludge floe. 
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Caution is expressed regarding the testing of biological 

sludges using this high-pressure technique. Each of the sludge 

samples tested required test periods in excess of seven days to 

reach equilibrium with reference to sludge water release. In a 

significant number of the biological sludge samples, evidence of 

biological activity (fungus growth, odors, etc.,) was observed 

following removal from the pressure apparatus. Thus, it is 

recommended that methods of inhibiting biological activity be 

investigated when attempting to analyze biological sludges by 

this technique. The method of inhibition must be such that 

bacterial cell structure is maintained; strong oxidizing agents 

such as chlorine would not be suitable as this may result in a 

significant amount'of cell lysis. Two possible techniques would 

be the use of reduced temperatures (3-4°C) during testing or the 

introduction of heavy metal salts to inhibit biological 

activity. 



CHAPTER 6 

CONCLUSIONS 

Based upon the experimental evaluation of fundamental 

parameters that affect sludge dewatering rates, the following 

conclusions may be developed. 

1. Particle size distribution and shape have a 

significant role in the dewatering characteristics of 

waste sludges. This is especially true for chemical 

sludges such as alum and lime. With respect to 

biological sludges, both parti~le size and biopolymer 

content have a significant effect on sludge dewatering 

rates. 

2. The effect of floe density on sludge dewatering rates 

could not be ascertained from the data collected. The 

most significant impact of floe density was related to 

both the settled and final cake solids concentrations 

observed for the various sludge tested. 

3. Good correlations were observed when using Buchner 

funnel experimental data to predict both sandbed 

drainage rates and filter press dewatering rates. 

Data which did not correlate well were determined to 

be characterized by sludge cake and/or filter medium 

blinding. 
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4. The blinding index s analysis technique developed by 

Huang [5] was shown to have useful application for 

explaining dewatering problems that were exhibited by 

certain biological sludge samples. When s was 

significantly greater than zero, blinding was exerting 

a direct impact on sludge dewatering rates. 

5. The centrifugal water content analysis technique 

proposed by Vesilind [3] was determined to not be a 

valid tool for the classification of different types 

of water within a sludge sample. The high-pressure 

technique described in this report did provide useful 

information related to the ultimate solids content 

which could be developed by traditional dewatering 

techniques. The remaining water content of the sludge 

floes was concluded to be chemically bound water which 

would not be released by conventional dewatering 

methods. 

6. The Atterburg liquid limit test procedure was found to 

be easily applied to the characterization of sludge 

handling techniques. A standard technique of thirty 

blows for groove closure was developed which corres-

ponded to a sludge shear strength of 0.031 tons per 

square foot. 



LITERATURE CITED 

l. Knocke, W. R., Ghosh, M. M., and J. T. Novak, 1980. 
"Vacuum Filtration of Metal Hydroxide Sludges. 11 Journal 
Environmental En ineerin Division - American Societ of 
Civi ngineers ; 36 -

2. Karr, P. R., and T. M. Keinath, 1978. "Influence of 
Particle Size on Sludge Dewaterability. 11 Journal Water 
Pollution Control Federation 50(8): 1911-1930. 

3. Vesilind, P. A., 1979. Treatment and Disposal of 
Wastewater Sludges, 2nd Edition. Michigan: Ann Arbor 
Science, Inc. 

4. Petersen, B., and P. Hansen, 1974. "Floe Strength and 
Turbidity Variations During Anaerobic Storage of Aerobic 
Sludge, 11 unpublished paper, Department of Sanitary 
Engineering, Technical University of Denmark, Lyngby. 

5. Huang, J. C., 1979. "Sludge Characterization and 
Dewatering. Ph.D. Dissertation. University of Missouri, 
Columbia, Missouri. 

6. Boepple, C. P., 1980. "Thickening and Dewatering 
Characteristics of Textile Sludges. M.S. Thesis. Virginia 
Polytechnic Institute and State University, Blacksburg, VA. 

7. Gale, R. S., 1967. "Filtration Theory i,lith Special 
Reference to Sewage Sludges. 11 Water Pollution Control 
( G. B.) 622-631. 

8. Calkins, D. C., and J. T. Novak, 1975. "Sludge Dewatering 
and Its Physical Properties. 11 Journal American Water i~orks 
Association 67(1): 42-47. 

9. Coackley, P., and B. R. S. Jones, 1956. "Vacuum Sludge 
Filtration. 11 Sewage and Industrial Wastes 28(8): 963-970. 

10. Lagvankar, A. L., and R. S. Gerranill, 1968. 11 A Size-Density 
Relationship for Flocs. 11 Journal American Water Works 
Association 60(9): 1040-1046. 

11. Krebs, R. D., and R. D. Walker, 1971. Highway Materials. 
New York: McGraw-Hill Book Co. 

12. Standard Methods for the Examination of Water and 
Wastewater, 14th Edition, AWWA-APHA-WPCF, New York, NY 
(19i5). 

76 



77 

13. Olson, R. E., and L. J. Langfelder, 1965. 11 Pore Water 
Pressure in Unsaturated Soils." Journal Soil Mechanics and 
Foundations Division - American Societ of Civil En ineers 
9l:SM4 July, 1965 . 

14. Novak, J. T., and M. Pirozzfard, 1981. "Application of 
Polymers for Water Plant Sludge Conditioning." Proceedings 
American Water Works Association Annual conference, St. 
Louis, Missouri (June, 1981). 

15. Knocke, W. R., 1978. 11 Characterization of Metal Hydroxide 
Suspensions. 11 Ph.D. Disseration. University of Missouri, 
Columbia, Missouri. 

16. Roberts, K., and 0. Olsson, 1975. 11 Influence of Colloidal 
Particles on Dewatering of Activated Sludge with 
Polyelectrolyte. 11 Environmental Science and Technology 
9(10): 945-948. 

17. Novak, J. T., and B. E. Haugan, 1978. 11 Chemical 
Conditioning of Waste Activated Sludge. 11 Norsk Institute 
for Vannforskning, Oslo, Norway, Report CS-22 (March 1978). 

18. Novak, J. T., Huang, J.C., and W. R. Knocke, 1980. 
11 Chemical Conditioning of Water Plant Sludges. 11 

Proceedings 1980 National Conference on Environmental 
Engineering - ASCE, San Francisco, California (July 1980). 

19. Knocke, W. R., Ghosh, M. M., and J. T. Novak, 1980. 
"Thickening and Conditioning of Chemical Sludges." 
Proceedings 1980 National Conference of Environmental 
Engineering - ASCE, San Francisco, California (July 1980). 

20. Casagrande, A. "Research on the Atterburg Limits of 
Soils." Public Roads (October 1932). 



The vita has been removed from 
the scanned document 



THE EFFECT OF CERTAIN SLUDGE FLOC PROPERTIES ON THE DEWATERING 
CHARACTERISTICS OF BIOLOGICAL AND CHEMICAL WASTE SLUDGES 

by 

Douglas L. Wakeland 

(ABSTRACT) 

The technical and economical problems associated with 

sludge handling and disposal have significantly increased in the 

past years due to: (1) the introduction of more stringent water 

and air pollution regulations, often requiring the use of 

processes that produce large quantities of sludge as 

by-products; and (2) the development of regulations stipulating 

the means of ultimate disposal of sludge residues. These 

problems have resulted in a need for producing sludges with both 

good dewatering characteristics and low water content so as to 

minimize the ultimate volume of solids which must be disposed 

of. Recognizing the need for further work in this area of 

research, the objectives of this study were to examine the 

fundamental parameters which affect sludge dewatering 

characteristics. Included in this investigation were an 

analysis of both sludge dewatering and sludge handling 

characteristics. Parameters of interest were floe size, shape, 

and density, sludge viscosity and shear strength, and floe 

compressibility. 

The experimental investigation involved the collection of 

both water and wastewater sludge samples from full-scale 



treatment plants in the Commonwealth of Virginia. These samples 

were analyzed for each of the parameters previously mentioned; 

in addition, each was subjected to dewatering studies using 

laboratory-scale vacuum filtration, sanbed, and filter press 

equipment. 

The experimental results showed clearly that particle size 

distribution was a key parameter for describing the response of 

sludges to each of the dewatering methods utilized. For 

biological sludges, other factors such as biopolymer content 

were felt to have a major effect on dewatering characteristics. 

Sludge floe density was shown to have a direct correlation to 

the ultimate solids concentration obtained by vacuum filtration. 

Sludge handleability was conveniently evaluated through the use 

of the standard Atterburg liquid limit test procedure. Finally, 

the use of high-pressure filtration was found to provide much 

more appropriate information regarding water content than the 

centrifugation method proposed by Vesilind (1979). 
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