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Preface

The past thirty years have seen the emergence of a growing desire worldwide
that positive actions be taken to restore and protect the environment from the
degrading effects of all forms of pollution—air, water, soil, and noise. Because
pollution is a direct or indirect consequence of waste, the seemingly idealistic
demand for ”zero discharge” can be construed as an unrealistic demand for zero
waste. However, as long as waste continues to exist, we can only attempt to abate
the subsequent pollution by converting it to a less noxious form. Three major
questions usually arise when a particular type of pollution has been identified:
(1) How serious is the pollution? (2) Is the technology to abate it available? and
(3) Do the costs of abatement justify the degree of abatement achieved? This book
is one of the volumes of the Handbook of Environmental Engineering series. The
principal intention of this series is to help readers formulate answers to the above
three questions.

The traditional approach of applying tried-and-true solutions to specific
pollution problems has been a major contributing factor to the success of envi-
ronmental engineering, and has accounted in large measure for the establish-
ment of a “methodology of pollution control.” However, the realization of the
ever-increasing complexity and interrelated nature of current environmental
problems renders it imperative that intelligent planning of pollution abatement
systems be undertaken. Prerequisite to such planning is an understanding of
the performance, potential, and limitations of the various methods of pollution
abatement available for environmental scientists and engineers. In this series
of handbooks, we will review at a tutorial level a broad spectrum of engineer-
ing systems (processes, operations, and methods) currently being utilized, or
of potential utility, for pollution abatement. We believe that the unified inter-
disciplinary approach presented in these handbooks is a logical step in the evo-
lution of environmental engineering.

Treatment of the various engineering systems presented will show how an
engineering formulation of the subject flows naturally from the fundamental
principles and theories of chemistry, microbiology, physics, and mathematics.
This emphasis on fundamental science recognizes that engineering practice has
in recent years become more firmly based on scientific principles rather than
on its earlier dependency on empirical accumulation of facts. It is not intended,
though, to neglect empiricism where such data lead quickly to the most eco-
nomic design; certain engineering systems are not readily amenable to funda-
mental scientific analysis, and in these instances we have resorted to less science
in favor of more art and empiricism.

Because an environmental engineer must understand science within the con-
text of application, we first present the development of the scientific basis of a
particular subject, followed by exposition of the pertinent design concepts and
operations, and detailed explanations of their applications to environmental qual-
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vi Preface

ity control or remediation. Throughout the series, methods of practical design and
calculation are illustrated by numerical examples. These examples clearly demon-
strate how organized, analytical reasoning leads to the most direct and clear solu-
tions. Wherever possible, pertinent cost data have been provided.

Our treatment of pollution-abatement engineering is offered in the belief that
the trained engineer should more firmly understand fundamental principles, be
more aware of the similarities and/or differences among many of the engineer-
ing systems, and exhibit greater flexibility and originality in the definition and
innovative solution of environmental pollution problems. In short, the environ-
mental engineer should by conviction and practice be more readily adaptable to
change and progress.

Coverage of the unusually broad field of environmental engineering has de-
manded an expertise that could only be provided through multiple authorships.
Each author (or group of authors) was permitted to employ, within reasonable
limits, the customary personal style in organizing and presenting a particular sub-
ject area; consequently, it has been difficult to treat all subject material in a homo-
geneous manner. Moreover, owing to limitations of space, some of the authors’
tavored topics could not be treated in great detail, and many less important topics
had to be merely mentioned or commented on briefly. All authors have provided
an excellent list of references at the end of each chapter for the benefit of the inter-
ested readers. As each chapter is meant to be self-contained, some mild repetition
among the various texts was unavoidable. In each case, all omissions or repetitions
are the responsibility of the editors and not the individual authors. With the cur-
rent trend toward metrication, the question of using a consistent system of units
has been a problem. Wherever possible, the authors have used the British system
(fps) along with the metric equivalent (mks, cgs, or SIU) or vice versa. Conversion
Factors for Environmental Engineers are attached as an appendix in this hand-
book for the convenience of international readers. The editors sincerely hope that
this duplicity of units” usage will prove to be useful rather than being disruptive to
the readers.

The goals of the Handbook of Environmental Engineering series are: (1) to
cover entire environmental fields, including air and noise pollution control,
solid waste processing and resource recovery, physicochemical treatment pro-
cesses, biological treatment processes, biosolids management, water resources,
natural control processes, radioactive waste disposal, and thermal pollution
control; and (2) to employ a multimedia approach to environmental pollution
control since air, water, soil, and energy are all interrelated.

As can be seen from the above handbook coverage, no consideration is given
to pollution by type of industry or to the abatement of specific pollutants.
Rather, the organization of the handbook series has been based on the three
basic forms in which pollutants and waste are manifested: gas, solid, and lig-
uid. In addition, noise pollution control is included in the handbook series.

This particular book, Volume 6, Biosolids Treatment Processes, is a sister book
to Volume 7, Biosolids Engineering and Management. Both biosolids books have
been designed to serve as basic biosolids treatment textbooks as well as com-
prehensive reference books. We hope and expect they will prove of equal high
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value to advanced undergraduate and graduate students, to designers of wastewa-
ter, biosolids, and sludge treatment systems, and to scientists and researchers. The
editors welcome comments from readers in all of these categories. It is our hope that
both books will not only provide information on the physical, chemical and biologi-
cal treatment technologies, but will also serve as a basis for advanced study or spe-
cialized investigation of the theory and practice of individual biosolids management
systems.

This book, Volume 6, Biosolids Treatment Processes, covers the topics of bio-
solids characteristics and quantity, gravity thickening, flotation thickening,
centrifugation, anaerobic digestion, aerobic digestion, lime stabilization, low
temperature thermal processes, high temperature thermal processes, chemical
conditioning, stabilization, elutriation, polymer conditioning, drying, belt filter,
composting, vertical shaft digestion, flotation, biofiltration, pressurized ozona-
tion, evaporation, pressure filtration, vacuum filtration, anaerobic lagoons, ver-
micomposting, irradiation, and land application.

The sister book, Volume 7, Biosolids Engineering and Management, covers additional
topics on sludge and biosolids transport, pumping and storage, sludge conversion
to biosolids, waste chlorination for stabilization regulatory requirements, cost esti-
mation, beneficial utilization, agricultural land application, biosolids landfill engi-
neering, ocean disposal technology assessment, combustion and incineration, and
process selection for biosolids management systems.

The editors are pleased to acknowledge the encouragement and support
received from their colleagues and the publisher during the conceptual stages
of this endeavor. We wish to thank the contributing authors for their time and
effort, and for having patiently borne our reviews and numerous queries and
comments. We are very grateful to our respective families for their patience
and understanding during some rather trying times.

Lawrence K. Wang, Lenox, MA
Nazih K. Shammas, Lenox, MA
Yung-Tse Hung, Cleveland, OH
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1. INTRODUCTION

This first chapter principally discusses the quantities and characteristics of biosolids
produced by various wastewater treatment processes. There are several sources of
wastewater biosolids; these biosolids can vary widely in characteristics and quantity. From
the standpoint of quantity per unit of flow, the principal variables are the strength of the
wastewater, whether chemicals are utilized in the process, and the degree of treatment.

The typical wastewater biosolids are classified as primary, biological, and chemical.
The biological biosolids are waste-activated sludges (WAS) and fixed film biosolids
from various types of filters and rotating biological contactors. The activated sludge
might have primary biosolids incorporated into the biomass when primary clarifiers are
not used. Chemical residues might be produced simultaneously with primary biosolids
or biological biosolids through the addition of metal salts for precipitation of phospho-
rus, or they can be made in a separate tertiary treatment stage. Lime is sometimes used
in the primary treatment stage and also in the tertiary stage, when softening of the efflu-
ent is required for reuse. The reader is referred to US Environmental Protection Agency
(US EPA) Manual for Phosphorus Removal (1) for a discussion of the production and
dewatering characteristics of chemical biosolids.

In some cases, well designed biosolids handling systems were actually marginal in
operation because of inaccurate estimates of wastewater treatment loadings of 5-d bio-
chemical oxygen demand (BOD;), and total suspended solids (TSS), and the subse-
quent biosolids production. These problems may occur for the following reasons:
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Table 1

US Municipal Biosolids Production by POTW Size

POTW size (MGD) No. of POTWs Sludge produced (dry t/yr) Total (%)
<25 14,168 1,189,810 17
2.5-5 631 515,504 8
5-10 352 588,445 9
10-20 187 622,478 9
20-50 125 924,896 13
50-100 40 676,091 10
>100 41 2,324,274 34

Source: US EPA.
ton X 0.9072 = tonne (t = 0.9072T).
MGD x 0.0438 = m3/s.

a. Low estimate of unit biosolids yield/unit of chemical oxygen demand (COD) or BOD
removal.
Use of average weekly or monthly BOD and TSS inputs.

c. No allowance for the normal peak day/average discharge characteristics of larger industrial
facilities.

d. Inaccurate estimate of primary treatment efficiency.

e. Effects of BOD; and TSS recycle ignored or underestimated.

f. Seasonal discharges of BOD; and TSS overlooked.

The quantity of biosolids produced in US municipal wastewater treatment plants was
estimated by the US EPA based on its 1982 survey. Table 1 presents these data for all
sizes of treatment plants. The number of Publicly Owned Treatment Works (POTWs) in
a particular size category is also given.

It is interesting to note that the smallest plants, <2.5 MGD (0.11 m?/s), represent 91%
of the POTWs and produce less than 17% of the biosolids. In contrast, the largest plants,
>100 MGD (4.38 m?/s) represent less than 0.3% of the facilities and produce more than
34% of the biosolids. A representative survey of United States facilities was performed
in 1980 by the US EPA’s Office of Solid Waste to determine the choice of biosolids
use/disposal options by plant size. The results are shown in Table 2. The “Other” cate-
gory frequently means a lagoon or temporary storage facility. Note that small to
medium sized facilities frequently select some form of land use/disposal option com-
pared with the large sized facilities, which more frequently use incineration.

When either evaluating or selecting a biosolids treatment process, one must keep in
mind the inherent influence of the earlier wastewater and biosolids treatment processes
as well as the subsequent use or disposal practices. Choice of a utilization/disposal pro-
cess is in turn strongly influenced by local, state, and federal regulations.

Any particular process cannot be evaluated without considering the other processes
involved in the overall wastewater/solids handling system. This evaluation or selection
can be a complex procedure because of the large number of possible combinations of
unit processes available for wastewater treatment and biosolids thickening, stabiliza-
tion, conditioning, dewatering, and ultimate use/disposal. Figure 1 shows the unit pro-
cesses most commonly used to perform most of these functions. An evaluation
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Table 2
Percent Distribution of Biosolids Disposal/Utilization Practices for US POTWs

Small POTWs Medium POTWs Large POTWs Total of all

Practice (<1 MGD) (1-10 MGD) (>10 MGD) POTWs
Landfill 31 34 12 15
Incineration 1 1 32 27
Land application 39 38 21 24
Distribution and 11 17 19 18
marketing
Ocean disposal 1 - 4 4
Other 17 10 12 12
Total (%) 100 100 100 100

Source: US EPA.
MGD x 0.0438 = m?/s.

procedure should start at the bottom of the figure with the use/disposal options and work
backwards to come to a decision on the particular process.

Before selecting a biosolids management option, the design engineer should consult
all regulations for a particular use/disposal system to observe, if a minimum requirement
is mandatory. For example, federal regulations state specific mandatory requirements for
stabilization, pathogenic content, and concentration of heavy metals (2,3). Other states
minimum level requirements usually apply which can vary widely from state to state.

The characteristics and quantity of generated biosolids are, in turn, affected not only
by the raw wastewater quality, but also by the management options chosen for the treat-
ment of the wastewater streams. Biosolids quantity and quality are covered in this first
chapter of the book. The various biosolids treatment and utilization/disposal options are
discussed in the following chapters.

2. PRIMARY BIOSOLIDS

Most wastewater treatment plants use primary sedimentation to remove readily set-
tleable solids from raw wastewater. In a typical plant with primary sedimentation and a
conventional-activated sludge process for secondary treatment, the dry weight of primary
solids is roughly 50% of that for the total solids. For several reasons, primary biosolids
are usually easier to manage than biological and chemical biosolids. First, primary
biosolids are readily thickened by gravity, either within a primary sedimentation tank or
within a separate gravity thickener. In comparison with biological and many chemical
biosolids, primary biosolids with low conditioning requirements can be mechanically
dewatered rapidly. Further, the dewatering device will produce a drier cake and give
better solids capture than it would for most biological and chemical sludges (4).

2.1. Estimation of Primary Biosolids Production

Primary biosolids production is typically within the range of 800-2500 1b/MG
(100-300 mg/L) of wastewater. A basic approach to estimating primary biosolids pro-
duction for a particular plant is by computing the quantity of TSS entering the primary
sedimentation tank and assuming an efficiency of removal. When site-specific data are
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Fig. 1. Biosolids management and processing options (Source: US EPA).
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not available for influent TSS, estimates of 0.15-0.24 Ib/capita/d (0.07-0.11 kg/capita/d)
are commonly used (5).

Usually, removal efficiency of TSS in the primary sedimentation tank is in the
50-65% range (6). An efficiency of 60% is frequently used for estimating purposes,
subject to the following conditions:

a. The biosolids are produced in treatment of a domestic wastewater without major industrial
loads.
. The sludge contains no chemical coagulants or flocculants.
c. No other biosolids, for example, trickling filter biosolids, have been added to the influent
wastewater.
d. The biosolids contain no major sidestreams from biosolids processing.

As an example, if a designer estimates the TSS entering the primary clarifier as 0.2
Ib/capita/d (0.09 kg/capita/d), and the removal efficiency of the clarifier as 60%, the
estimated primary biosolids production is 0.12 1b/capita/d (0.054 kg/capita/d). The raw
primary biosolids (RPB) production can be easily determined from the total flow and
the influent and effluent TSS of the primary clarifier. Care should be taken to ensure
that the influent sample, which does not contain recycled solids, is the same as the pri-
mary clarifier influent. Some adjustment of the influent is necessary to account for
recycled solids removed by primary clarification. Even with good operation, recycled
TSS can amount to 15-20% of influent TSS, and the BOD; recycle is usually 8-15%
of the influent BOD.,.

The influent loadings and resulting biosolids production should be analyzed and devel-
oped into a frequency plot, which would indicate the frequency of a specific TSS and
BODy influent loading (kg/d) vs time frequency (%). Similar graphs should be plotted for
RPB produced and primary effluent (PE) BOD (kg/d vs time frequency [%]). A mass bal-
ance of the overall process should be prepared to ensure accounting of all TSS and BOD.,

Unlike secondary biosolids, the volatility of primary biosolids might vary consider-
ably from day-to-day and seasonally. This is particularly true of wastewater systems
with combined sewers and/or substantial infiltration and inflow. The domestic and com-
mercial discharges of volatile suspended solids (VSS) would not vary widely through-
out the year. Some short-term increases may be noted as a result of “first-flush” effects
during sudden wet weather conditions. First-flush effects occur with the transport of
accumulated solids in the sewers and street washing where there are combined sewers.
Where there are seasonal or variable industrial discharges, the VSS might vary widely,
and the primary removals of TSS and BOD4 may also vary, depending on the nature of
the solids.

Designers should anticipate that reductions in the primary biosolids volatile content
generally, will be accompanied by proportionally more biosolids, eventhough there
might be only a small or no increase in the VSS loading. An example follows:

a. Dry weather. TSS = 100,000 1b/d, VSS = 78,000 1b/d = 78%.
b. Wet weather. TSS = 130,000 1b/d, VSS = 78,000 1b/d = 60%.

The biosolids production at the lower volatile content is 30% higher than the dry
weather biosolids quantity. Although the lower volatile content biosolids is somewhat
easier to handle because of the grit content, the biosolids handling design should antic-
ipate the higher quantity of solids. In existing plants, the past operating records should
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Fig. 2. Primary TSS Removal and dewatered cake concentration for various Primary and WAS
Mixtures (Source: US EPA).

be scrutinized to determine if there is a significant variation in the actual biosolids
volatility and the biosolids quantity projected.

The efficiency of primary clarification is important because not only are the primary
biosolids easier to handle, but the unit yield (kg/kg) of secondary biosolids is partially
dependent on the TSS/ BODy in the clarified mixture. Figure 2 presents the yield and
the dewatered cake concentration of various RPB:WAS ratios. When primary clarifiers
are not used, the total quantity of solids produced is lower than RPB + WAS, but the
water retention characteristics of the biological solids increase. Although the absolute
values shown in Fig. 2 vary, depending on biosolids characteristics and the mechanical
equipment used, the general relationship holds.
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In cases where the highest possible cake solids are required, good primary treatment
should be provided. The primary clarifier requirements can be experimentally deter-
mined using laboratory settling tests, if the wastewater is available or by evaluating the
performance characteristics of existing units at various flow rates. The clarifier perfor-
mance is strongly influenced by the surface overflow rate (SOR [m?*/m?/d or gal/ft*/d])
and the clarifier sidewater depth (SWD). Good performance of circular primary clari-
fiers will be achieved when:

a. English units.

SOR, max < 10 SWD? (SWD =6 <10 ft).

SOR, max < 100 SWD (SWD =10 £ 15 ft).
b. Metric units.

SOR, max < 4.5 SWD? (SWD =2 <3 m).

SOR, max < 12.25 SWD (SWD=3<5m).

For rectangular clarifiers, the length of the flow path is the most important to over-
come inlet disturbances. The depth of the basin is also significant. For basins less than
30 m long, the length to width ratio is >5:1. Basins that are 30—65 m long and 4-5 m
deep will provide excellent results, even at rates up to and exceeding 67.2 m*/m?/d
(1650 gal/ft?/d).

2.2. Factors Affecting Solids Removal

Suspended solids removal efficiency in primary sedimentation depends to a large
extent on the nature of the solids. It is difficult to generalize about the effect that
industrial suspended solids can have removal efficiency, but an example illustrates
that the effect can sometimes be dramatic (4). At North Kansas City, Missouri, a
municipal plant serves residential customers and numerous major industries, includ-
ing food processing, paint manufacturing, soft-drink bottling, paper manufacturing,
and grain storage and milling. Raw wastewater entering the plant had a 15-d average
suspended solids concentration of 1140 mg/L that was attributable to the industries.
Primary sedimentation removed 90% of these solids. The quantity of primary
biosolids was, therefore, about 8000 Ib/MG (1000 mg/L) of wastewater treated. This
value is several times the normal one for domestic wastewater. On two of the 15 d,
removal exceeded 14,000 1b/MG (1700 mg/L) (7).

Home garbage grinders can significantly increase the suspended solids load on a
wastewater treatment plant. These solids are largely settleable. Estimates of the
increased primary biosolids resulting from the use of garbage grinders range from 25 to
more than 50% (5,8,9).

Operating experience shows clearly that the amount of biosolids withdrawn from the
primary sedimentation tank is highly increased, when biosolids treatment process
sidestreams such as digester supernatant, elutriate, and filtrates or centrates, and other
biosolids like WAS are recycled to the primary sedimentation tank. Quantifying the
solids entering and leaving the primary clarifier by all streams is an important tool for
estimating primary biosolids production, when recycled biosolids and biosolids process
sidestreams contribute large quantities of solids.
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Table 3
Quantities of Solids Removed in a Primary Sedimentation Tank

No chemical Chemical addition

Sludge type addition® Lime* Alum? Iron®
Suspended solids (Ib/MG) 1041 1562 1562 1562
Chemical solids (Ib/MG) - 2082 362 462
Total sludge production 1041 3644 1924 2024
(Ib/MG) [kg/m?3] [0.13] [0.44] [0.23] [0.24]

Source: US EPA.

“Assumes 10 mg/L influent phosphorus concentration (as P) with 80% removed by chemical precipitation.
bAssumes 50% removal of 250 mg/L influent TSS in primary sedimentation.

€125 mg/L Ca(OH), added to raise pH to 9.5.

9154 mg/L A1,(SO,),-14 H,O added.

84 mg/L FeCl, added.

When chemicals are added to the raw wastewater for removal of phosphorus or coag-
ulation of nonsettleable solids, large quantities of chemical precipitates are formed. The
quantity of chemical solids produced in chemical treatment of wastewater depends upon
the type and amount of chemical(s) added, chemical constituents in the wastewater, and
performance of the coagulation and clarification processes. It is difficult to predict accu-
rately the quantity of chemical solids that will be produced. Classical jar tests are
favored as a means for estimating chemical biosolids quantities. The quantities of sus-
pended solids and chemical solids removed in a primary sedimentation tank (10,11),
that is processing wastewater which has been treated by lime, aluminum sulfate, or fer-
ric chloride addition are shown in Table 3.

Peak rates of primary biosolids production can be several times the average. Peak
solids production levels also vary from one plant to another. Three studies of primary
biosolids production rates are summarized and presented here. At Ames, lowa, (12) the
wastewater is basically of domestic origin. A university contributes about 30% of the
volumetric and mass loads. Storm runoff is collected and kept separate from the domes-
tic wastewater. For 21 yr of record, the suspended solids load in the peak month of each
year were divided by the yearly average. The average of these ratios was 1.37. The aver-
age for comparison of peak days and peak months more than 10 yr of record was 1.59.
Thus, in a typical year, the maximum daily flow would be about 1.37 x 1.59, or 2.2
times the average. Therefore, the maximum day’s biosolids production was expected to
follow a similar pattern and was estimated to be 2.2 times the average value.

A study used data from Chicago, Cleveland, Columbus, Syracuse, Rochester, and sev-
eral other large American cities (13) to show a typical relationship between the peak raw
municipal wastewater solids loads entering a plant and duration of time that these peaks
persist. This relationship is shown graphically in Fig. 3. The curve is appropriate for large
cities with a number of combined sewers on flat grades. The peaks occur at least partly
because solids deposited in the sewers at low flows are flushed out by storm flows.

Data were collected more than a 5-yr period from the West Point plant at Seattle,
Washington and used in the third study (14). Peak primary biosolids load of 4-10-d
durations were compared with average loads. The duration of 4 d was selected because
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Fig. 3. Relationship between peak solids loading and duration of peak for some large US cities
(Source: US PEA).

it appeared to be highly significant to digester operations at this plant, and because loads
tended to drop after about 4 d of heavy loading. The highest 4-d primary biosolids pro-
duction was four times more than the normal production from the plant’s service area.
Main contributors to the peak load were:

a. Solids deposits in the sewers. These deposits were resuspended during high flows and
carried to the treatment plant. The computer-operated storage system, which minimizes
combined sewer overflows, apparently contributed to solids deposition/reentrainment.

b. Storm inflow. Measurements of TSS in storm drainage fluctuate widely but often show
over 200 mg/L suspended solids. A large portion of the west point service area contains
combined sewers.

c. Biosolids conditioning and dewatering. Problems in these processes have caused the
sidestreams to contain more solids than usual.

2.3. Composition and Characteristics of Primary Biosolids

Most primary biosolids can be concentrated readily within the primary sedimentation
tanks. Several authors state that a 5-6% solids concentration is attainable when
biosolids are pumped from well-designed primary sedimentation tanks (6,13,16,17).
However, values both higher and lower than the 5-6% range are common. Conditions
that influence primary biosolids concentration include:

a. If wastewater is not degritted before it enters the sedimentation tanks, the grit might be
removed by passing the RPBs through cyclonic separators. However, these separators do
not function properly with biosolids concentrations more than 1% (18).

b. If the biosolids contain large amount of fine nonvolatile solids, such as silt, from storm
inflow, a concentration of well over 6% might sometimes be attained (14,19).

c. Industrial loads might strongly affect primary biosolids concentration. For example, at a
plant, receiving soil discharged from a tomato canning operation, primary biosolids with a



10 Nazih K. Shammas and Lawrence K. Wang

17% solids concentration, of which 40% is volatile, was recorded. Normal primary
biosolids at this plant had a solids concentration of 5-6% solids (60-70% volatile) (20).

d. Primary biosolids might float when buoyed up by gas bubbles generated under anaerobic
conditions. Conditions favoring gas formation include: warm temperatures; solids deposits
within sewers; strong septic wastes; long detention times for wastewater solids in the sedi-
mentation tanks; lack of adequate prechlorination; and recirculating sludge liquors (21). To
prevent the septic conditions that favor gas formation, it might be necessary to strictly limit
the storage time of sludge in the sedimentation tanks. This is done by increasing the fre-
quency and rate of primary sludge pumping (22).

e. If biological sludges are mixed with the wastewater, generally, a lower primary sludge con-
centration will result.

Table 4 lists a number of primary sludge characteristics. In many cases, ranges and/or
“typical” values are given. In the absence of recirculating biosolids process sidestreams,
the percent of volatile solids in the primary Biosolids should approximate the percent
volatile suspended solids in the influent wastewater. A volatile solids content lower than
70% usually indicates the presence of storm water inflow, biosolids processing
sidestreams, a large amount of grit, residues from a water filtration plant that was dis-
charged to the sanitary sewer, low volatile solids from industrial waste, or wastewater
solids that have a long detention time in the sewers.

Primary biosolids always contain some grit, even when the wastewater has been pro-
cessed through degritting. Where screenings are comminuted and returned to the
wastewater flow, the fragmented screenings appear in the primary biosolids. Smaller
plastic and rubber items that pass through screens also appear in the primary biosolids.
Primary biosolids typically contain more than 100 different anaerobic and facultative
species of bacteria (23). Sulfate-reducing and oxidizing bacteria, worm and fly eggs,
and pathogenic microorganisms are typically present.

3. BIOLOGICAL BIOSOLIDS
3.1. General Characteristics

Biological biosolids are produced by treatment processes such as activated sludge,
trickling filters, and rotating biological contactors. Quantities and characteristics of bio-
logical biosolids vary with the metabolic and growth rates of the various microorganisms
present in the biosolids. The quantity and quality of biosolids produced by the biological
process are intermediate between that produced in no-primary systems and that produced
in full-primary systems, in cases when fine screens or primary sedimentation tanks with
high overflow rates are used. Biological biosolids containing debris such as grit, plastics,
paper, and fibers, will be produced at plants lacking primary treatment. Normally, plants
with primary sedimentation produce a fairly pure biological biosolids. The concentra-
tions and, therefore, the volumes of waste biological biosolids are highly affected by the
method of operation of the clarifiers. Generally, biological biosolids are more difficult to
thicken and dewater than primary biosolids and most chemical biosolids.

3.2. Activated Sludge
3.2.1. Activated Sludge Production-Dry Weight Basis

Activated sludge has numerous variations such as extended aeration, oxidation ditch,
pure oxygen, mechanical aeration, diffused aeration, plug flow, contact stabilization,
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Table 4

Primary Biosolids Characteristics

Range of Typical

Characteristic values value Comments

pH 5-8 6 -

Volatile acids (mg/L 200-2000 500 -

as acetic acid)

Heating value (Btu/Ib)“ 6800-10,000 - Depends upon volatile content and
sludge decomposition, reported
values are on a dry weight basis

- 10,285 Sludge 74% volatile
- 7600 Sludge 65% volatile
Specific gravity - 1.4 Increases with increased grit, silt,
of individual and so on
solid particles
Bulk specific - 1.02 Increases with sludge thickness and
gravity (wet) with specific gravity of solids
1.07 Strong sewage from a system of
combined storm and sanitary sewers

BOD./VSS ratio 0.5-1.1 - -

COD/VSS ratio 1.2-1.6 - -

Organic N/VSS ratio 0.05-0.06 - -

Volatile content 64-93 77 Value obtained with no sludge

(percent/weight of recycle, good degritting; 42
dry solids) samples, standard deviation 5
60-80 65
- 40 Low value caused by severe
storm inflow
- 40 Low value caused by industrial waste
Cellulose 8-15 10 -
(percent/weight
of dry solids)
- 3.8 -
Hemicellulose - 3.2 -
(percent/weight
of dry solids)
Lignin (percent/ - 5.8 -
weight of
dry solids)

Grease and fat 6-30 - Ether soluble
(percent/weight 7-35 - Ether extract
of dry solids)

Protein (percent/ 20-30 25 -

weight of
dry solids)
22-28 -
Nitrogen (percent/ 1.5-4 2.5 Expressed as N

weight of
dry solids)

(Continued)
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Table 4 (Continued)

Range of Typical

Characteristic values value Comments

Phosphorus 0.8-2.8 1.6 Expressed as P,O.. Divide values
(percent/weight as P,O; by 2.29 to obtain
of dry solids) values as P

Potash (percent/ 0-1 0.4 Expressed as K,O. Divide values
weight of by 1.2 to obtain values as K

dry solids)

Source: US EPA.
“1 Btu/lb = 2.32 kJ/kg.

complete mix, step feed, nitrifying activated sludge, and so on (6,24-29). The quantity
of WAS is affected by two parameters: the dry weight of the biosolids and the concen-
tration of the biosolids. This section describes how the dry weight of activated sludge
production may be predicted.

The most important variables in predicting WAS production are the amounts of organ-
ics removed in the process, the mass of microorganisms in the system, the biologically inert
suspended solids in the influent to the biological process, and the loss of suspended solids
to the effluent. These variables can be assembled into two simple and useful equations:

Py=(X)(S,) = (kM) (D
WAS, =P, + I, — E, )

where P, is the net growth of biological solids expressed as volatile suspended solids
(VSS) (Ib/d or kg/d); Y is the gross yield coefficient (Ib/Ib or kg/kg); S, is the substrate
(e.g., BODy) removed (Ib/d or kg/d); k, is the decay coefficient (d™1); M is the system
inventory of microbial solids (VSS) (Ib or kg); WAS . is the waste-activated sludge
production (Ib/d or kg/d); I, is the nonvolatile suspended solids fed to the process (Ib/d
or kg/d); E . is the effluent suspended solids (Ib/d or kg/d).

These equations, as stated or with slight variations, have been widely used. Equation
(1) dates back to 1951 (25). However, different terms and symbols have been used by
various authors in expressing Eqgs. (1) and (2). Table 5 summarizes some of the termi-
nology that has evolved. The technical literature reflects some inconsistency in termi-
nology with the term “M.” Test results reported by various authors and presented in
Table 5 were derived on the basis of “M” defined as mixed liquor VSS only.

To use Eq. (1), it is necessary to obtain values of Y and k ,. Whereas Table 6 summa-
rizes several reported values for these parameters, it is best to determine Y and k, on an
individual waste stream whenever possible.

To use Eq. (2), it is necessary to estimate I, nonvolatile influent solids, and E,
effluent suspended solids. Generally, the following are included within the term I;:

a. Nonvolatile solids in influent sewage, including recycle biosolids liquors.

b. Chemical precipitates—for example, aluminum phosphates- when alum is added to the
activated sludge process.

c. Stormwater solids that are not removed in previous processes (31).
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Table 5
Alternate Names and Symbols for Equations (1)
Other symbols
for similar Other common names
Symbol Name Dimensions quantities for similar quantities
Py Biological solids  Mass/time AX,, dX/dT, A, S, Accumulation, net growth,
production dM/dT, R, excess microorganisms
production
Y Gross yield Mass/mass a, Ks, C Yield coefficient, synthesis
coefficient® coefficient, growth-yield
coefficient
s, Substrate removal Mass/time dF/dT, S, B, F, R Food, utilization, load
k, Decay constant 1/time b,K,K, Endogenous respiration,
maintenance energy,
auto-oxidation
M Microbial solids Mass S, X, X, Microbial mass, solids
inventory under aeration, solids
inventory, mixed liquor
solids

Source: US EPA.
“The letter ¥ has also been used for the net yield coefficient P /s,. The net yield coefficient is quite
different from the gross yield coefficient.

d. Normal nonvolatile content of the activated sludge. In the absence of biosolids liquors,
chemical precipitates, and stormwater, activated sludge will be about 80% volatile (less in
extended aeration) at most municipal treatment plants.

To compute £, a small value such as 10 mg/L TSS should be used.

3.2.2. Factors That Influence the Production Of WAS

1. Effect of sludge age and F/M ratio. Equation (1) can be rearranged to show the effect of
the sludge age (0):

Py=(@)(S)1+(k,)®,) 3)

where 6, is the M/P, = Sludge age (d). Similarly, Eq. (1) can be rearranged to show the
effect of the food-to-microorganism ratio (F/M):

Py=X)(S) - (k) (S)I(C) (FIM) “4)

where C, is the coefficient to match units of §_and “F” in F/M; if S is BOD, removed
(influent — effluent), then C, is BOD, removal efficiency, about 0.9; F/M is the food-
to-microorganism ratio = BOD, applied daily/VSS (mass) in system.

As 6, increases and F/M decreases, the biological solids production P, decreases.
Biosolids handling is expensive, and costs can be reduced by using high values of 6, or
low values of F/M. However, there are offsetting cost factors, such as increases in the
aeration tank volume needed, oxygen requirements for the aerobic biological system,
and so on. As seasons change, so may the optimum 6, and F/M also change to corre-
spond to maximum wastewater treatment efficiency. Therefore, it is desirable to be able
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Table 6

Values of Yield and Decay Coefficients for Computing WAS

Scale BOD

Cross yield Decay Type of of Temperature Sludge  removal

coefficient® coefficient” wastewater plant  Aeration °C) age (d) calculation

0.5 0.055 Primary Bench Air 19-22 2.8-22  Influent

effluent

0.70 0.04 Primary Pilot Oxygen Not stated 14 Influent —

effluent effluent

0.67 0.06 Primary Full Air 18-27 1.2-8  Influent —

effluent effluent

0.73 0.075 Primary Pilot Air 10-16 1-12 Influent —

effluent effluent

0.94 0.14 Primary Pilot Air 1520 0.5-8 Influent —

effluent soluble
(wastewater effluent
includes
dewatering
liquors)

0.73 0.06 Primary Pilot  Oxygen 18-22 2.5-17 Influent —

effluent effluent

0.5 Not Primary Pilot Air 0-7 Long?  Influent

calculated effluent
(negligible)  (military
base)

0.74 0.04 Primary Pilot  Oxygen 17-25 2.1-5  Influent —

effluent soluble
(much effluent
industry)

1.57 0.07 Raw Pilot Air 15-20 0.6-3  Influent —
degritted soluble
including effluent

dewatering liquors

1.825 0.20 Raw Bench Air 4-20 1-3 Soluble
degritted influent —

soluble
effluent

0.65 0.043 Raw Bench Air 20-21 11 and up? Influent —
degritted effluent

0.70 0.048 Raw Bench Air 20-21 Long? Influent —
degritted effluent

0.54 0.014 Raw Full Air Not stated  Long?  Influent —
degritted effluent

1.1 0.09 Raw Full Air Not stated 1.1-2.4 Influent —

effluent

Source: US EPA.

Note: All values in this table are for an equation of the type P = Ys_—k M.

“Gross yield coefficient Y, 1b (kg) VSS/Ib (kg) BOD;.

PDecay coefficient k , (d™).

“Mean cell residence time or sludge age 0, , measured as mass of mixed liquor VSS divided by biolog-
ical solids production P,. Note that coefficients might be somewhat different if total system inventory of
VSS (mixed liquor VSS + VSS in clarifiers) is used rather than just mixed liquor VSS.

9Extended aeration.
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to operate across a range of conditions. Obviously, trial-and-error calculations are
required to determine the least costly system.

2.

Effect of nitrification. Nitrification is the bio-oxidation of ammonia nitrogen and organic
nitrogen to the nitrite and nitrate forms (32). Compared with processes that are designed for
carbonaceous (BOD,, COD) oxidation only, stable nitrification processes operate at long
sludge ages (9,,) and low food-to-microorganism ratios (F/M). Also, nitrification processes
are often preceded by other processes that remove much of the BOD, and suspended solids
(SS) (26). As a result, activated sludge in a nitrification mode generally, produces less WAS
than conventional activated sludge processes. However, there is an additional component to
nitrification biosolids, the net yield of nitrifying bacteria (¥,). This might be estimated at
0.15 Ib SS/Ib of total Kjeldahl nitrogen (organic + ammonia) removed (33). Y, varies with
temperature, pH, dissolved oxygen (DO), and cell residence time. However, detailed mea-
surements of Y, are not ordinarily required for biosolids facility design because the yield
of nitrifying bacteria is small (34). For example, if Y, is 0.15 and if the nitrifying process
removes an ammonia nitrogen concentration of 20 mg/L and an organic nitrogen concen-
tration of 10 mg/L then nitrification would add 0.15 X (20 + 10) = 4.5 mg of nitrifying bac-
teria/L. of wastewater (38 Ib/MG). These quantities are small compared with other
biosolids. In single-stage nitrification processes, the biosolids production figures must also
include the solids produced from the carbonaceous oxidation, computed at the 6, and F/M
of the nitrifying system.
Effect of feed composition. The type of wastewater that is fed to the activated sludge pro-
cess has a major influence on the gross yield (¥) and decay (k) coefficients. Many indus-
trial wastes contain large amount of soluble BOD, but small amount of suspended or
colloidal solids. Normally, these wastes have lower Y coefficients than are obtained with
domestic PE. On the other hand, wastes with large amounts of solids, relative to BOD,
either have higher Y coefficients or require adjustments to reflect the influent inert solids.
Even among soluble wastes, different compositions will cause different yields.
Effect of DO concentration. Various DO levels have been maintained in investigations of
activated sludge processes. Very low DO concentrations, for example, 0.5 mg/L, in con-
ventional activated sludge systems do appear to cause increased solids production, even
when other factors are held constant (35). However, there is vigorous disagreement con-
cerning solids production at higher DO levels. Some investigators state that use of pure
oxygen instead of air reduces sludge production. This is attributed to the high DO levels
attained through the use of pure oxygen (36,37). Other investigators in well-controlled
investigations have concluded that if at least 2 mg/L. DO is maintained in air-activated
sludge systems, then air and oxygen systems produce the same yield at equivalent condi-
tions (such as food-to-microorganism ratio) (38,39).
Effect of temperature. The coefficients Y (gross yield) and k, (decay) are related to bio-
logical activity and, therefore, might vary because of temperature of the wastewater
(32,34). This variation has not been well documented in pilot studies and process inves-
tigations. One study obtained no significant difference because of temperature over the
range 39-68°F (4-20°C) (40). However, others have observed significant differences
within the same temperature range. Sometimes a simple exponential (Arrhenius) equation
is used for temperature corrections to'Y and k - For instance, it has been stated that chem-
ical and biochemical rates double with an 18°F (10°C) rise in temperature. Exponential
equations have been found to be accurate for pure cultures of bacteria, but are quite inac-
curate when applied to Y and k, for the mixed cultures found in real-activated sludge
(41,42).
For the design engineer, the following guidelines are recommended:
a. Wastewater temperatures in the range of 59—72°F (15-22°C) might be considered to be
a base case. Most of the available data are from this range. Within this range, there is



16 Nazih K. Shammas and Lawrence K. Wang

no need to make temperature corrections. Any variations in process coefficients across
this temperature range are likely to be small in comparison to uncertainties caused by
other factors.

b. If wastewater temperatures are in the range of 50-59°F (10-15°C), the same k value as
for 59-75°F (15-22°C) should be used, but the Y-value should be increased by 26%.
This is based on experiments that compared systems at 52°F (11°C) and 70°F (21°C).
In these tests, k 4 was the same, but ¥ was 26% higher. On a COD basis, Y was found to
be 0.48 at 38°F (11°C) and 0.38 at 56°F (21°C) (43).

c. If wastewater temperatures are less than 50°F (10°C), increased biosolids production
should be expected (44), but the amount of increase cannot be accurately predicted from
available data. Under such conditions, there is a need for pilot-scale process investigations.

d. If wastewater temperatures are more than 72°F (22°C), values of the process coefficients
from the range 59—72°F (15-22°C) might be used for design. The resulting design may
be somewhat conservative.

6. Effect of feed pattern. Various feed patterns for the activated sludge process include
contact stabilization, step feeding, conventional plug-flow, and complete-mix. For
design purposes, it appears to be best to ignore the feed pattern when estimating solids
production.

3.2.3. Peak Rate of WAS Production

Peak solids production occurs because of unfavorable combinations of the elements
in Egs. (1), (3), and (4), presented previously:

Py=(@) (S, - (k) (M) ey
Py=M) (S)/1+(k,)(®,) 3)
Py =) (S, - (k) (SHIC,) (FIM) 4

All of these equations predict that solids production (P,) increases with increases in
S, and F/M and decreases with increases in the mass of organisms and 6, . Also P,
increases if the gross yield coefficient (¥) increases or if the decay coefficient (k)
decreases. Each of these factors that tend to increase Py, will occur, within limits, in prac-
tice. To compute peak solids production, the following conditions should be assumed:

a. Peak substrate removal (S)). If high efficiency of biological wastewater treatment is main-
tained at peak pollutant loading, then S, represents organics removal at maximum load. If
S, is computed on a BOD, removal basis, then the maximum BODy removal should be
used. The duration of peak solids production will match the duration of the peak load.

b. Minimum value of 8, or maximum F/M. This allows the operator to select 6, or F/M to
obtain the best possible effluent. The design average condition might be F/M = 0.3, but an
operator might obtain better results at F/M = 0.5 for some specific conditions at a particular
treatment plant.

¢. Maximum likely value of Y.

d. Minimum likely value of k.

Also, a temperature allowance should be made if wastewater temperatures less than
59°F (15°C) might occur during peak loads. Solids inventory reductions are an addi-
tional type of non-steady state condition that the designer should anticipate. It is occa-
sionally necessary for treatment plant operators to reduce the mass of microorganisms
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(M) in the liquid treatment process by wasting activated sludge. Wasting activated
sludge helps the operator to maintain a constant /M in the face of reduced BOD, load-
ings. The wastewater-BOD, load can drop rapidly if a treatment plant serves vacation
areas or industries. Wasting activated sludge also allows the operator to take aeration
tanks, clarifiers, and so on, out of service to limit solids on clarifiers, and to prevent
major loss of solids to the effluent and to inhibit the growth of undesirable microorganisms
such as scum-causing actinomycetes (45). Further, by reducing M, the operator can
more readily optimize bioflocculation, thereby, minimizing effluent solids, and can
control air or oxygen requirements.

To accomplish the desired inventory reduction, solids handling facilities must have
the capacity to accept the wasted solids. For wastewater treatment plants without major
known BOD; and SS loading variations, allowance should be made in designing solids
processing facilities for the wasting of an additional 2% of M/d and lasting up to 2 wk.
Such plants include those serving stable domestic populations. Industrial loads would
be either small or unusually stable.

For plants with major seasonal variations in loads, allowance should be made for
wasting an additional 5% of M/d and lasting for up to 2 wk. Such plants serve resort
areas, college towns, and so on. A similar allowance should be made for plants that
practise nitrification during only part of the year. Lastly, for plants with major weekday-
to-weekend variations of more than 2:1 in BODy load, and medium or high food-
to-microorganism ratios of more than 0.3 during the high loads, allowance should be
made for a 1-d biosolids wasting of up to 25% of M. The plant should also be able to
handle wasting of 5% of M/d and lasting for 2 wk. Plants in this category serve major
industrial systems, large office complexes, schools, and ski areas.

Because inventory reductions are not generally practised during peak loading peri-
ods, these previously-discussed capacity allowances should be added to average solids
production. The maximum rate of WAS production is determined by whichever is
higher: production during peak loading or the sum of average production plus inventory
reduction allowances.

Occasionally, biosolids are wasted in a pattern so that M increases at some times and
decreases at others. An example of such a pattern is the withdrawal of WAS only dur-
ing the daytime. The Tapia, California, Water Reclamation Plant uses this pattern to
obtain good process control (46). Uses of such patterns will, of course, increase the
maximum rate at which WAS must be removed.

3.2.4. Measurements of Biosolids Yield Coefficients

Pilot studies and full-scale operating records can provide better data for establishing
biosolids production design criteria than any general compilation of data from other
locations. Measurements of the biosolids yield coefficients are of two basic types. First,
both the gross yield Y and the decay k, might be determined. Second, observed net
yields alone might be used.

Equations (1), (3), and (4) are used when the food-to-microorganism ratio /M and the
sludge age, 6, might be expected to vary in the prototype plant. To use these equations,
it is necessary to determine the two biosolids yield coefficients, Y and k. To establish
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Fig. 4. Net growth rate curve (Source: US EPA).

these two coefficients, solids production must be measured under at least two different
conditions of F/M and 6, . Equation (1) can be rearranged slightly to Eq. (5):

P
MX =Y (S, /M) —k, (5)

where P, /M is the net growth rate = 1/8 /d; S /M is the 1b (kg) BOD, removed per
day/lb (kg) VSS.

This equation provides a basic straight-line relationship between P, /M and S /M. For
each condition of operation, P, /M and S /M are calculated and plotted, and a straight
line is drawn through the points. As shown in Fig. 4, the slope of the line is the yield
coefficient (Y), and the intercept represents the decay coefficient (k).

If the design conditions of S /M or 6, are known and if solids production can be mea-
sured under these conditions, then it is not necessary to determine both Y and k.
Instead, a simple observed net yield might be calculated. Equations (1) and (3) are eas-
ily rearranged to show:

Y, = B =Y —k,/(SrIM)= _r (6)
S, 1+(k,) 8,,)
where Y, is the net yield coefficient = Ib(kg) VSS produced/lb(kg) substrate (e.g., BODy)
removed.

Net yield coefficients are often reported in the literature. They are directly applicable
only under the conditions of § /M and 6 that occurred during the experiments; they are
meaningless unless S /M or 6 are measured also. For gathering data from pilot plants
or existing plants for use in establishing biosolids yield coefficients, several precautions
should be exercised. Either automatic DO control should be used in the test or ample air
or oxygen should be provided to ensure that the mixed liquor DO concentration is more
than 2 mg/L at all times. Data from widely differing temperatures should not be plotted
on the same graph to determine Y and k,. Instead, data from each temperature range
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should be used to determine Y and k , for that range. Each condition of S /M or 6, should
be maintained long enough to obtain stable operation. To assure system stability, a period
of time equal to three times the sludge age should elapse between tests. The designer
should use the term I, in Eq. (2) to correct the effect of sidestreams. The percent
volatile content of the solids produced should be recorded. This will be useful in
computing the total solids in the biosolids.

3.2.5. Concentration of WAS

The volume of biosolids produced by the process is directly proportional to the dry
weight and inversely proportional to the thickness or solids concentration in the waste
biosolids stream. Values for WAS concentration can vary, in practice, across a range
from 1000 to 30,000 mg/L SS (0.1-3% SS).

An important variable that can affect WAS concentration is the method of biosolids
wasting. A number of different methods are illustrated in Fig. 5. Sludge solids might be
wasted from the clarifier underflow. It has been argued that wasting solids from the
mixed liquor should improve control of the process (6,47). In this case, waste sludge is
removed from the activated sludge process at the same concentration as the mixed liquor
suspended solids, about 0.1-0.4%. This low concentration can be a disadvantage because
a large volume of mixed liquor must be removed to obtain a given wastage on a dry
weight basis. The most common arrangement involves sludge wasting from the clarifier
underflow, because the concentration of sludge there is higher than in the mixed liquor.
Subsequent discussions in this section are based on sludge wasting from the clarifier
underflow.

The two primary factors that affect WAS concentration are the settleability of the
biosolids and the solids loading rate to the sedimentation tank. These two factors have
been considered in detail in the development of solids flux procedures for predicting the
clarifier underflow concentration of activated sludge (48).

Various factors that affect biosolids settleability and the clarifier biosolids loading
rate include:

a. Biological characteristics of the biosolids. These characteristics might be partially con-
trolled by maintenance of a particular mean sludge age or F/M. High concentrations of
filamentous organisms can sometimes occur in activated sludge. Reduction of these
organisms through sludge age or F/M control helps to produce more concentrated clarifier
underflow.

b. Temperature. As wastewater temperatures are reduced, the maximum attainable clarifier
underflow biosolids concentration (C) is also reduced as a result of increased water den-
sity. Also, temperature can affect the setting properties of the biosolids.

c. Solids flux. The solids flux is the solids load from the mixed liquor divided by the clari-
fier area (e.g., Ib/d/ft?). Higher rates of solids flux require that clarifiers be operated at
lower solids concentration.

d. Limits of biosolids collection equipment. Because of the pseudoplastic and viscous
nature of WAS, some of the available biosolids collectors and pumps are not capable of
smooth, reliable operation when C, exceeds about 5000 mg/L.

e. Heavy suspended solids in the biosolids. If raw wastewater, instead of primary sedimentation
tank effluent, is fed to the activated sludge process, usually higher C  values result. Chemicals
added to the wastewater for phosphorus and suspended solids removal might similarly affect C,.
However, such additional solids will also increase the solids load to the clarifiers.
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Fig. 5. Biosolids wasting methods (Source: US EPA).

3.2.6. Other Properties of Activated Sludge

Table 7 contains several reported measurements of the composition and properties of
activated sludge solids. Comparing Table 7 with that of Table 4 for primary biosolids,
activated sludge contains higher amount of nitrogen, phosphorus, and protein; the
grease, fats, and cellulose amount, and specific gravity are lower.

Several types of microorganisms are present in large numbers in activated sludge.
Floc-forming (zoogleal) bacteria include species of Zoogloea, Pseudomonas,
Arthrobacter, and Alcaligenes. Activated sludge also contains filamentous microorgan-
isms such as Sphaerotilus, Thiothrix, Bacillus, and Beggiatoa (49). Various protozoa are
present, including ciliates and flagellates.
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Table 7
Activated Sludge Characteristics
Range of
Characteristic values Typical value Comments
pH 6.5-8 - Can be less in high purity oxygen
systems or if anaerobic
decomposition begins
5.5 Baltimore, MD
Heating value (Btu/lb) - 6540 [15,200] Increases with percent volatile
[kJ/kg] content
Specific gravity of - 1.08 Sludge 74% volatile
individual solid
particles
Bulk specific gravity - 1+7%x108xC Cis suspended solids
concentration in mg/L
Color - Brown Some grayish sludge has been
noted. Activated sludge becomes
black upon anaerobic
decomposition
COD/VSS ratio - 2.17 -
Carbon/nitrogen ratio — 12.9 Baltimore, MD
— 6.6 Jasper, IN
14.6 Richmond, IN
- 5.7 Southwest plant, Chicago, IL
- 3.5 Milwaukee, WI (heat dried)
Organic carbon 17-41 - Zurich, Switzerland
(percent/weight
of dry solids)
23-44 - Four plants
Nitrogen [percent/ 4.7-6.7 - Zurich, Switzerland
weight of dry
solids (expressed as N)]
- 5.6 Chicago, IL
2.4-5 - Four plants
- 6 Milwaukee, WI
Phosphorus, percent/ 3-3.7 - Zurich, Switzerland
weight of dry
solids as P,O
(divide by 2.29 to
obtain Phosphorus as P)
- 7 Chicago, IL
2.8-11 - Four plants
— 4 Milwaukee, W1
Potassium, percent/ 0.5-0.7 — Zurich, Switzerland
weight of dry - 0.56 Chicago, IL

solids as K,O
(divide by 1.2 to
obtain Potassium
as K)

(Continued)
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Table 7 (Continued)

Range of
Characteristic values Typical value Comments
- 0.41 Milwaukee, WI
Volatile solids, 61-75 - Zurich, Switzerland
percent/weight
of dry solids
(ash % is 100 —
volatile %)
- 63
62-75 -
59-70 - Four plants
- 76 Renton, WA (Seatle Metro)
1976 average
- 88 San Ramon, CA (Valley community
Services District), 1975 average
- 81 Central plant, Sacramento county,
CA July 1977-June 1978
average
Grease and fat 5-12 - Ether extract
(percent/weight
of dry solids)
Cellulose (percent/ 7 Includes lignin
weight of dry
solids)
Protein (percent/ 3241 - -
weight of dry
solids)

Source: US EPA.

3.3. Trickling Filter Biosolids

Trickling filters are widely used in municipal wastewater treatment. This section cov-
ers trickling filters that are used with clarifiers. When a clarifier is not used, the trick-
ling filter effluent is usually fed to an activated sludge process.

3.3.1. Trickling Filter Biosolids Production—Dry Weight Basis

Trickling filter microorganisms are biochemically similar to microorganisms that
predominate in activated sludge systems. Consequently, solids production from trick-
ling filters and from activated sludge systems is roughly similar when compared on the
basis of pounds of solids produced per pound of substrate removed. However, there are
differences between the two systems, with respect to solids production prediction
methodology and the pattern of biosolids wasting. Attempts have been made to develop
solids production models consistent with biological theory (50-52). However, empirical
methods are usually used for design purposes. Table 8 presents biosolids yields
observed at several treatment plants and from one long-term pilot study. These data are
primarily based on heavily loaded filters.
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Equations that relate the production of suspended material in a trickling filter can be
developed in a form similar to that used in predicting activated sludge production. The
main difference lies in the term used to define the quantity of microorganisms in the sys-
tem. In long-term studies of trickling filter performance, Merrill (52) assumed that the
total mass of microorganisms present in the system was proportional to the media
surface area. The resulting equation for volatile solids production was:

Py=Y (S)-k,A, 7)

where P, is the net growth of biological solids (VSS) (Ib/d or kg/d); Y” is the gross yield
coefficient (Ib/Ib or kg/kg); k’, is the decay coefficient (d~'); S, is the substrate (e.g.,
BOD;) removed, Ib/d or kg/d = BOD, in minus soluble effluent BOD; A, is the total
media surface area in reactor (ftZ or m?).

The production of trickling filter biosolids requiring subsequent biosolids handling
might be expressed:

WTFB = P, + I, — E, ®)

where WTFB is the waste trickling filter biosolids production (Ib/d or kg/d); I, is the
nonvolatile suspended solids fed to the process (Ib/d or kg/d); E, is the effluent
suspended solids (Ib/d or kg/d).

The coefficients Y’ and k’, for Eq. (7) are obtained for a particular system by com-
puting the slope and intercept of a line of the best fit through plotted data points for
Py /A vs S /A . VSS production data for three different trickling filter media designs
are given on Fig. 6.

Nitrification in trickling filters causes a synthesis of nitrifying bacteria. However, as
in activated sludge, the quantity is small. A value of 25 Ib/MG (3 mg/L) has been
suggested for design purposes (53). This quantity must be added to the other solids
produced by the trickling filter.

It is known that temperature and loading rate affect biosolids production. The quan-
tities of excess biosolids produced in low-rate trickling filters are lower than those for
high-rate filters or for the activated sludge process. The lower rate of solids accumula-
tion may be attributable to the grazing activities of protozoa. The activity of the proto-
zoa is reduced at lower temperatures (50).

Peak biosolids loads are produced by trickling filters. These may be because of vari-
ations in influent load, rapid climatic changes, and/or biochemical factors that cause
unusually large amount of biomass to peel off from the media. The term “sloughing” is
used by some authorities to include steady state as well as peak solids discharges.
Others restrict the term “sloughing” to unusually large discharges. In any case, peak
solids loads must be considered. In low-rate filters especially, there are seasonal varia-
tions in solids production. Slime accumulates in the trickling filter during winter oper-
ation and the filter unloads the slime in the spring when the activity of the
microorganisms is increased (50).

The amount of solids requiring biosolids treatment depends on sedimentation
performance, which is usually 50-90% removal of suspended solids. Sedimentation
performance is improved by careful design, light loads, tube settlers, and coagulation
and flocculation (22,52,54).
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Fig. 6. VSS production data for three trickling media designs (Source: US EPA).

3.3.2. Concentration of Trickling Filter Biosolids

Trickling filter biosolids loadings on the secondary sedimentation tank are typically
low — 5-10% of observed solids loads to activated sludge sedimentation tanks. Trickling
filter biosolids also have better thickening properties than activated sludge.
Consequently, trickling filter biosolids can be withdrawn at higher concentration than
WAS. The solids flux method for predicting biosolids concentration might be used with
trickling filter biosolids (48). This method requires measurement of initial solids settling
velocity vs solids concentration. Such relationships have been reported for at least one
trickling filter process (52).

3.3.3. Properties of Trickling Filter Biosolids

Table 9 contains a few analyses of trickling filter biosolids properties. The microbial
population that inhabits a trickling filter is complex and includes many species of algae,
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Table 9
Trickling Filter Biosolids Composition
Property Value
Volatile content (percent of total solids) 64-86
Nitrogen (percent of total solids) 1.5-5
Phosphorus as P,O, (percent of total solids) 2.8
1.2
Fats (percent of total solids) 6
Grease (percent of total solids) 0.03
Specific gravity of individual solid particles 1.52
1.33
Bulk specific gravity (wet) 1.02
Color Grayish brown
Black

Source: US EPA.

bacteria, fungi, protozoa, worms, snails, and insects. Filter flies and their larvae are
often present in large numbers around trickling filters.

3.4. Biosolids from Rotating Biological Contactors

Rotating biological contactors (RBCs) are used for the same basic purposes as acti-
vated sludge and trickling filters: to remove BOD, and suspended solids and, where
necessary, to nitrify. The RBC process uses a tank in which wastewater, typically PE,
contacts plastic media in the shape of large discs. Bacteria grow on the discs. The discs
rotate slowly on horizontal shafts; the bacteria are alternately submerged in the waste-
water and exposed to air. Excess bacteria slough from the discs into the wastewater.
After contacting the bacteria, the wastewater flows to a sedimentation tank, where the
excess bacteria and other wastewater solids are removed. These removed solids are
RBC biosolids. RBC biosolids are roughly similar in quantity by dry weight, nutrient
content, and other characteristics, to trickling filter biosolids.

Published data is available on RBC biosolids production rate from pilot- and full-
scale municipal installations (55-59). At Peewaukee, WI, TSS production has been
reported to be 0.62-60.82 Ib of TSS/Ib BOD, (0.62-0.82 kg TSS/kg) removed. The
final sedimentation tank removed 70-83% of these solids as biosolids. The biosolids
had a concentration of 1.5-5% solids. Other investigations of municipal and industrial
waste applications have concluded that biosolids production for the RBC process
amounts to 0.4-0.5 Ib of TSS/Ib of BOD, (0.4-0.5 kg TSS/kg BOD) removed (60-62).

3.5. Coupled Attached-Suspended Growth Biosolids

There are several installations of coupled attached and suspended growth processes
in the United States. Usually, these dual processes are installed where nitrification is
required or where strong wastes must be treated. The attached growth reactor is a trick-
ling filter or a rotating biological reactor. Its role is to reduce the load on the suspended
growth process. The suspended growth process uses an aeration tank and a final clari-
fier. Usually, flow recirculation is practised around the attached growth reactor. Several
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reports describe these processes and note that the biosolids are similar to activated
sludge, both in quantity and in characteristics (8,53,63-65).

3.6. Denitrification Biosolids

Denitrification is a biological process for the removal of nitrate from wastewater. An
electron donor, carbon in PE or methanol, is added to the nitrate-bearing wastewater.
Denitrifying bacteria extract energy for growth from the reaction of nitrate with the
electron donor:

Nitrate + electron donor (reduced state) — nitrogen gas
+ oxidized electron donor + energy

Denitrification has been extensively studied, and denitrification processes have been
built into municipal plants. Denitrifying bacteria can grow either in a suspended growth
system similar to activated sludge or in an attached growth system similar to a trickling
filter. Biosolids production for ordinary nitrified domestic waste is roughly 300 Ib/MG
(30 mg/L) of wastewater treated (33).

4. CHEMICAL BIOSOLIDS

When chemicals are added to the raw wastewater for removal of phosphorus or coag-
ulation of nonsettleable solids, larger quantities of biosolids are formed (54,66,67). The
quantity of solids produced in the chemical treatment of wastewater depends upon the
type and amount of chemical(s) added, the chemical constituents in the wastewater, and
the performance of the coagulation and clarification processes. It is difficult to predict
accurately the quantity of chemical solids that will be produced. Jar tests are preferred
as a means for estimating chemical biosolids quantities.

Table 10 provides estimated quantities of suspended and chemical solids removed
in a hypothetical primary sedimentation tank processing wastewater that has been
treated with lime, aluminum sulfate, or ferric chloride. The use of polyelectrolytes
might highly enhance the solids capture in the clarifier. The removal of TSS is usually
in the range of 75-85% and BOD, removal is 55-70% depending on the specific
wastewater characteristics.

The use of metal salts for precipitation of phosphorus in suspended film biological
systems is widely practised. The most common salts used are ferric chloride and sulfate
and similar salts of aluminum. Pickle liquor, ferrous sulfate, and ferrous and aluminum
chloride are also used. When metal salts are used, it may be necessary to provide addi-
tional alkalinity to the aeration basin.

Generally, the metal salts are used in excess molar ratio, i.e., moles Al:P or Fe:P. The
excess metal salts form hydroxides of the metal and precipitate. The residuals produced
are as follows:

Al PO, =121/31 or 3.9 mg/mg P removed.
Al (OH), = 77/26 or 3.0 mg/mg excess Al.
Fe PO, = 151/31 or 4.9 mg/mg P removed.
Fe (OH), = 107/56 or 1.9 mg/mg excess Fe.

o o

The residual soluble total phosphorus as a function of the molar ratio is approxi-
mately as follows:
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Table 10
Typical Production of Primary and Primary-Chemical Biosolids”

Dosage of Raw TSS Raw BOD, Chemical sludge
Mode of chemical removed removed produced
operation (mg/L) (mg/L) (mg/L) (mg/L)
Plain sedimentation - 120 60 -
Polymer added 0.5-3.0 150 90 -
CaO0 aided” 200 160 120 128
FeCl, (as Fe)* 12 160 120 47
ALSO, (as Al)* 12 160 120 46

Source: US EPA.

“Based on 200 mg/L-BOD,, 200 mg/L. TSS, and 10 mg/LTP in raw sewage; primary effluent <2 mg/L
total phosphorus.

bVaries because of permanent hardness in the water, used 35 mg/L precipitated as CaCO,.

“May require polymer addition to enhance clarification.

Molar ratio Residual soluble total
(metal: TP) phosphorus (mg/L)
1 2
1.5 1
2 0.3

The residual phosphorus at low levels is highly dependent on pH, and it might be more
economical to increase the pH by adding alkalinity which will not produce a residual.

5. CHARACTERISTICS OF BIOSOLIDS
5.1. Specific Gravity and Volatility

The specific gravity of biosolids will be in part a function of the amount of grit and
fine inert particles in the biosolids. These inorganic particles will have a specific gravity
of 2.5-2.9. Where there is good degritting, the specific gravity of biosolids will have the
volatile and specific gravities shown in Table 11. The specific gravities of dry solids are
quite low and will vary depending on the source.

The specific gravity of fixed film biosolids is generally higher than that of WAS. This
is evidenced by a lower sludge volume index (SVI) and generally higher settling rates.
The specific gravity of the biosolids after anaerobic digestion will increase because of
reduction of some of the hydrous fractions and the increased inert content. The solid
matter in biosolids is made up of fixed and volatile solids. The specific gravity of all the
solids can be computed as follows (6):

oW W ©9)

SPy Sip SP,
where W_is the weight of solids (Ib); S_is the specific gravity of solids; p is the density
of water (Ib/ft3); W, is the weight of fixed solids (Ib); S i is the specific gravity of fixed
solids; W is the weight of volatile solids (Ib); S is the specific gravity of volatile solids.

Equation (9) can be utilized to determine the overall specific gravity of total solids
(fixed + volatile) in any of the following three convenient forms:
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Table 11

Specific Gravity of Waste Biosolids

Sludge type Volatility (%) Range of specific gravity (g/mL)
RPS 75-80 14+ 0.010 (TSS %)-1 + 0.012 (TSS %)
WAS 80-85 1 4+ 0.007 (TSS %)-1 + 0.012 (TSS %)
TF and RBC 75-80 1+ 0.015 (TSS %)-1 + 0.025 (TSS %)
RPS + WAS 75-85 1 4+ 0.004 (TSS %)-1 + 0.006 (TSS %)

Source: US EPA.
RPS, raw primary sludge; WAS, waste-activated sludge; TF, trickling filter; RBC, rotating biological
contactor.

WIS = WIS+ WIS, (10)
/S = Fixed solids fraction/S Ft volatile solids fraction/S (11
100/S, = Fixed solids (%)/S, + volatile solids (%)/S, (12)

The specific gravity of the biosolids can be determined as follows:
W, +W)IS=W IS + WIS, (13)

As § =1, then Eq. (13) becomes:

W +W)IS=W + WIS (14)
100/S =P, + (100—p )/S_ (15)

where S is the specific gravity of biosolids; W, is the weight of water in biosolids (Ib);
P, is the percentage of water in biosolids (%).
Rearranging Eqs. (14) and (15) yields the following expressions for computing S:

S=(W, + W)W, +W/S) (16)
S = 100/{P,, + [(100 — P )/S_]} (17)

5.2. Preconcentration or Dewaterability of Biosolids

Raw primary biosolids are the easiest to thicken followed by fixed film biosolids.
WAS is the most difficult to thicken, particularly if the SVI is high. Chemical biosolids
produced from the addition of metal salts thicken similarly to WAS at a SVI =100 mL/g,
but they are more stable. Aging of biosolids after removal from the raw wastewater or
the aerobic environment causes deterioration of the thickening quality.

The general experience in thickening biosolids is shown in Table 12. The results
achievable in the primary clarifier are dependent on the clarifier design as explained ear-
lier. Thickening increases the solids content of biosolids slurry by partial, but substan-
tial, removal of the liquid phase. The purpose is to reduce the biosolids volume to be
stabilized, dewatered, or hauled away (68). Figure 7 shows the importance of thicken-
ing before mechanical dewatering. Thickening can be accomplished by partial thicken-
ing in a primary or secondary clarifier, a gravity thickener, a dissolved air flotation
thickener, a centrifuge, a gravity or low pressure belt press, or a rotary drum device.
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Table 12
Thickening of Waste Biosolids

TSS Concentration (%)

Type of Primary Gravity Belt

sludge clarifier Flotation/DAF thickener thickener® Centrifuge
RPS 5-7 8-10 9-12 9-12
WAS 3-5 2-2.5 4-6 4-6
FFS? 3-5 2.5-3 5-7 5-7
RPS + WAS 2.5-4 4-6 4-5 5-7 5-7
RPS + FFS 3-5 4-6 5-6 5-10 6-10

Source: US EPA.
“Polymers required.
bFixed-film sludge.

80 |-

70

Filter cake moisture (%)

0 2 4 6 8 10 12 14
Sludge solids concentration (%)

Fig. 7. Effects of feed solids on performance of a rotary vacuum filter (Source: US EPA).

The impact of decreasing the biosolids water content on the biosolids volume might
be clarified by the following relationships. The weight of solids may be expressed by (6):

W, =Vp, S P./100 (18)

where W_is the weight of dry solids (Ib); V is the volume of biosolids (ft3); p,, is the
density of water (Ib/ft*); S is the specific gravity of biosolids; P, is the percentage of
solids present in the biosolids (%).

Applying Eq. (18) to the biosolids before and after dewatering yields the following
expressions:

(Ws), =V, p,, S, (P/100),
W),=V,p, S, (P/100),
As there is no change in the amount of dry solids,
(W), = (W),

vVip,S, (P/100),=V,p S, (P/100),
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VIV, =(S/S)) (P),/(P),

However, the term (S,/S,) is near unity and for all practical purposes might be
neglected. Hence:

ViV, = (P),I(P), (19)

So, it is clear that when water is removed from the biosolids the volume of biosolids
varies inversely with its solids content. For example, reducing the biosolids moisture
content by just 1% point from 99 to 98% (i.e., increasing the solids content from 1 to
2%) reduces the biosolids volume to half its original value.

Gravity thickening of raw or digested primary biosolids is almost always an efficient
and economical process. Anaerobically digested primary biosolids are normally thick-
ened by gravity in the secondary digester. The use of primary basins to capture and to
thicken both wastewater influent and recirculated WAS solids, might not always be a
cost effective and efficient practice in larger plants. The WAS solids might not resettle
well in hydraulically overloaded or septic primary tanks. Hence, this practice results in
the production of more WAS because of to an increased solids load on the aeration sys-
tem. Poorer thickening results when the primary basins are used to concentrate the WAS
solids, particularly if the bottom configuration is not conducive to thickening.

The use of gravity thickeners for both RPS + WAS has had mixed results. Most of
the poor results can be traced to one or more of the following causes:

RPS + WAS feed concentration is >0.5% TSS.

RPS is very septic.

WAS is > RPS fraction.

Secondary dilution water is inadequate.

Floor slope is <2.5:12, causing excessive solids retention.
Biosolids not removed continuously.

-0 a0 o

Properly designed and operated gravity thickeners work effectively on mixtures of
RPS and WAS throughout the United States. Misusing them as biosolids storage zones
causes operator grief. If storage is necessary, it must be placed after the gravity thick-
eners. The use of other thickening methods such as dissolved air flotation, basket or
solid bowl centrifugation, low pressure belt filtration, and the rotary drum system has
increased because these methods can also give reliable and effective results when
thickening WAS.

5.3. Particle Surface Charge and Hydration

Biosolids particles have a negative surface charge and try to repel each other as they
are brought together. Additionally, biosolids particles weakly attract water molecules to
their surface (hydration) either by weak chemical bonding or by capillary action.
Although the water is only weakly held at the particle surface, it does resist thickening
and interferes with dewatering. Chemical conditioning is used to overcome the effects of
surface charge and surface hydration. Typical chemicals are organic polymers; lime, ferric
chloride and other metallic salts. Generally, they act by reducing or eliminating the repul-
sive force, thus permitting the particles to come together or flocculate. Water can be more
readily removed at a higher rate during the subsequent mechanical dewatering.
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Table 13

Biosolids Dewatering as a Function of Particle Size

Mean diameter (LLm) Specific resistance (s*/g) Particles (% of total)
Original, unfractionated sample 10.4 x 10° -

>100 2.3x10° 10.2

5-100 4.6 x 10° 75.5

1-5 13.8 x 10° 8.5

<1 - 59

Source: US EPA.

5.4. Particle Size

Generally, particle size is recognized as a very important factor influencing dewater-
ability. As the average particle size decreases, the surface area and surface-to-volume
ratio for a given biosolids mass increase. The effects of increasing the surface area
include:

a. Higher repulsion between the particles resulting from the larger area of negatively charged
surface.
b. Higher attraction of water to the particle surface because of more sites for chemical joining.

Particle size is influenced by both the biosolids source and prior treatment. Primary
biosolids, in addition to containing more inorganic and fibrous materials, have a larger
average particle size than secondary biosolids. This is because fine suspended and col-
loidal solids tend to pass through the primary clarifier. Biosolids particles passing the
primary clarifier are then removed in the secondary clarifier along with the less dense,
flocculated cellular material that is created during biological treatment. The activated
sludge process, in addition to removing most of dissolved BOD, functions to capture,
remove, and hence recover most of these residual materials by biocoagulation and floc-
culation. As a result, activated sludge (biosolids) is finer than primary biosolids.
Normally, it consist of 60-90% or more cellular organic material and contains a very
large amount of water.

Individual particles of activated sludge are usually aggregated to an extent through
bioflocculation. Table 13 shows the relative difficulty of removing water from an
unflocculated primary digested biosolids containing various particle size fractions. As
can be seen, the specific resistance to filtration of the unfractionated biosolids is domi-
nated by the specific resistance of material under 5 wm in size, eventhough this mate-
rial constitutes only about 14% by weight of the total solids (69). Specific resistance is,
in effect, a measure of the relative dewaterability of biosolids. The lower the specific
resistance, the higher is the biosolids’ dewaterability. Specific Resistance has been
defined as the pressure required to produce a unit rate of flowthough a cake having a
unit weight of dry solids per unit area when the viscosity of the liquids is unity. Specific
values are determined from laboratory filtration experiments:

r=2b (AP) A%/u ® (20)

where r is the specific resistance (s%/1b); b is the slope of a plot of #/V vs V; ¢ is the time
(s); V is the filtrate volume (ft®); AP is the pressure differential across the biosolids
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Table 14

Specific Resistance of Various Types of Biosolids
Type of sludge Specific resistance (s*/g)
Raw 10-30 x 10°

Raw (coagulated) 3-10 x 107
Digested 3-30 x 10°
Digested (coagulated) 2-20 x 107
Activated 4-12 x 10°

Source: US EPA.

cake (Ib/in?); A is the filter area (ft?); |t is the absolute viscosity (Ib/s-ft); o is the weight
of solids deposited per unit volume of filtrate (Ib/ft).

Table 14 contains typical specific resistance values for different types of biosolids,
both chemically treated and untreated. As the maximum specific resistance for feasible
mechanical dewatering is normally quoted at <10 x 107 s?/g, none of these biosolids
would be readily dewaterable. Table 14 shows that specific resistance values can vary
significantly. Experience indicates that properly conditioned RPBs are almost always
the most readily dewatered, followed by well-conditioned digested primary biosolids
and then activated sludges, in increasing order of difficulty.

Biosolids stabilization by aerobic and anaerobic processes results in the destruction
of a portion of the organic matter and the production of hydrous particles, which are
more difficult to dewater. However, a significant portion of the original hydrous
biosolids is also destroyed in the stabilization process. The consequence is that the
residual digested biosolids are sometimes more difficult to dewater, sometimes easier.
But, in any case, the quantity is reduced 30-40% from the raw state.

5.5. Compressibility

If biosolids particles were idealized incompressible solids, the solids would not
deform, and the void space between the particles would remain constant during
mechanical dewatering. In such an ideal situation, resistance to filtration would be pro-
portional to biosolids depth, and there would be no increase in resistance to filtration as
dewatering progresses. Unfortunately, biosolids particles are practically always
hydrophilic and compressible to a degree, which results in particle deformation and a
reduction in the void area between particles. This reduction in void volume inhibits the
movement of water through the compressed portion of the biosolids cake, and reduces
the rate of dewaterability. The compressibility coefficient (S), is an empirical measure
of the effect of pressure on the permeability of biosolids cake:

r=K_(AP)S 21

where r is the specific resistance (s*/Ib); K, is the cake constant; AP is the pressure dif-
ferential across the biosolids cake, (Ib/in.?); S is the compressibility coefficient. The
value of S can be determined by the analysis of the specific resistance laboratory filtra-
tion data obtained at various pressure differentials. The lower is the value of S the less
is the compressibility of the biosolids.
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Proper conditioning improves dewaterability primarily by producing a flocculent
matrix of solids in relatively clear water before filtration. When this matrix is deposited
on a filtering medium, the bulk cake retains a substantial porosity. However, too high a
pressure drop across the biosolids floc will trigger the conditioned biosolids cake to
collapse, and will result in a decreased filtration rate. The net result of conditioning is
quicker removal of water, principally, because of the higher rate of water removal at the
start of the filtration cycle.

5.6. Biosolids Temperature

As biosolids temperature increases, the viscosity of the water present in the biosolids
mass decreases. Viscosity is particularly important in centrifuge dewatering because
sedimentation is the key component of the process (70).

5.7. Ratio of Volatile Solids to Fixed Solids

Biosolids tend to dewater better as the percentage of fixed solids increases. In fact
some high-g centrifuge manufacturers use the percentage of fixed solids as a key
parameter in sizing equipment. The biosolids cake from centrifugal dewatering of an
anaerobically digested mixture of primary biosolids and WAS, shows a positive
change of 5% in its solids concentration, when the percentage of volatile solids in it
decreases from 70 to 50%. However, because digestion also produces smaller parti-
cles, the higher surface area results in more moisture. The earlier-mentioned approx-
imation of volatile content to cake solids must be carefully used and should be
pretested whenever possible.

5.8. Biosolids pH

Biosolids pH affects the surface charge on biosolids particles. Hence, pH will influ-
ence the type of polymer to be used for conditioning. Generally anionic polymers are
the most useful when the biosolids are lime conditioned and have a high pH, whereas
cationic polymers are most suitable at a pH slightly higher or below neutral. In some
cases, cationic polymers can be effective up to pH 12.0 and have been used for lime
stabilized biosolids.

5.9. Septicity

Septic biosolids are more difficult to dewater and require higher dosages of chemical
conditioners than fresh biosolids. This phenomenon has been experienced at many
locations and is the most likely because of a reduction in the size of biosolids particles,
to the generation of gases that remain entrained in the biosolids, and to the change in
surface characteristics created by bioconversion. Wetter cake and lower biosolids
production are common results from dewatering septic biosolids. For this reason raw
biosolids storage should be minimized as an operating practice.

5.10. Trace Elements and Heavy Metals

It is a basic principle in chemistry that elements are not created or destroyed but
chemically recombined. Therefore the mass of each element entering a treatment
plant fixes the mass that either accumulates within the plant or leaves it. The mass
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Table 15

Metal Content in Wastewater Biosolids

Metal Dry biosolids (range mg/kg) Median (mg/kg)
Arsenic 1.1-230 10
Cadmium 1-3410 10
Chromium 10-99,000 500
Cobalt 11.3-2490 30
Copper 84-17,000 800

Iron 1000-154,000 17,000
Lead 13-26,000 500
Manganese 32-9870 260
Mercury 0.6-56 6
Molybdenum 0.1-214 4
Nickel 2-5300 80
Selenium 1.7-17.25 5

Tin 2.6-329 14
Zinc 101-49,000 1700

Source: US EPA.

leaving the plant does so in gaseous emissions, effluent, a special concentrated
stream, or biosolids.

Trace elements are present in industrial process waste, industrial waste spills,
domestic water supply, feces and urine, and detergents. Additional trace elements are
derived from (4):

a. Chemicals in photographic solutions, paints, hobby plating supplies, dyes, and pesticides
used in households and commercial enterprises.
Stormwater inflow.

c. Corrosion of water piping, which contributes zinc, cadmium, copper, and lead.

d. Chemicals used in wastewater treatment, biosolids conditioning, and so on.

Typical heavy metals, trace elements found in biosolids, vary widely as shown in
Table 15. High concentrations of such toxic elements may limit the extent of biosolids
utilization by application to land (71).

6. EXAMPLES
6.1. Example 1: Determination of Biosolids Volume
Assume activated sludge plant with primary clarifiers:

a. Sludge type. Primary biosolids (P) + WAS.
b. Biosolids quantities. P—150 kg solids/million liters (ML) treated [1250 Ib/million gallons
MG)].

WAS—90 kg solids/ML treated (750 Ib/MG).
c. Solids concentrations. P—5% from primary clarifier.
WAS—0.5% from secondary clarifier.
Thickened WAS—4% from dissolved air flotation thickener.
d. Assume solids specific gravity. 1.4 For primary biosolids and 1.25 for WAS.

Determine biosolids volumes before anaerobic digestion.
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Solution
Biosolids specific gravity:

§=100/{P_ + [(100 - P )/S ]} a7
Primary biosolids specific gravity:
S =100/{95 + [(100 — 95)/1.4]} = 1.01
Thickened WAS specific gravity:

S =100/{96 + [100 — 96)/1.25]} = 1.01

Therefore, combined P + WAS has § = 1.01
Biosolids volume:

wW.=Vp, SPJ/100 (18)
V=W_(100)/p S P,
V=[150 (100)/(1) (1.01) (5)] +[90 (100)/(1) (1.01) (4)]
= 2970 + 2230 L/ML treated.
= 5200 L/ML treated (5200 gal/MG).

6.2. Example 2: Determination of Solids Content After Digestion

Assume that anaerobic digestion of the biosolids in example 1 destroys 50% of the
volatile solids. Also assume 70% of the solids are volatile. Determine the solids content
after digestion.

Solution
Solids content before digestion = (100) (150 + 90)/(5200) (1) (1.01) percent = 4.6% solids.
Mass of solids before digestion: 150 + 90 = 240 kg/ML.
Solids destroyed = (240 kg/ML) (0.7) (0.50) = 84 kg/ML (700 Ib/MG).
Solids remaining = 240 kg/ML — 84 kg/ML = 156 kg/ML (1300 1b/MG).
Solids content after digestion = (100) (156 kg/ML)/(5200) (1) (1.01) percent = 3% solids.

o0 o

6.3. Example 3: Determination of Biosolids Production

This example illustrates the use of yield factors and decay factors. Figure 8 shows a
flow diagram for a hypothetical plant. The problem is to prepare an initial estimate of
the loading to the WAS thickener. Table 16 contains information required for this cal-
culation, including average and maximum day loadings and activated sludge operating
characteristics.

It is assumed that the thickener in this example will have to handle the maximum-day
WAS production. Peak loadings of shorter duration than the maximum day production
will be handled by storing the added suspended solids in the aeration basins. For the
purposes of this example, the biosolids treatment processes such as digestion, dewater-
ing, disinfection, thermal conditioning, and chemical conditioning have not been iden-
tified. Depending upon the selection and design of the biosolids treatment processes, the
recycle loads from such processes could have a significant effect upon the quantities of
WAS and primary biosolids that must be processed. When they are known, the degradable
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Fig. 8. Schematic for biosolids quantity example (Source: US EPA).

organics (BOD,), and nonvolatile fractions of the recycle streams should be added to
the substrate removal (S ), and nonvolatile suspended solids (/) factors. Subsequent
calculations in Egs. (1) and (2) are for the purposes of obtaining biosolids mass balance,
which includes the effect of recycle streams.

Solution
1. Determine BODj load to the activated sludge process.

a. Average day BODy load.
5 MGD x (8.34 Ib/MG/1 mg/L) x 190 mg/L x (1 — 0.35) = 5150 Ib/d.
b. Maximum day BODj load.
9.5 MGD x (8.34 Ib/MG/1 mg/L) x 160 mg/L x (1 — 0.25) = 9510 Ib/d.

2. Determine M, the mass of microorganisms.
a. Average day.

F/M = (BOD, applied/d)/(VSS in system) = 0.3.
M =5150/0.3 =17,170 1b VSS.

b. Maximum day.

FIM =0.5.
M =9150/0.5 = 19,020 1b VSS.

3. Determine Y, the gross yield coefficient and k ” the decay coefficient.
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Table 16
Design Data for Biosolids Production Example
Description Value
Influent flow [MGD(m’/d)]
Average day 5 (18,900)
Maximum day 9.5 (36,000)
Influent BOD g (mg/L)
Average day 190
Maximum day 160
Influent suspended solids (mg/L)
Average day 240
Maximum day 190
BOD  removal in primary sedimentation (%)
Average day 35
Maximum day 25
Suspended solids removal in primary sedimentation
Average day 65
Maximum day 50
Sludge thickener capture efficiency
Average day (%) 95
Maximum day (%) 85
Food-to-microorganism ratio?
Average day 0.3
Maximum day 0.5
Temperature of wastewater
Average day, °F (°C) 65 (18)
Maximum day °F (°C) 50 (10)
Dissolved oxygen in aeration tanks
Average day (mg/L) 2.5
Minimum day (mg/L) 2

Control (automatic) -
Effluent limitations (30-d average)

BOD, (mg/L) 30
Suspended solids (mg/L) 30
Usable test data for solids production None?

Source: US EPA.

b (kg) BODs applied daily/lb (kg) mixed liquor VSS.
’Data from other plants must be used.
1 MGD = 3785 m%/d.

Note: Maximum day influent BOD, and suspended solids concentra-
tions reflect a dilution from average day data because of the higher flow.

No test data are available for this waste, so estimates must be made from tests on
other wastes: For average conditions, use the data for full-scale PE from Table 6:
Y=0.67 1b (kg) VSS formed/Ib (kg) BOD4 removed; k, = 0.06 d.

For maximum conditions, use minimum temperature of 36°F (10°C), which produces
the maximum Y value. Apply the temperature correction, which increases Y by 26%:

Y'=0.67 x 1.26 = 0.84; do not adjust & ,.
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4. Determine S, (substrate removal) in units to match Y.
a. Average daily substrate removal.

i BOD; applied = 5150 Ib/d.
ii. Effluent BOD, (assume 10 mg/L) = 420 Ib/d.
iii. BOD, removed = 5150 — 420 = 4730 Ib/d.

b. Maximum daily substrate removal.
1. BOD, applied = 9510 Ib/d.
i. Effluent BOD, (assume 10 mg/L) = 790 Ib/d.
iil. BOD, removed = 9510 — 790 = 8720 Ib/d.

Note: Allow 10 mg/L for effluent BOD,, even though the plant is permitted to dis-
charge 30 mg/L. Activated sludge plants can often attain 10 mg/L effluent BOD..
Biosolids capacity should be provided for the biosolids produced under such conditions.

5. Determine P, the biological solids production.

Py=() (S, — (k) (M) (D
a. Average day.

P, =(0.67) (4730) — (0.06) (17,170) = 2140 Ib VSS produced/day.

b. Maximum day.

P, =(0.84) (8720) — (0.06) (19,020) = 6184 1b VSS produced/day.

6. Compute I, (nonvolatile suspended solids fed to the activated sludge process).
a. Average daily input of nonvolatile suspended solids.

5 MGD x 8.34 x 240 mg/L (1 — 0.65) (0.25) = 880 Ib/d.
b. Maximum daily input of nonvolatile suspended solids.

9.5 MGD x 8.34 x 190 mg/L (1 — 0.50) (0.25) = 1800 Ib/d.

7. Compute E. (effluent suspended solids).
a. Average day.

5 MGD x 8.34 x 10 mg/L= 420 Ib/d.
b. Maximum day.

9.5 MGD x 8.34 x 10 mg/L = 790 1b/d.
8. Compute WAS . production.
WAS =P, + 1, -E, 2)
a. Average day.
WAS.. = 2140 + 880 — 420 = 2600 Ib TSS/d (1180 kg/d).

b. Maximum day.

WAS,. = 6184 + 1880 — 790 = 7274 1b TSS/d (3302 kg/d).
9. Compute inventory reduction allowance.
Inventory reduction allowance = (0.02) (17,170) = 343 1b/d (156 kg/d).

In the present case, the inventory reduction allowance can be small. Allow 2% of
M/d. The 343 1b/d computed here is smaller than the difference between the average and
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maximum WAS production (Step 8); therefore, if capacity is provided for maximum
solids production, then there will be ample capacity for inventory reduction. It is not
necessary to reduce inventory during peak loads.

6.4. Example 4: Interaction of Yield Calculations
and the Quantitative Flow Diagram

The example just presented demonstrates a technique for calculating solids produc-
tion on a once-through basis; that is, any solids associated with recycle streams were not
considered in the calculation. The quantitative flow diagram (QFD) considers the effects
of recycle streams. Before the QFD can be constructed for biological treatment pro-
cesses, an estimate of net solids destruction or synthesis must first be made. The rela-
tionship between solids entering and leaving the biological unit is established through
the parameter X,), which is defined as net solids destruction per unit of solids entering
the biological unit. The data and calculations from the previous design example allow
an initial estimate of X, to be made.

Solution
For the average flow:

a. Solids leaving the biological unit = P, + I, = 2140 + 880 = 3020 Ib/d.

b. Solids entering the biological unit are equal to solids in the PE, which can be calculated
from the data on Table 6. PE solids = (1 — 0.65) (240) (8.34) (5) = 3503 1b/d.

c. Net solids destruction = solids in — solids out = 3503 — 3020 = 483 1b/d (219 kg/d).

d. X,,=483/3503 =0.138.

For maximum day flows:

Solids leaving the biological unit = 6184 + 1880 = 8064 1b/d (3661 kg/d).

Solids entering the biological unit = (1 — 0.50) (190) (8.34) (9.5) = 7527 Ib/d (3147 kg/d).
Net solids destruction = 8064 — 7527 = 537 Ib/d (244 kg/d).

X =537/7527 = 0.07.

Dmax

o o

Once X, is known, the QFD calculation can be undertaken. After the QFD calcula-
tion is completed, the designer may wish to make new estimates of P, and I, based
on information derived from the QFD calculation. For example, if the QFD calculation
shows that recycle loads are substantial, then the designer might wish to modify esti-
mates of S and I, and calculate new values of P, and I,

NOMENCLATURE
A Filter area (ft?)
A Total media surface area in reactor (ft> or m?)
b Slope of a plot of t/V vs V
C, Coefficient to match units of S and “F” in F/M; if S_is BOD, removed
(influent — effluent), then C, is BOD, removal efficiency, about 0.9
E, Effluent suspended solids (Ib/d or kg/d)

FIM Food-to-microorganism ratio = BOD, applied daily/VSS (mass) in system
Nonvolatile suspended solids fed to the process (1b/d or kg/d)

k, Decay coefficient (activated sludge) (d=')

k'd Decay coefficient (trickling filter) (d=')
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K. Cake constant

M System inventory of microbial solids (VSS) (Ib or kg)

P, Percentage of solids present in the biosolids (%)

P, Percentage of water in biosolids (%)

Py Net growth of biological solids (VSS) (Ib/d or kg/d)

P/M  Net growth rate =1/6_ d™'

AP Pressure differential across the biosolids cake (Ib/in?)

r Specific resistance (s*/1b)

S Compressibility coefficient

S Specific gravity of biosolids

S Specific gravity of fixed solids

S, Substrate (e.g., BOD,) removed (Ib/d or kg/d)

S, Specific gravity of solids

S, Specific gravity of volatile solids

S/M  1b (kg) BOD, removed per day/lb (kg) VSS

t Time (s)

1% Filtrate volume (ft* or m?)

1% Volume of biosolids (ft> or m?)

Wf Weight of fixed solids (Ib or kg)

W, Weight of solids (Ib or kg)

W, Weight of water in biosolids (Ib or kg)

w, Weight of volatile solids (Ib or kg)

WAS, Waste-activated sludge production (Ib/d or kg/d)

WTFB Waste trickling filter biosolids production (Ib/d or kg/d)

Y Gross yield coefficient (activated sludge) (1b/lb or kg/kg)

Y’ Gross yield coefficient (trickling filter) (Ib/Ib or kg/kg)

Yoo Net yield coefficient = Ib(kg) VSS produced /lb(kg) substrate

(e.g., BODy) removed

0, M/P,, = Sludge age (d)

P, Density of water (Ib/ft*> or kg/m?)

w Absolute viscosity (Ib/s-ft or kg/s-m)

0 Weight of solids deposited per unit volume of filtrate (Ib/ft> or kg/m?)
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1. INTRODUCTION
1.1. General

Thickening is defined as removal of water from sludge to achieve a reduction in

moisture content of slurries. The resulting material is still fluid. Thickening is used at
most wastewater treatment plants, as an economic measure, to reduce the volume of
sludge or for greater efficiency in subsequent processes. Sludges are thickened primarily
to decrease the capital and operating costs of subsequent sludge processing steps by
substantially reducing the volume. Thickening from 1 to 2% solids concentration,
for example, halves the sludge volume. Further concentration to 5% solids, reduces the

volume to one-fifth of its original volume.
Depending on the process selected, thickening might also provide the following

benefits:

-0 a0 o

Sludge blending.

Sludge flow equalization.
Sludge storage.

Grit removal.

Gas stripping.
Clarification.
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The purpose of this chapter is to provide the reader with rational design and operat-
ing information on which to base decisions about a cost-effective thickening process.
Thickening is only one part of wastewater biosolids treatment and disposal system and
must be integrated into the overall treatment process, so that performance for both lig-
uid and solid treatment is optimized and total cost is minimized (1-5).

Gravity or flotation thickeners are normally used to accomplish thickening; centrifuges
have also been used as sludge thickeners. Gravity thickening is the subject at hand while
air flotation and centrifugation are presented in other chapters.

1.2. Gravity-Thickening

Gravity-thickening is the most common process currently used for dewatering and
for the concentration of sludge before digestion. Gravity-thickening is essentially a
sedimentation process similar to the process that occurs in all settling tanks. The pro-
cess is simple and is the least expensive of the available thickening processes (6,7).

Gravity-thickening might be classified as plain settling and mechanical thickening. Plain
settling usually results in the formation of scum at the surface and stratification of sludges
near the bottom. Sludges from secondary clarifiers usually cannot be concentrated by plain
settling. Gentle agitation is usually employed to stir the sludge, thereby opening channels
for water to escape and promoting densification. A common mechanical thickener consists
of a circular tank equipped with a slowly revolving sludge collector. Primary and secondary
sludges are usually mixed before thickening. A ratio of secondary sludge to primary sludge
of 8:1 or more is recommended to ensure aerobic conditions in the thickener. Chlorine has
been used to prevent sludge septicity and gasification, which interfere with optimum solids
concentration of organic materials. A chlorine residual of 0.5—-1 mg/L in the thickening tank
prevents such problems. Organic polyelectrolytes (anionic, nonionic, and cationic) have
been used successfully to increase the sludge settling rates, the overflow clarity, and the
allowable tank loadings.

1.3. Process Evaluation

Although it is good design practice to pilot thickening equipment before designing a
facility, pilot testing does not guarantee a successful full-scale system. Designers must be
aware of the difficulties involved in scale-up and the changing character of wastewater
sludge and allow for the changing parameters in the design.

The main design variables of any thickening process are:

Solids concentration and volumetric flow rate of the feed stream.

Chemical demand and cost if chemicals are used.

c. Suspended and dissolved solids concentrations and volumetric flow rate of the clarified
stream.

d. Solid concentration and volumetric flow rate of the thickened sludge.

IS

Specific design criteria for selection of a thickening process can also be dependent
on the chosen downstream process train. Another important consideration is the opera-
tion and maintenance (O/M) cost and the variables affecting it. In the past, O/M costs
have not been given enough attention. However, this changed as US Environmental
Protection Agency (US EPA) began to implement its Operations Check List in all
phases of the Construction Grants Program (5).
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Finally, thickening reliability is important for successful plant operation. A reliable
thickening system is needed to maintain the desired concentration and relatively unin-
terrupted removal of sludge from a continuously operated treatment plant. Sludges are
being generated constantly, and if they are allowed to accumulate for a long time, the
performance of the entire plant will be degraded.

1.4. Types and Occurrence of Thickening Processes

As mentioned earlier Thickening is accomplished in sedimentation basins and in sep-
arate gravity, flotation, and centrifugal thickeners; and in miscellaneous facilities such
as secondary anaerobic digesters, elutriation basins, and sludge lagoons.

2. SEDIMENTATION BASINS
2.1. Primary Sedimentation

A primary clarifier can be used as a thickener under certain conditions. Primary
sludge thickens well, provided the sludge is reasonably fresh, solids of biological origin
(e.g., waste activated sludge [WAS]) are kept to a minimum, and the wastewater is rea-
sonably cool. If sludge of 5-6% solid content is to be recovered from a primary sedi-
mentation system, it is essential that the sludge transport facilities be designed to move
those solids. This will require short suction piping, adequate net positive suction heads
on the primary sludge pump, suction-sight glass inspection piping, and a positive means
of ascertaining the quantity pumped and the concentration of the slurry (8).

2.2. Secondary Sedimentation

Thickening in secondary or intermediate clarifiers has not been successful in the past
because biological sludges are difficult to thicken by gravity. Thickening has been
improved by using side water depths of 14-16 ft (4-5 m) suction sludge withdrawal
mechanisms rather than plow mechanisms, and gentle floor slopes, for example, 1:12.
Although thickening within a sedimentation basin can be beneficial under certain
conditions, separate thickening is usually recommended.

3. GRAVITY THICKENERS
3.1. Introduction

Separate, continuously operating gravity-thickening for municipal wastewater
sludges was conceptualized in the early 1950s (9). Until that time, thickening had
been carried out within the primary clarifier. Operating problems such as floating
sludge, odors, dilute sludge, and poor primary effluent led to the development of the
separate thickening tank. Now, gravity-thickeners became the most commonly used
sludge-concentrating device; however, their use is being challenged by other thicken-
ing processes. The advantages and disadvantages of gravity thickeners compared with
other thickeners are as follows (4).

The advantages of gravity-thickening are:

a. Provides the greatest sludge storage capabilities.
b. Requires the least operational skill.
c. Provides the lowest operation (especially power) and maintenance cost.
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Fig. 1. Concentration profile of municipal sludge in a continuously operating thickener.

The disadvantages include the following aspects:

Requires the largest land area.

Contributes to the production of odors.

For some sludges, solid/liquid separation can be erratic.

For WAS, it produces the thinnest least concentrated sludge.

3.2. Theory

Since the early work of Coe and Clevenger (10), understanding of gravity-thickening
has slowly improved (11-18). The key to understanding the continuous gravity-thickening
process is recognition of the behavior of materials during thickening.

Coarse minerals thicken as particulate (nonflocculent) suspensions. However, munic-
ipal wastewater sludges are usually flocculent suspensions that behave differently (19).
Only a short descriptive summary of thickening theory will be given here. Detailed,
comprehensive analysis of gravity-thickening theory for municipal wastewater sludges
is beyond the scope of this chapter; those desiring such detail should consult the works
of Keinath et al. (20), Bustos et al. (17), and Shammas et al. (18).

Figure 1 shows a typical solids concentration profile for municipal wastewater
sludges within a continuously operating gravity thickener. Sludge moving into the
thickener partially disperses in water in the sedimentation zone and partially flows as a
density current to the bottom of the sedimentation zone. The solid phase of the sludge,
both dispersed and in the density current, creates flocs that settle on top of the thick-
ening zone. Flocs in the thickening zone lose their individual character. They have
mutual contacts and thus become a part of the matrix of solids compressed by the
pressure of the overlying solids. The displaced water flows upward through channels
in the solids matrix.

SIS
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Fig. 2. Cross-sectional view of a circular gravity thickener.

Generally, in decision making about thickener size, the settling process in the sedi-
mentation zone as well as the consolidation process in the thickening zone should be
evaluated; whichever process (sedimentation or thickening) requires greater surface area
dictates the size of the thickener. For municipal wastewater sludges, the thickening zone
area required is almost always more than that for the sedimentation zone.

3.3. System Design Considerations

Circular concrete tanks are the most common configuration for continuously operating
gravity thickeners, although circular steel tanks and rectangular concrete tanks have also
been used. Figure 2 shows a cross-sectional view of a typical circular gravity thickener.

The following parameters should be evaluated for every gravity thickener:

Minimum surface area requirement.
Hydraulic loading.

Drive torque requirement.

Total tank depth.

o o

Floor slope and several other considerations such as automation (21), strategy
(22), and future perspectives (23) will also influence the final design of the gravity
thickener.

3.3.1. Minimum Surface Area Requirement

If sludge from the particular facility is available for testing, the required surface area
can be found by using a settling column, developing a settling flux curve, and calculating
the critical flux (mass loading [Ib/ft?>/h]) for that particular sludge (5,18,20). However, in
most cases the sludge to be thickened is not available, and the designer must resort to
other methods.
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Table 1 provides criteria for calculating the required surface area when test data is not
available and pilot plant work is not reasonable. The designer must specify the sludge
type (for mixtures, the approximate proportions should be known), the range of solids
concentration that is expected in the thickener inflow, and the underflow concentration
required for downstream processing. A design example given at the end of the chapter
will illustrate the use of Table 1 in sizing gravity thickeners.

3.3.2. Hydraulic Loading

Hydraulic loading is important for two reasons. First, it is related to mass loading.
The quantity of solids entering the thickener is equal to the product of the flow rate and
solids concentration. As there are definite upper limits for mass loading, therefore there
will be some upper limit for hydraulic loading. Second, high hydraulic loading causes
excessive carryover of solids in the thickener effluent.

Typical maximum hydraulic loading rates of 25-33 gal/ft*h (1200-1600 L/m?/h)
have been used in the past but mainly for primary sludges. For sludges such as WAS or
similar types, much lower hydraulic loading rates, 4-8 gal/ft>/h (200-400 L/m?/h) are
more applicable (24-27). Table 2 gives some typical operating results (24,28-32). Note
that the hydraulic loading rate in gal/ft>/h can be converted to an average upward tank
velocity in feet per hour by dividing with 7.48.

Using the typical maximum hydraulic loading rates mentioned earlier, maximum
velocities for primary sludges are 3.3—4.4 ft/h (1-1.3 m/h) and for WAS are 0.5-1.1 ft/h
(0.2-0.3 m/h). Several researchers have related overflow rates to odor control, but odor
is resulting from excessive retention of solids and can be better controlled by removing
the thickened sludge from the thickener at an increased frequency.

3.3.3. Drive Torque Requirement

Sludge on the floor of a circular thickener resists the movement of the solids rake and
thus produces torque. Calculation of torque for a circular drive unit is based on the sim-
ple cantilevered beam equation represented by Eq. (1):

T = WR? (1)
where T is the torque (ft-1b), W is the uniform load (this is sludge specific [1b/ft])
(see Table 3), R is the tank radius (ft).

Note that there are several levels of torque, which must be specified for a circular

gravity thickener. The following list defines the various torque conditions applicable to
circular gravity thickeners (33).

a. Running torque—this is the torque value calculated from Eq. (1).

b. Alarm torque—torque setting, normally 120% of running, which tells the operator that
there is something wrong.

c. Shut-off torque—torque setting, normally 140% of running, which would shut down the
mechanism.

d. Peak torque—torque value, determined by the supplier of the drive unit. This torque is pro-
vided only for an instant and is normally 200% of the running torque.
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Table 1
Gravity Thickener Surface Area Design Criteria

Influent solids Expected underflow

concentration concentration Mass loading
Type of sludge (%) solids (%) (Ib/ft?/h)@
Separate sludges
Primary (PRI) 2-7 5-10 0.8-1.2
Trickling filter (TF) 14 3-6 0.3-04
Rotating biological 1-3.5 2-5 0.3-0.4
contactor (RBC)
Waste-activated sludge (WAS)
WAS-air 0.5-1.5 2-3 0.1-0.3
WAS-oxygen 0.5-1.5 2-3 0.1-0.3
WAS—(extended aeration) 0.2-1 2-3 0.2-0.3
Anaerobically-digested 8 12 1
sludge from primary digester
Thermally-conditioned sludge
PRI only 3-6 12-15 1.6-2.1
PRI + WAS 3-6 8-15 1.2-1.8
WAS only 0.5-1.5 6-10 0.9-1.2
Tertiary sludge
High lime 3-4.5 12-15 1-2.5
Low lime 3-4.5 10-12 0.4-1.25
Alum - - -
Iron 0.5-1.5 34 0.1-0.4
Other sludges
PRI + WAS 0.5-1.5 4-6 0.2-0.6
2.5-4 4-7 0.3-0.7
PRI+ TF 2-6 5-9 0.5-0.8
PRI + RBC 2-6 5-8 0.4-0.7
PRI + iron 2 4 0.25
PRI + low lime 5 7 0.8
PRI + high lime 7.5 12 1
PRI + (WAS + iron) 1.5 3 0.25
PRI + (WAS + alum) 0.2-0.4 4.5-6.5 0.5-0.7
(PRI + iron) + TF 0.4-0.6 6.5-8.5 0.6-0.8
(PRI + iron) + WAS 1.8 3.6 0.25
WAS + TF 0.5-2.5 2-4 0.1-0.3
Anaerobically digested
PRI + WAS 4 8 0.6
PRI + (WAS + iron) 4 6 0.6

Source: US EPA

“Typically, this term is given in Ib/ft?/d. As wasting to the thickener is not always continuous for 24 h, it
is a more realistic approach to use 1b/ft?/h.

1 1b/ft?/h = 4.9 kg/m?/h.
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Table 3
Typical Uniform Load (W) Values
Sludge type Truss arm W (1b/ft)*
Primary only (little grit) 30
Primary only (with grit) 40
Primary + lime 40-60
Waste-activated sludge (WAS)
Air 20
Oxygen 20
Trickling filter 20
Thermal conditioned 80
Primary + WAS 20-30
Primary + trickling filter 20-30

Source: US EPA

“Rake arms typically have a tip speed between 10 and
20 ft/min (3—6 m/min)

1 1b/ft = 1.49 kg/m.

3.3.4. Total Tank Depth
The total vertical depth of a gravity thickener is based on three considerations:

a. Tank free board.
b. Settling zone (zone of clear liquid and sedimentation zone).
c. Compression and storage zone (thickening zone).

3.3.4.1. TANK FREE BOARD

Tank free board is the vertical distance between tank liquid surface and top of verti-
cal tank wall. It is a function of:

a. Tank diameter.

b. Type of bridge structure: half or full bridge.
c. Type of influent piping arrangement.

d. Whether or not skimming is provided.

Free board will usually be at least 2-3 ft (0.6—0.9 m), although some designers have
used free board heights up to 7-10 ft (2-3 m).

3.3.4.2. SETTLING ZONE

This zone encompasses the theoretical zone of clear liquid and sedimentation zone
as shown on Fig. 1. Typically 4-6 ft (1.2-1.8 m) is necessary, with the greater depth
being for typically difficult sludges, such as WAS or nitrified sludge.

3.3.4.3. COMPRESSION AND STORAGE ZONE

Sufficient tank volume must be provided so that the solids will be retained for the period
of time that is required to thicken the slurry to the required concentration. In addition, suffi-
cient storage is necessary to compensate for fluctuations in solids loading rate. Another con-
sideration is that gas might be produced because of anaerobic conditions or denitrification.
Development of these conditions depends on the type of sludge, liquid temperature, and the
length of time sludge is kept in the thickener. Plant operating experience has indicated that
the total volume in this zone should not exceed 24 h of maximum sludge wasting.
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3.3.5. Floor Slope

The floor slopes of thickeners are normally more than 2 in. of vertical distance per
foot of tank radius (17 cm/m). This is steeper than the floor slopes for standard clari-
fiers. The steeper slope maximizes the depth of solids over the sludge hopper, allowing
the thickest sludge to be removed. The steeper slope also reduces sludge raking prob-
lems by allowing gravity to do a greater part of the work in moving the settled solids to
the center of the thickener.

3.3.6. Other Considerations
3.3.6.1. LIFTING DEVICES

Optimum functioning of a thickener mechanism can be inhibited by heavy accumu-
lation of solids resulting from power outages or inconsistent accumulations of heavy or
viscous sludges. Thickeners can be provided with either a manual or an automatic lift-
ing device that will raise the mechanism above these accumulations. This device has not
been considered necessary in the majority of municipal wastewater treatment plants
except in applications involving very dense sludges (e.g., thermally-conditioned sludge
or primary plus lime sludge).

3.3.6.2. SKIMMERS

Several years ago, it was rare for skimmers to be installed on gravity thickeners. Today
it is a common practice to specify skimming and baffling for new plants. The reason for
the change is the increased processing of biological sludges and the inherent floating
scum layer associated with those sludges.

3.3.6.3. POLYMER ADDITION

Addition of polymer to gravity thickener feed has been practised at several plants
(34,35). Results indicate that the addition of polymers improves solids capture but has
little or no effect on increasing solids underflow concentration.

3.3.6.4. THICKENER SUPERNATANT

Thickener supernatant or overflow is normally returned to either the primary or secondary
treatment process. As indicated in Table 2, the strength of the overflow, as measured by total
solids, can vary significantly. The liquid treatment system must be sized to handle the
strongest recycled load.

3.3.6.5. PICKETS
Stirring with pickets in gravity thickeners is thought to help consolidate sludge in the

thickening zone (36). However, the support rake mechanism usually can provide suffi-
cient sludge mixing to make special pickets unnecessary.

3.3.6.6. FEED PumP AND PIPING
The following guidelines are applicable for feed pump and piping:

a. Use positive displacement feed pumps with variable speed drives for variable head condi-
tions and positive feed control.
. Provide continuous pumping as much as possible.
c. Design piping for operational flexibility.



Gravity Thickening 55

3.3.6.7. THICKENER UNDERFLOW PUMP AND PIPING

For variable head conditions and typical abrasiveness of many sludges, a positive dis-
placement pump with variable speed drive should be used and its operations should be
controlled by some types of solids sensor, for example, either by a sludge blanket level
indicator or solids concentration indicator. Pumps should be located directly adjacent to
the thickener for the shortest possible suction line. A positive or pressure head should
be provided on the suction side of the pump. A minimum of 10 ft (3 m) should be pro-
vided for primary sludges and a minimum of 6 ft (2 m) for all other sludges. It is criti-
cal to provide adequate cleanouts and flushing connections on both the pressure and
suction sides of the pump. Cleanouts should be brought to an elevation more than that
of the water surface so that the line may be rodded without emptying the thickener.

3.3.6.8. OTHER DETAILS

For more information and detailed discussions, the reader is referred to the most
recent literature reviews on biosolids and sludge management for the years 2000 (37),
2001 (38), and 2003 (7).

4. COST
4.1. Capital Cost

Several recent publications have developed capital cost curves for gravity thickeners
(39-41). Probably the most factual is the reference based on actual US EPA bid docu-
ments for the years 1973-1977 (40). The US EPA Report on Construction Costs for
Municipal Wastewater Treatment Plants indicates that although the plants cost data was
rather scattered, a regression analysis of the data indicated that the capital cost could be
approximated by a mathematical relationship (40). The reported relationship is shown
in Eq. (2) after adjustment to the 2006 USD using the US Army Corps of Engineers
Construction Cost Index for Utilities (see Appendix).

C=17.85x 10* Q"1 2)

where C is the capital cost of process in 2006 USD; Q is the plant design wastewater
flow in MGD.

The associated cost include cost for excavation, process piping, equipment, concrete,
and steel. In addition, cost for administrating and engineering is equal to 0.2264 of cap-
ital cost (40):

C =0.2264 C 3)

ae

where C _, is the administration and engineering cost of process.

4.2. Operating and Maintenance Cost

4.2.1. Labor and Management

Figure 3 shows annual man-hour requirements for O/M. As an example, for a grav-
ity thickener surface area of 1000 ft> (93 m?), a designer would include 350 man-hours
of O/M in the cost analysis.
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Fig. 3. Annual O&M man-hour requirements for gravity thickeners.

4.2.2. Power Consumption

Figure 4 indicates annual power consumption for a continuously operating gravity
thickener as a function of gravity thickener surface area. As an example, for a gravity
thickener surface area of 1000 ft?> (93 m?), a designer would include a yearly power
usage of 4500 kWh (16.2 GJ) in the cost analysis. Figure 4 does not include accessories
such as pumps or polymer feed systems.

4.2.3. Maintenance Material Costs

Table 4 is used for estimating circular gravity thickener maintenance material costs
as a function of gravity thickener surface area. As an example, for a gravity thickener
surface area of 4000 ft?> (372 m?), a designer would estimate a yearly materials cost of
2710 USD after adjustment to the 2006 USD using the US Army Corps of Engineers
Construction Cost Index for Utilities (Appendix).

5. DESIGN OF THICKENERS

In the design of thickeners, concentration of the underflow and clarification of the
overflow must be achieved. Mechanical thickeners (Fig. 5) are designed on the basis of
hydraulic surface loading and solid loading. These parameters are normally obtained
from laboratory batch settling tests. Procedures for conducting the tests and evaluating
the design parameters are well documented in literature. In the absence of laboratory
data, Table 1 may be used as a guide for selecting solid loading rates. Typical surface
loading rates of 600-800 gpd/ft> are recommended for most thickeners. Hydraulic load-
ing rates of less than 400 gpd/ft> were reported to produce odor problems. Detention time
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Fig. 4. Annual power consumption for continuously operating gravity thickeners.

Table 4

Maintenance Material Cost for Circular Gravity Thickeners

in 2006 USD*

Thickener (ft?) Area (m?) Annual cost (USD)
500 46 630
1000 93 1040
2000 186 1670
4000 372 2710
6000 558 3650
8000 744 4590
10,000 930 5420
20,000 1860 8970
30,000 2790 11,370
40,000 3720 14,080

Source: US EPA
“Adjusted to the 2006 USD using the US Army Corps of Engineers Construction Cost
Index for Utilities (Appendix).

of the thickener may range between 2 and 4 h. Gravity-thickening is the most common
method currently used at wastewater treatment plants for concentrating sludges.

5.1. Input Data

1. Sludge flow (Q) (gpd).
a. Average daily flow (Q, ) (gpd).
b. Maxim flow (Q_. ) (gpd).
¢. Minimum flow (Q_. ) (gpd).
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2. Solid concentration (C,) (percentage = mg/L X 107%).
Note: 1% solids = 0.624 1b/ft>.

5.2. Design Parameters
a. Desired underflow concentration (C,) (Ib/ft> = mg/L x 0.624 x 107%).
b. Mass loading (ML) (Ib/ft?>/d [from settling test]).
¢. Hydraulic loading (HL) (gpd/ft? [400-800 gpd/ft]).
d. Detention time (¢) (h [2-6 h]).
e. Number of tanks (N).



Gravity Thickening 59

5.3. Design Procedure

a.

C.

Calculate unit area, using data from settling test (see Settling Curve in Fig. 6). Settling of
particles from a suspension with high concentration of suspended solids usually involves
both zone settling and compression settling in addition to free settling. The compression-
settling region is formed under the zone-settling region in a settling column. Settling tests
are usually required to determine the sedimentation characteristics of suspensions where
zone settling and compression settling occur. Talmadge and Fitch (42) developed a method
to determine the area required for a solids handling system from the results of settling tests.
This method as outlined by Shammas et al. (18) is given next.

A settling test is performed with suspension of solids of uniform concentration (C,) in a
settling column of height (H). The position of the interface with time is determined and is
plotted on a depth time graph (see Fig. 6).

The critical area for a solid handling system is given by the equation

4

where A is the area required for the solids handling thickener (m? [ft?]), Q is the volumet-
ric flow rate into thickener (m3/s [ft3/s]), t, is the time required to attain underflow
concentration (c,) (s), and H,, is the initial column height of the interface in the settling
column (m [ft]).

In the earlier equation, Q and H,, are known and ¢, is found graphically from the settling
curve. First, the point of critical concentration c_ is determined by bisecting the angle
formed by extending the tangents to the hindered settling and the compression-settling
regions of the settling curve. The bisector cuts the settling curve near the point where
compression-settling starts. The critical concentration corresponds to the largest cross-
section area required for a solid handling system. The value of ¢, can be determined by
drawing a vertical line to the time axis from the intersection of the tangent at C, and the
horizontal line drawn at depth H - H is the depth at which all solids are at the desired
underflow concentration (C ).

Hu= 0770 (5)

where H  is the the depth at which all solids are at the desired underflow concentration (c,)
(m [ft]), C, is the underflow concentration; and C is the initial concentration at depth H,,.
Knowing the value of ¢ , the area required for solids handling system can be obtained from
Eq. (4).

Calculate mass loading.

G0
ML = 2 6
. (6)
Because Q = V/t, = H, A/t , then:
COHO
ML = (7)

t

u

If settling data is not available, select mass loading from Table 1.
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Fig. 6. Graphical determination of ¢ , to obtain desired C, from lab settling curve (18).

Calculate total surface area.
0,, X C, x0.624
ML x 7.48

where A is the total surface area (ft?); Qavg is the average daily flow (gpd); C, is the initial
solids concentration (%); and ML is the mass loading (1b/ft?/d).
Check hydraulic loading.

A =

®)

HL = % (400 gpd/ft*) )
— Qmax 2
HL = % (<800 gpd/ft™) (10)

where, HL is the hydraulic loading (gpd/ft*); Q_.
maximum flow (gpd); and A is the surface area (ft?).
Select number of tanks and calculate surface area per tank.

A =AIN (11)

is the minimum flow (gpd); Q_ _ is the

max

tank

where A, is the surface area per tank (ft?); A is the total surface area (ft?); and N is the
number of tanks.
Select a detention time (2—6 h) and calculate tank volume.

V=1(Q,,) () (1/24) (1/7.48) (12)

where V is the tank volume (ft3); Qavg is the average daily flow (gpd); and ¢ is the detention
time (h).
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h.

Calculate depth.
14
A

tank

D=

(13)
where D is the depth (ft); V is the volume (ft?); and A wank 18 the surface area per tank (ft?).
Calculate volume of thickened sludge.

V. = (Q X C, X recovery[%]/100)/C X S ) (14)

where V,_is the volume of thickened sludge per day (gal); Q is the sludge flow (gpd); C is
the initial solid concentration (%); C_ is the desired underflow concentration (%); and S_is
the specific gravity of sludge.

5.4. Output Data

A P e B0 o

Average sludge flow (MGD).
Initial concentration (%).
Thickened concentration (%).
Mass loading (Ib/ft?/d).
Hydraulic loading (gpd/ft?).
Detention time (h).

Number of units.

Depth (ft).

Volume (ft3).

Surface area per tank (ft?).
Volume of thickened sludge per day (gal).

6. DESIGN EXAMPLE 1

A designer has calculated that it is necessary to thicken a maximum of 2700 Ib/d

(1225 kg/d) of waste sludge, (dry weight). The sludge consists of 1080 1b (490 kg) of
primary at 4% solids and 1620 Ib (735 kg) of WAS at 0.8% solids. Waste process from
the primary clarifier will be initiated by a time clock and terminated by a sludge den-
sity meter when the sludge concentration drops less than a given value. WAS will be
pumped from the final clarifier 24 h/d at 17 gpm (1 L/s).

Solution

6.1. Thickener Surface Area

Because this is a new facility and pilot testing is not possible, the designer must uti-

lize Table 1. There are two possible thickening alternatives:

a.

The first alternative is thickening of straight WAS with a maximum influent solid concen-
tration of 0.8% solids. At maximum conditions, the designer has selected an average mass
loading value of 0.2 Ib/ft?>/h (1.47 kg/m?/h) and a solids concentration of 2% in the underflow.

Surface area = (1620 Ib/d)/(0.2 1b/ft2/h) (24 h/d) = 337.5 £ (31.4 m?)

The second alternative is thickening a combination of WAS and primary sludge. The den-
sity meter on the primary clarifier will be set to allow the sludge pump to continue as long
as the solid concentration is more than or equal to 4% solids. The primary sludge pump will
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be equipped with a variable speed controller and has a maximum rated pumping capacity
of 10 gpm (38 L/min).

On a mass-loading basis, the designer’s past experience indicates that surface area
required for the combination of primary and WAS is less than that required for WAS
alone. However, to assure system reliability, sufficient surface area should be provided
to thicken only WAS. With the addition of primary sludge, the expected underflow of
solid concentration is 4% (see Table 1).

6.2. Hydraulic Loading

The maximum possible hydraulic flow to the gravity thickener would be 17 gpm
(1 L/s) of WAS and 10 gpm (0.63 L/s) of primary sludge. The designer is cognizant
of the solid recycle problem from the thickener overflow and has selected a value of
6 gal/ft?>/h (250 L/m?/h) as the maximum overflow rate.

(17 +10) gpm X 60 min/h)
6 gal/ft*/h

The area required for hydraulic loading is less than that required for mass loading.

Hence, the required surface area for thickening is 337.5 ft> (31.4 m?). Because contin-

uous operation of the sludge handling system is essential, two gravity thickeners, each

capable of handling the sludge flow, will be provided. The minimum required area for
each tank is 337.5 ft? (31.4 m?), which is equivalent to a 20.7 ft (6.2 m) diameter unit:

nD?

=270 ft* 25.1 m?)

Surface area =

=337.5ft

hence, D = 20.7 ft.

In this size range, equipment manufacturers have standardized on 1 ft (0.3 m) incre-
ments; therefore, a 21 ft (6.3 m) diameter, 346 ft> (32.2 m?) units will be specified.
6.3. Torque Requirements

From Table 3, choose a truss arm loading (W) of 30 1b/ft (45 kg/m). From Eq. (1), the
running torque required is:

T=WR? (1)

T = (30 Ib/ft) x (10.5 ft)> = 3307 ft Ib (465 m kg)

The designer will specify a minimum running torque capacity of 3307 ft Ib (465 m kg).
The other torques will be as follows:

a. Alarm torque = 120% % 3307 = 3970 ft Ib (560 m kg).
. Shut-off torque = 140% X 3307 = 4630 ft 1b (650 m kg).
c. Peak torque = 200% x 3307 = 6610 ft Ib (930 m kg).

6.4. Tank Depth

Because both the full and the half bridge systems work equally well and the full
bridge is less expensive to install, the designer will use a full bridge thickener mecha-
nism that will rest atop the gravity thickener and will have a skimming mechanism
attached. In order to accommodate the skimming arm beneath the bridge and allow room
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to perform maintenance work, the designer selected 2 ft (0.61m) for the freeboard in the
thickener. From past experience, the designer selected a typical depth of 5 ft (1.54 m)
for the settling zone.

To calculate the depth of the thickening zone, it is assumed that the average solid con-
centration in the zone would be 1.4% solids and that 1-d storage would be utilized. The
following assumptions were made in order to arrive at this percentage:

a. Only WAS would be thickened.
b. The top of the thickening zone would hold 0.8% solids.
c. The bottom of the thickening zone would hold 2% solids

Hence, The average concentration would be equal to:

0.8+22=14%

Depth of thickening zone = 1620 1b of WAS/(0.014) (8.34) (7.48 gal/ft®) (346 ft?) = 5.36 ft
(1.61 m).

The total vertical sidewall depth of the gravity thickener is the sum of the freeboard,
settling zone, and required thickening zone. In this case total sidewall depth would be:

=2+5+5.36
=12.36 ft (3.77 m)

At this time, no allowance has been made for the depth of the cone height of the
thickener, which would reduce slightly the vertical sidewall depth of the thickening
zone when subtracted from the thickening zone depth.

7. DESIGN EXAMPLE 2

Design a gravity thickener to thicken sludge from a 2 MGD-activated sludge plant. Both
primary and activated sludge will be mixed and thickened together. Provide at least two
thickeners. Determine the quantity of sludge expected assuming the sludge is undigested.
Sludge volume is usually between 7000 and 10,000 gal/MGD of wastewater flow, and
solids in the unthickened sludge are between 1800 and 2600 1b/MGD of wastewater flow.

7.1. Quantity of Sludge and Solids

Solution
Quantity of sludge per day assuming 10,000 gal/MGD is 10,000 x 2 = 20,000 gal.

Quantity of solid mass per day assuming 2000 1b of solids/MGD.
Weight of solids = 2000 x 2 = 4000 1Ib.

7.2. Surface Area of Thickeners

Solution
Assume a hydraulic loading, HL of 500 gpd/ft?

A=QMHL
= 20,000/500
= 40 ft2 or 20 ft2 for each thickener.
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Assume solids mass loadings, ML of 8 1b/ft?/d.

A required = Weight of solids/ML
=4000/8
=500 ft? or 250 ft? per thickener.

Therefore solids loading govern the design.

7.3. Diameter of Thickeners
Solution
Area =Tt D?/4.
Area = 3.14 D?/4 = 250.
Diameter = 17.8 ft.

Provide two thickeners of 20 ft diameter each. As the overflow rate for the anticipated
volume of sludge is very low some of the wastewater effluents should be recycled to
prevent septic conditions.

8. DESIGN EXAMPLE 3

Settling column analyses performed on a waste sludge with an initial solid concen-
tration of 3500 mg/L yielded the settling curve as plotted in Fig. 7. It is desired to
thicken this sludge so that the underflow concentration is 14,000 mg/L. The sludge
inflow is 0.02 m3/s. Determine the area required for thickening, the overflow rate and
the solid loading. H,, is 80 cm.

8.1. Height of Sludge at the Required Solids Concentration (C,)

Solution
From Eq. (5)
C H
H — 0°70 5
¢ S
H = 3500 mg x80cmx—— =20 cm
" L 14,000 mg

8.2. Surface Area of Thickener

Solution

Draw tangents to the hindered settling and the compression settling regions of the set-
tling curve, as shown in Fig. 7. Bisect the angle formed by these tangents and obtain
the point of critical concentration c . Determine the value of 7, by drawing a vertical
line to the time axis from the intersection of tangent at c_ and the horizontal line
drawn at depth H (20 cm). As shown in Fig. 7 the value of t,is 24 min.

From Eq. (4) the area required for thickening is

o,
H

A= 4

0
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0.02 m* ) 60 s 1 100 cm
= X 24 min X X
S Imin 80 cm 1m
=36 m?

While determining the area required to thicken sludge it is essential to ensure that this
area is adequate for clarification. The settling velocity, v, of the sludge is obtained by
dividing the depth of the column by the time, 7, where the tangent to hinder settling
region cuts the time axis.

80

v =————=0.08 cm/s
*16.5 x 60
The area required for clarification equals
0.02 m’ s 100 cm
=2 X X =25m’
v S 0.08 cm Im

which is less than that required for thickening. Therefore area for thickening governs the
design.

8.3. Solid Loading

Solution
From Eq. (6) solids mass loading equals:

ML = Q C,/A
3
v 002m’ 3500mg 1 864005 1000L g
s L 36 m’ d m’ 1000 mg
= 168,000 g/m?/d =168 kglm*/d (6)
ML = 168/24

ML = 7 kg/m*h
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NOMENCLATURE
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Thickeners area required for solids handling (ft*> [m?]).
Surface area per tank (ft> [m?]).

Capital cost (USD).

Administration and engineering cost (USD).

Initial solids concentration at height H_ (% [mg/L]).
Underflow concentration (% [mg/L]).

Depth of tank (ft [m]).

Diameter of tank (ft [m]).

Initial column height of the interface in the settling column (ft [m]).
The depth at which all solids are at the desired underflow concentration (C)
(ft [m]).

Hydraulic loading [gpd/ft> [L/d/m?]).

Wastewater flow (MGD [ML/d]).

Sludge flow {gpd (ft*/s [L/d, m3/s])}.

Average daily flow (gpd [L/d]).

Maximum flow (gpd [L/d]).

Minimum flow (gpd [L/d]).

Mass loading (Ib/ft?/d [kg/m?/d]).

Number of tanks.

Tank radius (ft [m]).

Specific gravity of sludge.

Detention time (h)

Time as defined in Fig. 7 (s [min]).

Time required to attain underflow concentration (C,) (s [min]).
Torque [ft Ib (m kg)].

Settling velocity at time 7 as defined in Fig. 7 (ft/s [cm/s]).
Volume (ft [m?3]).

Volume of thickened sludge per day (gal [L]).

Uniform load in Table 3 (Ib/ft [kg/m]).
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APPENDIX

United States Yearly Average Cost Index for Utilities”

Year Index Year Index
1967 100 1987 353.35
1968 104.83 1988 369.45
1969 112.17 1989 383.14
1970 119.75 1990 386.75
1971 131.73 1991 392.35
1972 141.94 1992 399.07
1973 149.36 1993 410.63
1974 170.45 1994 42491
1975 190.49 1995 439.72
1976 202.61 1996 445.58
1977 215.84 1997 454.99
1978 235.78 1998 459.40
1979 257.20 1999 460.16
1980 277.60 2000 468.05
1981 302.25 2001 472.18
1982 320.13 2002 484.41
1983 330.82 2003 495.72
1984 341.06 2004 506.13
1985 346.12 2005 516.75
1986 347.33 2006 528.12

“Extracted from ref. 43.
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1. INTRODUCTION
1.1. Flotation Processes

Flotation is a solid-liquid separation process. Separation is artificially induced by
introducing fine gas bubbles (usually air) into the flotation process system. The gas bub-
bles become attached to the solid particulates, forming a gas—solid aggregate with an
overall bulk density less than the density of the liquid; thus, these aggregates rise to the
surface of the fluid. Once the solid particles have been floated to the surface, they can
be collected by a skimming operation (1-15).

In potable water treatment and wastewater treatment, flotation is used successfully
as a clarification process to remove coagulated/flocculated impurities and suspended
solids (16-28). In sludge treatment, flotation is used as a thickening process to concen-
trate various types of organic and chemical sludges (14-16,29-32).

Air flotation systems may be classified as: (a) dispersed air flotation and (b) dissolved
air flotation (DAF). In dispersed air flotation, air bubbles are generated by introducing air
through a revolving impeller or porous media. This type of flotation system finds some
special application in wastewater treatment when wastewater contains surface-active

From: Handbook of Environmental Engineering, Volume 6: Biosolids Treatment Processes
Edited by: L. K. Wang et al. © The Humana Press Inc., Totowa, NJ
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agents (9-11) or separate suspended particles on the basis of its surface energy. Another
chapter of this handbook entitled, “Dispersed Air Flotation and Electroflotation” presents
the dispersed air flotation process in detail (11).

DAF may be subclassified as: (a) pressure flotation and (b) vacuum flotation. Pressure
flotation involves air being dissolved in the wastewater under elevated pressures and later
released at atmospheric pressure. Vacuum flotation, however, consists of applying a vac-
uum to wastewater aerated at atmospheric pressure. Dissolved air-pressure flotation,
considered herein, is the most commonly used in treatment of potable water, wastewater,
and sludge. Since the applications of DAF for water and wastewater treatment are intro-
duced elsewhere (12), this chapter emphasizes only DAF thickening processes.

Other flotation processes, which can be used for sludge thickening include:

a. Electroflotation (11,16).
b. Biological flotation (11,16,33,34).
c. Sequencing batch flotation (17,19,35).

Electroflotation and sequencing batch flotation are discussed elsewhere in this hand-
book series in detail (11,35). Biological flotation was initially developed by Wang (33),
and successfully demonstrated by the Lenox Institute of Water Technology (16).
Biological flotation adopts the chemistry of nitrification and denitrification for genera-
tion of fine nitrogen and carbon dioxide bubbles in its flotation thickening process reac-
tors for concentration of mainly waste activated sludges (WAS) (16,33,34,36).

1.2. DAF Thickener Components

The principal components of a dissolved air-pressure flotation system (Fig. 1) are a
pressurizing pump, air injection facilities, a pressure retention tank, a backpressure-
regulating device, usually a throttling valve, and a flotation unit. The primary variables
for flotation design are pressure, recycle ratio, feed solid concentration, detention
period, air-to-solids ratio, and solids and hydraulic loadings. Optimum design parame-
ters must be obtained from bench scale or pilot plant studies.

1.3. DAF Thickener Advantages and Disadvantages

Since the 1957 installation of the first municipal DAF thickener in the Bay Park
Sewage treatment plant, Nassau County, New York, about 300 US municipal installa-
tions (over 700 units) have been installed. Although the principal use of the DAF thick-
ener has been to thicken WAS, about 20% of the installations handle other sludge types.
Table 1 lists the types of municipal wastewater sludges currently being thickened by
DAF thickeners.

The following are the advantages and disadvantages of DAF thickeners compared
with other major thickening equipment. The advantages of a DAF thickener are:

It provides better solids—liquid separation than a gravity thickener.

For many sludges, it yields a higher concentration of solids than a gravity thickener.
It requires less area than a gravity thickener.

It offers excellent sludge equalization control.

It has less chance of odor problems than a gravity thickener.

It can remove grit from a sludge processing system.

It removes grease.

8 -0 &0 O
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Fig. 1. Rectangular DAF thickener flow diagram (Source: US EPA).

Table 1
Design Criteria of DAF Thickening Process Based on the Types of Sludges

Feed solids  Typical loading rate ~ Typical loading Float solids

concentration without polymer  rate with polymer concentration
Sludge type (%) (Ib/ft%/d) (Ib/ft%/d) (%)
Primary + WAS 2 20 60 5.5
Primary + 1.5 15 45 35
(WAS + FeCl,)
(Primary + FeCl,) + 1.8 15 45 4
WAS
WAS 1 10 30 3
WAS + FeCl, 1 10 30 2.5
Digested primary + 4 20 60 10
WAS
Digested primary + 4 15 45 8
(WAS + FeCl,)
Tertiary (alum) 1 8 24 2

Source: US EPA.
WAS = waste activated sludge.

The disadvantages of a DAF thickener are:

Its operating cost is higher than for a gravity thickener with equal flow capacity.
DAF-thickened sludge concentration is less than in a centrifuge.

It requires more area than a centrifuge.

It has very little sludge storage capacity.

o o

2. DAF THICKENER PROCESS DESCRIPTION

In a DAF thickening process, air is added at pressures in excess of atmospheric pres-
sure (30-70 psig) either to the incoming sludge stream or to a separate liquid stream.
When pressure is reduced and turbulence is created, air in excess of that required for
saturation at atmospheric pressure, converts the solution into very small bubbles
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of 50-100 um in diameter. The bubbles adhere to the suspended particles or become
enmeshed in the solids matrix. Since the average density of the solids—air aggregate is less
than that of water, the agglomerate floats to the surface. The floated solids build to a depth
of several inches at the water surface. Water drains from the float and affects solids con-
centration. Skimmers continuously remove the float. Good solids flotation occurs with a
solids—air aggregate specific gravity of 0.6-0.7. Polyelectrolytes are frequently used as
flotation aids, to enhance performance and create a thicker sludge blanket (12). A descrip-
tion of the DAF thickener process in general has been represented in Fig. 1.

DAF thickeners can be utilized either to thicken wastewater solids prior to dewater-
ing or stabilization or to thicken aerobically digested or other solids prior to disposal or
dewatering. In terms of reactor shape, materials and operation, DAF thickeners can be
rectangular or circular, constructed of concrete or steel, and can operate in the full, partial,
or recycle pressurization modes (15,15,20).

2.1. Full Pressurization DAF-Thickening System

There are three ways in which a DAF system can be operated. The first method is
called “full or total pressurization.” With this design, the entire sludge flow is pumped
through the pressure retention tank, where the sludge is saturated with air and then
passed through a pressure reduction valve before entering the flotation chamber. As in
the other two modes, a distribution device is used to dissipate inlet energy and thus prevents
turbulence and limits short-circuiting. The primary advantage of pressurizing the total flow
is that it minimizes the size of the flotation chamber, a significant part of the capital cost.
However, the advantage of a smaller chamber may be partially offset by the cost of a higher
head feed pump, larger pressure vessel, and more expensive operation. Operational prob-
lems may result from floc shearing and clogging when sludge is passed through the
pressure-regulating valve (20).

2.2. Partial Pressurization DAF-Thickening System

The second method of operation is called “partial pressurization.” With this design only
part of the sludge flow is pumped through the pressure retention tank. After pressurization
the unpressurized and pressurized streams are combined and mixed before they enter the
flotation chamber. In this arrangement the pressurizing pump and pressure vessel are
smaller and the process is not as susceptible to flow variations, as is total pressurization;
this is the case when the necessary pump controls are included in the design. The size of
the flotation chamber would be the same as that for a total pressurization system.

2.3. Recycle Pressurization DAF-Thickening System

The third method is called “recycle pressurization.” Here, a portion of the clarified
liquor (subnatant) or an alternate source containing relatively little suspended matter is
pressurized. Once saturated with air, it is combined and mixed with the unthickened
sludge before it is released into the flotation chamber.

The major advantage of this system over the total and partial pressurization system is
that it minimizes high shear conditions, an important parameter when dealing with
flocculent-type sludges. Another advantage arises when wastewater sludge streams con-
taining stringy materials are thickened. The recycle pressurization system eliminates clog-
ging problems with the pressurization pump, retention tank, and pressure release valve.
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Fig. 2. Rectangular DAF thickener picture (Dongshin, Seoul, Korea).

For the aforementioned reasons, recycle pressurization systems are the most commonly
used units in the United States. Figures 1 and 2 show a typical rectangular DAF tank
installation. In this system, the pressure retention tank may be either unpacked or packed
(meaning that the tank is filled with a packing material to create turbulence). The use of
either is dependent principally on the source of the pressurized recycle flow.

The pressurized recycle flow can be obtained either from the subnatant stream or, typ-
ically, from the secondary effluent. The advantages of using secondary effluent are that it
results in a much cleaner stream (low suspended solids and low grease content) and allows
the use of a packed pressure retention tank. A packed tank is smaller than an unpacked
tank, has lower associated capital cost, and provides for a more efficient saturation of the
liquid stream. In this case, less air is required to achieve the same level of liquid satura-
tion as compared with an unpacked tank and power requirements are lower. However,
packed tanks may eventually require cleaning, and the use of secondary plant effluent will
significantly increase the flow through the secondary treatment system, thereby increas-
ing pumping costs and possibly affecting the performance of the secondary clarifier.

3. PROCESS APPLICATIONS AND LIMITATIONS

DAF is the most common form of flotation thickening in use in the United States.
The process has been used for many years to thicken WAS and to a lesser degree to
thicken combined sludges. DAF also has widespread industrial wastewater applications
and domestic potable water applications (38). However, only the thickening applica-
tions are discussed in this chapter.
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3.1. Sludge Thickening Applications

The use of DAF thickening processes is limited primarily to thickening of biological
sludges prior to dewatering or digestion at wastewater treatment plants. Used in this
way, the efficiency of the subsequent dewatering units can be increased and the volume
of supernatant from the subsequent digestion units can be decreased. Existing air flota-
tion thickening units can be upgraded by the optimization of process variables, and by
the utilization of polyelectrolytes. Air flotation thickening is best applied to WAS. With
this process, it is possible to thicken the sludge to 6% solids, while the maximum con-
centration attainable by gravity thickening without chemical addition is 2-3% solids.
The DAF process can also be applied to mixtures of primary and WAS. DAF also main-
tains the sludge in aerobic condition and has better potential to capture solids than gravity
thickening. There is some evidence that activated sludges from pure oxygen systems are
more amenable to flotation thickening than sludges from conventional systems. Recently
Krofta and Wang (29-32) have successfully used DAF thickening process for concen-
tration of chemical alum sludges generated at water treatment plants.

3.2. DAF Thickening Process Limitations

So far the DAF thickening process is limited to concentration of WAS at wastewater
treatment plants and alum sludge at water treatment plants. The variability of sludge char-
acteristics requires that some pilot work be done before the designing of a DAF system.

4. PROCESS DESIGN CONSIDERATIONS
4.1. Rectangular or Circular Shape

Figures 1 and 2 introduce rectangular DAF thickeners, while Figs. 3 and 4 show cir-
cular DAF thickeners, respectively. Both rectangular DAF thickeners and circular DAF
thickeners are equally effective for float removal. Rectangular DAF thickener’s skim-
mers can easily be closely spaced; secondly, they can be designed to skim the entire sur-
face. Because of the sidewalls, float does not easily move around the end of the
skimmers. Bottom sludge flights are usually driven by a separate unit and, hence, can
be operated independently of the skimmer flights. Water level in the tank can be
changed readily by adjusting the end weir. This allows changing the depth of water and
flight submergence to accommodate changes in float weight and displacement, which
affect the ability to remove this material from the unit.

The main advantage of circular units is their lower cost in terms of both structural
concrete and mechanical equipment. For example, two 60-ft (18 m) diameter circular
units are the equivalent of three 20-ft by 90-ft (6 m by 27 m) rectangular units. The rect-
angular units require approx 11% more structural concrete, as well as more drives and
controls which increase maintenance requirements.

4.2, Concrete or Steel Construction

Steel tanks come completely assembled and only require a concrete foundation pad and
piping and wiring hookups. Although equipment purchase price is much higher for steel
tanks, considerable field labor and expensive equipment installation are eliminated
(15,16,29-32). Structural and shipping problems limit steel DAF units to the smaller sizes,
such as 450 ft? (40.5 m?) or less for rectangular units, and 100 ft? (9 m?) for circular units.
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Fig. 4. Circular DAF thickener picture (Krofta Engineering Corporation, Lenox, MA).

For a large installation requiring multiple tanks or large tanks, concrete tanks are more
economical. Once the largest DAF plant (37.5 MGD peak capacity), Pittsfield, MA utilizes
concrete flotation tanks (21,28).

4.3. Pilot-Scale or Bench-Scale Experiments

If sludge is available, the designer should, at least perform bench-scale testing. If
money is available, consideration should be given to renting a pilot DAF thickener and
conducting 4-6 wk test program to evaluate the effects of such parameters as recycle
ratio, air-to-solids ratio, solids and hydraulic loading, and polymer type and dosage. If
sludge is not available, then a detailed review must be made of experiences at installa-
tions where a similar type of sludge is being thickened by DAF thickeners (20).

4.4. Influent Feed Characteristics

The first step in designing a DAF thickener is to evaluate the characteristics of
the feed stream. The designer must evaluate the type of sludge(s) to be thickened and
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the approximate quantities of each under various plant loadings and modes of operation.
If WAS is to be thickened, the expected range of the sludge-age must be determined
since sludge-age can significantly affect DAF thickening performance. Information is
needed about the source of waste sludge and the range of solids concentrations that can
be expected. Also, there should be an evaluation of any characteristic of the feed stream
that may affect air solubility, for example, concentration of dissolved salts, and range of
liquid temperatures.

4.5. Thickener Surface Area

To calculate the effective surface area of a DAF thickener, a designer must know the
net solids load, solids surface loading rate, and hydraulic surface loading rate.

4.5.1. Net Solids Load

As DAF thickener is not entirely efficient, more sludge must be pumped into the thick-
ener than the actual amount removed. The actual amount removed is the net solids load.
From a design standpoint, the net load is the amount of solids that must be removed from
the liquid processing train each day. This value divided by the appropriate solids loading
rate gives the required effective surface area. The gross solids load is calculated by dividing
the net load by the expected solids capture efficiency of the system. The gross solids load
is important in sizing system hydraulic piping.

4.5.2. Solids Loading Rate

The allowable solids loading rate is related to the minimum solids flux that will occur
within the range of sludge concentrations found in the thickener. This flux is a function
of the type of sludge processed, the float concentration desired, and polymer used.
Pounds of dry solids per square foot per day or pounds of dry solids per square foot per
hour are the units used to express this rate (16,18).

The effect of sludge type on the solids loading rate is shown in Table 2. The load-
ing rates indicated will normally result in a minimum of 4% solids concentration in
the float. Actual operating data is listed in Table 3. In general, increasing the solids
loading rate decreases the float concentration. Figure 5 illustrates this phenomenon
with polymer addition. The addition of polyelectrolyte will usually increase the
allowable solids loading rate.

4.5.3. Hydraulic Loading

The hydraulic loading rate for a DAF thickener is normally expressed as gallons per
minute per square foot (gpm/ft?). When like units are cancelled, the hydraulic loading
rate becomes a velocity equivalent to what the average downward velocity of water
would be if it were imagined to flow downward through the tank. The maximum
hydraulic rate must always be less than the minimum rise rate of the sludge/air particles
to ensure that all the particles will reach the sludge float before the particle reaches the
effluent end of the tank.

Reported values for hydraulic loading rates range from 0.79 to 4.0 gpm/ft? (0.54 to
2.7 L/s/m?). This wide range probably indicates a lack of understanding of the term. In
some cases, the hydraulic loading refers simply to the influent sludge flow, while in oth-
ers the recycle flow is included. In most sources, no definition of the term was given.
Table 4 indicates the hydraulic loading rates found in the literature.
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Table 2
Typical DAF Thickener Solids Loading Rates Necessary to Produce
a Minimum 4% Solids Concentration

Solids loading rate (Ib/ft?/h)

Type of sludge No chemical addition Optimum chemical addition
Primary only 0.83-1.25 Upto2.5
Waste activated sludge (WAS)

Air 0.42 Upto2

Oxygen 0.6-0.8 Upto2.2
Trickling filter 0.6-0.8 Upto2
Primary + WAS (air) 0.6-1.25 Upto2
Primary + trickling filter 0.83-1.25 Upto2.5

Source: US EPA.
1 Ib/ft?/h = 4.9 kg/m?/h.
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Fig. 5. Float concentration and subnatant suspended solids vs solids loading of a waste activated
sludge—with polymers (Source: US EPA). 1 1b/ft*/h = 4.9 kg/m?/h.

As the total flow through the thickener affects the particles, the hydraulic loading
rate should be based on the total flow (influent plus recycle). Extensive research on
WAS has resulted in the conclusion that a peak rate of 2.5 gpm/ft> (1.7 L/s/m?)
should be employed. This value is based on use of polymers. When polymers are not
used, this value is expected to be lower, but no design criterion has been suggested
at this time.
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Table 3
Field Operation Results from Rectangular DAF Thickeners
Solids Feed Polymer Subnatant
loading solids dosage Float solids  suspended
Sludge rate concentration (lb/dry t concentration solids
Installation type®  (Ib/ft*/h) (mg/L) solids) (%) (mg/L)
Eugene, OR P+ TF 1.25 5000 0 4.5-5 500
Springdale, P+ TF 2.5 20,000 7 6.5 200
AR
Athol, MA A 32 8000 2 4 50
Westgate AP 7 14,000 1-4 7.3 20
Fairfax, VA
Warren, MI Ac 11,000 40 5 200
Frankenmuth, Ac 0.58 5000 0 3 750
MI
Ac 8000 26 3.5-55 90
Cinnaminso, NJ A 2 5000 5 4 250
San Jose, CA P + A4 1.9 23,000 0 7.1
P+ A¢ 1.6 17,000 0 53
Boise, ID A 1 4600 0 4
A 1.17 5000 3 3.8 500
A 1.13 5000 6 4 500
Levittown, PA A 0.54 8000 0 6.5
P+A 1 6400 0 8.6
Xenia, OH A 4000 30 2.5-3 100
Indianapolis, IN P+ A 10,000 30 3.5-4.2 100-1000
Columbus, OH A 6000 0 3.2 800
(Jackson Pike)
Wayne County, A 0.83 4500 0 4.6
MI
Dalton, GA P+A 0.75 12,900 0 6.1
Middletown, A 2 10,000 5-6 4 500
NJ

Source: US EPA.

“P, primary sludge; A, waste-activated sludge; TF, trickling filter sludge.
bQOxygen plant.

“Considerable brewery waste.

9Noncanning season.

¢Canning season.

1 1b/ft?/h = 4.9 kg/m?/h.

1 1b/t = 0.5 kg/T.

1t=1 ton (English ton); 1 T = 1 tonne (metric ton) = 1.1025 t.

4.6. Air-to-Solids Ratio

Another design parameter to be considered in DAF thickening is that of the air-
to-solids (A/S) weight ratio, i.e., b air/lb solids (kg air/kg solids). Theoretically, the
quantity of air required to achieve satisfactory flotation is directly proportional to the
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Table 4

Reported DAF Thickener Hydraulic Loading Rates (gpm/ft?)?
Influent only Influent plus recycle
- 1.5-2.5

_ 25

_ 1.0-4.0

- 0.79

- 1.25-1.5

0.9 3.0

Source: US EPA.
2All values reported are associated with polymer usage.
1 gpm/ft> = 40.8 L/min/m?.
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Fig. 6. Float concentration and subnatant suspended solids vs air-to-solids ratio with polymer for
waste activated sludge (Source: US EPA).

quantity of solids entering the thickener (defined as gross solids load in the previous
section). For domestic wastewater sludges, reported ratios range from 0.01 to 0.4,
with most systems operating at a value under 0.1 (14,16,18). The appropriate A/S
ratio for a particular application is a function of the characteristics of the sludge, prin-
cipally, the sludge volume index, the pressurization system’s air dissolving efficiency,
and the distribution of the gas-liquid mixture into the thickening tank. Figure 6
shows the effects of A/S of float concentration and subnatant suspended solids, with
polymer addition.
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4.7. Polymer Usage

Polymers have a marked effect on DAF thickener performance, and therefore a
designer must be careful to differentiate between performance with and without poly-
mer use. Polyelectrolytes may improve flotation by substantially increasing the size of
the particles present in the waste. The particles in a given waste may not be amenable
to the flotation process because their small size will not allow adequate air bubble
attachment. The surface properties of the solids may have to be altered before effective
flotation can occur. Sludge particles can be surrounded by electrically charged layers
that keep these particles dispersed in the liquid phase. Polyelectrolytes can neutralize
the charge, causing the particles to coagulate so that air bubbles can attach to them for
effective flotation. Thus, with use of polymers, the following operating advantages may
occur: the size of the DAF thickener may be reduced; solids capture may be improved,
thus reducing the amount of solids recycled back to the liquid handling system; and an
existing, overloaded facility in which polymers are not being utilized may be upgraded.
They also act as a surfactant, thus allowing better attachment of air bubbles.

The major disadvantage of polymers is cost (polymer cost, operation, and mainte-
nance of polymer feed equipment), when calculated over the useful lifetime of the plant.
In addition, the actual amount required is very difficult to determine until flotation stud-
ies can be run on the actual installation. If polymers are to be used, it is best to design
conservatively, so that the possibility of the exceptionally high polymer demand needed
to keep marginal operation at capacity is avoided. Table 3 lists current operating results
of plants with and without polymer addition.

4.8. Pressurization System

The air dissolution equipment, which consists of the pressurization pump, air disso-
lution tank, and other mechanical equipments, is the heart of a DAF thickener system.
In sizing a pressurization system, the designer must decide on an operating pressure and
a quantity of pressurized flow and must be aware of factors affecting the performance
of the system.

4.9. Operating Pressure

Most commercially available pressurization systems operate at 40-80 psig (276-522
kN/m?). For a given A/S ratio, the air required to float the sludge can be obtained by
increasing the operating pressure of the system to dissolve more air, or holding a lower
operating pressure and increasing the volume of pressurized flow (4).

The higher the operating pressure of a flotation thickener system, the lower the rise
rate of the sludge. The reason for a higher rise rate at 40 psig (276 kN/m?) than at 60 or
80 psig (414 or 552 kN/m?) is that the optimum bubble size is predominant at this lower
operating pressure. Attempting to raise the A/S ratio by increasing the operating pres-
sure is detrimental to the thickening process. These findings are important in that it will
be in the user’s best interest to operate at the lowest pressure possible. The requirement
for higher head pumps, larger air compressors, and higher pressure rated retention tanks
raises the initial cost of the process as well as operating costs.
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4.10. Quantity of Pressurized Flow

For a DAF thickener to work effectively, the proper amount of air must be present for
each pound of solids to be handled (A/S ratio). The design pressurized flow should be
based on the maximum gross solids load that the DAF thickener is designed to receive.
For multiple units, each basin should have its own independent pressurization system.
This is especially important if the thickening system is designed to operate over a wide
range of influent solid concentrations and flows (38).

4.11. Number of Units

The number of DAF thickeners to be provided at a facility depends on the following
factors:

a. The availability and configuration of available land.
The operating cycle that will be used, for example, 7 d/wk, 24 h/d, 5 d/wk, 8 h/d, and so on.
c. Seasonal variability; for example, the operation of a food processor 6 mo of the year, the
waste flow which will go to the municipal facility.
d. The variance in average-to-peak hourly solids load that can be expected on a day-to-day basis.

Since the storage capacity of a DAF system is limited and the averaging of short-term
variation is limited, design for the peak hourly waste sludge production is necessary.
In addition, provision must be made to handle the sludge flow if a unit must be taken
out of service. In addition to the system design considerations previously discussed,
consideration must be given to feed sludge line sizing, thickened sludge removal, bot-
tom draw-off piping, subnatant piping, pressurized flow piping, and controls. Each of
these items is briefly discussed next.

4.12. Feed Sludge Line

Feed sludge flow rate must be controlled to stay within allowable limits. This
requires a flow meter that accurately measures a high solids stream and piping large
enough to handle maximum flow.

4.13. Thickened Sludge Removal

The surface skimmer brings the thickened sludge over the dewatering beach and
deposits it in a sludge hopper. The thickened sludge must then be pumped to the next
phase of the solids handling system. In pump selection, it is important to remember that
air has been entrained in this sludge by the flotation thickening process. Pumps that can
air lock should not be used; positive displacement pumps are common in this applica-
tion. For pipe sizing and final pump selection, consider that the thickened sludge can
reach concentration in the range of 10%.

4.14. Bottom Sludge Draw Off, Subnatant Line, Pressurized Flow Piping,
and Controls

In a rectangular DAF tank, the bottom collector moves the settled solids to the influent
end of the basin. Here it is deposited into either multiple hoppers or a cross-screw con-
veyor that delivers it to a hopper. The bottom collector in a circular DAF tank delivers the
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settled solids directly to a hopper in the center of the tank. Once the solids are in the
hopper, they must be removed from the tank. Depending on where this flow goes, it can
be handled by either gravity or pumps.

One major consideration that applies to either removal system, but particularly to
gravity removal, is the static head available. Since the draw-off point is at the bottom of
the flotation basin, the entire depth of the liquid in the basin must be considered as
available static head. Although fine control is not required, this head must be dissipated
in order to restrict the flow. A positive displacement pump with variable speed drive will
assure control of bottom sludge withdrawal. This draw-off is at the lowest point in the
basin and therefore, could also be used as a basin drain. If a tee and drain valve is
installed on this line at the outside of the tank wall, draining can take place. The line
from the drain valve can go to the plant’s drain system.

The subnatant line pipe sizing should be such that it can handle the maximum total
flow (influent plus recycle) without any appreciable head loss.

The pressurized flow piping system must be properly designed. Because of the high-
pressure requirements of this flow, the pressurization liquor is usually delivered to the
pressure tank by a high-speed, closed impeller centrifugal pump. Piping must be sized
to handle the maximum liquid throughput rate of the pressure tank selected. The con-
trols for a DAF thickener are dependent on the system, the degree of automation
required, and the equipment manufacturer’s design. They usually include, at a minimum,
a pressure controller for the pressure vessel and flow meters for the feed and thickened
sludge flows.

5. PROCESS PERFORMANCE
5.1. Performance Data

A summary of data from various air flotation units indicates that solids recovery
ranges from 83 to 99% at solids loading rates of 7-48 1b/ft>/d.

A summary of operating data from 14 sewage treatment plants with DAF thickeners
is as follows:

Influent suspended solids = 3000-20,000 mg/L. (median 7300 mg/L).
Subnatant suspended solids = 31-460 mg/L (median 144 mg/L).
Suspended solids removal = 94-99% (median 98.7%).

Float solids = 2.8-12.4% (median 5%).

Loading = 1.3-7.7 Ib/h/ft> (median 3.1 Ib/h/ft?).

Sludge flow = 0.4—1.8 gal/min/ft> (median 1 gal/min/ft?).

-0 a0 o

Flotation aids (generally polyelectrolytes) are usually used to enhance DAF thicken-
ing process performance. Subnatant (DAF effluent) is good quality and contains approx
150 mg/L TSS. In general subnatant is returned to the mainstream of the wastewater
treatment plant for reprocessing.

5.2. Factors Affecting Performance

The designer should be aware of two physical factors, air saturation and turbulence,
which can affect the performance of the pressurizing system.
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5.2.1. Air Saturation

The basic mechanism that makes flotation possible is the increase in the amount of
gas dissolved when pressure is increased (2). The relationship between pressure and
quantity dissolved is shown in Henry’s Law, which states that if no reaction prevails
between the gas and liquid phases, the solubility of the gas is directly proportional to
the absolute pressure of the gas at equilibrium with the liquid at constant temperature.
In practice, the actual amount of air dissolved for a given air input depends on the effi-
ciency of the pressurization device, liquid temperature and concentration of solutes in
the liquid stream being pressurized.

Normally a pressure retention tank is used to maximize the air—water interface for
efficient air transfer in the shortest detention time. Depending on tank design (packed
tank, unpacked tank, tanks with mechanical mixers, and so on), efficiencies can range
from as low as 50 to 90%. It is current design practice in the United States to specify a
minimum of 85-90% efficiency.

The equilibrium concentration of a gas in a liquid is inversely related to the temper-
ature of the liquid phase. The temperature effect is substantial. For example, the satura-
tion of air in water at 140°F (60°C) is about one half that of the saturation of air in water
at 66°F (18.8°C) at 1 atm. The presence of salts such as chloride will normally decrease
the air solubility at a given temperature and pressure. The effect of salt concentration on
air dissolving efficiency is best evaluated by conducting bench-scale treatability tests or
a pilot unit test program.

5.2.2. Turbulence

The proper amount of turbulence must be present at the point of pressure reduction
to cause bubble formation. Without the necessary turbulence, the rate at which air
bubbles form is slow and may occur too late in the process. Excessive turbulence can
result in increased bubble agglomeration and floc shear. Under this condition, the
majority of bubbles formed will be considerably larger than the 50-100 pm needed
for effective flotation.

6. PROCESS COST AND OPERATION CONSIDERATIONS
6.1. Capital Cost

Several publications have developed capital cost curves for DAF thickeners. The
most factual is the reference based on actual US EPA bid documents. Although the data
was scattered, a regression analysis indicated the capital cost could be approximated by
Eq. (1), which has been adjusted to 2006 USD using the US Army Corps of Engineers
Construction Cost Index for Utilities (see Appendix):

C =7.17x10,000 0" (D

where C is the capital cost of DAF thickener process in 2006 (USD) and Q is the plant
design flow in MGD.

The associated costs include excavation, process piping, equipment, concrete and
steel. In addition, such costs as those for administrating and engineering are equal to
0.2264 times Eq. (1).
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Fig. 7. Annual O&M man-hour requirements for DAF thickeners (Source: US EPA).

6.2. Operating and Maintenance Costs

Figure 7 indicates annual man-hour requirements for operations and maintenance. As
an example, for a DAF thickener surface area of 1000 ft?> (93 m?) a designer would
include 2700 man-hours of operation and maintenance in the cost analysis. Figure 8
shows annual power consumption for a continuously operating DAF thickener as a
function of DAF thickener surface area. As an example, for a DAF thickener surface
area of 1000 ft> (93 m?), a designer would include a yearly power usage of 720,000 kWh
(2592 GJ) in the cost analysis. Figure 8 does not include accessories such as pumps or
polymer feed systems. Details about the economic sensitivity of the DAF process with
respect to the operational variables can be found in the literature (10).

7. PROCESS RELIABILITY AND ENVIRONMENTAL IMPACT
7.1. Reliability

DAF systems are reliable from a mechanical standpoint. Variations in sludge
characteristics can affect process (treatment) reliability, and may require operator
attention.

7.2. Environmental Impact

The DAF thickener requires less land than gravity thickeners. A subnatant stream is
returned to the head of the treatment plant, although it should be compatible with other
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Fig. 8. Annual power consumption for continuous operating DAF thickeners (Source: US EPA).

wastewater. The air released to the atmosphere may strip volatile organic material from
the sludge. The volume of sludge requiring ultimate disposal may be reduced, although
its composition will be altered if chemical flotation aids are used. The air compressors
will require shielding to control the noise generated.

8. PROCESS DESIGN CRITERIA AND PROCEDURES
8.1. Design Criteria
The following are the ranges of general design criteria for the DAF thickening process:

Pressure = 30-70 psig.

Effluent recycle ratio = 30—150% of influent flow.

Air to solids ratio = 0.02 1b air/Ib solids.

Solids loading = 5-55 1b/ft?/d (depending on sludge type and whether flotation aids are used).
Polyelectrolyte addition (when used) = 5—10 Ib/t of dry solids.

Solids capture = 70 to >99%.

Total solids of unthickened sludge = 0.3-2%.

Total solids of thickened solids = 3—12%.

Hydraulic loading = 0.4-2 gal/min/ft?.

A NG e S

Specific design criteria based on the types of sludges to be thickened are presented
in Table 1.

8.2. Input Data of DAF Thickener Design

Two important input data must be gathered:
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Table 5
Additional Average DAF Thickener and Clarifier Design Parameters
Typical value

Parameter Thickening Clarification
Air pressure (psig) 40-70 40-70
Effluent recycle (%) 130-150 30-120
Detention time (h) 3 0.25-0.5
Air-to-solids ratio 0.005-0.06 -

(Ib air/Ib solids)
Solid loading (Ib/ft*/d)

Activated sludge 5-15 -

(mixed liquor)

Activated sludge (settled) 10-20 -

50% primary + 50% activated 20-40 -

Primary only To 55 -
Hydraulic loading (gpm/ft?) 0.2-4 1-4
Detention time (min) 1-3 1-3

(pressurizing tank)

Source: US EPA.

a. Wastewater (or sludge) flow (MGD).

b. Total suspended solids (TSS) concentration in the influent feed (mg/L).

Both average TSS concentration and variation in TSS concentration (i.e., TSS con-
centration range, [mg/L]) should be known.

8.3. Design Parameters

The following design parameters can be obtained from laboratory or pilot plant studies:

Air pressure (P [psig]).

Solids mass loading (SL [Ib/ft*/d]).
Hydraulic loading (HL [gpm/ft?]).

-0 a0 o

g. Float concentration (X . [%]).

Air-to-solids ratio (A/S), from Table 5.

Detention time in flotation tank (DTFT [h]).

Detention time in pressure tank (DTPT [min]).

8.4. Design Procedure for DAF Thickener With No Recycle (Direct Pressurization)

a. Select air-to-solids ratio (from laboratory or pilot plant studies; Table 5).

b. Calculate the required pressure:

AlS =

AlS =

13aFP-1)

13af ®-1)

2)

(2a)

where A/S is the air-to-solids ratio (Ib air/lb solids); a is the air solubility at standard con-
ditions (mL/L); P is the absolute pressure (atm) = (psig + 14.7)/14.7; X is the suspended
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solids concentration in the feed (mg/L); psig is the gage pressure (Ib/in?); 1.3 is the mg
weight of 1 mL of air; f is the factor of gas dissolution at pressure P (where P > 1 atm),
fraction (usually 0.167-1); and F is the fraction of gas dissolution at pressure P (where
P > 2 atm), fraction (usually 0.5 to 1). Since the1970s, design engineers have been success-
fully using Eq. (2) for high-pressure systems, such as DAF, where P is more than 2 atm
(11-16,18,33). Eq. (2), however, is invalid for a low-pressure system where P is less than 2
atm. Recently Selke and his colleagues (37) have suggested a new factor (f) and Eq. (2a) to
cover any pressure value more than normal atmospheric pressure of 1 atm.

Select a mass loading rate (or hydraulic loading rate) and calculate required surface area.

s @ 0B34) 3)
SL
A = ©)(1,000,000) )
(HL) (60) (24)

where SA is the surface area (ft?); Q is the feed flow (MGD); X is the suspended solids con-
centration in the feed (mg/L); SL is the solids mass loading (Ib/ft*/d); and HL is the
hydraulic loading (gpm/ft?).

Use the larger of the two areas calculated in step c.
Select detention time and calculate volume of flotation tank.

VOLFT = (Q) (1/7.48) (1/24) (DTFT) (1,000,000) 5)

where VOLFT is the volume of flotation tank (ft3); Q is the total flow (MGD); and DTFT
is the detention time in flotation tank (h).

Calculate volume of sludge produced.

Sp= (Q) (X) removal (%) (6)
X;) (specific gravity)

where VSP is the volume of sludge produced (gpd); Q is the total flow (MGD); X is the influent
suspended solids concentration (mg/L); and X ¢ is the solids concentration in float (%).

8.5. Design Procedures for DAF Thickener With Recycle

faooe

Select air-to-solids ratio.

Assume pressure (40-60 psig).
Calculate P in atm = (psig + 14.7)/14.7.
Calculate recycle flow:

13a FP-1)Q,

= 7

AlS oX (7

AlS = w (7a)
©X)

where A/S is the air-to-solids ratio; a is the air solubility at standard conditions (mL/L); P
is the absolute pressure (atmospheres); Q, is the recycle flow (MGD); Q is the feed flow
(MGD); and X is the influent suspended solids concentration (mg/L).

Select a SL rate (for thickening) or hydraulic loading rate (for clarification) and calculate
surface area.
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gaz QX334 (8)
SL
SA = (© + Q) (1,000,000) 9)
(HL) (60) 24)

where SA is the surface area (ft?); Q is the feed flow (MGD); X is the influent suspended
solids concentration (mg/L); SL is the solids mass loading rate (Ib/ft?/d); Q. is the recycle
flow (MGD); and HL is the hydraulic loading rate (gpm/ft).

Use the larger of the two areas calculated in step e.
Select detention time in the flotation tank and calculate the volume.

VOLFT = (Q +Q,) (1/7.48) (1/24) (DTFT) (1,000,000) (10)

where VOLFT is the volume of flotation tank (ft3); Q is the total flow (MGD); Q, is the
recycle flow (MGD); and DTFT is the detention time in flotation tank (h).

Select pressure tank detention time and calculate the volume of the pressure tank.

VOLPT = (Q, ) (1/7.48) (1/24) (1/60) (DTPT) (1,000,000) (11)

where VOLPT is the volume of the pressure tank (ft?); 0, is the recycle flow (MGD); and
DTPT is the detention time in pressure tank (min).

Calculate volume of sludge.

= (Q) (X) removal (%) (12)
X,) (specific gravity)

where VS is the volume of sludge (gpd); Q is the feed flow (MGD); X is the influent sus-
pended solids concentration (mg/L); and X ; is the solids concentration in the float (%).

8.6. Output Data of DAF Thickener Design

Fe 5@ mo o op

The output data of a DAF thickener design include:

Suspended solids concentration (mg/L).
Air-to-solids ratio.

Air pressure (psig).

Solids loading (Ib/ft?/d).

Hydraulic loading (gpm/ft?).
Recycle flow (MGD).

Surface area (ft?).

Volume of pressure tank (ft3).
Volume of flotation tank (ft3).
Pressure tank detention time (min).
Flotation tank detention time (h).

9. DESIGN AND APPLICATION EXAMPLES
9.1. Example 1. Design of a DAF Thickener With No Recycle

Select air-to-solid ratio (from laboratory or pilot plant studies).

From Table 5 (A/S = 0.03).
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2. Calculate the required pressure
a. Use Eq. (2) and assume F =0.5

s 13aEP=1 )
X

where A/S is the air-to-solid ratio; Ib air/lb solids = 0.03; a is the air solubility at standard
conditions = 18.7 mL/L; F is the 0.5 (F ranges between 0.5 and 1 when P is more than
2 atm); and X is the suspended solids concentration in the feed = 200 mg/L.

1.3(18.7)(0.5 P-1)
200

0.03 =

Hence P is 2.5 atm.
b. Use Eq. (2a) and assume f=0.167

A/S =w (2a)
X

where A/S is the air-to-solid ratio (Ib air/Ib solids) = 0.03; a is the air solubility at standard
conditions = 18.7 mL/L; fis the 0.167 (f ranges between 0.167 and 1 when P is >1 atm); and
X is the suspended solids concentration in the feed = 200 mg/L

_1.3(18.7)(0.167) (P—1)
h 200

0.03

P=25
where P is the absolute pressure (atmosphere) = (psig + 14.7)/14.7 = 2.5 atm; and psig is the
gage pressure = 14.7 P — 14.7 = 14.7 (2.5) — 14.7 = 22 1b/in?.

3. Select a mass loading rate (or hydraulic loading rate) from Table 5 and calculate surface area

Q) X)8.34) 3)
SL

where SA is the surface area (ft%); Q is the feed flow (1 MGD); X is the suspended solids con-

centration in the feed (200 mg/L); SL is the solids mass loading (10 1b/ft?/d); and HL is the

hydraulic loading (2 gpm/ft?).

SA =

_(1)(200) 8.34)
a 10

= 166.8 ft> based on solids loading
A= (Q) (1,000,000) (4)
(HL) (60) 24)
_ (1)(1,000,000)
() 60) 24)
= 347.2 ft> based on hydraulic loading.
4. Use the larger of the two areas calculated in step 3

Surface area = 347.2 ft? (say 348 ft?).

SA

5. Select the detention time and calculate the volume of flotation tank



Flotation Thickening 93

VOLFT = (Q) (1/7.48) (1/24) (DTFT) (1,000,000) 5)

where VOLFT is the volume of flotation tank (ft%); Q is the total flow (1 MGD); DTFT is the
detention time in flotation tank (3 h); 7.48 gal= 1 ft}; and 24 h=1d.

VOLFT = (1) (1/7.48) (1/24) (3) (1,000,000)
= 16,711 &%,

6. Calculate the volume of sludge produced

_ (Q) (X) removal (%)

VSP = - -
0¢ f ) (specific gravity)

(6)

where VSP is the volume of sludge produced (gpd); Q is the total flow (1 MGD); X is the sus-
pended solid concentration (200 mg/L); X ; is the solid concentration in float (5%); removal =
80%; and specific gravity = 1.05 '

_(1)(00) (80)
T (5)(1.05)

= 3048 gpd.
9.2. Example 2. Design of a DAF Thickener With Recycle

Select air-to-solids ratio (use 0.05).

Assume pressure = 40-60 psig (use 50 psig).

Calculate P in atmosphere = (psig + 14.7)/14.7 = P = (50 + 14.7)/14.7 = 4.4 atm.
Calculate recycle flow.

a. Use Eq. (7) and assume F =0.5

= ¥
where A/S is the air-to-solids ratio = 0.05; a is the air solubility at standard conditions (mL/L)

= 18.7 mL/L; P is the absolute pressure (atmosphere) = 4.4 atm; Q is the feed flow (1 MGD);
X is the influent suspended solids concentration = 200 mg/L

VSP

bl N

AIS

1.3(18.7)0.5x 4.4-1)0,

0.05 =
1 x 200
Hence Q, recycle flow = 0.343 MGD.
b. Use Eq. (7a) and assume = 0.375.
AJS = 13af ®P-1)0, (7a)
00X

where A/S is the air-to-solids ratio = 0.05; a is the air solubility at standard conditions (18.7 mL/L);
P is the absolute pressure (4.4 atm); Q, is the recycle flow (MGD); Q is the feed flow (1
MGD); and X is the influent suspended solids concentration (200 mg/L)

1.3(18.7)(0.375)4.4-1) Q,

1 x 200
Q0 =0.343 MGD.

0.05 =
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5. Select a solids mass loading rate (for thickening) or hydraulic loading rate (for clarifi-
cation) and calculate the surface area. Now only the hydraulic loading rate is selected
for calculation of the surface area for the purpose of illustration.

Q) X)@.34) (8)
SL

where Q is the feed flow (1 MGD); X is the influent suspended solids concentration (200 mg/L);
and SL is the solids mass loading rate (10 1b/ft>/d).

SA =

(1) (200) (8.34)
SA = 10

SA = 166.8 ft? based on the solids loading

(HL) (60) (24)

where SA is the surface area (ft?); Q is the feed flow (1 MGD); 0, is the recycle flow
(0.342 MGD); HL is the hydraulic loading rate (1.5 gpm/ft?); 24 h =1 d; and 60 min = 1 h.

SA

SA _ (1+0.342)(1,000,000)
T (1.5)(60) 24)

= 621.3 ft> (say 622 ft> based on hydraulic loading).

6. Use the larger of the two areas calculated in step 5
Select a surface area = 622 ft2.

7. Select detention time in the flotation tank and calculate the volume
VOLFT = (Q + Q,) (1/7.48) (1/24) (DTFT) (1,000,000) (10)

where VOLFT is the volume of flotation tank (ft*); Q is the influent flow (1 MGD); Q is the
recycle flow (0.342 MGD); DTFT is the detention time in flotation tank (0.5 h); 7.48 gal = 1 ft3,
and 24 =1 d.

VOLFT = (1 + 0.342) (1/7.48) (1/24) (0.5) (1,000,000)
= 3738 ft.

8. Select pressure tank detention time and calculate volume of pressure tank
VOLPT = (Q, ) (1/7.48) (1/24) (1/60) (DTPT) (1,000,000) (1)

where VOLPT is the volume of pressure tank (ft3); Q, is the recycle flow (0.342 MGD); DTPT
detention time in pressure tank = 3 min; 7.48 gal = 1 ft3; 24 h = 1 d; and 60 min = 1 h.

VOLPT = (0.342) (1/7.48) (1/24) (1/60) (3) (1,000,000)
=95 ft3.

9. Calculate volume of sludge

_ (Q) X) removal (%)
X 1) (specific gravity)

(12)
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where VS is the volume of sludge (gpd); Q is the feed flow (1 MGD); X is the influent sus-
pended solids concentration (200 mg/L); X ’ is the solids concentration in float (5%); removal
(%) is about 80; and specific gravity = 1.05

= (1)(200) (80)
6) (1.05)
= 3048 gpd.

9.3. Example 3. Complete DAF Thickening System Design

A designer has calculated that it will be necessary to thicken a maximum of 2700 1b
(1225 kg)/d of waste sludge at 0.5-0.8% solids from a contact stabilization plant
employing no primary clarification. The facility will have a sludge handling system con-
sisting of a DAF thickener for the WAS, mechanical dewatering by belt press and com-
posting. The treatment plant will be manned 8 h/d, 7 d/wk but dewatering operations will
only take place 6 h/d, 5 d/wk. Thickening operation would take place 7.5 h/d, 5 d/wk.
Waste sludge flow from the final clarifier would be continuous during the thickening
operation that is, 7.5 h/d, 5 d/wk.

The designer has decided to provide polymer feed equipment for the DAF thickener
to be used in emergency situations only. Polymers are not used in normal operation.

The designer has also decided to use a packed pressurization tank, which requires a
relatively clean source of pressurized flow. Secondary effluent will be utilized.

9.3.1. Effective Surface Area

The maximum daily waste sludge production expected was given as 2700 1b (1225 kg)
of WAS with a solids concentration of 5000-8000 mg/L.

The maximum net hourly load (actual amount of solids that must be captured and
removed per hour by the thickener) is:

(2700 Ib/d) (7 d/wk)
(7.5 h/d) (5 d/wk operation)

=504 1b/h (228.6 kg/h)

The sludge being thickened is considered to be equivalent to a straight WAS even
though primary solids are mixed with it. From Table 2, a value of 0.42 Ib/ft?h (2.1
kg/m?/h) is selected.

504 Ib/h max net load

> - =1200 ft* (108 m*)
0.42 Ib/ft"/h loading rate

Based on the solids loading rate (hydraulic loading rate needs to be checked), the
maximum effective surface area required is 1200 ft*> (108 m?).

9.3.2. Feed Flow Rate Determination
Feed, pressurized recycle, thickened sludge, and subnatant must be calculated to
determine pump size and piping requirements.

Both the gross solids load and minimum solids concentration must be known to cal-
culate the feed flow rate. The gross solids load is the amount of solids that must be fed



96 Lawrence K. Wang et al.

to the thickener in order for the system to capture and thicken the required net solids load.
The maximum net hourly load has already been calculated to be 504 Ib/h (228.6 kg/h).
Since polymers are not to be used during normal operation, a capture efficiency of 85%
is used (standard for the industry). The maximum gross solids load is then calculated as
follows:

504 Ib/h max net load
0.85 efficiency factor

=593 1b/h (269 kg/h)

The minimum solids concentration expected is 5000 mg/L. The maximum feed flow
rate can now be calculated as follows (note: 5000 mg/L = 0.5%):

593 Ib/h
(0.005) (8.34) (60 min/h)

=237 gpm (897 L/min)

9.3.3. Pressurized Recycle Flow Rate

The design of the pressurized flow should be based on the maximum gross solids
load expected from the DAF thickener. For this example, the maximum hourly gross
solids load used was 593 1b/h (269 kg/h). After discussing the operating conditions with
several DAF thickener equipment suppliers, the engineer designed for a maximum of
237 gpm (14.95 L/s), assuming 1 gal of liquid solids weighs 8.34 1b.

9.3.4. Thickened Sludge Flow Rate

The maximum hourly net solids load was 504 1b/h (228.6 kg/h). At the minimum 4%

solids concentration, the expected flow rate can be calculated as follows:
5.04 Ib/h

(0.04) (8.34) (60 min/h)

=25.2 gpm (1.59 L/s)

9.3.5. Subnatant Flow Rate

This rate is equal to the maximum total flow into the tank: 237 gpm (14.95 L/s) feed
plus 237 gpm (14.95 L/s) recycle.

9.3.6. Hydraulic Surface Loading Rate

Based on solids loading, the minimum thickener surface area was calculated to be
1200 ft? (108 m?). The total maximum flow rate (influent plus recycle) was calculated
to be 474 gpm (1794 L/min). The maximum hydraulic surface loading rate would be:

474 gpm
1200 ft*

The 0.4 gpm/ft? (16.3 L/min/m?) is on the low side for a system that does not employ
polymer addition. Under maximum conditions, polymer usage would be required.

=0.4 gpm/ft® (0.27 L/s/m*)

9.3.7. Number of Units and Manufacturer’s Recommendations

Only one unit will be used, with an adequate spare parts inventory to minimize down
time. Several reputable manufacturers of DAF thickeners were contacted for their com-
ments on the designer’s calculations and proposed application.
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NOMENCLATURE

a

Air solubility at standard conditions (mL/L)

AlS Air-to-solids ratio (Ib air/lb solids [kg air/kg solids])

C

Capital cost of DAF Thickener process in 2006 (USD)

DTPT  Detention time in pressure tank (min)
DTFT  Detention time in flotation tank (h)

HL Hydraulic loading (gpm/ft> [L/min/m?])
psig Gage pressure (Ib/in?)

P Absolute pressure (in atm)

0 Flow MGD (ML/d)

0. Recycle flow MGD (ML/d)

SA Surface area ft*> (m?)

SL Solids mass loading (Ib/ft?/d [kg/m?/d])
t Ton (English unit)

T Tonne (Metric unit)

TSS Total suspended solids concentration (mg/L.)
VOLFT Volume of flotation tank ft3 (m?)

VOLPT Volume of pressure tank ft* (m?)

VS Volume of sludge per day gpd (L/d)

VSP Volume of sludge produced per day (gpd [L/d])

X Influent suspended solids concentration (mg/L)
X ¢ Solids concentration in float (%)
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APPENDIX

United States Yearly Average Cost Index for Utilities”

Year Index Year Index
1967 100 1987 353.35
1968 104.83 1988 369.45
1969 112.17 1989 383.14
1970 119.75 1990 386.75
1971 131.73 1991 392.35
1972 141.94 1992 399.07
1973 149.36 1993 410.63
1974 170.45 1994 42491
1975 190.49 1995 439.72
1976 202.61 1996 445.58
1977 215.84 1997 454.99
1978 235.78 1998 459.40
1979 257.20 1999 460.16
1980 277.60 2000 468.05
1981 302.25 2001 472.18
1982 320.13 2002 484.41
1983 330.82 2003 495.72
1984 341.06 2004 506.13
1985 346.12 2005 516.75
1986 347.33 2006 528.12

“Extracted from US ACE (Tables Revised 31 March 2003) Civil Works Construction Cost Index System
Manual, No 1110-2-1304, US Army Corps of Engineers, Washington, DC (PDF file is available on the
Internet at http://www.nww.usace.army.mil/cost).
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1. INTRODUCTION

Since 1920, centrifuges have been employed in the US wastewater treatment industry.
However, the early centrifuges did not perform well because of their complex design and
poor mechanical reliability. In the early 1960s, a number of innovative designs were devel-
oped, which solved most of the operational problems. Sludge dewatering or thickening,
and disposal of the residual solids, are significant costs of the waste treatment operation.
These steps are especially important if the final disposal option is incineration. The incin-
erator will be more efficient if more water is removed prior to incineration. If the sludge
has to be transported to a landfill, volume reduction owing to dewatering will significantly
improve the overall economics (1-49). The sludge concentration methods of clarification,
filtration, settling, flocculation, thickening, and centrifugation were evaluated. The choice
of a dewatering technique is based on the feedstock, device design and function, and engi-
neering specifications dependent on the intended outlook of the final products (47-48).
Filter belt presses, solid-bowl centrifuges, and membrane filter presses were analyzed for
their ability to dewater sludge according to their capacity, polymer consumption of dewa-
tered dry solids, suspend solids in the reject water, and economics (49).

The idea of “bound water” regarding sludge dewatering was reclassified (50).
Sludge-polymer conditioning and mechanical dewatering that only eliminates the bulk
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and interstitial waters and not the vicinal water was proposed as the cause behind the
occasional ineffective dewatering. In Taiwan, a technique using both vacuum filtration
and centrifugal settling tests, together for bound water measurements was suggested
(51). In 1997, Wench and Otte-Witte (52) reviewed the high-tech methods in biosolids
and sludge dewatering with centrifuges together with the design and process of cen-
trifugation, process engineering, optimization, dewatering effectiveness, and monetary
impacts. Thermally conditioned wastewater biosolids have the ability to become effec-
tively dewatered using a centrifuge (53). Additional data on the principles, applications,
performance, and costs of centrifuges can be found in the literature (54-70).

Although, there are a number of dewatering methods employed in the wastewater
treatment industry, this chapter focuses on centrifugal separation and sedimentation
centrifuges in particular. Three types of sedimentation centrifuges will be discussed,
namely, the solid-bowl, basket, and disc centrifuges (1-4). Included are advantages and
disadvantages, a general description, and principal features of these centrifuges. The
performance of the centrifuges with respect to municipal wastewater treatment sludges,
coal-washing slimes, electroplating waste treatment sludges, paper and pulp mill
sludges, and biological sludges is also addressed. To conclude, a guide to selection of
centrifuges is also given in this chapter.

2. PRINCIPLES

The settling rate of solids in a liquid can be greatly increased by replacing gravita-
tional force by a strong centrifugal force (1). This separation is based on the density dif-
ference between solids and liquids (or between two liquids). The lighter liquid remains
near the center of rotation and overflows over weir. The heavier solids move to the
periphery of the bowl and are discharged either continuously or intermittently. In a per-
forated basket centrifuge, the liquid percolates through a solid cake at the periphery.
Stoke’s Law for the settling rate is described in another chapter entitled “Sedimentation.”
The sedimentation equation can be used as a general guideline, and more exact formulae
can be developed through laboratory experiments and scale-up procedures.

Scale-up with centrifuges may be difficult. Although the geometric configuration of a
centrifuge may be similar in model and full scale, the actual flow regime may be different.
Trawinski (4) gives an overview of solid—liquid separation processes and can be referred
to for detailed information. Bates College’s Department of Biology (66) presents more
facts on centrifugation basics. The University of Texas A&M University, Natural Toxins
Research Institute (67) presents detailed theory and principles on centrifugation.

3. TYPES OF WATER ASSOCIATED WITH SOLID PARTICLES

During the sludge dewatering process, it is important to identify different types of
water (5-7) associated with a sludge particle such as:

Bulk or free water.
Micropore water.
Colloidally bound water.
Chemisorbed water.

o o
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Success of the dewatering depends upon the percentage of each of these waters asso-
ciated with solid sludge particles. For example, the waters may be present in sludge as
follows:

Bulk water 40%.

Micropore water 40%.
Colloidally bound water 20%.
Chemisorbed water 10%.

oo

Conventional solid—liquid separation techniques such as centrifugation can separate
only the bulk water present and not the other types. Hence, the solids concentration
achievable by these devices is rather modest. Chemical conditioning agents such as
polymers are used to enhance the solids concentration.

4. TYPES OF CENTRIFUGES

Various types of centrifuges are employed in the wastewater treatment industry.
However, in this discussion, only three centrifuges will be discussed. They are as follows:

a. Basket centrifuge.
b. Solid-bowl centrifuge.
c. Disc centrifuge.

4.1. Basket Centrifuge

This type of centrifuge has been employed in the treatment of both municipal waste-
water and industrial sludges. The earliest device was developed by Herman Schafer in
1902 to dewater primary sludges in Cologne, Germany (7). The basket centrifuge is espe-
cially suited for smaller plants in the range of 2—4 million gal/d. A basket centrifuge is
basically a rotating vertical chamber that has a weir at the top. It is a semicontinuous
device and sludge is fed at the bottom. A schematic diagram of the unit is shown in Fig. 1.
Solids move to the chamber wall and the clarified liquid flows over the weir and is taken
out. Centrifuges operate in G units, which is the “ratio of centrifugal acceleration to the
acceleration of gravity.” The centrifugal field applied in this unit varies anywhere from
6000 to 10,000 G on bench-scale or up to 1500 G on commercial scale. Consolidated
cake is removed intermittently. The basket decelerates and accelerates depending upon
whether the solids are removed or the slurry is fed. Some of the operating characteristics
of a basket centrifuge are as follows:

a. Typical cycle time 68 min.
b. Solids achievable 10-25% wt.
c. Feed rate 50-75 gal/min.

Lui and Liptak (42) state that the basket centrifuge is most appropriate for soft or small
solids that are problematic to filter and waste that fluctuates in concentration and solids
characteristics. The design has a three-point casing suspension and a hydraulic or electric
motor powers that provides water supply to it. A 12 or 14 in. diameter bowl is typically
used for testing; however, the diameter for commercial bowls is 3048 in. Sludge feed
enters at the top, travels near the bottom of the bowl and flows axially. The clarified efflu-
ent is released at the top. Suspended solids settle on the bowl wall and ultimately block
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Fig. 1. Schematic of a basket centrifuge (Source: US EPA).

clarification. Maintenance is minimal owing to the fact that the basket centrifuges
operates at a lower speed than other centrifuges. The bearing life is 1-3 yr. Lubrication
is easy, little power is consumed, and the parts seldom need replacement. The advan-
tages and disadvantages of basket centrifuges are given in Table 1 in relation to solid-
bowl and disc centrifuges.

4.2. Solid-Bowl Centrifuge

Sometimes the solid-bowl centrifuge is referred to as a scroll or decanter centrifuge.
This unit can be operated continuously and handles up to 100 t/h of cake product quan-
tities of material. A schematic diagram of the unit is shown in Fig. 2. A screw-type con-
veyor for transporting the solids rotates at a slower or faster rate than the bowl itself. In
a solid-bowl centrifuge, there are two different modes of contacting: countercurrent and
concurrent. Sludge is fed through a feed pipe and the solids move to the bowl wall.
Separated solids are slowly moved out through the back-drive. Centrate is drawn off and
the cake proceeds for removal. The separated solids are not disturbed by the feed slurry
(7-10). Advantages and disadvantages of solid-bowl centrifuge are given in Table 2.
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Table 1

Advantages and Disadvantages of a Basket Centrifuge

Advantages Disadvantages

Can handle small throughputs Semicontinuous

Sludge difficult to dewater can be handled Low solids concentration in product
Grit in the feed does not pose problem Poor solids capture

Good flexibility Low capacity

G limitations

Source: From refs. 8 and 9.
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Fig. 2. Schematic of typical solid bowl decanter centrifuge (Source: US EPA).

Table 2

Advantages and Disadvantages of a Solid-Bowl Centrifuge

Advantages Disadvantages

Little operator attention Very noisy

Ability to handle variety of sludges Poor supernatant quality

Larger throughputs compared to basket High wear

Lower polymer dosages required High maintenance costs

Easy startup and shutdown Greater sensitivity to feed fluctuation

Can separate out fines
Can handle dilute sludges

Centrifuges are operated at a range of speed depending on the size and purpose to be
achieved by the process. Thus, centrifugal machines can be operated at either high speed
or low speed (10). A typical plot of variation of cake solids concentration with cen-
trifugal acceleration for different types of wastewater sludges is shown in Fig. 3. Higher
speeds permit smaller bowl diameters and effects greater solids capture and drier cakes.
However, high-speed machines consume more power and generate more noise. Also,
abrasion at high speed levels increases maintenance and replacement costs.
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Fig. 3. Typical plot variation of cake solids concentration with centrifugal acceleration
(Source: US EPA).

Machines operated at low speed levels consume less power and generate less noise
but may result in lower solids capture and wetter cakes. One approach is to introduce
the feed sludge as far as possible from the cake discharge end in order to permit longer
solids residence times, thus enabling lower speed levels. In another approach, the cen-
trifuge is redesigned to optimize the use of polymer and is operated at moderately high
speed levels. Figure 4 shows the relative influence of one process variable as a function
of feed solids content whereas imperforate basket centrifuge holding all other process
variables constant.

The high-speed decanter centrifuge (11-13) is equipped to resist abrasion from coal
particles by attaching tungsten carbide tiles (some manufacturers use ceramic tiles),
thus enabling it to operate efficiently at high speed levels. At feed rate of 120-180
gal/min, feed concentration of 30-50% with 80% smaller than 325 mesh, the Super-D-
Canter Model P-5400, which is a typical high-speed decanter centrifuge, achieves more
than 99% recovery with less than 1 1b/t of polymer for refuse containing 45-50%. The
Water Environment Federation (WEF) Manual of Practice offers considerations for
designing a cost effective solid-bowl centrifuge (43). One recommendation is that a
polymer addition is usually needed for solid-bowl centrifuge dewatering. The design
must permit sludge feed directly into the centrifuge and upstream of the centrifuge. The
design should take account of space requirements of the feed system, testing of various
polymer concentrations, and flexibility to allow future modifications.

Design considerations also include the requirements for cake discharge and its con-
veying system. Conveyors are able to carry large quantities of cake; however, they are
normally a housekeeping task and need special space conditions. Pumps are typically
used for conveying the cake, but may not have the ability to convey more recent high-
cake solid concentrations.

Centrate normally travels to the head of a plant, and a recycling pump station often
transports the centrate to a specified location. Therefore, centrate piping has to be sized



Centrifugation Clarification and Thickening 107

< Possible
& 8
> 3
2 =
3 °
(6] -
o 1)
X
©
O
Feed, total solids (%) Feed, total solids (%)
= —_
£ <
3 2
<
§ s
()] -
G (@]
Feed, total solids (%) Feed, total solids (%)
g 3
2 g3
o oL
[} — v
2 s°
@ e
Feed, total solids (%) Feed, total solids (%)

Fig. 4. Relative influence of one process variable as a function of feed solids content for imper-
forate basket centrifuge holding all other processes as variables constant (Source: US EPA).

and sloped appropriately to avoid centrate backups. Polymers frequently produce a
foam or froth, as a result; a froth spray is usually needed. A sampling station can be uti-
lized to detect any major centrate loads on the plant components. The area and space for
a large machine is approx 40 m?, which is significantly less space than the majority of
mechanical-dewatering equipment with the same capacity. Most designs lack adequate
space, operational flexibility, and unit redundancy.

4.3. Disc Centrifuge

In the early 1940’s, disc centrifuges were first used in the United States. Presently,
there are more than 100 such machines in a number of municipalities. A schematic view
of the Disc no. 331e centrifuge is shown in Fig. 5. The sludge is fed from the top;
however, feed from the bottom of the unit is also possible. The feed passes down to the
center where a rotor distributes the feed sludge, filling the outer chamber. Advantages
and disadvantages of the disc centrifuge are shown in Table 3.

Heavier solid particles settle toward the wall of the rotor because of the centrifugal
field. The collected liquid and the lighter solids flow inside the disc stack. Generally
the gap maintained between the discs is about 0.05 in., which means that the lighter
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Fig. 5. Schematic of a disk nozzle centrifuge (Source: US EPA).

Table 3
Advantages and Disadvantages of a Disc Centrifuge

Advantages Disadvantages

Can handle large throughputs
Good quality concentrate can be produced
Applicable to sludges having finer particles

Large particles, fibers cause clogging
High maintenance requirements
Skilled operators required

particles have to travel a short distance before they settle on the surface of the disc. The
supernatant liquid passes through the stack into an overflow chamber and is further dis-
charged into an effluent line (7).

The disc centrifuge is particularly suitable for the thickening of excess activated
sludge or alum sludges that does not contain coarse solids. It can manage high feed
rates with efficient clarification for extremely fine particles with low concentrations.
The disc centrifuge must be used specifically for continuous extended running; the
bowl must be cleared of solids before the centrifuge can be restarted after a shut-
down. Little maintenance is needed because bearings in smaller units are grease-
packed, while larger units have circulating oil or spray-mist systems. For abrasive
applications, some areas require hard surfacing, however; nozzle bushings are
replaceable (42).

Units can be online for as long as 8 wk when screening of feed is used before cen-
trifugation. Inline self-cleaning strainers are usually acceptable. Because the feed can
vary, control is suggested for consistency of thickened sludge. This control can be
manual or fully automated, which uses a viscosity-sensing loop to indicate the sludge
discharge consistency and moderate the recycling rate (42).
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5. PERFORMANCE OF CENTRIFUGES IN SLUDGE DEWATERING

5.1. Separation of Municipal Wastewater Treatment Plant Sludges
by Centrifugation

Several environmental problems are associated with the handling of the Municipal
Wastewater Treatment Plant Sludges (MWTP sludges; 12). These sludges are odorous,
potentially hazardous, and produce combustible gases in landfills. MWTP sludges typi-
cally contain less than 1% of weight solids. Hence dewatering/drying is required to ren-
der these sludges suitable for land filling or incineration. A variety of centrifuges are used
to dewater MWTP sludges in the United States.

The performance of centrifuge is measured by the following parameters:

a. Final solids concentration.
b. Solids recovery in centrate.
c. Amount of polymer and chemicals used to treat a dry ton of sludge.

5.1.1. Basket Centrifuge Performance

Table 4 lists the typical performance data of a basket centrifuge. Results show that
with raw primary sludge, 25-30% solids cake can be achieved; however, with raw
waste-activated sludge, the performance drops drastically. For autogeneous combustion
of these sludges, approx 30-35% solids is required. The centrate quality in the case of
mixed anaerobically digested sludge and waste-activated sludge is very poor.

5.1.2. Solid-Bowl Centrifuge Performance

The dewatering performance of the solid-bowl centrifuge is good for a broad range of
sludges (14). Table 5 shows the typical data for different types of MWTP sludges. A clear
concentrate was produced at higher acceleration force. As the bowl speed is increased, the
polymer dosage requirements decrease and the solids concentration increases. Generally,
the cake solids concentration levels are higher in a solid bowl than in a basket centrifuge
for equivalent amounts of polymer addition. Raw primary sludge can be dewatered up to
25-36% while with waste-activated sludge only 8—12% solids is achieved. Polymer addi-
tion amounts in the case of anaerobically digested sludges is rather significant.

5.1.3. Disc Centrifuge Performance

Disc centrifuges have been used extensively to dewater MWTP sludges in the United
States. It has been reported that a wide variety of problems in the beginning were
attributed to clogging of the lines. Generally, some kind of pretreatment is recom-
mended to remove fibrous material and large particles from the feed stream. Typical
performance of a disc centrifuge is given in Table 6. It should be noted that polymer was
not added and the solids level typically increased from 1% solids to 5 or 6% solids. This
improvement is generally considered good because 80% of the liquid is removed as a
clear concentrate even without the addition of a flocculating agent. Research is needed
to generate the energy requirement data for disc centrifuges. Table 7 has energy require-
ment data for other centrifuges, except disc centrifuges.

5.1.4. Costs and Energy Requirements of Solid-Bowl and Basket Centrifuges

Capital, operating, and maintenance costs are presented in Figs. 6-9 for a basket
centrifuge and a high-G solid-bowl centrifuge. Capital or construction costs include
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Table 4

MWTP Sludge Performance Data for a Basket Centrifuge
Feed Average Dry polymer Recovery
solids cake solids required g/kg based on

Sludge concentration concentration feed solids centrate

type (%) (%) (Ib/o) (%)

Raw primary 4-5 25-30 1-1.5 (2-3) 95-97

Raw trickling 2-3 9-10 0 90-95
filter (rock 10-12 0.8-1.5 (1.5-3) 95-97
or plastic
media)

Raw waste 0.5-1.5 8-10 0 85-90
activated 12-14 0.5-15 (1-3) 90-95

Raw primary 2-3 9-11 0 95-97
plus rock 7-9 0.8-1.5 (1.5-3) 94-97
trickling filter
(30:70)

Raw primary plus 2-2 12-14 0.5-1.5 (1-3) 93-95
waste activated
(50:50)

Raw primary plus 2-3 20-24 0 85-90
rotating biological 17-20 2-3 (4-6) 98+
contactor
(60:40)

Anaerobically 1-2 12-14 0 75-80
digested primary 10-12 0.8-1.5 (1.5-3) 85-90
plus waste- 8-10 2-3 (4-6) 93-95
activated (50:50)

Anaerobically 1-3 8-11 0 80-95
digested 12-14 0.5-1.5 (1-3) 90-95

Source: From ref. 15.
Skimming losses, if any, have not been use in calculating recovery.

purchased equipment structural work, site preparation, piping, instrumentation, electri-
cal installation, and the necessary labor. The costs are represented in 1981 USD. For
basket centrifuges, the construction cost is somewhat flat up to 30,000 gpd and
increases rapidly for higher capacity machines. The construction cost of a high-G solid-
bowl centrifuge increases exponentially from 10 to 1000 gal/min. Annual operating and
maintenance costs include costs such as labor, energy, chemicals, and so on. Electrical
energy includes heating, cooling, and lighting. Process energy includes energy for pro-
cess equipment such as motors and drives. Energy required to dewater a ton of sludge
will have an important bearing on the choice of a dewatering device to be used in a par-
ticular project. Direct energy is the actual energy utilized by the device, while the indi-
rect energy is associated with the production of polymers and other chemical reagents.
Table 7 provides information on both these subjects.

5.2. Separation of Pulp and Paper Sludges by Centrifugation

In the last few decades, the pulp and paper industry in the United States has made sig-
nificant progress toward reducing the biochemical oxygen demand and total suspended
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Table 5

Typical MWTP Performance Data for a Solid-Bowl Centrifuge
Feed Average Dry polymer Recovery
solids cake solids required g/kg based on a

Sludge concentration concentration feed solids centrate

type (%) (%) (Ib/t) (%)

Raw primary 5-8 25-36 0.5-2.5(1.5) 95-97

28-36 0 35-45 (70-90)

Anaerobically 2-5 28-35 3-5 (6-10) 98+

digested primary 9-12 30-35 0 65-80
25-30 0.5-1.5 (1-3) 82-92

Anaerobically digested 2-5 28-35 3-5 (6-10) 95+
primary irradiated
at 400 krad

Waste activated 0.5-3 8-12 5-8 (10-15) 85-90

Aerobically digested 1-3 8-10 1.5-3 (3-6) 90-95
waste activated

Thermally conditioned:

Primary + waste 9-14 35-40 0 75-85
activated 13-15 29-35 0.5-2 (1-4) 90-95

Primary + trickling 7-10 35-40 0 60-70
filter 30-35 1-2 (1-4) 98+

High lime 10-12 30-50 0 90-95

Raw primary + 4-5 18-25 1.5-3.5 (3-7) 90-95
waste activated

Anaerobically digested 2-4 15-18 3.5-5 (7-10) 90-95
(primary + waste 4-7 17-21 2-4(4-8) 90-95
activated)

Anaerobically digested 1.5-2.5 18-23 1-2.5 (2-5) 85-90
(primary + waste 14-16 6-8 (12-15) 85-90
activated + trickling
filter)

Combined sewer Highly
overflow treatment variable
sludge

Source: From ref. 15.
“Assumes skimming of cake.
MWTP stands for the municipal wastewater treatment plant.

solids in the wastewaters discharged to rivers. It has been estimated that about 2.15 billion
gal of wastewater sludge containing 6.04 million Ibs of biochemical oxygen demand are
treated daily by US. Pulp and Paper Industry (16). This treatment yields large quantities
of primary and secondary sludges. Approximately 2.1 million t/yr of primary sludge is
produced (1). Pulp and paper mill sludge consists mainly of fiber, fillers, coating clays,
and several other minor impurities. Table 8 shows the normal sludge composition from
different types of paper and pulp mills. Ash content (50-70%) significantly affects the
performance of centrifuges (17).

Major dewatering processes used in the paper and pulp industry are vacuum filters,
centrifuges and belt presses. Table 8 indicates different types of dewatering equipment
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Table 6
Typical Performance of a Disc Nozzle Centrifuge

Polymer pounds

Capacity Feed Underflow Solids per dry ton
References (gal/min) solids (%) solids (%) recovery (%) of solids
5 150 0.75-1 5-5.5 90+ None
5 400 - 4 80 None
5 50-80 0.7 5-7 93-87 None
5 60-270 0.7 6.1 97-80 None
24 66 1.5 6.5-7.5 87-97 None
60 200 0.75 5 90 None

Source: From ref. 7.
1 gpm = 3.78 L/min.
1 1b/t = 0.5 kg/t, where 1 t=2000 Ib; 1 T = 1000 kg.

Table 7
General Ranges of Direct and Indirect Energy Requirement for Sludge Dewatering
Indirect
Indirect energy
electricity per
Direct per dry
electricity per dry solids Polymer dry solids solids
Process (kWh/kg) (kWh/t) dosage (g/kg) (kWh/t) (kWh/t)
Basket 0.105-0.140 (90-120) 3 0.0007 (0.6)
centrifuge
Solid bowl centrifuge
Low speed 0.035-0.070 (30-60) 4 0.009 (0.8)

High speed 0.070-0.105 (60-90)

Source: US EPA.
Digested 50:50 Mixture of Primary + WAS at 3% solid feed.

used in the pulp and paper industry. Table 9 clearly indicates that vacuum filters are
most widely used by the industry (16,17). Table 10 shows dewatering methods used by
mixed primary and secondary sludges. Addition of chemical conditioning agents plays
a major role in the treatment of mixed sludges. Vacuum filters again seem to be used
widely in this industry (19).

Table 11 shows typical data for activated sludges from paper mills for three different
types of centrifuges (20). Disc centrifuges in series with solid-bowl centrifuges appear
to provide higher solids concentration and solids recovery than the other types (20-22).
Because polymer is the principal operating cost, the strategy is to minimize the polymer
consumed while maximizing the cake solids and solids recovery.

5.3. Separation of Electroplating Wastes by Centrifugation

Metal finishing plants produce a wide variety of process wastewaters (23-27) con-
taining heavy metals. These wastewaters are treated to reduce the solubility of the
metals and for further separating the precipitated metal hydroxides. This treatment
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Fig. 6. Construction costs for basket centrifuges (Source: US EPA, 1982).

yields a solid waste containing high levels of toxic materials. Typical composition of
an electroplating wastewater and the volumes at 3 and 25% solids by weight is given
in Table 12. Typical performance of a basket centrifuge is given in Table 13. This sludge
should be treated properly and disposed of in an environmentally acceptable manner.

The typical solids concentration of the sludge is 3% weight; hence, dewatering is an
economical way of increasing the solids concentration of the sludge. This increment of
solids concentration is done before it is sent to a landfill (28) or of the sludge treated in
an incinerator. The strong centrifugal force greatly speeds up the settling process and
consolidates the cake. This mechanism is important because the sludges that are
obtained from the electroplating industry are compressible. Figure 10 shows the unit
cost and horsepower (hp) rating for centrifuges.
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A typical dewatering system with auxiliary equipment and its annual sludge disposal
costs is shown in Fig. 11. The typical cost of installing and operating a basket centrifuge
for an electroplating sludge is shown in Table 14. The installed cost for up to 150 gal/h
feed is 48,000 USD, while for 200 gal/h feeds, the installed cost increases 3.5 times. The
increase in the annual operating cost is marginal.

5.4. Separation of Coals and Refuse by Centrifugation

Mined coal is usually unsuitable for efficient utilization because of its high shale con-
tent. Beneficiation techniques use water for cleaning. Beneficiated coal must be dewa-
tered to improve its heating value and reduce its bulk, while the refuse water must be
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cleaned for recycling and recovery of fines. Coal and refuse coarser than 2.5 cm is
dewatered by screens and centrifugal dewatering is used for coal and refuse between
590 um and 2.5 cm (30). Screen-bowl and solid-bowl centrifuges with a scroll conveyor
are commonly used for coal dewatering. Solid bowls can recover solids as small as
10 um (29). A solid-bowl centrifuge manufacturer reports a solids product with 30-35%
moisture and a clean liquid product, with feed slurry, which had 75-85% of solids less
than 325 mesh size. The units had a capacity from 2.5 to 30 t. Manufacturers claim that
the centrifuge requires half the hp of comparable vacuum disc filters. Typical centrifuge
performance data is shown in Table 15.
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Table 8

Normal Sludge Composition

Type Solids (%) Ash content (%)
Board mills 2-10 50-70
Chemical pulp 1-10 20-50
Deink pulp 3-10 25-60
Ground wood 2-5 1-20
Paper mills 1-5 50-70

Source: Design carried for ref. 18.
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Table 9

Type of Dewatering Devices Used in the US Pulp and Paper Industry

Dewatering Number of mills

technology using technology Total (%)

Vacuum filters 71 29

Lagoon 67 27.3

Belt press 35 14.3

Centrifuges 23 9.4

Screw press 16 6.5

V. presses 8 33

Flotation 5 2

Filter presses 4 1.6

Heat drying 1 0.4

Other 15 6.1

245 99.9
Table 10
Number of Mills Following Various Approaches to Sludge Dewatering
Report of mixed sludges mills using preconditioning step
Dewatering Gravity Chemical Thickening plus
technology None thickening conditioning chemicals Total
None - 1 0 0 1
Centrifuge 2 0 3 0 5
Vacuum filter 10 3 6 5 24
Belt press 3 0 11 7 21
Pressure filter 0 0 4 1 5
Mechnical press 0 0 0 1 1
only

Basin drying 7 0 0 0 7
Basin disposal 2 0 0 0 2
Total 24 24 14 66

Source: From ref. 19.

Table 11

Centrifugal Dewatering of Activated Sludge From Paper Mills
Type of Polyelectrolytes Solid Cake
centrifuge (Ib/t) recovery (%) solids (%)
Solid-bowl scroll 10-15 75-85 13-19
Disk None 80-90 5-7
Solid-bowl basket None 80-90 8-12
Disk in series with 10-15 75-85 20-22

solid-bowl scroll

Source: From ref. 20.



118 Lawrence K. Wang et al.

Table 12
Sludge Generated and Sludge Disposal Volume for Electroplating

Sludge (gal/Ib metal precipated)

Waste metal Dry solids (Ib/Ib Generated (at 3% Dewatered (to 25%
components metal precipitated)” solids by weight) solids by weight)
Aluminum 2.89 11.2 1.14
Cadmium 1.3 5 0.51
Chromium 1.98 1.7 0.79
Copper 1.53 5.9 0.6

Iron 1.61 6.2 0.63

Nickel 1.58 6.1 0.62

Zinc 1.52 5.9 0.6

Source: from ref. 23
“Using sodium hydroxide.

Table 13
The Typical Performance of Basket Centrifuges
Feed
Rate Solids Solids Cake solids
(gal/min) (Wt%) rate (wt%) (Wt%)
Basket centrifuge 2-60 2-5 50-95 5-25
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Fig. 10. Unit price and hydraulic drive horsepower for a basket centrifuge (Source: US EPA, 1982).

Figure 12 shows the influence of process and centrifuge variables on performance
(31). The centrifuge variables (bowl length, bowl diameter, conical bowl angle, and
so on.) are fixed during manufacturing. Plant personnel can control pool depth
(by adjusting the central weir) and centrifuge speed. Operators can control feed rate and
flocculant rate. A detailed description of the process variables and their results are given
in reference.
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Clarifier underflow (aal/h)
Fig. 11. Basket centrifuges: (A) dewatering system with auxiliary equipment (B) annual sludge
disposal cost (Source: US EPA, 1982).

Wakeman (30) described a two-stage centrifuge with a horizontal axis. The bowl has
a solid section and a perforated section. A particulate bed forms in the solid section and
is moved to the perforated section by a scroll conveyor. Here the solids undergo fur-
ther dewatering and both solids and liquid are discharged continuously. An oscillating
centrifuge (32) can dewater both coarse and fine coals. The cost is 0.03—0.05/USD/t of
clean coal. The McNally Wedag horizontal vibrating centrifuge (33) dewaters ultra-
fines. The vibrations move the solids to the larger diameter of a basket centrifuge and
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Table 14
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Installed Investment and Annual Cost for Electroplating Sludge Treatment
Operation by Using Basket Centrifuges

Feed sludge (gal/h)¢ Installed investment cost? Annual®
50 34,000 37,000
100 34,000 70,000
150 48,000 85,000
200 176,000 89,000
250 176,000 102,000
300 176,000 115,000
Source: from ref. 27.
“Initial 3% solids.
> An auxiliary equipment.
“Operating + fixed + disposal.
Table 15
Typical Centrifuge Data for Coal
Centrifuge Feed Cake Solids
type Particle size rate (t/h) moisture (%) recovery (%)
Horizontal solid Smaller than 2.5-30 30-35 90-99
bowl (29) 325 mesh
Horizontal Larger than 60-100 12-20 90-98
screen bowl 28 mesh
2-Stage (solid and 590 um x 0 27515 14 96-98
screen) bowl (30)
Oscillatory centrifuge (24)
Coarse coals 1 1/4 x 1/4 in. Up to 250 2-2.5 97-99
Fine coals 1/4 in. X 28 mesh Up to 250 6-6.5 97-99
McNally-Wedag
vibratory centrifuge (33)
Coarse coals 0.5 x 0.15 mm? 20 16.8 98
Fine coals 10 x 0.5 mm? 20 7.7 98
Deep-pool horizontal
solid bowl design (31) 325 mesh 15-30 3-45 85-99

Data includes effect of polymer addition to improve performance.

also prevent clogging of the basket openings. The effluent water is collected at the

other end.

While maintaining centrate quality about 30% increase in throughput can be
achieved by optimizing the cylindrical clarifying volume. This is done by redesigning
the solid bowl by positioning the conical—cylindrical bowl intersection so as to increase
the spillover pool depth. Testing on pilot and full-scale plants with the deep pool design
revealed solid feed rates more than 15-30 t/h with 0.1-0.5 gm/kg of polymer producing
55-70% solids cake. Figure 13 shows the effects of pool depth design on cylindrical
clarifying volume and “G” level at discharge (31).
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Process and centrifuge variables

Polymer Feed . . Pool .
dosage rate Differential depth G'S % - 305M
o Rated
e centrifuge —_— — P g o
g capacity
$
[ Centrate
g clarity / \ - / / \
2
£ Cake percent
3 solids \ e e U =
Polymer* .
dosage / T | T | T /

*Polymer dosage required for 100% recovery of the suspended solids

Fig. 12. Process and centrifuge variable influence on centrifuge performance ref. 31.

o New
design design

Cylindrical clarifying volume
G - Level at cake discharge

B —
Maximum designed pool depth

Fig. 13. Effects of pool depth on cylindrical volume and ‘G’ level at discharge ref. 31.

5.5. Separation of Metallurgical Refinery Sludge by Centrifugation

Sludge dewatering pilot studies at Teledyne Wah Chang Albany evaluated the per-
formance of a solid-bowl centrifuge (34). Differential speed, pond depth and polymer
dose were found to influence cake dryness, solids capture and overall centrifuge per-
formance. The abrasiveness of the sludge necessitated the use of a tungsten carbide,
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hard surface scroll. A feed of 5% solids, gave a cake with 20% solids and a centrate with
0.1% solids for a polymer dosage of 2—5 g/kg and a differential speed of 25 rpm.

5.6. Separation of Cannery Waste Biological Sludge by Centrifugation

Large quantities of biological sludge are generated by treatment of wastewater from
fruit processing plants. This sludge can be dewatered for use as cattle feed. A pilot plant
scale study was conducted by Washington state, centrifuge of 76 cm diameter was oper-
ated at 1300 G. Using the clarifier underflow as centrifuge feed gave 84 g dry solids/cg
cakes. It was also found that centrate quality deteriorated as hydraulic loading increased.
The centrate quality also deteriorated as the bowl filled with cake. This happened
within one solids retention time, irrespective of hydraulic retention time and feed solids
concentration.

5.7. Separation of Potato Wastes by Centrifugation

Potato waste is made up of peel, process liquid, wash-down water, volcanic ash, and
so on. Approximately 2 MGD (125 t/mo of dry solids) is shipped out of just one plant
at Ore-Ida at Boise, Idaho. Recently the plant replaced seven basket centrifuges with
three decanter centrifuges, resulting in an annual savings of 65,000 USD. Dewatered
waste is primarily sold to animal food processors. A decanter centrifuge is used to
achieve the desired solids concentration of 14—15%.

6. CENTRIFUGATION DESIGN CONSIDERATIONS
6.1. General Guidelines for Selecting a Centrifuge for Sludge Dewatering

Many factors affect the performance of centrifuges. Some factors affecting the choice
of centrifuges are indicated as follows (37-58,68):

Particle size and size distribution.
Density of solid.

Density of Liquid.

Viscosity of liquid.
Temperature.

pH of sludge.

Abrasion properties of sludge.
Volatility of solids.
Throughput.

Final solids concentration.
Solids recovery.

A B0 e B0 o

It is difficult to consider all the factors during centrifuge selection. A trade-off is
probably necessary before assigning a priority to each (39—42). It is recommended that
experimental data be obtained on the actual sludge for which a centrifuge is to be
selected. Figure 14 can be used as a general guideline for selection of centrifuges. Some
points to be considered before a final selection is made are:

Levels of solids concentration desired.

Amount of flocculant required per pound of dry solids.
Suitability of sludge to be dewatered.

Comparison with other types of solid-liquid separation devices.
Capital, operating, and maintenance cost of equipment.

o0 o



Centrifugation Clarification and Thickening

General equipment

123

Major Function Operation classification Equipment sub-classification
Solid-bow! Conical bowl, contour bowl;
centrifuge solid/screen bowl combination; scroll conveyor
Centrifugal Conical screen (helix conveyor, oscillator);
filter cylindrical screen (pusher, conveyor)
—| Vafﬁ;‘;m }—' Rotary belt drum, horizontal belt; horizontal pan ‘
Other Various wet screens, cyclones, special filters
and centrifuges, settling tanks
Centrifugal Vertical perforated basket, constant speed;
filter horizontal basket, variable speed
Recpver Batch )
solids automatic Imperforate- Vertical basket, constant speed;
basket centrifuge horizontal basket, variable speed
Pressure Plate and frame; pressure leaf,
leaf-filter vertical/horizontal leaf
Settling
tank
Solid-bowl Contour bowl (vertical, horizontal)
centrifuge with scroll conveyor
Disk-bowl . .
—| centrifuge }—' Nozzle bowl with/without cycle underflow ‘
—| Vacuum filter H Rotary belt or drum ‘
Other Various screens, settlers, cyclones
special filters and centrifuges
Pressure Vertical leaf with automatic sluice, horizontal
leaf-filter tilting-leaf, horizontal leaf with spin
Clarify [ Batch Disk-bow! ) )
liquid | automatic centrifuge Intermittent nozzle discharge
Imperforate- . .
—' basket centrifuge }—' Vertical or horizontal basket ‘
Disk or tubular Nonpreforate disk bow! or tubular bowl
bowl centrifuge with manual cleanout
Pressure leaf Horizontal or vertical leaf filter,
filtration plate and frame
—| Full-flow filters }—' Strainers and cartridge elements ‘

Settling tank

Fig. 14. How to approach a centrifugation problem.

6.2. Centrifuge Manufacturers
A partial list of centrifuge manufacturers are provided as a reference as follows:

Alfa Laval—Fort Lee, NJ.

Baker Perkins—Saginaw, MI.

Bird Machine Co.—South Walpole, MA.
Centrico, Incorporated—Englewood, NJ.
DeLaval Separator—Poughkeepsie, NY.

Dorr Oliver—Stamford, CT.

Ingersoll Rand, Eimco Division—Nashua, NH.

@ -0 A0 O
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Komline Snaderson—Peapack, NJ.

Pitmar Company—Rochester, NY.

Robatel—Pittfield, MA.

Sharples, Pennwalt—Philadelphia, PA.

Swenson Evaporator—Harvey, IL.

Tolhurst Centrifugal Div. Amtec.—East Moline, IL.

Wemco Courterbex, Div. Arthur McKee—San Francisco, CA.
KHD Humdolt Wedag—Atlanta, GA.

Western States—Hamilton, OH.

BB B mFe

6.3. Materials for Centrifuge Construction

Stainless steel is typically used for the construction of the three centrifuges as given
(1). The bowls for the disc centrifuge are always made of stainless steel. Carbon steel
alloys and different coatings are sometimes used for basket centrifuges. Alternative
materials for the solid-bowl centrifuge are carbon steel, and titanium is used for special
corrosion problems. Covers for disc centrifuges may also be constructed of carbon or
cast steel (1).

6.4. Advantages and Disadvantages of Centrifugation in Various Applications

The facts on centrifugation are summarized in this section for design considerations.
Centrifugation is a widely used process for concentrating and dewatering sludge for
final disposal. The process offers the following advantages:

Low capital costs compared with other mechanical equipment.
Moderate operating cost, provided flocculants are not required.
A totally enclosed unit that minimizes odors.

A simple and compact unit.

Chemical conditioning of the sludge is often not required.

The ability to process a wide variety of solids.

Minimum supervision required.

@ -0 a0 o

Disadvantages associated with centrifugation are:

Without the use of chemicals, solids capture is often poor.

Substantial chemical costs.

Trash must often be removed from the centrifuge feed by screening.

Lower percentage of cake solids than those resulting from vacuum filtration.

Higher maintenance costs than vacuum filtration.

Fine solids (in concentrate) that escape the centrifuge may resist settling when recycled to
the head of the treatment plant and gradually increase in concentration, eventually raising
effluent solids level.

-0 a0 o

Centrifuges applicable to sludge thickening and dewatering fall into three general
classifications: disc, basket, and the currently popular solid-bowl. Basically, centrifuges
separate solids from liquids through sedimentation and centrifugal force. Process vari-
ables in centrifugation include feed rates, sludge solids characteristics, feed consistency,
and chemical additives. Machine variables include bowl design, bowl speed, pool vol-
ume, and conveyor speed.

The main objectives in centrifuge design are cake dryness and solids recovery. The
effects of various parameters on these two factors are summarized in Table 16.
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Table 16

Summary of the Effect of Various Parameters on Centrifuge Performance
To increase cake dryness To increase solids recovery
Increase bowl speed Increase bowl speed
Decrease pool volume Increase pool volume
Decrease conveyor speed Decrease conveyor speed
Increase feed rate Decrease feed rate
Decrease feed consistency Increase temperature
Increase temperature Use flocculants

Do not use flocculants Increase feed consistency

Operating data reported in the literature indicate that raw primary and digested primary
sludge dewater easily. With the addition of polymer, a centrifuge (Fig. 2) can produce
25-40% cake solids with better than 90% recovery.

However, waste-activated sludge, is difficult to thicken or dewater with centrifuga-
tion. High polymer dosage will be required to produce 8-10% cake solids and 90%
recovery.

6.5. Design Criteria, Input Data, and Design Parameters

Design criteria for centrifugation systems are scarce. One criterion used in determin-
ing the size of centrifuge required is the power requirement per gallon per minute of
inflow (0.5-2 hp/gpm). Generally, a power requirement of 1 hp/gpm of inflow is appli-
cable to most commercially manufactured centrifuges (42-59).

The input data for centrifuge design includes:

a. Sludge flow (gpd).
b. Sludge concentration (%).

Design parameters include at least the following:

Centrifuge power requirement (hp/gpm = approx 1 hp/gpm).
Operation hours per day (h).

Operation days per week (d).

Number of units.

Excess capacity factor (1.25).

Chemical dosage by dry weight of solids (%).

-0 a0 o

6.6. Design Procedure
6.6.1. Calculation of Total Power Requirement

The total power required for centrifuge operation can be calculated by the following
equation:

(SF) (CPR) (7 d/wk) (ECF) (24 h/d)
(1440 min/d) (d/wk) (h/d)

THP =

(D

where THP is the total power required (hp); SF is the sludge flow (gpd); CPR is the cen-
trifuge power requirement (hp/gpm [approx 1]); DPW is the operation/wk (d/wk); ECF
is the excess capacity factor (1.25); and HPD is the operation/d (h/d).
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6.6.2. Calculation of Power Per Each Centrifuge Unit

Always use duplicate units. The power per centrifuge unit can be calculated by the

following equation:

THP
HPU= —
NU 2)

where HPU is the horse power per unit (hp/unit); THP is the total power required (hp);
and NU is the number of centrifuge units.

6.6.3. Selection of Centrifuge

Centrifuge hp should be compared with the manufacturer’s specification when select-
ing a centrifuge that meets the requirements.
6.6.4. Calculation of Chemical Requirements

The chemical requirements of centrifugation units can be calculated by the following
equations:

_ (SF) (7 d/wk) (C,) (8.34 Ib/gal) (100 -C,)
- (h/d) (d/wk) (100) (100)

CR (3)

where CR is the chemical requirements (Ib/h); SF is the sludge flow (gpd); C, is the chem-

ical dosage, percent of dry weight of solids fed to unit; HPD is the daily operation (h/d);
DPW is the weekly operation (d/wk); and C, is the initial moisture content of sludge (%).

6.6.5. Design Output Data
The output data from centrifugation system design will include the following:

Power required/unit.

Number of units.

Chemical requirements (Ib/h).
Sludge flow (gal/d).

Initial solid concentration (%).
Daily operation (h/d).

Weekly operation (d/wk).

QR me o o

7. OPERATION AND MAINTENANCE
7.1. Troubleshooting

The Water Pollution Control Federation (WPCF) Technical Practice Committee (4)
provides troubleshooting guidelines to address the typical operations problems of cen-
trifuges. Table 17 summarizes the WPCF recommendations.

7.2. Preventive Maintenance

Preventive maintenance for the solid bowl unit is discussed later. The occurrence and
amount of inspection depends on the type of sludge solids dewatered and maintenance
service circumstances. If the sludge is abrasive, the first inspection is recommended
after 1000 h of use. If the sludge is not abrasive and the machine has a low speed, the
first inspection is recommended after 3000—4000 h. Extensive maintenance normally
requires disassembly of major parts. High-speed balancing is needed and a manufac-
turer must be contacted for high-speed equipment operating at a rate more than
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Troubleshooting Guide for Centrifugal Thickening
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Problem

Probable cause

Solutions

Inconsistent thickened
solids or centrate

Improper solids capture

High bearing temperature,
high vibration, or high
motor amperage

Excessive vibration

Foaming centrate

Increased or changed
sound

Varying inflow feed rate
Varying inflow concentrate
Improper machine adjustment
Varying chemical feeds
Improper machine settings
Improper chemical feed rate

Low solids in sludge inflow

Internal machine problems,
such as low oil to bearings

Machine may not have been
adequately flushed and
cleaned from last usage

Excessive polymer usage

Change in feed rate

Concentration equipment
malfunction

Install flow monitoring control
system
Monitor and control feed sludge

Make appropriate centrifuge
adjustments

Install flow monitoring control
system or verify chemical
batch consistency

Adjust machine

Monitor and adjust chemical
feed rate

Monitor sludge inflow
characteristics and adjust
sludge feed rate or centrifuge
running time

Shut down machine and consult
manufacturer

Flush machine thoroughly if the
shut-down had been prolonged,
it may require dissembling
and manual cleaning

Reduce polymer and adjust
dilution meter

Check and adjust feed rate as
necessary

Determine source of noise
and repair

600-1200 G. Otherwise, the repair is easier and can take place in the field. The typical
schedule maintenance is comprised of periodic lubrication and flushing the centrifuge
bowl every shift at shutdown. Bushings, bearings, and seals should be inspected regu-
larly and replaced when needed. Plant workers should have spare parts on hand to
replace shear pins, main bearings, seals, and conveyor bushings (45). The following
should be checked periodically to prevent early breakdowns:

Amount of oil in the reservoir.

Flow of oil to the bearings.

Flow of cooling water and the oil temperature to ensure operations in the correct range.
Machine vibration, which may result in damaged bearings and other parts.

Ammeter reading for proper centrifuge loading.

The bearing for uncommon noises.

Overheated bearings by touching them. Hot bearings may be over or under lubricated.
Leaks.

50 -0 /0 O
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7.3. Noise and Odor Control

The solid-bowl centrifuge is totally enclosed, thus noise is controlled and odors are
restricted. To function properly centrifuges require ventilation; therefore, if venting
causes an odor problem, the released gas should be treated. Compared to other mechan-
ical dewatering systems such as vacuum filters, filter belt presses, and filter presses, the
contained centrifuge gas is easier to collect and treat and has a less significant effect on
building air quality. Because of this, the chances of harmful odor being released from
the dewatering room ventilation are minimal (44).

Usually the use of a centrifuge will require odor control because of the openings at
the cake and centrate drop chutes. Although these openings are small, odors that seep
out will be strongly concentrated because of the containment cover. Optimizing upstream
operations and adding chemicals can reduce these odors. Odors from centrifuge opera-
tion are a function of influent feed, which is why optimization of upstream operation
will reduce odors. The addition of chemical oxidants like potassium permanganate and
hydrogen peroxide before centrifugation will also reduce the amount of odors released
(44,68). The aforementioned mechanical dewatering equipments other than centrifuges
are uncovered and open to the atmosphere. Therefore, centrifugation is a more suitable
alternative for controlling fugitive odor release.

8. DESIGN AND PRACTICAL APPLICATION EXAMPLES
8.1. Example 1: Centrifugation System Design

Calculate the total power required for a centrifugation system and the hp per cen-

trifuge unit. Then select the commercially available centrifuge units, all based on the

following given information and equation.

_ (SF)(CPR) (7 d/wk) (ECF) (24 h/d)
(1440 min/d) (d/wk) (h/d)

THP

(D

where THP is the total power required (hp); SF is the sludge flow (7000 gpd); CPR
is the centrifuge power requirement (1 hp/gpm); DPW is the weekly operation (5 d/wk);
ECF is the excess capacity factor (1.25); and HPD is the daily operation (16 h/d).

Solution

The first step is to calculate the total power required for entire centrifugation system.
P 7000 (1) (1.25) (24) _

12.8 hp
(1440) (5) (16)
The next step is to determine the hp of each centrifuge.
HPU = THP (2)
NU

where HPU is the horse power per unit (hp/unit); THP is the total power required
(12.8 hp); and NU is the number of units = 2 units, then

HPU=%=6.4 hp
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The third step is to compare hp with the manufacturer’s specification and select a
centrifuge that meets the power requirement.
8.2. Example 2: Centrifugation System Chemical Requirements

Calculate the chemical requirements of a centrifugation system based on the follow-
ing given information and design equation:

(SF) (7 d/wk) (C,) (8.34 Ib/gal) (100-C,)
(h/d) (d/wk) (100) (100)

CR =

3)

where CR is the chemical requirements (Ib/h); SF is the sludge flow (7000 gpd); C,
is the chemical dosage, percent of dry weight of solids fed to unit (1%); HPD is the
daily operation (16 h/d); DPW is the weekly operation (5 d/wk); and C, is the ini-
tial moisture content of sludge (97.5%).

Solution
w _ (7000) (7) (1) (8.34) (100-97.5) _
B (16) (5) (100) (100) B

1.28 Ib/h

8.3. Example 3: Centrifugation System Cost Estimation

The cost data presented in Table 14 and Figs. 6-11 all date back to 1882. How can
the old cost data be updated to the present cost?

Solution

If equipments cost must be escalated to the current year, the chemical engineering
(CE) equipment index (Table 18) or equivalent can be used. Monthly indices for 5 yr
are provided in Table 18. The following equations can be used for converting the past
cost to the future cost, or vice-versa.

Cost,, x Index,
Cost, = W 4)

where Cost, is the cost in the month to year of a (USD); Cost, is the cost in the month-
year of b (USD); Index , is the CE Fabricated Equipment Cost Index in the month-year of
a; and Index, is the CE Fabricated Equipment Cost Index in the month-year of b.
Although it should be noted that the CE Fabricated Equipment Cost Indices (60,62,64)
are recommended for Index  and Index,, the ENR Cost Indices (61,63), and the US
Army Cost Index (65) can also be adopted for updating the cost. Cost data for con-
struction and operation and maintenance (O&M) originate from a variety of reference
sources and reflect different time periods and geographic locations. In addition,
regional factors must also be considered in cost estimation. Readers are referred to
another book for details about environmental equipment cost estimation (4).

8.4. Example 4: Centrifugation Case Study

A plant in Chicago West Southwest plant in Stickney, Illinois, is a waste-activated
conventional aeration facility that has a combined storm and wastewater average flow
rate of 34.8 m3/s (800 MGD) and a maximum flow rate of 52.2 m3/s (1200 MGD).
The sludge contains a combination of waste from primary and waste-activated sludge



130 Lawrence K. Wang et al.

Table 18

CE Fabricated Equipment Index

Date Index
April 2000 437.4
February 1990 389
January 1990 388.8
December 1989 390.9
November 1989 391.8
October 1989 392.6
September 1989 392.1
August 1989 392.4
July 1989 392.8
June 1989 392.4
May 1989 391.9
April 1989 391
March 1989 390.7
February 1989 387.7
January 1989 386
December 1988 383.2
November 1988 380.7
October 1988 379.6
September 1988 379.5
August 1988 376.3
July 1988 374.2
June 1988 371.6
May 1988 369.5
April 1988 369.4
March 1988 364
February 1988 363.7
January 1988 362.8
December 1987 357.2
November 1987 353.8
October 1987 352.2
September 1987 343.8
August 1987 3447
July 1987 343.9
June 1987 340.4
May 1987 340
April 1987 338.3
March 1987 337.9
February 1987 336.9
January 1987 336
December 1986 335.7
November 1986 335.6
October 1986 335.8
September 1986 336.6
August 1986 334.6
July 1986 334.6

(Continued)
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Table 18 (Continued)

Date Index
June 1986 3334
May 1986 334.2
April 1986 3344
March 1986 336.9
February 1986 338.1
January 1986 345.3
December 1985 348.1
November 1985 347.5
October 1985 347.5
September 1985 347.2
August 1985 346.7
July 1985 347.2
June 1985 347

May 1985 347.6
April 1985 347.6
March 1985 346.9
February 1985 346.8
January 1985 346.5
December 1984 346

December 1979 273.7
December 1977 226.2

Chemical Engineering, refs. 60 and 62.

flow streams. The first centrifuges were replaced in 1989 and in 1990 and 12 high
solids dewatering centrifuges were installed. Nine or ten centrifuges are normally
operating 24 h/d, 365 d/yr. The remaining two or three units have either been fixed
or are on reserve. Centrifuge capacity is 12.7 L/s (200 gpm) per machine and the
resulting cake amount per machine is 30—40 dry t (43).

Three sludge disposal alternatives are utilized, depending on the time of year—Ilandfills,
dry beds, or lagoons. The new centrifuges produce a cake solid that is more than 10%
that from the previous machines (43).

NOMENCLATURE

THP Total power required (hp)
C, Chemical dosage, percent of dry weight of solids fed to unit
C, Initial moisture content of sludge (%)

Cost, The cost in the month to year of a (USD)

Cost, The cost in the month to year of b (USD)

CPR Centrifuge power requirement, (hp/gpm) = 1 hp/gpm

CR Chemical requirements (Ib/h)

DPW Weekly operation/wk (d/wk)

ECF Excess capacity factor (1.25)

HPD Daily operation/d (h/d)

HPU Horse power/unit (hp/unit)
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Index,  The CE Fabricated Equipment Cost Index in the month-year of a
Index,  The CE Fabricated Equipment Cost Index in the month-year of b
NU Number of units

SF Sludge flow (gpd)

THP Total power required (hp)

US EPA US Environmental Protection Agency

WEF Water Environment Federation

WPCF  Water Pollution Control Federation
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