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CHAPTER I

INTRODUCTION _

During the past decade, waste generation, an inevi-

table consequence of life, has accelerated because of rapid

growth in population, the rising standard of living and ex-

tensive industrial and commercial development. These wastes,
if discharged without removal of pollutants to streams,

rivers and estuaries, will deplete their assimilative capa-
cities, thus resulting in deterioration of the water quality.

Because of increasing public concern over water pol-

lution and more rigorous water pollution control requirements

by legislation, there has been a considerable increase in

the use of secondary or biological wastewater treatment

facilities for the removal of pollutants from the wastes

generated. Such treatment results in a by-product which

contains most of the objectionable pollutants, pathogens,

and heavy metals. This by-product, called "sludge," has

become perhaps the most important consideration to be faced

in cleaning up the nation's waters because of its potential
effect on the environment. The most common practice, so

far, has been ocean dumping or land disposal. It is ex-

pected that within the next 10 to 15 years, the sludge ·

volumes produced will increase by 60 to 70 percent (3).

Yet, suitable land disposal sites are becoming expensive

1
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and less accessible and ocean dumping is being prohibited by
legislation. Furthermore, incineration, with its heavy capi-
tal investment and operating costs increased by the necessi—

ty of installing expensive air pollution control devices,
has become nearly prohibitive in most areas. It is apparent
that new sludge handling technologies are needed to meet the
challenge (3).

The handling and disposal of sludge consists mainly
of four steps:

1. concentration or thickening,
2. conditioning,

3. dewatering, and _
H. disposal.

Of the four, Steps 2 and 3 are the most important

because they contribute most to the success of the disposal
process. The purpose of conditioning and dewatering is the
removal of the large quantities of water associated with the
sludges. For example, a thin waste activated sludge from ·

biological treatment may contain well over 100 tons of water

per ton of dry solids (1).

Economic studies have repeatedly shown that although

· the waste sludge quantity at the sewage treatment plant

represents only 1 to 3 percent of the total wastewater flow,

the sludge disposal costs are typically 30 to 50 percent of
the total costs associated with complete treatments; i.e.,
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both capital and operating costs (2, 6, 7, 12). It has been
frequently noted by experts in the waste disposal field that

"sludge handling is by far the most difficult problem in"

sewage treatment" (4, 5).

Of all the sludges produced during the processing of
municipal wastewater, biological sludges are the most diffi-
cult to handle and dewater, and waste activated sludge, be-

cause of its flocculant, voluminous and hygroscopic nature,

is the most difficult of all the biological sludges to handle.
In spite of this drawback, more sewage is treated by acti-

vated sludge than by any other biological process and, be-

cause of its potential efficiency, its use is increasing as
the treatment requirements become more stringent. It is ex-

pected that by 1980, 140 m.g.d. of secondary sludges (2%

solids) will be produced in the U.S.A., whereas only 10 m.g.d.
of primary sludges (6% solids) are expected in that year (3).

The growth of the problem and concern about it is evidenced

by the number of related publications (2, 8, 9, 10, ll).

Clearly the processing of sludge for ultimate dis-

posal by progressive reduction in sludge volume through re-

moval of associated water is a very significant part of
pollution abatement from an economic standpoint, and should

be seriously considered in design. In spite of its obvious

importance, there is no one sludge treatment system that

meets the needs of an expanding metropolitan area, and se-

lection and design of a sludge handling system is a very
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difficult and confusing task. Yet very little basic research

has been devoted to the development of new sludge handling

procedures in recent years. Some of the existing sludge

conditioning processes are either very costly, e.g., chemi-

cal conditioning (2) and indirect freezing (2), or the super-

natants produced are so poor that the return of flow to the

treatment system can cause efficiency failures of the entire

system, e.g., anaerobic digestion (2) and heat treatment

(13, lu, 15, 16, 17). Although indirect freezing is very

efficient in sludge conditioning for improved dewatering

(18, l9, 27, 28, 29, 32, 33, 36, 37), it is very uneconomical

and restricted to batch processes. Burd (2) speculated that

"undoubtedly artificial freezing (indirect freezing) can

aid sludge-dewatering; however, it probably will never be

practical unless the economics are improved great1y." The

main reason this process is uneconomical is because of its

inability to make use of the latent heat of fusion of pre-

viously frozen sludge to cool the refrigerant used. This

would conserve about 75 to 80 percent of the energy (27)

and it is one of the most important single factors in the (

economics of the freezing process.

Most of the sludge treatment processes have their ·

difficulties and drawbacks, particularly in regard to cer-

tain types of sludges. Hence it would seem that any new

sludge conditioning process which could overcome or reduce

conditioning difficulties and be operated in a reasonably
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economical manner would be worthy of investigation and that

the results of such an investigation would be of interest.
Since freezing difficulties are primarily economical, de-
velopmental work on a sludge conditioning process by freez-

ing would appear to be a promising area.

Objectives of Investigation
The principal objectives of this research were to:

(l) develop a direct freezing process--one where the refri-
gerant is directly in contact with the aqueous solution--
using normal butane as the refrigerant, that can overcome

the shortcomings of indirect freezing, (2) study the condi-

tioning effects of this type of freezing on waste activated

sludge from different sources, and (3) determine the econom-

ic feasibility of the process from continuous flow studies.
Specific questions to be answered were as follows:

l. Is direct freezing applicable to waste activated

. sludge conditioning? If so, is solid or slurry
freezing more desirable?

2. What are the butane requirements and contact

times needed per unit of mixed liquor? How

beneficial are prolonged contact times after

freezing?
3. What are the relative effects of different

rates of freezing, i.e., slow or fast; different

feed sludge solids concentrations; and different
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influent sludge temperatures on subsequent

y sludge dewatering? What quality of filter

cake, filtrate, and supernatant can be obtained?

4. How does the direct freezing process compare to

other sludge conditioning processes economically?

5. Can Freon be substituted for butane?

6. Can the process be applied without modifications
or operational changes to waste sludges other

than activated sludge?



CHAPTER II

LITERATURE REVIEW

While the problem of sludge handling and disposal is

growing every day, it is not new. In fact, in 1869 the Bri-
tish Association Committee on the treatment and utilization

of sludge seriously looked into this problem. A book en-

titled, A Digest of the Facts Relating to the Treatment and

Disposal (utilization) of Sewage, (21) was published and,

at a later date, a symposium (22) on the methods of sludge

handling and disposal was conducted.

There is no "one" single method of sludge condition-

ing for disposal for all types of sludges and localities.

The most suitable method varies from place to place, depend-

ing upon the economic situation, the land available, etc.

A review of the literature reveals that for ultimate dispo-

sal of sludge there are many possible combinations of con-

centration (thickening), conditioning, and dewatering
methods. These have been summarized in Figure 1. Possible

ußthods of physical conditioning have been summarized in

Figure 2.

It appears from the literature that processes like

anaerobic digestion (44, 45, 49), aerobic digestion (2, 9,
ll, 46, 47, 48), heat treatment (13, 14, 15, 16, 17), and

polymer conditioning (40), are well defined and understood,

7
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but the process of freezing, while known to be quite effi-
cient for sludge conditioning, is still not very well under-
stood and the need for additional research is recognized.

The first part of this chapter has been devoted to
reviewing the literature pertaining to the utilization of
the freeze-conditioning process for applications such as
desalination, chemical sludge conditioning and biological
sludge conditioning with emphasis on mechanism and economics.
The second part of the chapter discusses theories and prac-
tice of sludge gravity settling and sludge dewatering by
vacuum filtration and gravity drainage on sand beds.

Freezing Mechanisms and Applications ·

Desalination by Freezing

The primary role of freezing in desalination is to
provide a means to concentrate and, at the same time, re-
cover water from wastes containing dissolved solids. For
the last 20 years, the concept of extracting pure water from
saline solutions by freezing has been under active investi-
gation and consideration. Several forms of freezing pro-
cesses are as follows:

i

l. Natural freezing: Freezing occurs due to
natural climatic temperature changes. No

freezing cost is involved. It is very useful
in the northern parts of the U.S.A. and other
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parts of the world where temperatures are low

enough to cause natural freezing; hence "natural"

conversion of saline water to fresh water. In-

habitants of western Siberia and central Asia

have, for generations, used the concept of de-

salination of saline water by freezing, using

ditches where the ice is allowed to melt in sun-

light and is then used for watering cattle, etc.

2. Vacuum-Freezing: (Figure 3). In this case ice

is formed using the water itself as the refri-
gerant by vaporizing it under 3 mm absolute
pressure. The water vapor may be compressed

and condensed into washed ice, which is re-

covered as fresh water.

3. Vacuum-Freezing Ejector Absorption Process:

(Figure H). In this freezing concept, the same

process is used as in simple vacuum freezing,

but it includes a system consisting of an

ejector and absorption. An ejector powered by

a portion of the steam in the regenerator re-

places the main (mechanical) compressor used in

the vacuum freezing system (3). This is a much

more complex system, but it is less mechanical

in that both the primary and heat removal com-

pressors have been eliminated.
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4. Secondary Refrigerant Process: (Figure 5) In

this process an immiscible refrigerant, which
has a boiling point lower than thefreezingpoint

of aqueous solution, is introduced into
the system. Heat exchange occurs between the

refrigerant and the aqueous solution, refrigerant

is vaporized and then compressed and condensed

onto the ice crystals, which are recovered as

fresh water. In turn, hot refrigerant vapors

are liquified for reuse in the system.
The desalination mechanism of the freezing process

can be explained using the following theories: 1) theory

of crystallization, 2) theory of separation and wash, and
3) theory of melting.

1. Theory of Crystallization: Crystallization of

ice from sea-water consists of two steps, the

p formation of nuclei and their growth to desired
dimensions. The degree of undercooling of brine

is the controlling factor in both steps. To ob-

tain high quality crystals, the rate of cooling
and the uniform distribution of undercooling of
brine throughout the system are the most impor-

tant factors. The cooling rate depends upon

_ the rate and efficiency of heat transfer, which

may be summarized as follows:
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Ice Aqueous Refrigerant Refrigerant
liquid liquid Vapor

+ + + + Heat Transfer

+ Salt Diffusion
+ Salt Bulk Transport
+ Water_Transport

As the crystal grows, the heat generated is

transferred to the aqueous phase, which in turn
warms the refrigerant liquid and vaporizes it.

2. Theory of Separation and Wash: The separation

of ice crystals from the ice-brine is carried

out in especially designed equipment. Physical

characteristics, i.e., the size and specific

gravity, of the ice crystals affect their effi-

cient separation from the brine. A description
of the mass transfer taking place in the separa-

tion wash column was proposed by Bosworth er gl.

(31). In the wash column a consolidated porous

bed of ice particles moves upward vertically.

Brine adheres to the surface of the particles

because of viscous forces and is held in the in-

terstices by capillary forces. Washwater flows

downward in a countercurrent direction. A velo-

city gradient exists between the fluid associat-
ed with the ice and the washwater, but mixing
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of the two occurs by diffusion. Salt diffuses

from the brine to the washwater, thus freeing

the ice of its Salt content and increasing the

Salt concentration in the wash liquor. Pure

ice orystals are then pumped to the melter.

3. Theory of Melting: Hot refrigerant vapors from

the freezer or crystallizer are condensed onto

the ice orystals in the melter, where heat ex-

change occurs between the refrigerant vapors

and the ice crystals. The ice orystals after
i

_

melting become liquid water, which is drawn off

at the bottom of the melter, while hot vapors
i

of refrigerant become liquified and because of

a lower specific gravity than water, float in

the top section of the melter, from which they

are recirculated for reuse in the freezer.

The potential economic attractiveness of the freez-
i

ing processes for desalination is due to the following inher-

ent advantages: l) low energy consumption, 2) low capital

cost, 3) no pre—treatment required, and M) universal appli-

cability to a wide variety of waters.

l. Low energy consumption is due to the direct

contact heat transfer resulting in smaller

temperature differences.

2. Low capital cost is due a) to direct contact
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heat exchange in the freezer, thus eliminating
the use of heat transfer surfaces and possible

scaling and fouling thereof, b) to the absence
W

of air (or oxygen) and the presence of low tem-

peratures which prevent significant scaling or
. corrosion, thereby permitting the usage of low

cost materials of construction such as mild

steel, plastics and other inexpensive materials.

3. Pre—treatment of feed water is not required, A

because of direct contact heat transfer in the

freezer. Due to the absence of transfer sur-

faces there are no concentration gradients near
i surfaces to cause scaling, and precipitates

formed due to changes in solubility will leave

the freezer with the brine.

4. Almost any liquid containing dissolved solids,

A organic and inorganic, can be treated, because

of absence of scaling, fouling and no pre-

treatment. Thus the process can be used for the

concentration of industrial wastes as well as

for desalination.

Freezing Processes Comparison

Vacuum freezing, though comparatively simple, has

many disadvantages, the main one being the handling of large
Volumes of low pressure vapors resulting in a larger overall
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size of plant but low efficiency. Due to low pressure opera-

tion in the freezer (3 mm absolute pressure) water pressure

has a specific volume of ¤,600 cubic feet per pound. Such

processes have been used by Zarchin (Israeli government),

Colt Industries (U.S.A.) and also by Carrier Corporation

(U.S.A.). Colt (136) pointed out that such a plant at St.

Croix, Virgin Islands with a capacity of 100,000 g.p.d. will_

produce water for $1.35/1000 U.S. gallons, assuming M5 Kw.hr/

1000 gallon, 75°F sea water temperature, $0.01 per Kw.hr for

power and labor cost for one-half man per day. The recent

design includes all three major functions, freezing, washing
and melting, in the same vessel. _

The vacuum freezing ejector-absorption process,

though comparatively simpler than the vacuum freezing pro-

V cess, still has the physical size disadvantage associated

with the low pressure. Another disadvantage is due to the «

use of NaOH as an absorbant. NaOH is very corrosive and,

hence, more expensive materials of construction must be used

in the system. Also a factor which will limit application
‘ is that steam could be used as a source of pressure only at

places where low cost steam is available. If steam genera-

tion equipment has to be installed, the additional equipment

will make the process more complex.

The secondary refrigerant process overcomes most of

the disadvantages of the low pressure in vacuum freezing
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caused by the introduction of an immiscible refrigerant.

The volume needed to be handled in this case is 1/100th of

the volume of the water vapor. It eliminates energy loss

associated with condensing the excess water vapor on a re-

frigerated surface as in the vacuum freezing process.

Carrier (136), while comparing different freezing

processes for desalination assuming a plant size of 600 m3/

day fresh water, reported that costs were $0.51/m3 and $0.39/
m3 respectively for vacuum flash freezing (with absorption)

and secondary refrigerant (C-318) respectively. Brian (l¤0)

reported that water costs by butane freezing were $0.337/m3

(for a plant size of ¤000 m3/day) and $0.188/m3 (for a plant

size of 20,000 m3/day (5 million U.S. gallon/day).

Fraser (163) reported that direct freezing costs,

in addition to the process cost, could increase due to the

following influent effects:
l. Influent Temperature Effects: Temperature af-

fects the size of feed heat exchangers and the

size and approach temperature of heat conden-

sers. In case of desalination, sea water is

used in both of the above cases, but for in-

dustrial wastes freezing where separate heat «

removal arrangements have to be made, the in-

crease in cost could be 2¢ to 3¢ per 1000 gal-

lons of feed per l0°F temperature rise.
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2. Increase in Freezing Point Depression: The com-
bined effect of increased energy consumption and
increased capital cost caused by lowering the
freezing point amounts to about 2¢/°F per 1000
gallons of product water.

3. Viscosity: Heat transfer in the feed heat ex-

changer varies inversely as the square root of

the viscosity, and the pressure drop varies as
the two-thirds power of the viscosity. To com-

pensate for a reduced heat transfer coefficient,
agitator power has to be increased. The viscosi-
ty effects could cost a few cents per 1000 gal-
lons of water.

Application to Industrial Wastes

Fraser (163) showed that freezing of industrial
wastes could be grouped into three main categories: 1) con-

centration for by-product recovery,2) concentration for re-
use in a process, and 3) concentration for disposal. He
showed that freezing could be used to concentrate different
streams from the following industrial wastes at reasonable

costs: l) metal finishing, 2) paper mills, 3) acid mine
water (162), and N) tanneries and textiles. The costs of .
recovery were comparable to or better than other potential

processes.
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Economics of the Preezing Process

Power consumption for the process can vary from 30

to 60 Kw.hr per 1000 gallons of water extracted, so with

power costs varying from .005 to 2¢ per Kw.hr, the treatment

cost could range from $0.15 to $1.20 per 1000 gallons. Capi-

tal cost could contribute $0.21 to $1.27 per 1000 gallons to

the treatment cost. Labor costs, using one-half man per

year for a 100,000 g.p.d. plant and a man year for a one

m.g.d. plant, would be 6l¢/1000 gallon and 8¢/1000 gallon

respectively for the above plants. Other costs, such as

maintenance, materials, and make up refrigerant would add

about 4¢ to 8¢/1000 gallons. Hence, the total cost of the

freezing process would vary over a wide range, but the

secondary refrigerant process would still be cheaper.

Descri tion and Re uirements of Direct
Butane Ereezing Process

Of the numerous processes which have been proposed

for desalination of sea water, direct freezing and melting

with normal butane (or isobutane) in a closed cycle offers

the most immediate promise of achieving a thermodynamic

efficiency in practical equipment. The process was briefly

described by Gilliland (141) and was proposed to the Office

of Saline Water by Wiegnadt (142) and analysed by Henrick-

son gt al. (143). Zarchin patented a process of freezing

with a secondary refrigerant (144). In Japan, sea water is

concentrated in a pilot plant capable of producing 8000 kg!
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hr of ice, based on a patent (lH5) to Umano. Wiegnadt (lu?)

and the Blawknox Company have done some work on this process.

The process is shown schematically in Figure 6. ”Sea

water is partially frozen to a slush in the freezer (F) by

direct contact with boiling butane at a pressure slightly

below atmospheric. Since butane (boiling point is 3l°F at

lu.7 p.s.i.) will boil below the freezing point of salt

water, the heat of vaporization (165 BTU/lb) is supplied by

the heat of freezing of water (lük BTU/lb). It is necessary

that butane and water be brought into intimate contact by

mechanical mixing. The ice-brine slurry is pumped to the
ice-washer (W) by counter—washing with a clear stream of

water. Brine, being heavier, remains in the lower chamber

from where it is pumped to the heat exchanger (H), while

the ice crystals are taken into the melter (M) where the

butane vapors from the freezer are compressed. The mixture

flows from the melter into the decanter (D) where liquid

butane from the top is recycled back in the freezer and

the melted fresh water is recovered.

Freezing occurs when the temperature of the sea

water to be purified is reduced in temperature to a point

where ice crystals are formed. This is a thermodynamic

system, in which inflow and outflow of heat must be care-

fully controlled. The cost of energy is one of the largest

items of expense in any desalination process. Regardless
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of what form of energy is utilized in a particular system,

thermodynamic theory dictates that there is a minimum value

for the energy required in any process to separate salt and

water.

The theoretical energy requirement of the freezing

process has been defined (142, 152) as the minimum work re-

quired for pumping latent heat of freezing from the freezing

temperature of brine to that of pure water.

Reversible work in BTU per pound of product is:

w = KHT

AH = change in enthalpy of process water (latent heat of

freezing).

ATf•p•d· = freezing point depression, for conditions of
process. ”

T = temperature of process.

Assuming freezing point depression at approximately

50 percent conversion and taking standard values for the

sea water temperature of 25°C and a salinity of 3.5%, theo-

retical energy is 6.3 Kw.hr/1000 gallon of product water

(1 BTU/lb = 2.42 Kw.hr/1000 gallon). But, from a practical

point of view, this value is 40 Kw.hr/1000 gallon.

Normally, the practical values are 10-15 times

greater than the minimum theoretical value (148).

Sea water contains normally 3.5 percent salt by
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weight and has an initial freezing point of -l.9°C, and this
decreases approximately 0.56°C for each one percent increase
in salt content. Most of the freezers used in the process
are well stirred and usually single stage. The equilibrium
temperatures of freezing are those of the brine leaving the

freezer. Por a 50 percent water recovery, as ice, the brine
contains 7 percent salt and freezes at -M°C. To provide a
reasonable driving force for heat transfer the refrigerant
must evaporate below this temperature and an additional l°

to 1.5ÖC would be adequate for ice or hydrate production.
Thus, the refrigerant evaporating temperature in the freezer
for 50 percent conversion of saline water is -5.5°C.

The heat abstracted at low temperature is upgraded

by the primary compressor to a level where it may be rejected

onto ice, thus simultaneously condensing the refrigerant

. (water or butane) and melting the ice. A AT of about l.l°C
(

is needed to provide the melting driving force and the con-
densing temperatures are thus +l.l°C, since the salt content
of the washed ice is only 500 p.p.m. and it melts substan-

tially at 0°C.

For a 50% yield of fresh water, the primary com-
pressor must raise the refrigerant condensing temperature

by 6.6°C, which gives a compression ratio for butane or

butane mixture of l.3. For 35% conversion or yield of fresh

water, the temperature lift is 5.6°C and compression ratio
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is 1.6. The excess refrigerant vapor, because of heat

sources from pumps, compressor, and leakage from atmosphere,

cannot be condensed onto the ice and must be compressed to

higher pressures for condensing. Typically this vapor

amounts to l5 percent of the total, but the pressure ratio

through which it must be compressed is rather high so that

H0 percent of the compression energy used in freezing is for

this secondary cycle.

The overall driving force for all the processes

taking place is the difference betweenTl, the equilibrium

freezing temperature at the bulk salt concentration, and

T3, the equilibrium vaporizing temperature of the refriger-
ant at the presence in the vapor space. Both can be deter-

mined in practice and both are independent variables, because

they can be set by the designer or operator. An intermedi-

ate temperature T2 between Tl and T3 can be determined as
the temperature of the brine slurry leaving the freezing.

Tl-T2 measures the potential across the processes taking

place between the crystal and the aqueous liquid. T2-T3

measures the potential for evaporating refrigerant. T2 can

be set or changed, by changing Tl or T3 which are really

independent temperatures.

There are several other intermediate temperatures

which can be defined such as that of a) the crystal itself,

b) the crystal interface, c) the aqueous-organic liquid
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interface, or d) the organic gas—liquid interface, but these
cannot be measured. The temperature levels are further com-
plicated by the fact that a hydrostatic head effect changes

the local vaporizing temperatures and there are usually

some gradients in salt concentration from inlet to outlet.

Since agitation does not produce complete mixing (15N), most

people report the AT driving force as Tl-T2, but they call

them AT, hence care must be taken in interpreting and com-

paring data from different experiments. _

The disadvantage of having greater AT is that it

results in greater power requirements, as shown in Figure 7.

The advantages of using normal butane as a refriger-

ant in the freezing process have been summarized as follows
(151):

l. Normal butane is the cheapest and probably

the best refrigerant. It does not form

hydrates (l50)._

2. It does not react chemically with water.

3. Butane loss is low in the freezing process.

4. Butane and water are readily separated by de-

cantation, because, theoretically, there is no

tendency to form emulsions and there is a con-

siderable density difference for gravity

separation. ~

5. Ice crystals formed are free of salt.
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6. Salt water can form a slush with a minimum loss
of product water.

7. Freezing and melting can be accomplished by'

direct mixing with small temperature differences
between the butane and water (or ice) phases.

Butane is one of the most commonly used refrigerants

for the secondary refrigerant freezing process for the de-

salination of sea water. However, the fresh water produced

and the brine residue from the process both contain 50-150

p.p.m. of dissolved or trapped butane. This must be re-

covered down to about 1 to 10 p.p.m. to recover their eco-

nomic value and/or to prevent explosion hazards, and proba-
bly down to the 0.1 p.p.m. range to meet public health .

standards for drinking water. Solubility of butane at a

temperature range of 10°C to 75°C at a total pressure of

1 atmosphere was investigated by Winkler (155), and Morrison

and Billet (156). Further studies confirmed the Morrison

and Billet result. The results are presented in Figure 8.

Solubility increases at lower temperatures but can

be stripped at smaller vacuums when the temperature of the

solution, which is to be stripped, is around room tempera-
ture. Naimpally (161) stripped butane from H0-70 p.p.m. in

aqueous solution to as low as 5 p.p.m. in vacuum spray cham-

bers. He concluded that the butane could be stripped to

0.2 p.p.m. by improving the geometry of spray nozzles in

the vacuum chamber.
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Freezing as a Conditioning Aid
for Chemical Sludges

The generation of waste sludges in advanced waste-
water treatment and water treatment plants results from the

chemical separation of the solids and nutrients through co-
3

agulation, sedimentation and filtration processes. The
sludges may contain suspended loam or clay particles; col-

loids, both organic and inorganic in nature; microorganisms;
and chemical precipitates resulting from the use of coagu-

° lants. The type and amount of sludges generated vary con-
siderably from plant to plant due to the amount and type of
chemicals added, plant operating practices, and efficiency
of the process.

i

1. Types of Sludgesz Generally there are three
types of sludges that may be generated from the

combined processes of flocculation, sedimenta-
tion and filtration, and one additional type
from filter back-wash.

a. Lime S1udge——Lime sludges usually have
good dewatering characteristics because of

the dense, granular nature of the calcium
carbonate floc and the resulting high speci-

fic gravity of lime sludge. The pH of lime
sludges usually range from 9.5 to 11.5. Op-
timum phosphorus removal occurs between pH
11 and 11.5. The solids content can be as
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high as 50 percent for water softening sludges
that are lagooned (107). The C.O.D., suspended
solids, and volatile solids levels are compara-

ble to aluminum and iron salts sludges.

b. Ferric Sulfate Sludge--The sludge has a
reddish-brown color due to oxidized iron com-

pounds. The total solids content of the sedi-
mentation basin sludge is 0.2 to 5 percent,
which is higher than the aluminum systems.

The pH varies from 3 to 10, while optimum pH
for phosphorus precipitation occurs between
U.5 and 5.0. The sludge is feathery and bulky
at dilute concentrations, but tends to be heavy

and resistant to shear at higher concentrations
(108). Most of the solids are in the suspended
form; C.O.D. values range from 500 mg/1 to
15000 mg/1. Settling and dewatering charac-
teristics are good.

c. Aluminum sludges--The sludge is light and
bulky, containing high moisture content (98.5
to 99 percent), settles rapidly but its gela-

tinous consistency renders it very difficult
to dewater without treatment (109, 110). The

total solids content ranges from 300 mg/l to
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15,000 mg/1 with suspended solids amounting

to 75 to 90 percent of the total solids.

Albrecht (5) noted B.O.D.5 values of 30 to
100 mg/1, but C.O.D. values were 500 to 10,000

mg/1. The pH of the sludge is usually 5 to 7.

Because of its highly compressible nature,

this type of sludge will clog the soil if dis-

posed of on land.

d. Filter back-wash water--This usually con-

tains total solids concentrations of about
MOO mg/1, with suspended solids in the range
of H0 to 100 mg/1 (112). The B.O.D.5 and

C.O.D. values usually are less than 5 mg/l

and 160 mg/1 respectively.

2. Processes Utilized and Studied: Plain (llä)

~ was the first one to report the feasibility of
freezing for the concentration and conditioning

of wash-water sludge. Later on, Doe (3M), while

working at the Stocks Filtration plant of Fylde

Water Board, Blackpool, London with a unique

wash-water sludge which was a dark brown, vis-

cous liquid, had an offensive odor, and changed

color from brown to deep blue-green on storage,

found filter presses and lagooning unsuitable
as disposal processes. So he began a series of
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batch experiments similar to those conducted by

Plain (llü), Clements gt_al. (27) and other re-
searchers. Some of Doe's (3M) conclusions were

that:

a. The time taken to freeze a sample was

critical; e.g., the instantaneous freezing

_ of droplets on a cold surface produced little

or no change in colloidal nature of the sludge.

b. After freezing the sludge cake contained

18.5 percent solids and had lost its cohesive

properties.

c. The physical change which took place dur-

ing freezing was irreversible.

Doe gt_g1., (115) on the basis of batch

results (3M) set up a full scale pilot freezing

plant to handle M800 g.p.d. of wash-water sludge.

The freezing and thawing was accomplished by

ammonia flowing through 3/M" diameter pipes.

The results in terms of improvement in the de-

watering characteristics of wash-water sludge

were encouraging, but the major problem en-

countered was that the pipes were subject to

fatigue due to indeterminate stresses resulting

from continual freezing and thawing cycles.

Doe et gl. (32) further extended the work (3N)
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to concentrate 33,000 g.p.d. of sludge contain-

ing 0.5 percent to 2.M percent solids by slow

stirring and then freezing with the ammonia re-
frigeration system. He theoretically explained

that the dramatic effect of freezing on solids

dewatering was due to the formation of ice crys-

tals as the freezing commenced. As temperature

fell, the particles of sludge were dehydrated
Y and enmeshed in ice. The resulting ice pressure

caused coalescence of sludge particles into fine
hard grains. The pressure was released upon

thawing allowing the grains to settle quickly.

Evidence for this theory could be found by ex-

periments on two important aspects:

a. Visual inspection of slowly frozen sludge
showed the fine grains embedded in clear

ice. V

b. "Elash" freezing resulted in a dark brown,

opaque mass which, after thawing, reverted to

the original gelatinous state.

Fulton and Bishop (36), while studying the

effect of natural freezing on aluminum sludge

at Monroe County Water Authority Plant near

Rochester, New York, ran some laboratory freez-

ing experiments, which showed that the total
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solids concentration could be increased from

3.5 to 17.5 percent. Later on, a lagoon was

filled with alum sludge containing 0.3 percent

solids to a depth of 30 inches. After natural

freezing and thawing, the solids concentrations

was 35 percent and evaporation increased it to

50 percent when high air temperatures were

reached, i.e., 80°F. The final sludge with 50

percent solids concentration could be used for

a sanitary landfill.
The concept of natural freezing as an aid

in sludge dewatering was also utilized at Sonder-

son Filtration Plant in Copenhagen, Denmark (115,

116). After two years of operation of freezing,

the alum sludge in the gravel bottomed lagoons

settled to a four cm thick layer, leaving a

clear supernatant.
Farrell et al. (37) attempted to provide

basic information necessary for the design of

facilities for dewatering aluminum hydroxide

sludges by natural freezing, by subjecting the

water-treatment sludges of Ely (Minnesota) and

Cincinnati (Ohio) to climatic temperatures under

controlled conditions. They concluded that:

a. The freezing of water and aluminum hydrox-

ide took place at the same rates;
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b. Snow cover was a serious obstacle to cold

climate natural freezing because of its

insulating effect; 1

c. Slow and complete freezing dramatically

increased the dewaterability and solids

content;

d. Repeated cycles of freeze-thaw increased

dewaterability and solids content, but to

a lesser degree than slow, complete

freezing;
e. Natural freezing in a mild climate, such

as Cincinnati's, required application of
thin layers of sludge and could result in

excessive management costs; and

f. Phosphorus content had only a slight

effect on sludge filterability and solids
content.

The specific resistance of unconditioned
sludge was reduced from 10 X 108 sec2/gm to 5 X

l06,sec2/gm after conditioning. Total organic
carbon measurements on supernatant from freeze

conditioned samples indicated that 99 percent of

all carbon was in the solids (37).

King et al. (118), while studying the effect
of freeze conditioning of water-treatment sludges,
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reported that freezing and thawing resulted in
volume reductions of 86.2 percent and that the

total solids content in sludge increased from 2.96

to 18.2 percent. Freezing also resulted in very

rapid dewatering and filtration of sludge.

Simmons (119) observed the dramatic changes in

the dewatering and filtration characteristics of a

variety of water-treatment sludgesg i.e., lime,

ferric sulfate, and aluminum sulfate, after freez-

ing and thawing. He reported that there was a

direct relationship between solids content and the

gravity sand filtration and refiltration rates for
freeze conditioned sludges, while the relationship
was inverse with respect to specific resistance.
Increased storage times of frozen sludges resulted

in greater improvements (119).

Logsdon and Edgerley (117) reported on extene

sive fundamental research on barium sulfate, iron

and aluminum sludges. The results suggested that

freezing could be made more effective by treatment

with a polymer but that the effects were reversed

by using electrolytes. Spraying of sludge into

the atmosphere could make natural freezing of slud-

ges in lagoons in cold areas more effective.

Dorr-Oliver (120) obtained a patent for a
technique for freezing and concentration of water
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H treatment sludges. The settled sludge, after
thawing, was recycled to the feed sludge to be
frozen. This resulted in solids concentrations”
in the range of 100-150 percent more than the un-
conditioned sludge. The process was somewhat simi-
lar to Doe et al. (115).

Messerschmidt (121), reported that ferric
hydroxide sludge had a partly netlike and partly
honeycomb structure, in which water was retained
by capillarity. Temperatures below 0°C and slow
freezing rates resulted in the formation of larger
ice crystals which exerted tension in capillaries
and thus broke the capillary walls, resulting in
changes of the sludge structure. On thawing,
water adsorbed only to those capillaries which were
not destroyed. Freezing rates greater than 17 cm/
hr had no change on the structure of the above
sludge (121).

Albany Water Filtration (122), New York, dis-
posed of its 280,500 lbs. of alum sludge every year
into the Onesquethaw Creek, until 1965, when the
State Department of Health required all municipali-
ties to treat their liquid wastes before discharge
into surface water. One of the two alternatives
considered for sludge conditioning was natural
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freezing of lagooned sludge, and the conclusions

were:

a. During a rather mild Albany winter, a frozen

sludge depth of N feet was achieved by appli-

cation of the sludge in layers of varying

thicknesses.

b. The characteristics were completely changed

after freezing and thawing.
c. There was a complete separation of solids and

' liquid and upon thawing the solids immediately

settled out.

d. The water, which was substantially clear,

seemed to drain freely through the solids and

the gravel bed.

e. The process appeared to be suitable to a

northern climate where land availability was

not a problem.

Free thaw conditioning also was reported for
iron oxide sludge (123), aluminum hydroxide sludge

(12U), mine dewatering sludge (125) and sludge from

titanium dioxide production (126).

3. Mechanism of Chemical Sludge Conditioning: To under-

stand the mechanism, sludge freezing and soil freez-

ing literature were reviewed. The following theo-

ries were found:
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a. Capillary Theory (32, 121)--According to
this theory, water in the capillaries freezes,

forming large ice crystals (slow freezing),

which, due to increase in volume, exert com-

pressive pressure on the sludge particles,

thus resulting in dehydration and dewatering.

b. Frost Heave Theory (127, 128)--involves

the separation of ice and soil particles into
layers, due to the movement of water through

soil in order to reach growing ice-layers or

lenses.

c. Gross Migration Theory (117)-—According

to this theory, all the sludge solids are

pushed upward in a freezing cylinder by the

movement of advancing freezing ice structure

until all the solids are concentrated and de-

hydrated at the top.

Logsdon (117) contradicted the previous capil-
lary theory and, on the basis of the frost heave

theory, proposed the following mechanism for the
basis of solids migration:

a. Gross Migration Mechanism--Logsdon (117)

assumed that for a sample of sludge placed

upon a cold surface and frozen slowly, as the
freezing isotherm moved up the sample, the
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water in the system froze. Due to the lesser

specific resistance offered to the movement of
the freezing isotherm, i.e., by solids accumu-
lation, solids continued to be pushed upward
by the ice formed until all of them reached

the top, as schematically shown in Figure 9(i).
The removal of water from the solids caused
consolidation of gelatinous floc due to the
increased moisture tension in the floc pores.
This happened in the absence of any compres-
sive forces. The rate of freezing in the above
was slow and dewatering was very effective.

b. Micromigration Mechanism--(Figure 9(ii)
When the rate of freezing was much faster than
a) but not in the flash freezing range, growth
of ice at a rate that exceeded the rate water
could be supplied to the interface could cause
particle trapping. This can be described as
follows: l) because of enough water to the
ice to prevent solids capture, sludge solids
were concentrated ahead of the ice; 2) some

of the moisture in the sludge close to the
ice was removed by capillary forces during the

freezing process and resulted in dewatering.
Dewatering and cake build up could decrease
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the ability of water to flow (increase in

specific resistance), so that a layer of solids

became trapped by the ice; and 3) when the con-

dition in 2) was established, the freeze iso-

therm advanced to a location where conditions

more favorable for water were again encountered.

Good dewatering could occur under the con-

ditions of micromigration in spite of solids
— capture, which was evidenced by results ob-

tained in this type of freezing.

c. Effect of Flash Freezing (117)--When "f1ash"

freezing occurred, there was a minimum of time

for the suspended sludge solids to separate

from the water. With the greater reduction

in the migration, sludge particles could not

consolidate into larger particles that settled

well and separated from the liquid phase after

thawing.

H. Effect of Additives: (117)

a. Electrolytes--The situation in the case

of high specific conductance of sludge (high
total dissolved solids) (Figure 10) was dif-

ferent from micromigration phenomenon (Figure

9(ii)). The advancing ice rejected impurities,

suspended and dissolved solids. If the solute
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freezing pattern (117).
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could not diffuse away rapidly enough, it re-
mained concentrated near the interface and

depressed the freezing point of the liquid
ahead of the ice causing an unstable situation.
The amount of super cooling (cooling of liquid
below its freezing point) increased and then

decreased as the distance from the interface

increased. This situation was called "consti-
tutional super—cooling." Breakdown of

thiscoolingcaused freezing to occur at some dis-

tance from the ice interface rather than ad-

jacent to it. This freezing caused solids
and unfrozen liquid to be trapped, resulting
in vertical and horizontal bands of frozen

solids. This type of freezing resulted in
’ poor dewatering. The chances of instability

and subsequent solids capture became greater

as the concentration of solute in the sludge

liquid increased.

b. Effect of Polymers on Freezing--(117)

Addition of polymers caused a more open pore

structure in the sludge, permitting higher

flow rates and thus higher freezing speeds

without solids capture. Freezing speeds of

H0 to 60 mm/hr gave good dewatering.
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Freezing As A Conditioning Aid
for Biological Sludges

This summary consists of three parts: 1) The com-
position of biological sludges, 2) The processes utilized
and studied, and 3) The mechanism of conditioning.

1. Composition of Biological Sludges: This type
of sludge is most commonly waste-activated sludge,

which is the product of biological multiplication
of microorganisms feeding on soluble and suspended

organic matter in the presence of dissolved oxygen.

This is mostly bacterial cells but it may contain

protozoa, rotifers, fungi, sludge worms and.larvae
(2H). According to Dungan gt al. (25), most of the
bacteria in the waste-activated sludge are floc-
forming Zooglea, which are related to Pseudomonads.
Up to 90 percent of the Zoogleal mass is extra-

U
cellular jelly secreted as bacterial capsules. This

gelatinous mass entraps small particles and organisms

in flocs that settle with bacteria, leaving a clari-

fied, final effluent. According to Kincannon and
Gaudy (26), the overall composition is 53.1 percent
carbon, 8.3 percent hydrogen and 10.7 percent nitro-

gen, accounting for 72.1 percent of the volatile
suspended solids.

Sludge contains almost all of the metal ions
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that are discharged to sewers or extracted from

plumbing (1). Heavy metal occurring in the sludge

in quantities which are significant in foods include

zinc, copper, nickle, cadmium, mercury and lead.

Arsenic, selenium, manganese and molybdenum may

occasionally be present in significant quantities

from industrial sources. In addition to the above,

they may contain some pathogens.

2. Processes Utilized and Studied: In 1929 Babbit

and Schlenz (18), working with the problem of sludge

disposal by application on sand beds at the experi-

mental station, University of Illinois, discovered

that the effect of natural freezing on digested

sludge was an increase in the rate of filtration on

sand beds. Also, a much better quality of cake, i.e.

one easily separable from the sand beds, was ob-

tained as compared to the untreated sludge. Later

on they repeated the experiment using artificial

freezing, i.e., an electric refrigerator. A poorly

digested sample was frozen for nine days, while

another similar sample was stored inthe laboratory

for the same period. Drainage of the frozen sludge

upon thawing resulted in a reduction to 50 percent

moisture content in 50 seconds, while the lowest

moisture content of the unfrozen sample was 58.U
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percent after 28 hours of drainage. After 28 hours
(

of drainage on sand beds, the moisture content of

frozen samples was 30.7 percent. It was also ob-

served that the rate of liquid separation was 3 to

7 times faster for the frozen samples as compared

to unfrozen ones.

Microscopic examination showed that frozen sludge

particles, after thawing, clumped together with wide-
ly separated groups, similar to the results of ag-

glutination reaction. The original sludges showed

a fairly complete dispersion of the particles
throughout the field. _

In 1939 Downes (19) found that freezing and dry-

ing destroyed the sliminess of the digested sludge

and it allowed faster drainage of water. The cake

moisture after drainage was about 65 percent and at

this low-water content the sludge was, theoretically

at least, self-burning (19).
In 1947, Forsyth (20), while working on the

purification of humus and allied materials from

soil organic matter at Macaulay Institute for Soil

Research, reported that freezing completely de-

stroyed the colloidal character of humus materials;

they not only lost their water-holding capacity but

also their general absorptive power.
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In 1950, Clements, Stephenson and Regan (27),

after reading the results of Forsyth (20) published

in Nature, l9N7, using digested sludge with and with-

out chemical addition, conducted "test—tube" scale
experiments which demonstrated great improvement in

the filterability of digested sludge. After the ini-

tial experiments, a specially designed freezing

machine, using methyl chloride in the heat exchanger

coils, was devised. The two freezing pans contain-
ing sludge were located on the top of the coils.

One pan acted as a freezing pan while the other acted

as a thawing pan. A summary of results and conclu-sionsfollows:a.
The settling of all types of sewage sludge

is promoted byfreezing.b.

Settling was accelerated by freezing with

chemicals, but the percentage settlement at the

end of an hour was approximately the same,

whether chemicals were used or not.

c. Filtration, after freezing with chemicals,

was remarkably accelerated. Filtration times in

the best cases were reduced to a few seconds and
produced 3/8" cakes. The filter cakes were fri-

able and of high solids content, being over 30

percent in some instances.
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d. The chemicals used were chlorinated ferrous
sulfate, chlorine gas, and aluminum sulfate, and
doses were up to 1000 parts per million of A1+++.

e. The best results were obtained by the use of

aluminum sulfate, dry solids production reaching
350 lbs/ftz/hr. In the case of chlorine, the

maximum dry solids production appeared to be about
M0 lbs/ft2. Note: The dry solids production ca-
pacity of the Dorr-Oliver filter used in this ex-
periment was 100 lbs/ftz/hr, while typical vacuum
filter dry solids production rate is 0.5 to M 1bs/ftz/hr (M1). ·
f. Complete freezing was essential. Freezing

had to be fairly slow. "Flash" freezing was
ineffective.
g. Some saving of latent heat of fusion was
practicable in a suitable installation.

h. The method of thawing was immaterial as long
as it was not associated with vigorous agitation.

i. The supernatant liquids on settlement were,
on an oxygen absorption basis, not much worse
than ordinary sewage.

j. Air drying rates of digested sludges were
faster than those of activated sludge. The wet
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cake, as taken from the filter, was quite "short,"

porous, and free from the usual tendency to form

an outside leathery coating on drying which inter-

fered with further loss of water.

Clements (27) also studied the effect of freezing

in thin films, using brine (dissolving 2.5 Kg of common
salt in 10 liters of water) as refrigerant and freezing

temperatures of -5, -10, -15, -20°C, while the sludge

thicknesses to be frozen were l/8", 1/H", l/2". The

results follow:

a. Even with substantial doses of aluminum sulfate,

faster freezing in thin layers--say, in 7 to 10

min.-- led to poor results in settlement and

filtration.

b. When the time of freezing is extended, either
· by use of a thicker sludge layer or by use of high-

er freezing temperatures, the effects on settlement

and filtration were improved; this is true, in some
measure, even of thinnest layers. When a half inch

thick layer was frozen, involving a freezing time
of 70 minutes, good results were obtained, whether

the sludge was stored or not before thawing.

c. The adverse effects of quick freezing could be

mitigated in some measure by storage for two hours
before thawing.
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d. There was no evidence that the presence of

g synthetic detergents had any marked effect on

settlement and filtration in concentrations em-
ployed in the experiments.

e. Predictions of costs of filtration, etc.

could not be made because no experiments with a

filter-drum were carried out although the costI
of the chemicals was available.

On the basis of laboratory experimental studies g
conducted by Clements (27), Bruce, Clements and

Stephenson (28) in 1953 began full scale operation

of sludge freezing at Northern Outfall Works, Lon-
don, England. The objective was to produce one ton
of ice per day and develop filtration techniques

after thawing. The freezing machine (27) was modi-
fied to eliminate the use of latent heat of fusion,

because of some practical problems, and so thawing q
was accomplished with steam and hot water. Methyl

chloride was conducted through coils in a brine
solution into which sludge containers were lowered

· for freezing. The operation did not produce the
desired results since the brine solution temperature

E had to be raised between freezing batches to elimi-

nate quick-freezing. They also experimented ex-
tensively with a large number of filter cloths on
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a large Buchner funnel apparatus, to determine the

most suitable vacuum—filter material. Previous ex-

perimentation (27) with rotary vacuum filtration

(Dorr-Oliver filter) and centrifugation proved
these methods inadequate and not very successful.

Synthetic filters of polyvinyl-chloride produced

promising results with filtration times from l5 to

75 seconds, and dry cake solids levels ranging from

26.6 to 29 percent. The supernatant was black and
colloidal with 0.5 percent solids, which were so

finely divided that they passed through a nylon
vacuum filter disc without staining it. However,
the problem still remained unsolved because of

three main reasons: l) high cost and power consump-
tion; 2) high capital and operating cost when using
both refrigeration and vacuum filter equipment;

and 3) frequent washing of filter media.
Katz and Mason (29) attempted to eliminate the

problems faced by Clements (28) and others related
to high cost of vacuum filter equipment and the
filter-media blinding. They froze the activated

sludge samples from the Milwaukee Water Pollution

Control Plant in a commercial freezer and thawed

them in a hot water bath. Thawed samples were

gravity drained through a screen (H0-80 mesh),
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placed in a 9 cm Buchner funnel and supported by

an· 18 mesh wire pad. Mechanical pressing, i.e.,

pressing with a rubber disc, or a 3 inch Hg vacuum
applied for 10 seconds after gravity drainage was

complete, produced the same results. The results

obtained were very encouraging as in the case of

other researchers. For a one percent raw solids

sample, gravity and pressing was essentially com-

plete in 50 seconds. Variation in feed solids
concentration indicated that dewatering time de-

creased as solids increased for the same solids

loading to the filter. Cake solids for the freez-

ing process were determined to be comparable to

those of conventional vacuum filters, ranging from

13 to 25 percent. Filtrate suspended solids ranged

from 150 to 250 mg/1 for a screen size of 40 to

80 mesh. The dissolved content increased from

1200 to 2000 mg/l. Dry solids production rates

were on the order of 55 lbs/ftz/hr. The filtrate

and filter-cake quality produced from freeze con-

ditioned sludge were equivalent to or better than

that produced from vacuum filter operation.

Cheng, Updegraff and Ross (30) followed up the

studies done by Clements (27, 28), and Katz and

Mason (29), and attempted to solve the problem of
7 high equipment and operating costs because of
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higher temperature differences and longer freezing

times. Samples of primary (2.2%), activated (0.2%),

return activated (0.3%), and digested sludge (1.6%)

were frozen in rectangular canisters with sides

5 x 6 m2 and either 1/U" or l/8" spacing, holding
about M2 or 21 ml of sludge, respectively. When

loaded, the surface for heat transfer was about

290 cmz. For freezing, the canisters were suspended

in a stirred, controlled temperature bath of ethy-

lene glycol. Alum, with varying concentrations

from 20 to 200 p.p.m., was the conditioning chemi-
cal. Cheng observed that an ice film of small thick-

ness possessed a thermal admittance of about 200

BTU/ft2—hr-°F which is high enough to permit rapid

removal of heat even at small temperature differ-

ences. With an average overall heat-transfer coef-

ficient, U, of 12 BTU/ftz-hr-°F, and a temperature

difference from bath to sludge of -3° to -5°C, dry

cake solids, after filtration, gave results compar-

able to those of previous investigators, while
freezing time was reduced to ten minutes. Due to

the increased agitation in the cooling bath, heat-

transfer coefficient, U, increased to 29 BTU/ft2-

°F-hr and dry cake solids results were still the

same; i.e., 20 to 30 percent, but freezing time
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was reduced to 5 minutes. Cheng (30) concluded

that thin-film sludge freezing permits efficient
dewatering of sludge in short times at low tempera-
ture differences (AT). The ice-film conducts heat
with such rapidity that the external heat transfer
mechanism controls the process. Chemical addition
is necessary to dewatering by freezing. The dis-
tinct peaks after about 3 minutes in the profiles
of temperature vs time revealed the presence of
bound water that was released after the free water
had been frozen.

On the basis of the encouraging results ob-
tained by Katz (29), the Sewage Commission of Mil-
waukee (38) decided to investigate the freeze-
conditioning of sludge containing 200 tons of dry
solids/day, which was being chemically conditioned
and dewatered mechanically. The annual cost of(
chemicals alone was $750,000. The research was
conducted by Internal Rex Chainbelt, Inc. (39) on -
behalf of the sewerage commission and funded by
the Environmental Protection Agency.

Bench scale and field tests were conducted to

investigate the effect of different parameters and
the results were as follows:

a. The effect of storage times of 0, ll, and
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2N hours before freezing adversely affected
the cake solids and caused an increase in

soluble C.O.D. and soluble phosphates in the
filtrate. Filtrate suspended solids were not
affected by up to ll hours, but there were
detrimental effects by storage of liquid sludge
for 2M hours before freezing.

4

b. While investigating the effect of thawed
sludge storage times, 0, 8 and 2H hours, it

was noted that the filtrate soluble phosphates
and C.O.D. increased with increased age after
thawing, but the filtrate suspended solids and
drainage rate remained unaffected by up to 2M

hours of thawed sludge storage. Therefore, it
would be advantageous in full-scale operation
to dewater the sludge as quickly as practicable
after thawing.

c. The effect of storage times of up to 28
hours on the sludge in a frozen state (l/M"
thin sheets) enhanced the dewatering proper-
ties of the thawed sludge. Although frozen

sludge storage was desirable from a process
standpoint, it was felt to be impractical on
a full scale basis (e.g., at Milwaukee about
three million gallons of waste activated sludge
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are processed daily).

d. The effect of freezing time (few seconds
to 16 hours) on the sludge dewatering proper-

ties showed that the freezing time of 12 hours

and storage of frozen sludge for 2N hours be-

fore thawing, was optimum from the standpoint

of drainage time, drainage rate, and cake

solids (10 to 13%). In general, it was indi-
cated the increased freezing time improved the
dewatering properties of thawed sludge to a

great extent. Again, from a practical stand-

point, this would result in greater volume
requirements and increased capital costs of

freezing equipment.

_ e. Partial freezing was not very helpful.

f. Sludge frozen by the Turbo Principle

(liquid sludge flowing over a stationary cold
plate or cold drum rotating in a vat of liquid)

would not be applicable for freeze condition-

ing of waste-activated sludge.

g. Addition of FeCl3 (5M.2 lbs/ton of wet
sludge) prior to freezing not only improved

the dewatering characteristics, but also ap-

preciably reduced the filtrate soluble phos-

phate content (90 mg/1) from that observed in



61

the sludge prior to freezing (190 mg/l), and

from freezing alone (250 mg/1). Addition of
chemicals after thawing adversely affected the

sludge properties.

h. During the investigation it was noticed
that shapes and configurations (large blocks,

small cubes, thin sheets) were important fac-

tors in the overall heat transfer process. In

case of large blocks, as the freezing progress-

ed the area for heat transfer and overall heat

transfer coefficient decreased, resulting in

a progressive decrease in the freezing rate.

Furthermore, the rate of thawing was slow, be-

cause of relatively low surface area to volume

ratio involved. (

On the other hand, freezing in relatively

thin sheets (l/8", l/N", l/2", l" thick) had

the following advantages: i) area for freezing

and overall heat transfer coeffioient remained

essentially constant during the freezing pro-
cess; ii) thin sheets lend themselves more

readily to a continuous freezing process; iii)

by breaking the frozen sheets into small chards,

more surface area per unit volume for faster

thawing may be obtained; iv) faster feedback
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information was available for process quality
control; and v) faster freezing times per unit
weight of sludge may be used resulting in lower

equipment cost.

i. Relatively faster freezing produced sludge

more sensitive to handling and this sensitivity

increased with decreased freezing time. Good

sludge dewatering properties were observed at

fast freezing times when handling of the thawed

sludge prior to gravity filtration was reduced
to a minimum.

j. Out of the two available thin sheet freez-

ing systems; namely, pan conveyor freezing and

belt freezing, belt freezing (belts consisting
_ of M' wide and l2' long sections, brine solu-

tion as coolant, and sludge freezing thick-
nesses of l/M" to l/8") was more flexible and

convenient.

k. Economic analysis showed that freeze con-

ditioning, for handling 200 tons of solids/
day, was 80 million dollars (excluding site

or housing cost), where conventional chemical

conditioning handling of the same solids would

cost $5.1 million dollars (including housing
and installation).
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l. The overall cost of freeze-conditioning

process could be reduced by reducing operating

cost, ($77 to $79/ton of dry solid), by con-

serving energy, by refrigeration work and by

recovering energy.

On the basis of the above findings, the project

was discontinued for further research work towards

other dewatering techniques.

Alter (60 ) pointed out that low temperature
was a natural resource that was readily available

throughout a large part of the world.

Wood and Allanson (H2) patented dewatering ·

equipment that included freezing sludges between

moving belts. Feed sludge in thin layers with 5
percent solids concentration was fed in at one end

between the two moving belts and then passed through

an electro-osmosis apparatus to remove moisture and

concentrate the sludge to 20 percent. It then

passed through a freezing and then a thawing section

(thawing done by electrical heating). Finally,
thawed sludge passed through a second electro-

osmosis apparatus, thus concentrating the sludge to

30 to 40 percent dry solids by weight.

Gruber (M3) also patented a technique for sludge

freezing in 4 mm layers on a drum in Germany.
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Baskeville (50) found that the effectiveness
of sludge conditioning by freezing and thawing was
highly dependent on the amount of shear which sludge

experienced. With organic sludges, the floc was
fragile and the freezing and thawing method was not

thought to be feasible for conditioning unless chemi-
cal conditioning also was provided. With inorganic
sludges, such as metal hydroxides, the technique
was successful when the dissolved solids content of

7 the associated liquor was low.
Klyachko (52) presented equations for calculat-

ing the thickness of sludge layers that could be

frozen during winter.

Turovskii (51), while determining the relation-
ship between the rate of drying (mg of H20/min—cm2)
and the moisture content (drying at 105°C) of raw

solids and waste activated sludge, used the first

critical point in the rate of drying curve as a
measure of free water. Later on they found that

freezing and thawing of sludge samples increased

the free water content from 96.3 to 99.2 percent
and decreased the bound water content from 1.7 to

0.8 percent.

Keith (53) noted that the solid particles of

sludge were more closely coagulated after freezing
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and thawing. The waste sludge was centrifuged and

the centrifugate was frozen. The thawed sludge was
( U

again centrifuged with still more separation of

water.

There was considerable interest during 1973 in

altering physical properties of sludges by freezing

and thawing. Penman and Van Es (5M) described a

dewatering technique at Winnipeg, Canada, using dry-
ing beds without underdrains. The process consisted

of two operating conditions: summer and winter. In

summer, digested sludge was pumped to seven, 4-acre,

5 ft. (1.5 m) deep drying beds where solid—liquid

separation took place. After 3 to 4 days superna-

tant was pumped back to the treatment plant. After

every withdrawal of supernatant, 9" of sludge was

pumped onto the bed and this procedure was repeated

until 2 to 3 ft. of thick sludge (20% solids con-

centration) existed. The beds were then allowed to

freeze during winter, until they could support heavy

earth moving equipment, which was used to rip up and

remove the sludge to a stockpile or it was trucked

to nearby farmland for crop application. The typi-

cal winter operation consisted of pumping sludge to

seven, 8-acre (2¤,000 m2), 10 ft. (3.0 m) deep dry-

ing beds. Winter sludge was stored to a depth of
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about 8 ft. During the following summer supernatant

was drawn off and pumped back to the treatment plant,

while the remaining sludge was allowed to freeze·once

again for winter removal. The operating cost was

$0.8H/cubic yard of sludge, excluding the costs of

land, piping, and pumps.

Conditioning of waste activated sludge by the
freeze—thaw method using natural refrigeration was

considered by Tilsworth (55) to be effective and

economically attractive in northern areas. Estimated

costs of sludge handling by a lagoon system making

use of winter freezing and summer drying were $¤8/

ton of dry solids. This was less than the estimates

for all other types of systems considered.

Schmidt et al. (56) reported that when Kraft
mill sludge was thawed after having frozen in a

lagoon during winter its volume diminished by a
factor of 40.

(

Murdoch (58) developed a patent relating to

sludge conditioning in a freeze-thaw cycle and solids

were separated by vacuum filtration. The sludge was

frozen in droplets. Neyhart (57) also developed a

patent relating to the freeze-conditioning of waste

activated sludge.

3. Mechanism of Conditioning: The mechanism dis-
cussed here will be mostly related to microorganisms,
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especially bacteria.

a. Bacterial structure--The organisms consist

of the following structural constituents ‘

(Figure ll).
i) gelatinous capsule (cp)

ii) cell wall (cw)
iii) cytoplasmic membrane (cm) (

iv) cytoplasmic mass (cmm)
v) nucleus (n)

b. Biological damage--To understand the pheno-

menon of biological freezing, it is very im-
portant to understand the role of water in liv-

ing systems. There are two categories of water

associated with the cell; namely, "free water,"

which constitutes from 80 to 92 percent and

will freeze as ice crystals on freezing, while
the other portion is called the "bound water,"

which is about 7 to 10 percent of the total

water and is not freezable.

Several theories and mechanisms by which

freezing injures biological materials have been
proposed. The more tenable of these are:

i) The mechanical destruction theory:

Cells are said to be disintegrated by

mechanical compression, either on freezing



68

cp —- gelatinous capsule
cw -— cell wall
cm -— cytoplasmic membrane
cg —— cytoplasmic granules cw
W -- water molecules C _
n —- nucleus P cm
cmm-- cytoplasmic mass (A)
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Figure ll. Simplified Bacterial Structure
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due to ice-crystal growth or by thawing

[Lepeschkin (61)], or the surface of the

cell is said to be destroyed [Maximov (62)].

ii) The Chemical or Dessication Theory:

It is known that in some cases water is

removed from the cell and freezes around
it. This may lead to a concentration of

solutes within and around the cell result-

ing in protein denaturation; changes in pH;

dehydration sufficient to precipitate from

solution; and close contact between neigh-

boring proteins, thereby permitting abnor-

mal cross linkage.

The biological damage related to the above

theories is either due to intracellular or extra-

cellular freezing. The difference between the two

is explored in the following discussion: v
i) Extracellular freezing: Slow cooling rates
(<l°C/min) tend to encourage the growth of a

few ice crystals to very large size. When

these develop in the extracellular spaces,

the extracellular fluid becomes hypertonic as

water is frozen out, causing intracellular

water to pass out of the cells. The ultimate

end of such a process is dehydration of cells



70

and the development of external ice crystals,
which may be many times the size of individual
cells (See Figure l2). Chambers and Hale (69)

found that ice would form on the outside of
single frog muscle cells at about -l.2°C but
did not form inside until a temperature of

4-l.6°C had been reached. Since the melting
point of intracellular fluids is being de-
pressed by increasing concentration, the tem-
perature of spontaneous freezing (tsf), is
being proportionally reduced<and intracellular
nucleation prevented. Cell lysis occurs, ir-

reversibly.

ii) Intracellular Freezing: If the diffusion of
cell water is inadequate, due either to a very

rapid rate of extracellular crystal growth
caused by rapid cooling rates (>l°C/min)orto

relative impermeability of the cell membrane,
then the temperature of spontaneous freezing

(tSf) of the intracellular water may remain
g high relative to its temperature and intra-

cellular nucleation can result.

Mazur (70), while describing the immediate ef-
fects of low temperature on E. ggli in non-
protective media, summarized by plotting survival
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as a function of cooling velocity (See Figure 13).

He concluded that the curve dropped below l°C/min.

because very slow cooling is "equivalent to storage"

and increasing durations of such "storage" have been

very destructive to single celled micro-organisms.

Survivals remained high at higher cooling velocities

when warming was carried out rapidly, which could

be explained by the fact that at higher cooling

rates smaller and more imperfect ice crystals were

formed thereby causing less damage, but were more

sensitive to alterations and growth during warming.

Mazur (70) proposed a hypothetical model (Figure

lk) to explain the cause of the damage from intra- 7

cellular freezing. He considered two membraneous

intracellular compartments "L" and "R", filled with

cytoplasm and connected by a narrow pore. He con-

sidered two cases: (A) rapid cooling (>l°C/min<

¤00°C/min) and rapid thawing, and (B) ultra—rapid

cooling (>¤00°C/min) and slow thawing.

In the case of (A) he supposed that the water

in "L" froze, but water in "R" remained supercooled.
' If the capillary pore was too narrow to permit the

growth of ice from "L" to "R" at temperatures near

0°C, supercooled water will flow from "R" to "L"

in response to vapor pressure differential and will

freeze in "L". The volume of ice in compartment
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to emphasize that curves are approximate. ~
(Mazur, 55, ß73„68),
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"L" will grow and this growth will cause the lethal

rupture of the membrane. Jackson and Chalmers (71)

and Everett (72) explained that this process caused

the frost heaves in clay soils. In the (B) pro-

cess, if the cooling velocity was ultra-rapid, the

water in "R" would freeze, either spontaneously or

by nucleation from "L", before it was able to flow

into "L" and freeze there. In this case there would

be no damage by rupturing of cell membrane. Now,

if there was very slow warming (<l°C/min), ice

would migrate into the neck region causing it to

thicken. Such thickening could cause the membrane

annulus that delimits the neck to rupture.° But, if

the cell were warmed rapidly, all the ice would melt

'before the neck region had time to grow and no irre-

versible damage would occur (summarized in Figures

15 and 16).

a. Mechanical Injury: It is difficult to

prove any direct mechanical injury resulting

from the extracellular ice crystals alone in

cells or animal tissue. The fact that cells

and tissues will survive extracellular freez-

ing under proper conditions demonstrates that

the physical presence of extracellular ice

crystals is not necessarily lethal, whereas

intracellular ice crystal growth may be more
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A —— Slow rate of freezing

B —— Faster rate of freezing

C —— Very rapid rate of freezing
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Figure 16. Typical freezing curves for the rate at which the
temperature of the food falls when the food is
subjected to different rates of freezing.
(Gortner, 65)



78

lethal to cells and animal tissue in specific

cases (77), because of an increase of cell

volume by 5.U percent (Haines,91).b.

Biochemical Injury: Lovelock (73) sug-

gested that lipid—protein complexes may be the

weak link in many cells challenged by freezing.

Unlike most simple prcteins, lipoproteins are

y not held together by strong co—valent bonds,

but by much weaker associations. Lovelock

described these complexes as "inherently un-
(

stable and probably maintained in living cells

by continuous synthesis." It was proposed

that they dissociate following small changes

in the environment which would be harmless to
the more stable cc-valent macro-molecules.

Among the changes which might occur are:
(i) Increase in electrolytic concentra-

tion and resulting increase in ionic

strength in suspending medium

(ii) Changes in pH

(iii) Sufficient removal of water to bring

cells and their structures into actual

physical contact (Lovelock, 73).

g_ Further identification as to causes of bio-

chemical injury are noted as follows:
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i) Solute concentration: There is no con-

ceptual difficulty in noting how gross altera-

tions in the concentration of intra- and ektra-

- cellular solute could be lethal. Lovelock (73)

thoroughly documented the relationship between

salt concentration and increased membrane per-

meability in the red cells, demonstrating a

sudden increase in the loss of phospholipid
from the cell at concentrations of NaCl above

0.85 M (5%). The loss of phospholipid was sug-

gested to render the cell membrane permeable

to cations. When the ionic strength is sud-
denly reduced with thawing, the cell suffers

osmotic lysis.

ii) pH Change: Finn (75), while investigating
the denaturation of ox muscle juice by freez-

ing observed that there was a definite rela-

tionship between the amount of denaturation

and pH. Lea and Hamak (76), while working on W

the sensitivity of principal protein of egg
yolk to slow freezing, found that the reduc-

tion in pH from 6 to N for the frozen samples

at -3°C resulted in complete precipitation of
’ the protein. Rapid freezing would prevent

denaturation of samples at pH 6.8 though not

at pH 5.2.

W
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iii) Dehydration and Molecular Contact:

Lovelock (73) proposed another mechanism of

injury to cells. While working on the dee

naturation of B-lipoprotein in human plasma

frozen to -25°C or lower, he concluded that

the progressive removal of water resulted in

the concentration of lipoprotein molecules
until they were in actual physical contact,

which permitted the formation of undesirable
cross linkages leading to distortion or rup-

ture on rehydration. This phenomenon may

happen in single celled microorganisms.
Levitt (59) proposed a more specific reaction.
His model presumed both the opposition of sur-
faces and folding of protein molecules as a

result of removal of their aqueous suspending

medium. Levitt proposed that oxidation of

the sulfhydryl group or an SH 1 SS interchange

results in the formation of sulfide bonds be-

tween adjacent proteins or portions of the

same protein. On rehydration, these SS—bonds

remain unbroken and the protein molecule is

distorted or weaker bonds are ruptured. After

freezing there was an increase in the SS-bonds

content. It was also proposed that dehydration
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caused the breaking of hydrogen bonds in

lipoproteins. Possibly those bonds between

water and protein stabilized those sensitive
molecules and prevented their interaction.

c. Non-related Injury:

i) Storage death--Weiser and Osterud (85)

defined it as cell death resulting fram the

exposure of cell to a given sub-zero tempera-

ture for a certain period of time. For exam-

ple, the cells begin to be exposed to concen-

trated solutes the instant ice forms in the

aqueous media, and they continue to be exposed

to solutes during subsequent storage or main-

tenance at that temperature. Haines (91),

Straka and Stokes (92) and Woodburn and Strong
(93) reported that death rates decreased in

storage temperatures between -l°C and -30°C

in a variety of bacteria, including species

of Pseudomonas, Q. ggll, Staphylococcus, Qäl-
monella and Streptococcus (see Figure 17).

Haines (91) also concluded that storage at
—2°C of a frozen solution of native cellular

proteins of Q. pyocaneus, extracted at low

temperatures, led to rapid coagulation of one

fraction of protein. Such flocculation was
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negligible at -20°C. It was also pointed out 

that such a change leading to the flocculation 

of 9ellular p,pot:eins was not mechanical, but 

was chemical co~ined with a time lag. 

ii) Immediate death--Weiser and Osterud (85) 

defined it as a cell injury resulting from the 

act of freezing or thawing itself. The causes 

of any injury resulting from "immediate" ex-

posure to solutes during cooling are probably 

no different qualitatively from those operating 

during long-ter:m storage or maintenance of that 

condition at constant low temperatureG. Mazur 

et al. (86) concluded that intracellular ice --
crystals were the chief factor in immediate 

injury, although they obtained no direct micro-

scopic evidence from volume measurements that 

ice actually formed in cells that were killed. 

Exposure ta concentrated solutes appeared to 

have been a se~ondary factor in this type of 

injury. 

iii) Effect of Cell Concentrations--Sato (87), 

Major et al. (88) and Bretz (89) showed that 

the survival of E. coli depended markedly on 

the concentration of cells in the suspension. 

Major~ al., reported that 3.2 percent sur-

vived 7 days storage at -22°C when the 
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suspension contained 109 cells/ml of broth,

but only 0.006 percent survived when it con-

tained 106 cells/ml. Similarly, Bretz found
that 60 percent survived after 7 days storage

at -9°C when the original population was 2 X

·
109 cells/ml of buffer, but only 4 percent sur-

vived when it was 2 X 105 cells/ml. .The au-

thors suggested that protection at high cell

densities was due to the solutes that escape

from injured cells.
(

iv) Nature of Medium Around the Cell--

Harrison (90) showed that in E. coli, when
suspended in sodium chloride, immediate sur-

vivals were minimal but the case was reversed

in distilled H20. (

Measurement of Conditioning Effects

Sludges generated from water and wastewater treat-

ment facilities need to be concentrated and/or dewatered be-

fore final disposal (See Figure 1). The dewatering charac-

teristics of sludges with or without treatment are measured

by different parameters such as rates of settling (separa-

tion of solids from liquid), filtration and drainage. These
parameters will be discussed in the following paragraphs.

I
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Settleability

The most common measure of settleability is the sludge

volume index (S.V.I.) which was introduced in 193M (16N).
The sludge volume index is defined as the volume, in milli-
liters, occupied by one gram of sludge, after settling in a

one liter graduate for 30 min (165). However, Dick and Vesi-

lind (166) concluded that two sludges could have the same

index value, but could exhibit grossly different settling
characteristics because the rate of subsidence is influenced
by temperature, cylinder depth, cylinder diameter, sludge

depth and type of treatment (166, 167). Because of these

problems many workers prefer to graph interface layer subsi-

dence versus time or use sludge settling Velocity (ft/hr)

which is calculated from the graph. Higher velocities are

indicative of better settleability.

Filterability

There are three general factors which contribute to

the filtration characteristics (169) of sludges:
1) The filter media, which is characteristic of

the equipment used,

2) The characteristics of the sludge,

3) Treatment of the sludge prior to treatment.

Of the three factors, the character of the sludge is the

most important.

One of the most widely used methods of dewatering
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sludges is by vacuum filtration, the performance of which

can be indirectly predicted by specific resistance measure-

ments made in the laboratory, using a Buchner funnel (176).

Review of literature reveals that Ruth (172) attempted to

solve the problem of correlating actual experimentation with

early theoretical derivations in filtrations. Carman (173)

extended the work of Ruth to the point that the early formu-

lations, generally derived for ideal, non-compressible

sludges, could be applied to a variety of sludges under con-

stant pressure conditions. This led to the concept of

·"average specific resistance," which is the resistance of aV

unit weight of cake per unit area at a given pressure and

is commonly expressed in terms of secz/gm. The relationship

is as follows:

P = 2 P.A2.b V
uC

r = specific filtration resistance, sec2/gm

P = pressure of filtration, gm/cm2

A = filter area, cm2

b = slope of T/V versus V, sec/cmß

p = filtrate viscosity in centipose·

C = ratio of gms of dry solids per ml of liquid

before filtration = gms/ml.

The above equation assumes the following:

l) The sludges are compressible
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2) Resistance of the medium is negligible

3) Pressure differential "P" across the cake is

constant

Carmen's work was confirmed by Coakley (170) and

Coakley and Jones (171) who conducted laboratory experiments

to determine the accuracy of specific resistance in describ-

ing the results of filtration tests.
l

Specific resistance measurements are a useful means

of comparing the effectiveness of various methods of con-

ditioning of sewage sludges and also of measuring the opti-

mum quantity of coagulant required in conditioning sludges.

Smaller specific resistance values means better filtration

characteristics of the sludges. It has been shown (170)

that a reduction in specific resistance corresponds to an

improvement in dewatering on drying beds. This indicated

that specific resistance measurements are applicable to

drainage problems where applied pressure is small. Coakley

(170) found that ferric chloride addition to a 12 percent

solids content digested wastewater sludge decreased speci-

fic resistance by a factor of 100, which was further de-

· creased by a factor of 10 by the freeze-thawing process.

Scott and Cornwall (17M) reported their sludge fil-

terability results in terms of specific resistance using

filter-leaf and as filter yield. Randall, Moore and King

(M7) expressed filterability in terms of filtration rates.
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King et al. (118) concluded that specific resistance
was a qualitative measure of sludge dewaterability for poly-

electrolyte conditioned aluminum, ferric sulfate and lime
sludges respectively. There are other researchers (175, 119)

too, who have used specific resistance as a useful parameter

for determining relative rates of filtration and dewaterabi-

lity ofsludges.(

Coakley and Jones (171) reported that specific resist-

ance could be used to predict yield on large-scale filters

by using the following equation:
100 — Cf mPCi(l00-Ci)

L = .0357 (--————-—) {-——-———-—— }
Ci - Cf 0Ru ·

L = yield of dry cake solids lbs/ft2/hr

Ci = initial moisture content of sludge %
Cf = final moisture content of sludge %

m = proportion of time for suction (usually 50

to 83% of the cycle time)

0 = time for one revolution of filter drum--min.

y (usually 6 min.)
P = average suction pressure--lbs/inz
u = viscosity of filtrate--centipoises

R x 107 secz/g = specific resistance.

Jones (171) reported that in some cases there was

agreement between actual filter yield and the value pre-

dicted from the above equation, but in many instances the
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difference in results between actual and predicted values

was 200 percent. He attributed this to the differing compo-

sition of sludges and types of filters used. There was al-

ways a discrepancy between the values from full scale vacuum

filtration operation and the predicted values. In the spe-

cific resistance equation (170), it was assumed that the

pressure differential across the cake was constant, but

Gale (176) pointed out that most of the sludges encountered

in waste-treatment are compressible and the specific resist-

ance of a sludge cake was being influenced by pressure dif-

ferential variation across the cake. Empirically, it was

found that
(

.

’ r = RC • APSO
r = specific resistance, secz/gm

RC = cake constant
s° = compressibility coefficient

log r = log Rc + °s log AP

A log-log plot of specific resistance determinations

obtained at different pressure differentials gives the coef-

ficient of compressibility and cake-constant, as the slope

and intercept where AP = 1.

The compressibility coefficients quoted by Dahlstrom

and Cornell (177) for sludge were under 0.H, while Trubnick

and Mueller (178) reported coefficients of 0.79 and 1.10,

respectively for fresh and digested sludges. Understanding
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of this "coefficient" is essential to understanding the be-
havior of a sludge on the filter. The values of this coef-

ficient vary greatly for different sludges and different

methods of conditioning (170). Bakerville and Gales (179)

developed an instrument to measure "capillary suction time"

(CST) which could be correlated to the specific resistance,

but it could not be used to estimate the coefficient of com-

pressibility. Another convenient way of obtaining informa-
tion on the filterability of sludges is the "leaf test,"
in which if the conditioning procedures of sludges, vacuum
level, form time (time involved in cake formation) and dry-
ing time are the same, the yield of the filter is given by

(182)

Y=.....W...
AT • tc

Y = filter yield, weight of dry solids/ft2/unit time

W = weight of solids retained on the leaf
AT = test-leaf area, ftz
tc = total cycle time

Schapman and Cornell (181) reported that the "leaf

test" gave good correlation of different filter performance

between the laboratory and full scale plants. Tebutt (186)

pointed out that the specific resistance values were being

reported in the units of secz/gm, considering the vacuum
pressure in the filtration test as g(wt.)/unit area, whereas,
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in fact, it should be expressed as g(force)/unit area. Hence,

using pressure units of Newtons/unit area, the correct units

for specific resistance are cm/gm or m/kg. The Water Pollu-

tion Research Laboratory (186) adopted the practice of report-

ing specific resistance in the units of 1013 m/kg instead of
109 secz/gm. Within a 2 percent error, values expressed as

109 secz/gm can be converted to 1013 m/kg using the conver-

sion factor 109 secz/gm = 1013 m/kg or multiplying it by 10u.

Drainability
A second method of sludge-dewatering before final dis-

posal is sludge drying beds, which is by far the most common

method of dewatering sludge at municipal waste treatment

plants. The 1962 Inventory of Municipal Waste facilities

(Glass and Jenkins, 182) indicated that two-thirds of the

municipal plants in this country have drying beds. The beds

usually consist of 6 in. of sand overlying about a foot of

gravel in which open jointed tiles are placed for removal of

filtrate.
The solids concentration, after initial filtration of (

a day or two, is 13 to 22 percent (183) and digested sludge

normally dries to 25 to H5 percent solids (183).

Although there are several types of sludge drying

models, i.e., open-drained, covered-drained, and open non-

drained, yet the mechanisms responsible for the sludge de-

watering are: l) rate of drainage and total drainable water,
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and ii)evaporation.Drainage
rate is the most important when mechanical

dewatering methods such as vacuum filtration are used, but

on the other hand, total drainable water is the most impor-

tant when.gravity drainage methods, such as sludge drying

beds, are used.

Randall, Turpin and King (9) reported that gravity

drainage on sand beds was affected by the solids concentra-

tions in the feed, B.O.D. of the mixed liquor, enzyme acti-

vity, type of microorganism in the sludge, change in cellu-
lar protein and carbohydrate content, and pH. Other re-

searchers have found that drainage is affected by solids

content (187, 191, 192), dosing depth (191), depth of sup-

porting media (191), sand-grain size (188), degree of paving

(190, 191, 9) and presence or absence-of coagulants or con-

ditioning prior to dewatering (190).
Quon et al. (189) observed there was an inverse rela-

tionship between the two main mechanisms, i.e., drainage
and evaporation, and that maximization of one retarded the

other. Jennett (190) reported that out of the two, drainage

was more significant and important. Quon et al. (193) re-

ported that in case of poorly drainable sludges, evaporation

became more dominating and was affected by factors such as

air temperature, wind velocity and humidity. The two main

factors responsible for the loss of the sludge moisture by
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evaporation were the physical state of the sludge and the
evaporative potential of the air. The moisture loss was ap-
proximated to the removal rate from a free water surface,
provided there was free sludge surface moisture (19H). The
phenomenon of evaporation for sludge dewatering takes place
in two separate phases, the constant rate drying period and
the falling rate drying period.

l

In case of constant rate drying, the free moisture
keeps on moving to the top surface by the internal transport
phenomenon, and evaporation continues until free surface
moisture is exhausted. The constant rate transitions
through CMC (critical moisture content),which is influenced
by dosing depth and sludge transport rate) to decreasing
fall rate, which may or may not be a linear relationship
with time and depends on the nature of the dewatering materi-
al, and environmental conditions (l9¤). Nebiker (l9N) indi-
cated that the sludge evaporative rates would be modified
by the darker sludge surface, which would absorb more radi-
ant energy or atmospheric heat and increase moisture, while
the presence of dissolved solids, oils and fats on the top
portions of the sludge would suppress evaporation losses.
Greater applied depths of sludge resulted in higher critical
moisture content values, but once the CMC was reached, the
variation in applied depths of sludges did not make any
difference.
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Quon et al. (193) reported that in case of faster
drainage rates, constant rates were of very short durations

and hence, in such cases, most of the moisture loss was due

to the combined effects of drainage and falling rate period
A

evaporation loss. Jennettet al. (187) concluded that the
viscosity of the entrapped water in the sludge particles

affected both drainage and evaporation processes.A

Summary

The review of literature reveals that sludges generated

from water and wastewater treatment are becoming an ever-

growing problem, and one of the most important factors be-

fore final disposal is conditioning of the sludge. AOf all

the conditioning procedures developed during the past 10-15

years, the most promising appear to be the physical condition-

ing processes, especially freezing, which seems to have ap-

plication to a variety of sludges, with or without addition

of chemicals. However, there is no real, practical, eco-

nomical and well understood freezing process available as
A

yet. The purpose of this research was to look into the

feasibility of a direct freezing process by conducting ex-

perimental work and developing information to fill the gaps

in current knowledge.



CHAPTER III „

EXPERIMENTAL METHODS AND MATERIALS »

The aim of experimental work in this research was to
develop appropriate principles and techniques for condition-
ing and dewatering waste-activated sludge. The scope of the
experimental procedures in this chapter can be divided into
the following categories:

i) Description of direct freezing processes; i.e.,
batch andcontinuous;ii)

Measurement of chemical, physical and biological
changes occurring during freezing; and •

iii) Measurements of changes in filtration character-
istics occurring during direct freezing, with
different refrigerant contact times, different
solids concentrations, and other variables.

Sources of sludge i B
The sludges used in the experiments were obtained from

three different sewage treatment plants in Virginia, namely,.
the Interstate 8l Rest Stop plant (Sludge "A") near Radford,
the Corning Glassworks plant (Sludge "B") near Blacksburg,
and the Roanoke plant (Sludge "C") in the city of Roanoke
(see Appendix I for the brief description of sewage treat-
ment plants). The samples were collected from the outlet
of the return sludge line in all three cases. The samples

I 95 i
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were transported directly to the laboratory and initial tests

were run on the sludge and supernatants after the desired

solid's concentration wasobtained.To

concentrate the sludge samples from the sewage

treatment plants they were allowed to settle for M to 5 hours

in a constant temperature room at 20°C and the supernatant

was siphoned off to obtain initial solids concentrations of

about 1.5%, 0.8% and 1.M% for Sludges "A", "B", and "C",

respectively. To obtain higher solids concentrations, an

air flotation unit was used. Neyertheless, the maximum ob-
tainable concentrations were only about 1.5% to 1.6%. An

alternate procedure of repeated aeration for 6- to 8-hours

and settling (under refrigeration at ¤°C to 5°C) resulted
in maximum obtainable concentrations of 3.6%, 2.0% and 2.3%

for Sludges "A", "B", and "C" respectively. This process

of concentration took from 3-7 days. Concentrated samples

were sometimes stored for later use.

Sludge Characterization Studies

Characterization studies were employed to enable com-

parison of the sludges produced at different sewage treat-

ment plants.

Total, volatile, fixed and suspended solids analysis,

and B.0.D., and C.O.D. determinations were conducted accord-

ing to Standard Methods (165). A Beckman 215 analyzer was
used for total carbon measurements and pH was measured using
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a Leeds and Northrup probe.

Freezing Processes and Experimental Design 1
The following freezing systems and techniques were

used during the course of the investigation:
1. Batch freezing system (see Figure 18)

The initial experimental sludge selected was

Sludge "C". After concentration by settling to
13,500 mg/l, 1500 ml sample Volumes, precooled to

° 3°C to ¤°C, were placed in the batch freezer "F",
which was a rectangular tank constructed of 3/N"

plexiglas with dimensions of 6" x l8" x l8". Liquid
butane was then bled from a storage tank at an outlet

pressure of 16 p.s.i., through a —3°C heat exchanger
and into the bottom of the sludge freezer where it
vaporized into the mixed liquor from a copper tube
diffuser. Flow was measured by a rotameter. The
heat of Vaporization was extracted from the sludge,

freezing was induced, and ice slurry was formed.

The freezer was operated under a Vacuum of 3 cm of
Hg to lower the boiling point of butane to -l.5°C
and insure complete freezing of the sludge. The

actual freezing point of the sludge was —0.5°C.
The liquid butane rate of flow was 30 ml/min/1500

ml of sludge and butane contact times of 10, 20, 40,
and 60 minutes were used for separate experiments.

11
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After freezing the sludge was allowed to thaw at room

temperature. For these experiments the butane vapors

were discharged to the atmosphere after bubbling

through the sludge. For later studies, a continuous

flow apparatus was developed for the study of butane

recovery and reuse. Some sludge samples were frozen

indirectly for 36 hours in the refrigerator for com-
parison with direct freezing.

2. Continuous Flow Apparatus (see Figure 19)

For continuous flow studies, the experimental

sludge at a certain solids concentration was allowed

to flow from a sludge tank "ST" (surrounded by ice)

through a flow regulator "FR," into the freezer "F,"

where liquid butane, flowing through the heat ex-

changer "H1" and flow regulator "R," came into contact

with the sludge (intimate contact was achieved by

mechanical mixing). After heat-exchange between
l

butane and sludge, the slurry frozen sludge was

pumped through the condenser coil "Cl" to the heat

exchanger "Hl", from where it flowed to heat exchanger

"H2" and finally to the butane stripper "BS" for re-

covery of dissolved butane from the supernatant for

reuse, if necessary. The hot-vapors of butane from

the freezer "F" were compressed by vacuum—pressure

pump "VP" and condensed on the condenser coil "Cl"
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and recovered as liquid for reuse in the freezer. The

slurry frozen sludge in heat exchanger "Hl," condenser

coil "Cl," and heat exchanger "H2" liquified the butane
vapors.

5
3. Operation of Continuous Flow Unit

For the initial series, sludge "B" at a solids' con-
centration of 8000 mg/l and flow rate of 3 to 5 ml/min.
was allowed to flow into the freezer. At the same time,

without any lag time, liquid butane at the flow rate of
5 to 7 ml/min. was allowed to flow into the freezer and

mix with the sludge by mechanical mixing. To achieve a

certain contact time the sludge was allowed to fill up to
that depth, before sludge withdrawal. The vacuum in the
freezer initially was 3 cm. To vary the butane contact

time (sludge-butane mixing time or sludge retention time

in the freezer) for studying the effects on conditioning
of sludge, the sludge depths in the freezers were varied
to give 6, l2, 2M and 36 hrs. of contact times. After the
attainment of desired contact times the slurry frozen

sludge withdrawal operation was started. The rates of

inflows to and outflow from the freezer were the same.

The sludge volumes used during the operation were l8 to 20

liters. When the sludge depths increased in the freezer,

the vacuum in the freezer was increased to a maximum of
7cm, to insure the boiling point of liquid butane below
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‘ the freezing point of the Sludge. The slurry frozen

Sludge was pumped from the freezer to heat exchanger

"H2" after it had flowed through the condenser coil
"Cl" and heat exchanger "Hl." The slurry frozen
Sludge was allowed to thaw in the heat exchanger "H2"
before Sampling. The time taken between the moment

the slurry frozen Sludge came out of the Sludge and

the Sampling for analysis was 18 to 20 hrs. A second
series was run using a contact time of 12 hours, a

Sludge "B" (8000 mg/1) feed flow rate of 3 to 5 ml/
· min, and different butane flow rates of 5, 15, 25, and

H0 ml/min. For a third series, a butane flow rate of
5 to 7 ml/min was maintained and different feed Sludge

concentrations from 0.8% to 3.6% of Sludges "A,"

"B," and "C" were used separately with varying butane
contact times to determine optimum results. At low

solids concentrations (i 1.0%), Subsequent thawing

was accomplished in the heat exchangers, but when the

solids concentrations were higher thawing was carried

by very slow Stirring, because the volumes of concen-

trated samples were insufficient to maintain the
System in equilibrium.

N. Effect of Variation of Influent Temperature of
Feed Sludge ·

To evaluate this effect, Sludge "C" Samples with

solids concentrations of U000 mg/1 were adjusted to
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three separate temperatures, 0°C, 4°C, and 27°C, and

were placed in the freezer. After freezing and thaw-

ing, Vacuum filtration tests were run to see the dif-
ference in the filtration characteristics. A record
of time and filtrate collected was maintained. Rates
of filtration were the same for all three influent
sludge temperature levels. V

Tests and Procedures Employed for Sludge
Conditioning Evaluations

l. Sludge Filterability Test
The specific resistance test as described by

Coakley and Jones (171) was adopted as one of the

primary measurements of improved dewaterability.

Using a 7.0 cm Buchner funnel with Whatman No. 1

filter paper, applied Vacuum of l2" Hg, and maintain-

ing one solids concentration, the sample Volumes (in
the Buchner funnel) were Varied from 50 ml to 150 ml
to study the effects of Volumetric loadings on speci-

A
fic resistance. To study the effects of applied
Vacuum on the coefficient of compressibility, the
applied vacuums were Varied from l2" Hg to 2M" Hg,

using a sample Volume of 50 ml. During batch studies,

sample Volumes placed in the Buchner funnel were 50 ml

and a constant Vacuum of l2" Hg was applied.

2. Settling Characteristics
The rate of sludge settling before and after

.
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freezing was determined by calculating the interfacial sett-

ling velocity (ft/hr) and the sludge volume index (S.V.I.)
from data obtained by settling the sludge in a one liter

graduated cylinder.

3. Sand-Bed Studies

The second method of measuring the dewatering char-

acteristics of sludges, with or without freezing, was by
dewatering on gravity sand beds. The gravity drainage ap-

paratus consisted of a box constructed of 3/W'plexiglas with
outside dimensions of l' x l' x l' and a filtrate collecting
trough 2" deep fitted with an outlet pipe for sample collec-
tion. The box was subdivied into smaller sections of l.75"
x l.75" (batch studies) and 3" x 2" (continuous studies),
using l/N" to l/8" plexiglas partitions. The filter media
consisted from top to bottom of a 2" depth of fine sand
(effective size = .0232") and a l" layer of crushed gravel

(effective size = .0¤69"), supported by a wire mesh with

l/l6" openings overlying a l/8" wire mesh. For batch experi- W
ments, each smaller bed section was washed about H-6 hours

before use, while for the continuous flow studies the sections

were washed for about a day before loading the beds. Only

50 ml of sample volumes were applied to the sand beds (small-

er sections) during batch studies, while volumes of M00, 600

and 800 ml* were applied separately for each sludge from the

*These volumes were approximately equivalent to N",
6" and 8" hydraulic heads on the beds.
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continuous studies. After applying a certain volume, time

to collect different volumes of filtrate was noted. Amount
of filtrate collected at the end of 2H hours was noted and,
later on, samples from the cake on the sand bed were taken

after 3, 5, and 7 days for moisture content determination.

Gravity drainage was considered to be complete after one

day while the moisture reductions after 3, 5, and 7 days were
considered to be due to air drying. To study the effect of

solids loading on the cake—quality, different volumes of

settled and concentrated samples (after freezing and thawing)
were applied to sand beds. The solids loading varied from _
l.5 lbs/ft to M.5 lbs/ft2 of sand beds. The sludge used
was "B."

i

M. Gravo-Vacuum System for Solids Production

To study the rate of solids production (lbs/ft?/hr),

an 80-mesh micro—screen was placed in a 3" funnel fitted to
a filtrate collection apparatus, and also connected to the

vacuum system. After placing a certain volume of sample in

the screen, it was allowed to drain under gravity until most
of the drainable water had been removed (it usually took a

few seconds to a few minutes), then about 3" Hg vacuum was
applied for 50 seconds for every solids loading. Higher
concentrations of solids were obtained after settling of

frozen and thawed samples. The solids loading varied from

0.5 to l.5 lbs/ft of screen.· Sludge "A" was used for these
experiments. _
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5. Microscopic Examination
To study the physical and structural changes

occurring in the sludge cells due to the direct freez-
ing, an "olympus phase contrast microscope" was used
to take photomicrograph pictures before and after

i
freezing. The magnification and dilution used were
200 and 1/10 respectively. — V

6. Effect of Storage Time on Sludge Samples
Before and After Freezing and Thawing

The following few experiments were run:
i) Sludge samples were stored for 1 to 7 days

before freezing.
·

ii) Sludge samples were stored for l to 3 days

after freezing, but without thawing.

iii) Sludge samples were stored after complete
thawing for 1 to 3 days.

7. Wet Sieve Analysis (M8)

The size of sludge floc before and after freez-
ing was determined by wet sieve analysis using the
method of Rivera-Cordero (H8). Four sieves of MH,
75, 106, and 250 microns were used. About 10 ml of
sludge sample was poured into the pre-weighed and

dried (at 103°C) sieves, and lightly shaken for al-

most five minutes while partially submerged in dis-
tilled water. The sieves were re-dried at 103°C for

about 2 hours and weighed. The weight of sample
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retained on each sieve was plotted against the sieve number.

Butane Recovery and Stripping y
Theoretically butane is immiscible in water but re-

searchers (136, 137, 138, 1N0) have shown that 50 to 150

mg/1 will remain in solution at temperatures ; 0°C. There-
fore, for economic considerations, butane stripping and re-

l-

covery became very important. Thus, the butane recovery

study was divided into three sections:
i) Recovery of butane vapors from the freezer,

for reuse.

ii) Vacuum stripping of butane trapped or dissolved
in the sludge supernatant, for reuse. '

iii) Air—stripping of butane from sludge supernatant, U
not for reuse.

To evaluate the extent of butane stripping from the sludge

supernatant, the sludge temperature was lowered to about 0

to -0.5°C for a few minutes, but solid freezing was pre-
vented to avoid dissolution of cellular structure which
might have interfered in the stripping phenomenon.

1. Recovery of Freezer Vapors

An ordinary vacuum-pressure pump was used. The

vacuum was about 3 to 7 cm Hg, while pressure was 16 to 18
p.s.i.g. The butane vapors from the freezer were compressed
and condensed on coil "Cl" through which slurry frozen sludge
flowed. The temperature in the condenser, which was in the
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constant temperature bath, was about —l.5°C to -2°C. Butane

recovery using single compressor was H0 to 60%, which could

be increased to 70 to 80% using a secondary compressor in

series with the first one.

2. Vacuum Stripping
The sludge supernatant from the heat exchanger

V

"H2" was pumped into the butane—stripping flask "BS" at

flow rates of 30, 60, and 8M ml/min for each applied vacuum.

The stripper vacuums used were 3, 10, 30, and 50 cm Hg.

One series of runs was made with supernatant temperature

maintained at 0 to l°C throughout stripping. A second
series was run wherein the supernatant was permitted to

warm up to room temperature (27°C) before stripping. The

stripped vapors were permitted to escape, but they could be

recovered for reuse if desired. The total carbon in the
samples was measured before and after stripping, as a
measure of the effectiveness.

3. Air-stripping
The sludge supernatant at room temperature.was

aerated for U to 8 hours to strip off most of the butane
into the atmosphere.

Evaluation of Freon as an Alternate

Freon-1lN (1, 2-dichloro tetra flouro-ethane) which
had a boiling point of 38.89°F, a density of 91.65 lbs/ft3
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and a heat of vaporization of 58.89 BTU/lb, was selected for
study because of the following characteristics:

a) Lowtoxicityb)

No appreciable odor
c) Non—flammable

d) High liquid and vapor densities
e) Low corrosion rates in metal system.

Liquid freon was brought in contact with the sludge
in the same way as the butane, and mechanical mixing was

provided using an r.p.m. of 70 to 80. In spite of the pro-
cedure, a distinct interface persisted between the sludge

and the freon. The temperature at the interface was below

30°P, but considerable thermal variation occurred in the
other sections. An alternate method was tried in which

sludge and freon were mixed in the form of a fine spray and

this resulted in a gas hydrate formation (solid frozen
sludge). 4

Application of Direct Preezing to
aste Sludges rom Other Sources

l. Pulp and paper waste sludge

_ This sludge was obtained from the Wesvaco Pulp and

Paper Mill at Covington, Virginia. The sludge contained

total solids of about 13,300 mg/l with dissolved solids of

about U,000 mg/1. The following series of batch experiments

were run, using 200 ml of sludge for direct freezing experi-

}

ments. One experiment was run using a 500 ml sample volume
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to study the settling characteristics (using 500 ppm Al+++).
i) direct slurry freezing without chemicals

ii) direct slurry freezing using Al+++ coagulant .
dosages of 100 to 1500 ppm

iii) direct solid freezing without chemicals
iv) direct solid freezing with chemicals (Al+++ ·

dosages of 100 to 1500 ppm) 1

v) original sludge with addition of chemicals
without freezing.

Out of the above, i), iii), and v) showed similar results.
The effectiveness of direct freezing was determined by spe-
cific resistance, cake moisture, rate of solids production
and settling characteristics.

I

2. Aerobically Digested Sludge
This sludge was obtained from units in the re-

search laboratory. The sludge samples were taken out of

aerobic digesters maintained at temperatures of 20, 25, 30,
35, H0 and ¤5°C after digestion times of ll days. Using 200

ml of each sample, the following series of direct freezing
experiments were run and specific resistance and moisture
content were used as a measure of improved filterability:

i) direct slurry freezing without chemicals
ii) direct slurry freezing with chemicals

(Al+++ dosage--200 ppm) _
iii) direct solid freezing with and without chemicals.



CHAPTER IV V

EXPERIMENTAL RESULTS p

The improvement in sludge dewatering or so1id—1iquid
separation due to the conditioning effects of direct freez-
ing was determined by measurement of settleability, specific
resistance Values, sand-bed filtration and rate of solids
production. The effects of feed solids concentration, bu-
tane contact times, butane flow rates, Variation in applied

Vacuum volumetric loadings and hydraulic loadings on the Y
above parameters are reported in this chapter.

Sludge Characterization °

The proper correlation of present, past and future

research requires that all sludges, from different sources,
be properly characterized. The reason for this is that no

two sewage treatment plants produce sludges of the same com-

position, properties and characteristics. The characteri-
zation results for the three experimental sludges designated

as "A", "B", and "C", are summarized in Appendix Tables A-1
to A-5. The sludge concentrations greater than 1.5% were
obtained by repeated aeration and settling as previously

described, but simple settling was used to obtain solids
concentrations i 1.5%. The solids concentrations of the
sludges when fed to the freezing unit Varied from 0.8% to
3.6%, depending upon maximum obtainable concentrations.

[

lll y
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Sludge "A"

The sludge as collected had a total volatile solids

content of 76%, and 98% of these solids measured as volatile

suspended solids. After freeze conditioning, there was a

20% reduction in total solids, the percent total volatile

solids was 78%, and 96% of the volatile solids were volatile

suspended solids. The total and volatile solids in the vacuum

, filtrate after conditioning were almost entirely dissolved

solids, but they had increased by 21% over the initial value.
1

There was a slight increase in total and volatile solids in

the supernatant after freezing, whereas the change in the

gravity drainage filtrate was negligible. However, the

solids values of this filtrate were higher than those of the

vacuum filtrate.

The C.O.D. values of the mixed liquor suspended solids

(MLSS) decreased about 10% with conditioning while the changes

in filtrate and supernatant were very small. The pH values

of the sludge, the filtrate, and the supernatant before and

after conditioning were 7.9 to 7.95, 8.2 to 8.6 and 8.2,

respectively.

Sludge "B"
Sludge "B" originally had a total volatile solids con-

tent of about 78%, of which 95% were volatile suspended

solids. After conditioning, a ¤0% reduction in total solids

had occurred. Of the total solids, about 90% were volatile
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solids of which 90% were volatile suspended solids. The

total and volatile solids contents of the filtrates from
both gravity drainage and vacuum filtration were increased
by 40% to 50% after freeze conditioning.

Slurry freeze conditioning reduced the C.O.D. values

of the MLSS by 40% to 50% while there was not much change *

in the filtrate and supernatant values. There were no sig-

nificant changes in pH values, which ranged from 6.8 to 7,
8.2 to 8.4, and 7.2 to 7.4 for sludge, filtrate and super-

natant, respectively.

Sludge "C"

The original sludge contained 70% total volatile solids
of which about 70% were volatile suspended solids, while
after conditioning the volatile solids were about 80% of

the total and 68% of them were volatile suspended solids.
The reduction in total solids after conditioning was about
40%. The filtrate and supernatant total solids increased,

but the differences were not much. The C.O.D. values of the

MLSS decreased by about 40%, while the filtrate and super-
natant C.O.D. values changed very little.

The pH values of the sludge, the supernatant and the

filtrate before and after conditioning were 6.9 to 7, 7 to
7.2, and 7.8 to 8, respectively.

Of the three sludges, the best quality of filtrate

and supernatant after slurry freeze conditioning was obtained
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from Sludge "B", while the worst was obtained from Sludge

"C".

General Observations of the Direct Freezing
Continuous Flow Process

Some preliminary experiments were conducted to evalu-

ate the nature of the continuous flow process, i.e., to

determine temperature effects on settling characteristics

and the proper mechanical mixing speed of the stirrer for

effective slurry freezing. The following observations were
made:

1) Butane flowing into the freezer must be liquid to

produce optimum settling and specific resistance

reduction. A partial Vapor-liquid state would

bring the temperature down, but would not accomplish

freezing, and considerable foam would be generated

in the upper portions of the freezer.

2) The temperature of the liquid butane should be only

l°F to 3°F below the freezing temperature of the

sludge. Greater temperature differentials resulted

in worse conditioning. The optimum temperature in

the freezer was in the range of 28° to 30°F.

3) The freezer must be under a constant Vacuum (3 to

7 cm of Hg) to maintain the temperature of butane

low enough to encourage the heat exchange phenomenon

between sludge and butane. ·
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N) In spite of mechanical mixing, 25 to 30% of the
sludge (that portion close to the freezer walls)

would freeze solid, but it did not affect the
settling characteristics as long as the temperature

during settling was between l0°C and l5°C. At

higher or lower settling temperatures, the rates
of interface subsidence were inhibited.

5) Mechanical stirring speed during freezing needed
to be varied from 15 to M5 r.p.m. for best results,
with minimum speed in the beginning and highest
during the final thickening stage.

6) Violent agitation and fast pumping rates during
the process of thawing in the heat exchangers re-
sulted in poor settling, but very slow stirring
would enhance flocculation. ‘Thus, instead of
pumping the slurry frozen sludge from the freezer
to and between the heat exchangers, gravity flow

would be more appropriate.
7) Increased storage of samples before freezing and

after thawing resulted in decreased settling effi-
ciency and higher specific resistances.

8) During the process of thawing, samples of mixed
liquor were taken at different time intervals and

temperatures to study the optimum settleability.

It was observed that the best results were obtained
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if settling was carried out in the range of l0°C
to l5°C. However, effective vacuum filtration
and gravity drainage of samples gave better results

at room temperature (23°C to 25°C).

Effect of Direct Slurry Freezing on Sludge,
Supernatant, and Filtrate Properties

The initial series of experiments, which were conducted

using the batch process, studied the effects of different

butane, i.e., freeze conditioning, residence times on subse-

quent sludge dewaterability. The dependency is illustrated

by Figures 20 and 21. Figure 20 shows that all periods of

freezing improved vacuum filtration rates with a resulting

reduction in the specific resistance values, but the improve-

ment was a function of contact time. Freezing was not com-

plete after 20 minutes, but it was after H0 minutes. The (

rate of improvement with residence time decreased after com-

plete freezing occurred, but further improvement was observed.

The reduction in the specific resistance was from H7 x 1013

to 20 x 1013 m/kg in H0 minutes, while a reduction to 18 x
1013 m/kg occurred after 60 minutes.

Similar improvement in gravity drainage was obtained

by increased contact times (Figure 21). After a dewatering

time of 2 minutes, the unconditioned sludge contained about

70% cake moisture, while the sludge conditioned for 60 min-

i

utes contained only 20% cake moisture.
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It was also observed that improvements occurred with
_ increases in contact times during the continuous flow experi-

ments with Sludge "B". A specific resistance reduction from

8.5 x 1013 to 2.2 x 1013 m/kg occurred with a contact time

of six hours (butane flow rate of 5 ml/min), while a further

reduction to 1 x 1013 m/kg was observed after 36 hours of

conditioning (Figure 22). Cake moisture decreased from about

99% to 60% after 36 hours, while a reduction to 80% was ob-
1

served after only 6 hours. There was not much improvement

between 6 and 2H hours (Figure 23).

The settling results showed that sludge settleability

is greatly dependent on the butane sludge contact times.

The sludge settled to about 200 ml in 3 minutes after 36

hours of contact time, while it settled to only 650 ml in

the same settling time with a contact time of 6 hours (Figure
2H). The initial settling rate of sludge conditioned by

indirect freezing for 36 hours was faster than that condi-

tioned by direct freezing for an equal amount of time, but

its final settled volume was only 310 ml. This volume was

reached after only 3 minutes and the unconditioned sludge

had not settled at all during this time._ The interfacial

settling velocity (Figure 25) was greater than 16 ft/hr

after 36 hours of contact time, while it was less than N

ft/hr after 6 hours of contact time. The sludge volume in-

dex decreased from slightly less than 60 to 2M (Figure 25)

with an increase in contact time from 6 hours to 36 hours.

l
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I Effect of Butane Flow Rates

When the butane flow rate was increased from 5 ml/min
to H0 ml/min using a 12 hour contact time, the specific re-

sistance increased from 2 x 1013 to 2.8 x 1013 m/kg (Figure
22) and the cake moisture content increased from 78% to 85%
(Figure 23). The settling characteristics were also greatly

affected (Figure 26). After 30 minutes of settling, the
settled volume of the sludge treated with the 5 ml/min flow

was about 325 ml resulting in a 67.5% reduction in volume,
while after treatment at H0 ml/min the volume was 700 ml
for a reduction of only 30%. The interfacial settling velo-

· city decreased from H to 1.5 ft/hr, while the sludge volume

index increased from H0 to 87 (Figure 27).

Comparison with Other Processes

It was observed that the initial rate of settlement

after direct solid freezing (Figure 28) was faster than the
rate after slurry freezing, but the final settled volume was

about the same. Both slurry and solid freezing resulted in
a 65% reduction in the sludge volu e after 30 minutes of
settling, after which„no further s ttlement occurred. Most
of the settling occurred during the first 10 minutes, with
a reduction of 57% at that time, whil the remaining 8% re-
duction took 20 minutes to occur. The solids concentration

·
of the feed and the contact time for the above experiment

1 were 0.8% and 12 hours, respectively. By comparison, the
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literature states that for indirect freezing using a sludge
concentration of about 1%, a ¤5% reduction in volume was
obtained without chemicals, a 50% reduction was obtained
with 500 ppm of Al+++, and a 55% reduction was obtained with
1000 ppm of Fe+++ (27). Heat treatment (16) gave settling
characteristics to the sludge (solids concentration 1% and
temperature of 130°C maintained for 2 hours) such that very
slow settling occurred initially followed by a very fast
rate which continued even after 30 minutes. Prior to con-
ditioning, the sludge used in the direct freezing system
settled about 2% after 30 minutes while no settling occurred
with the unconditioned sludge used in the heat treatment (16)
and indirect freezing (27) experiments. 2

Effect of Operational Procedures on
Subseguent Dewaterability ofh

Freeze Conditioned Sludge

The effects of changes in operational and handling
procedures on the subsequent dewatering characteristics of
the conditioned sludges were evaluated. Operation of the
freezing unit was changed by varying the feed solids concen-
tration whereas handling procedures were changed/by varying
the filtration Vacuum, the solids loading r te and the
storage time before dewatering.

</a

Feed Solids Concentration
When the feed sludge solids concentrations were greater
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than 0.8%, (Sludge "B"), a 12 hour contact time in the con-

tinuous unit was insufficient for good conditioning, and it
was evidenced by the subsequent rate and degree of settling.

At a solids concentration of 0.8%, Sludge "B" settled to

350 ml (Figure 29) resulting in a 65% volume reduction in

about 20 minutes, while for solids concentration of 1.0%,

1.2%, 1.¤26% and 2.0%, the volume reductions were ¤0%, 12.5%,

10% and 1% after the same settling time. Similarly, in the
case of Sludge "A" (solids concentration 1.M26% and butane
contact time of 12 hours), 10% and 35% volume reductions
were observed after 20 and 60 minutes of settling times,

respectively (Figure 30). However, with a solids concentra-

tion of 2.05% and a butane contact time of H0 hours (butane
flow rate 5 ml/min), settling was complete in about 15 min-
utes, resulting in a 75% reduction in volume. Again, when
the sludge concentration (Sludge "A") was increased to 3.6%

and a butane contact time of H0 hours was used, the rate of
settling was about H times less than at a so1ids/concentra-
tion of 2.05%.

When sludge "C" (concentrations of 1. and 1.727%) was

subjected to butane contact times of H0 hou s, considerable

improvement occurred during the first 15 minutes of settling,

but further settling was very slow. However, when the solids

concentration was 2.3%, only a 50% volume reduction occurred

during the time in which a 75% reduction was achieved at a
lower solids content (Figure 31).
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The interfacial settling velocity of Sludge "B" (con-

tact time 12 hours) decreased from 3.75 to 0.15 ft/hr with

an increase in sludge volume index from H0 to 60, when the

solids concentration was increased from 0.8% to 2.0% (Figure

32). An increase in contact time from 12 to H0 hours improved

the interfacial settling velocity from 0.H to 10.H ft/hr for

a solids concentration of 2.3% (Figure 33). Higher solids

concentrations decreased it to 0.8 ft/hr. Using a constant

contact time of H0 hours for Sludge "A", a decrease in set-

tling Velocity from 8 to 2.H ft/hr was obtained when the

solids concentration was increased from l.H26% to 3.6%.

It was observed that to have some appreciable improve-

ment in the dewatering characteristics and faster rates of

settling at higher solids, the corresponding butane contact

times must also be increased. The relationship could ap-
parently be described by the following equation, assuming a J
butane flow rate of 5 ml/min: 7/

Bet = 2H + 8Xf2 Xa
Bct = butane contact time in hours \
Xf = feed solids concentration in %

When the feed solids concentration of Sludge "B" was

increased from 0.8% to 2.0% using an applied filter test

sample volume of 50 ml, the specific resistance value of the

conditioned sludge increased from 0.5 x 1013 to 1.6 x 1013.

When applied sample volumes of 100 ml and 150 ml were used,



13M

Butane flow rate = 5 ml/min I

Butane Contact time = 12 hrs

0-;- Interfacial settling vel.
¤ Sludge Volume Index

804.8
I

.¤
\
JJ

t
/„·

·~ ,gl
I . •3 6 ‘ I 60 Ö /6

-,-4 ° ‘ ‘ •**"3[ . · é »I
•'E?. · Ei 1> _ • •

. l .äÜ
2.4 •» - • I ‘*° HJJ 5 .3 ; . *·.' :¤7.; l 1 . Z 6*•r-Q

·

l

·
• >Eä ·

” <¤q.; • (1
• • 00H I •

*
vg

3 1.2 , • • _ 20 ,1s: ‘ [ "°I l I
B Ö °
I

•
‘ I

I
• • ·‘U

OO ‘ ‘ ‘

0 6 12 18 24
Solids Concentration X 10-3 (mg/1)

Figure 32. Effect of solids concentration in feed sludge on the
and interfacial velocity (Sludge "B")



135

C) Sludge "A" g

ÄÄ Sludge "C"
BCT — Butane Contact Time

16 ‘

/\

///1

·€
+—•
E1 12
>· (4-, (\••-I xU „

O«—4 .ev
>
UO
Y:·•-+·—* 84-¤4-¤avan

•·—•
FU·„—(
0YU'4-($• .
Q) •
4J

0 ,
10 20 30 H0

Solids Concentration x 10-3 (mg/1)

Figure 33. Variation of settling velocity with solids
concentration (Sludge "A" and "C").



136

the specific resistance values of the conditioned sludge
were 1.2 x 1013 and 2.4 x 1013 m/kg, respectively, when the

feed solids concentration was 2.0% (Figure34).For
Sludge "A" (Figure 35-A) using a sample volume of

50 ml and an applied Vacuum of l2" Hg, the specific resist-
ance increased from 0.5 x 1013 (solids concentration of
1.426%) to 4.9 x 1013 (3.6% solids), but this value decreased i

iiii

to 0.2 x 1013 m/kg at a solids concentration of 10%. As

theappliedVacuum was increased from l2" Hg to 24" Hg, the E

specific resistance increased from 0.5 x 1013 to 3 x 1013

m/kg for a solids concentration of 1.426%. (It was observed
that at a constant applied Vacuum of l2" Hg, as the applied
sample Volume was increased to values of 100 ml and 150 ml,

U
specific resistance reductions from 3.5 x 1013 (1.426% solids)
to 2.5 x 1013 m/kg (2.05% solids) and from 5 x 1013 to 2.5
x 1013 m/kg were observed (Figure 35-B). These specific

resistance Values increased to 7 x 1013 and 8 x 1013 m/kg
when a 10% solids concentration was used and the same Volumes
were applied. The effect of increased solids concentration
on the unconditioned sludge was adverse, because the speci-

fic resistance increased from 9 x.l0l3 to 11.5 x 1013 m/kg
when the solids concentration was increased from 1.426% to
3.6%.

Sludge "C" responded to solids concentration increases

similarly to Sludges "A" and "B". Specific resistance in-
creased from 3.25 x 1013 (1.727% solids) to 3.6 x 1013 m/kg
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(2.3% solids) and decreased to 1.25 x 1013 m/kg at a solids
concentration of 14% (Figure 36). The unconditioned sludge

showed adverse effects due to increased solids cancentpatian

with change in specific resistance from 4.8 x 10lu to 5.4 x
10lu m/kg for the same increase in concentration.

Filter cake quality decreased as the solids concentra-
tion and applied sample volumes were increased. Moisture
content for Sludge "B" increased from 60% (0.8% solids) to
74% (2.0% solids) for applied sample volumes of 50 ml, from

70% to 90% for sample volumes of 150 ml (Figure 37). The un-

conditioned sludge moisture content was 98% and it did not

change. The effect of the feed solids concentration on the
cake quality of Sludge "A" was somewhat different from that
on Sludge "B". At an applied vacuum of l2" Hg and a sample

volume of 50 ml, the moisture content decreased from 90%
(1.426% solids) to 87% (2.0% solids), then increased to 94%

at 3.6% solids (Figure 38-A), and, with a further increase
in solids concentration to 10%, decreased to 70%.

An increase in the applied vacuum from l2" Hg to 24"
Hg resulted in higher cake moisture retentions. The moisture
content increased from 88% to 97% as the feed solids concen-
tration increased from 1.426% to 3.6%, but at a solids con-

centration of 10% the moisture was reduced to less than 74%.

Higher applied sample volumes also resulted in greater mois-

ture retentions (Figure 38-B). For applied sample volumes
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of 100 ml, the moisture content decreased from 95% (1.426%

solide) to 93% (2% solide), and then increased to 97% when

the solide concentration was changed to 10%. When the sam-

ple volume was 150 ml, the subsequent moisture content de-

creaeed up to a solide concentration of 3.6%, and then

increased to 96% at a 10% solide concentration.

The cake quality of sludge "C" improved as the solide

concentration increased, with the moisture content decreae-

ing from 95% (1.727% solide) to 81% (14% solide).

Variation of Applied Filtration Vacuum

An increase in the applied filtration Vacuum from l2"

Hg to 24" Hg reeulted in an increase in specific resietance.

The conditioned Sludge "B" (Figure 39) showed a decreaee in
specific resietance up to l8" Hg vacuum, after which, with

further increase in applied vacuum, the specific resietance
increased. Higher specific resietancee were observed at

higher solide concentrations. The coefficient of compressi-

bility values increased from 1.21 to 1.35 with a change in

solide concentration from 1.075% to 2%, but the values de-

creaeed for higher solide concentrations. A similar increase

in the coefficient of compressibility of Sludge "A" with an

increase in solide concentration was noticed over the low

range (Figure 40), but high solide concentration produced

a decreaee. The specific resietance values for Sludges "A"

and "C" (Figures 40, 41) increased ae applied Vacuum
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increased with one exception. The specific resistance value
of the l.¤3% solids concentration of Sludge "A" decreased

for vacuums up to l8" Hg, after which it increased.

Applied vacuums of l2" Hg to l8" Hg resulted in de-

creases in subsequent cake moisture contents of Sludges "A"
and "B" (Figures M2, H3), but higher vacuums increased the
moisture content. For Sludge "C" (Figure MH), higher vacuums
improved the cake quality.

Effect of Solids Loading and Alum Addition
(gravo—vacuum system)

As the solids loading was increased from 0.1 to 0.25
lbs/ft2 of screen, the dewatering time for freeze conditioned
Sludge "A" (with 200 ppm of Al+++) increased from M8 to 75

secs, while without chemicals it increased from 70 to 120
sec (Figure H5). The maximum solids loading used for con-

ditioned sludge without chemical addition was 0.3, but it
was increased to 0.5 with chemical addition. (

Rate of solids production (lbs/ft2/hr) increased from
7.5 to 18 for freeze conditioned sludge with chemical addi-

tion (Figure N6). The maximumzrate of solids production
was achieved at a solids loading of 0.3 lbs/ftz, and it de-
creased to 12 lbs/ftz/hr at a solids loading of 0.5 lbs/ftz.

Freeze conditioned sludge, without chemicals, had a maximum
rate of solids production of about 7 at a solids loading of
0.2, after which the rate of production decreased.
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The minimum moisture content for freeze conditioned
sludge without chemical addition was 70% at the lowest solids
loading of 0.1, but at the highest solids loading it increased
to 8M% with the addition of chemicals. The conditioned sludge
moisture was also 70% at solids loadings of 0.1 and 0.3, but
at other loadings the moisture contents were high. The ad-

dition of chemicals resulted in the capture of 98.5% of the

solids, while without chemicals it was only 82%.

Effects of Storage Time on

A few batch experiments were run to study the effects

of storage time before freezing and after freezing and thaw-

ing. It was observed that in both cases the storage time

had detrimental effects on settling, filtration, and drainage

characteristics. When stored after freezing, the subsequent

characteristics were equal to or worse than those of the un-
conditioned sludge. The quantity of experimental data was

small and it was not reported or plotted.

Dewatering Characteristics on Sand Beds
Gravity drainage on the sand beds was almost complete

in one day, and the shape of the curve was approximately an

S (Figure M7). Gravity drainage took place in two or three
steps. A fast initial rate of drainage occurred during the
first 30 minutes to one hour, followed by a slow rate, and
a subsequent faster rate. The rate of drainage after 2 to 3



154

Typical Gravity Irainage

:-4GJ4-¤ .TJ 100
:1:.:43

: gä Q
U-4 J L. IÖ!,%.%-2 ‘
:2 Ü Q:

w:uct:0·„-e
ES 9 "*VU
§ ga (Ö Original Sludge-Solids Conc.=l.075% ~
ug 95S8 E G
e·¤ C) Direct Freezing—Solids Conc.=l.075% “‘
g k:.1 4.:·„-:

ä Ö Ax Direct Freezing—Solids Conc.=l.462%
4.: S40 ‘
:0‘§

E] Direct Freezing—Solids Conc.= 2.0%
0:éäo Sample volume applied to sand bed =

S2 600 ml (6" Hydraulic head)

90

0 1.0 2.0 24.0

Gravity Drainage Time (Hrs)

Figure #7. Bench scale saud bed studies-—dewatering due to

l

gravity drainage (Sludge "B").



155

hours was very slow. After one day of drainage, the sludge
sample with the higher solids concentration contained the
lower moisture content. Sludge "B" (Figure H7) contained

91% moisture at 2.0% solids, while the value was 93.5% at a
solids concentration of 1.075%.

Air drying results in a relatively fast initial rate
of moisture reduction, but it slows down with time (Figure
M8). After 7 days there was no appreciable reduction in the.

moisture content with air drying. The sludge sample with

the lowest concentration of solids had the lowest moisture

content and, thus, the best quality of cake. Moisture con-

tent after 7 days of air drying for a solids concentration
of 1.075% was 80%, while for a solids concentration of 2.0%

the same value was 8H%. The unconditioned sludge retained
a moisture content of 91% after 7 days of air drying.

High solids concentrations in the feed sludge had ad-
verse effects on the dewatering characteristics of Sludge
"B" (Figure 49), Sludge "A" (Figure sol and Sludge "C"

(Figure 51). For a sample volume of U00 ml (2% solids) of
sludge "B", the moisture retained was 79%, while for 600 ml
and 800 ml volumes of the same concentration, the compara-

tive values were 8¤.5% and 85.5%, respectively. At the

solids concentration of l.¤26%, filter quality improved by
reduction in moisture content, while at other solids con-

centrations the values were higher. The cake moisture varied
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from 80% to 85.5% due to the solids concentration change
from 1.075% to 2.0%. For Sludge "A" (Figure 50), cake mois-
ture content varied from 75% to 90%, when the solids concen-
tration varied from 1.43% to 3.6%. The lower cake moistures
were observed when smaller sample volumes were applied, i.e.,

400 ml, while higher cake moistures occurred with higher ap-

plied volumes, i.e., 800 ml. Sludge "C" (Figure 51) had the
worst cake quality, and it retained the maximum moisture of
all the sludges. At a solids concentration of 1.43% the
cake moisture was 88%, while it rose to 90.5% at a solids
concentration of 2.3%. The unconditioned sludges in the

above cases had moisture contents from 93 to 98%. The ef-
fects of larger volumes, or higher hydraulic heads, were

faster initial gravity drainage rates (Appendix III), but
poorer cake qualities after 7 days of air drying.

As the solids loading (lbs/ftz) increased from 1.5 to
4.5, the cake moisture content increased from 79% to 85%
(Figure 52). The lower moisture contents were observed at

lower solids concentrations, while higher solids concentra-
tions resulted in poor cake quality. The unconditioned

sludge contained 88% to 92% moisture content.

Physical Changes in Directly Frozen Sludge

It was observed microscopically that the unconditioned

sludge floc was quite disperse and microorganisms such as
protozoa, rotifers, sludge worms, bacteria could be seen.

1
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After freezing, however, the above microorganisms could not
be identified, but bigger clumps of flocs were observed sur-
rounded by empty spaces, which indicated that direct freez-

ing had enhanced the phenomenon of flocculation.

Wet Sieve Analysis

Sieve analysis of the sludge before and after freeze
conditioning showed that increases in the butane contact
time resulted in retainment of greater weights of samples on

smaller screen sizes (Figure 53). The retainment of uncon-
ditioned sludge was only 20% as great as that of the con-

ditioned sludge. This analysis also indicated that direct
freezing promotes greater floc size, thus confirming the en-
hancement of the flocculation phenomenon.

Feasibility of Substituting Freon-llü for Butane

Substitution of Freon-ll¤ for butane as the refrigerant
resulted in flash freezing and the formation of a gas hydrate

which, upon thawing, gave very poor settling and dewatering
characteristics. Some of the data from these experiments
are plotted in Figure 2M.

Effect of Sludge Origin on Applicability
of Direct Freezing

As a further evaluation of the system, two other types

of sludges were conditioned during this investigation.
These were waste activated sludges from a pulp and paper

W
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waste treatment plant, and an activated sludge that had been
aerobically digested at various temperatures for eleven days.

Pulp and Paper Waste Sludge Results

It was observed that direct slurry (or solid) freezing,

without any chemical addition, produced the same changes in
sludge characteristics as an alum coagulant dosage of more

than 500 p.p.m. Direct freezing with a coagulant dose as
low as 200 p.p.m. resulted in reduction of specific resist-
ance from ll x 1013 m/kg (chemically conditioned with 200

p.p.m. dosage--no freezing) to 3 x 1013 m/kg. The pulp and
paper sludge could be conditioned with coagulant alone, but

it would require a much higher dosage and would still not

achieve as great an improvement in dewatering characteristics

as would direct freezing with very small dosages of coagu-

lants. Supernatant and filtrate qualities were greatly im-

proved from the color reduction point of view. After con-

ditioning, the supernatant and filtrate color changed from

orange to pale-yellow. For additional results, see Appendix

VI.

Aerobically Digested Sludge Results

Sludge aerobically digested at temperatures ranging

from 20° to N5°C responded very well to either direct slurry

or solid freezing with or without chemical addition. From _
a specific resistance and quality of cake viewpoint, aerobic
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digestion temperatures of 20°C and 30°C were the most favor-
able with 30°C being the best of all.

Direct freezing without chemicals resulted in specific
resistance and cake moisture content values of 3.5 x 1013

m/kg and from 60% to 80%, respectively (Figure 71). The
lower values occurred at temperatures of 20°C and 30°C, while
the higher values were observed for digestion temperatures
equal to or greater than 35°C. When chemical addition and
direct freezing were used, the specific resistance and cake
moisture content values varied from 0.2 x 1013 to 5.5 x 1013
m/kg and from 20% to 62%, respectively, a considerable im-
provement. The unconditioned sludge had specific resistance
and cake moisture values of H3 x 1013 m/kg and 98%. Addi- ·
tional supporting data are in Appendix VI.

Direct Freezing Process Economics

One of the most important factors contributing towards
the economic success of the direct freezing process was how
much butane could be stripped and recovered for reuse. lt
was observed that M0% to 60% of the butane vapors from

thefreezercould be compressed for reuse when a single com-
pressor was used, while some of the butane which was trapped
or dissolved in the supernatant could be stripped by slight
vacuums (Figure 5M) in the butane-stripping tank. When the
stripping temperature was O to l°C, lower flows of super-
natant, e.g. 30 ml/min, were more favorable to the stripping
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phenomenon, whereas higher flows, e.g. 8M ml/min, gave bet-
ter results when the supernatant temperature was 27°C. Most

of the butane could be stripped at vacuums of 5 to 10 cm.

To determine the energy requirements of direct freez-
ing by butane, an activated sludge sewage treatment plant

that produced 50,000 lbs/day of waste activated sludge with

a solids concentration of 1.5 percent was assumed for the

calculations. It was then calculated that 9.5 x 106 BTU's
of heat would have to be extracted from the sludge to freeze
it. To do so would require 6.75 x 106 lbs. of butane. The

vaporized butane would then lose 7.M5 x 106 BTU's thawing

the frozen sludge, thereby leaving the vapors with 2.05 x
106 BTU. Additional refrigeration, at the rate of 288,000
BTU's per ton of refrigeration, required to extract the rest

of the heat, would be 7 tons, or 14 H.P. of ammonia refrigera-
tion system including all auxiliaries. To condense the vapors

by compression would require an additional H.P. of 19 for a
total H.P. requirement of 33 for a complete butane freezing
cycle. By comparison, simple direct freezing would require
66 H.P., assuming an ammmonia refrigeration system, and an
additional 9 H.P. would be required to thaw the sludge for
a total of 75 H.P. per cycle.

A particularly attractive aspect of the butane freez-
ing process is the low percent moisture left inthe sludge

after filtration. From the experimental results, this value

was found to be in the range of 30 to 70 percent, a value
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considerably lower than that attained by other procedures.
For example, chemically conditioned and vacuum filtered

waste activated sludge usually contains 90 percent moisture

or more. If incinerated, the sludge from the butane freez-
ing process would sustain combustion by itself and would
generate a considerable amount of excess energy that might
be converted and used for refrigeration purposes. Most
sludge incineration processes are not self-supporting.

The cost of conditioning by the butane freezing pro-
cess would vary according to the sludge solids concentration,

the size of the treatment plant, the cost of liquid butane,

the cost of power, the cost of money, and the type of labor

available. This cost would also be a function of the amount
of butane recovered, which depends upon whether a primary com-
pression or a secondary compression cycle is used. Consider-

ing these variables, it is estimated that the cost would
range from $6 to $20 per ton of dry solids handled. This

does not include dewatering equipment or capital, maintenance,
and operating costs of the equipment. However, comparison

(

with other processes that have been evaluated the same way
indicates that the butane process would be cheaper (Table

U A-7). The economic advantage of the process is further en-
hanced by the fact that it produces a supernatant and a fil-

trate of such high quality that it would not exert a signi-

ficant load on the biological process if returned to the

plant. Supporting data are in Appendix V.



CHAPTER V

’ DISCUSSION OF RESULTS ü
The purpose of this chapter is to interpret the results

of the previous chapter and provide some insight to assist a
design engineer in designing a slurry freezing process for
sludge conditioning. For simplification, butane contact
time was used as the chief parameter for expressing degree
of conditioning; however, it should be recognized that con-
ditioning is also a function of the rate of heat transfer
and differential temperatures, i.e. the difference in the
freezing temperature of the sludge and that of the top layerV
of the sludge column. The latter two parameters may have a
strong effect on the required contact times of the batch and
the continuous freezing units. The important point is, the
long contact times required with the continuous unit were

peculiar to the equipment configuration used and should not
be considered as descriptive of the slurry freezing process.

Sludge Characterization

The most important point revealed by sludge characteri-
zation was that after conditioning all of the three sludges
had a high percent total volatile solids content, but the
percentages of volatile suspended solids were somewhat less
than those of the unconditioned sludges. Thus, a higher dis-
solved organic solids content was produced during freezing.

169
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The higher dissolved solids can be explained by two factors,
the presence of butane trapped and/or dissolved in sludge
particles and, sludge destruction or cellular rupture, which
would reduce the volatile suspended solids, thereby releas-

ing internal water rich in dissolved organics. Of the two,
the major contribution is most likely from the osmotic de-

hydration of the cells, thus forcing the internal cellular

water which is rich in dissolved organics into solution. „
The butane gets stripped off during Vacuum filtration with-
out interfering much in the results. Since the increase in

dissolved organics was not considerable, it was indicative
of the fact that the destruction or cellular rupture by de-

hydration was small. There were no significant changes in
the pH and C.O.D. values of the filtrate.

° The contribution of cellular osmotic dehydration be-
- came Very significant during indirect freezing conducted by ‘

Katz (29) because the total dissolved solids content and
the C.O.D. values of the filtrate were many times higher

than that of the unconditioned sludge. The high dissolved

solids content, after solid, indirect freezing, was attributed
to the tremendous ice pressure exerted on the sludge parti-

cles. Such pressure was estimated as being equivalent to

12 atmospheres by Clements (27). In direct slurry freezing,

the exertion of pressure was a small fraction of that amount.

Direct Freeze Conditioning „

Experimental results show that one of the most
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important factors contributing to the optimization, success
and efficiency of the direct freezing process was butane
contact time with the sludge. The effectiveness of the bu-
tane contact time depended on many factors, a few of whichfollow: _

l) Configuration of freezer and mode of freezing.
2) Solids concentration present in the freezer sludge.
3) Maintenance of proper operating conditions in the

freezer.
H) Storage of sludge samples before freezing.
5) Reuse of recovered butane.
It was observed that the conditioning results obtained

with the batch freezing were much superior to the continuous

operation for the following reasons: a) In the batch freezer

the applied sample volumes were 1500 ml, which gave a sludge
thickness of l/M" to 3/8". Smaller thicknesses gave higher
surface area for heat transfer and the coefficient of heat
transfer significantly increased. A similar result has been
previously reported by Clements (27), Sewage Commission,

Milwaukee (38), and Cheng (30) for indirect freezing systems.
On the other hand, in the continuous flow apparatus, for

higher contact times, the sludge depth (thickness) in the

freezer ranged from 6" to 12", thus reducing heat transfer

. efficiency and resulting in higher and higher required con-
tact times to obtain a certain process efficiency. Greater

sludge depths also exerted pressure on the liquid butane

1
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bubble at the diffuser which raised the boiling point of
butane, thus reducing the effective driving force (tempera-
ture differential) between liquid butane and sludge.

The presence of just one diffuser located in the center
of the continuous freezer was not enough for equal and simi-

lar heat transfer between the sludge particles and the bu-

tane. The modes of freezing in batch and continuous were

different. In batch systems each cell was exposed to the
same butane contact time and remained in the freezer whereas

in the continuous system, some short circuiting most likely

occurred, which reduced the process efficiency. (

Butane contact time was also very sensitive to changes

in the feed sludge solids concentration. A contact time de-

termined at a particular solids concentration did not give

the same improvement when used for a sludge at higher solids
concentration. This effect was similar to that obtained by
Major et al. (87), who, while working with E. cgli suspensions
in freezing medium, found that the percentage of the number
of cells surviving increased as the concentration of suspen-

sion cells changed if the same freezing medium, time and
temperature were maintained. It was also postulated by

Major et al. (88) that greater cell survivals occurred at

higher cell concentrations because solutes escaping from

some injured cells acted as protective agents thus preventing

cellular dehydration or biochemical changes, which otherwise
might have led to cell lysis and release of cellular water.
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It was also observed that there were quick improvements
in sludge characteristics (Figures 20, 21, 22) up to a cer-

tain contact time; improvements then slowed down for a "lag
( time," after which further improvement occurred. This could

be explained by postulating that after a certain threshold

degree of contact, during which capsular water froze apply-
ing mechanical stress on the cell, a lag phase occurred dur-
ing which the internal water slowly moved out. The greatest

improvement occurred, however, when most of the internal
water had flowed out and frozen as an ice crystal, and the

internal proteins, due to expulsion of water, came in con-
tact with each other, resulting in covalent S-S bond. This

latter action made the above phenomenon irreversible and re-

sulted in cellular precipitation and flocculation. If at

higher solids concentrations, the threshold contact time
the cell was maintained in a frozen condition for a long
time after threshold contact time, there was an effect which

was equivalent to the "Storage time effect on cells in the
frozen condition." The effect and concept of storage time
in the frozen state was previously mentioned by Clements

(27), Sewage Commission, Milwaukee (38) and many others. By
keeping the cell in that state greater stresses were exerted

on the cell, which promoted flocculation and resulted in

. faster solids-liquid separation upon thawing.
Of equal importance was the maintenance of proper

operational driving forces; i.e., temperature and pressure.
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i
Deviation from optimum conditions resulted in higher butane
contact times and poorer settling and dewatering character-

istics of the conditioned sludge.
Sludge samples used in the batch studies were applied

to the freezer without any prior storage and the results

were much better when compared to the continuous process.

The solids concentration process used to obtain the desired

concentrations involved 3-7 days of operation, during which

time the sludge changed its color from brown to black. The

C.O.D. values of the supernatant did not change, however.

During the process of concentration, although samples were

being aerated, it was often observed by smell that the

sludge was anaerobic. The effect of anaerobiosis resulted

in higher required contact times to achieve the same results

without sample storage. p
In the continuous process recovered butane was used.

With this experimental system recovered butane was contami-

nated by air and oil from the vacuum pump and therefore was

not as pure as the original butane. These impurities reduced

the butane heat exchange capacity, thus resulting in higher

required butane contact times.

Proper control of the process of thawing was also im-

portant for the promotion of better settling characteristics.

. It was observed that optimum settling occurred when the tem-

perature in the settling cylinder was between l0° - l5°C.

The reason for this range was that below l0°C, complete

K
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solid-liquid separation did not take place, whereas at tem-
peratures higher than 15°C, the butane vapor pressure
(trapped between sludge particles) was high enough to keep
the sludge particles floating or suspended, resulting in
two thick layers of sludge at the top and bottom of the
cylinder with clear liquid in between. This temperature
sensitivity range became more and more important as freezing
was carried out to solid state and higher contact times were
used. In this type of freezing, the percentage of butane

trapped was more than during slurry freezing, but if the

temperature range during settling was kept between l0°-l5°C,
direct solid freezing gave slightly better settling results.

The rate of settling was also a function of the butane
contact time and the feed sludge solids concentration. For
an increase in solids concentration from l% to 2% (Sludge
"B" contact time 12 hrs), the sludge settling efficiency de-
creased by a factor of 30. However, the rate of settling
accelerated three times as the contact time was increased
from 12 hrs to MO hrs, in the case of Sludge "A." The inter-
facial settling velocities of M to 12 ft/hr are much higher
than values reported in the literature.

Another important factor contributing to conditioning
improvement was the rate of freezing as controlled by the

. flow rates of butane. Moderately high butane flow rates
(15 - 30 m/min) resulted in "quick freezing," while at still
higher flow rates (L 35 ml/min) "flash freezing" occurred.
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The feed sludge flow was 3-5 ml/min in both cases. Both of
the above freezing rates resulted in fast rates of freezing
that did not allow enough time for most of the internal water

to flow out of the cell and freeze around it, which was neces-

sary for significant improvements in the dewatering charac-
teristics. On the other hand, slower flow rates (< 10 ml/
min) resulted in a slow rate of freezing and the formation
of an extracellular ice that produced mechanical stress,

· electrolytic changes and, finally, osmotic dehydration of

cells. The above phenomena of slow and flash freezing were
previously reported by Katz (29), Clements (27), and many

others. They reported that "flash freezing" did not improve
the dewatering characteristics very much, while slow freezing

was very effective in enhancing flocculation phenomenon, thus

resulting in better results.
. Direct freezing Cslurry or solid) without chemicals,

when compared to other sludge conditioning processes such as

indirect freezing as used by Clements (27), gave better
settling characteristics. Indirect freezing without chemi-
cals did not settle well, but after the addition of coagu-
lants like Al+++, Fe+++, etc., gave comparable results. The
difference could be due to the different characteristics of

the two sludges. Heat treatment (16) gave comparatively
_ slower settling rates in the beginning, followed by faster

7 rates of settling, but at the expense of a very poor quality

of supernatant and filtrate. The direct freeze conditioning
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of sludges "A," "B" and "C" gave different settling charac-
teristics. Thus the effectiveness of a sludge conditioning
process is directly related to the sludge characteristics.

Even the sludge from the same source could respond different-
ly if handled in a different way before freezing or any other

conditioning procedure.

Specific Resistance Coefficient
Quality

The results indicated that the specific resistance
progressively increased as the solids concentrations were

increased. For each 1% increase in solids (using a sample
volume of 50 ml and applied vacuum l2" Hg), the increase in

specific resistance was observed to be 1 x 1013 m/kg. This

relationship held good until the solids concentration was

3.6%, after which further increases in solids concentration

decreased the specific resistance. At lower solids concen-
tration the sludges were very compressible when subjected

to vacuum, thus choking and clogging of the filtering media
occurred and the resistance to water flow increased. At

higher solids concentration, however, the thickness of fil-
ter cake increased which acted as a filtering aid when sub-

jected to vacuum and the filtering media did not clog.
Volumetric loadings on the Buchner funnel also had an ad-

° verse effect on the testing procedure. For every 50 ml in-

crease in applied sample volume, the specific resistance
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increased on the order of 1 x 1013 m/kg for sludge "A," but
higher volumetric loadings of Sludge "B" reduced the speci-
fic resistance only when the solids concentration was j 3.6%.

When the solids concentration was increased above that level,

the higher volumetric loadings had adverse effects on speci-

fic resistance.
Higher volumetric loadings result in greater hydraulic

—1oads, and when the vacuum was applied it gave the effect

of higher applied vacuum, thus resulting in faster cake come

pression and giving rise to greater specific resistance
values.

An increase in applied vacuum (l2" Hg to 2H" Hg) re-
sulted in higher specific resistance and coefficient of com-
pressibility values for sludge "A" and "C," but for Sludge
"B" these values decreased up to l8" Hg vacuums, after which
they increased. For each increment of l" Hg in applied
vacuum, the corresponding increase in specific resistance
was approximately 0.1 x 1013 m/kg, assuming that the solids
concentration and applied sample volume remained constant.

V Specific resistance and coefficient of compressibility
are good tools for comparative studies of sludges from dif-

ferent sources from a filterability point of view, but for

determining the suitability and performance of filters for
. a particular sludge, the "leaf-filter test" is more reliable.

High specific resistance of a sludge is indicative of the
fact that the sludge is very compressible which, in turn,

N
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means a poorer quality of filter cake, while higher coeffi-
cients of compressibility would mean less filter yield and
vice versa.

Specific resistance values after direct freeze condi-
tioning were of the order of 1013 m/kg while for uncondi-
tioned sludges theyvvere closer to 10lu m/kg. The coeffi-
cient of compressibility values were closer to one at higher
solids concentrations. The above values are comparable to
or better than most of the other conditioning processes.
Out of the three sludges, Sludge "C" had the highest speci-
fic resistance, but the compressibility coefficient was
comparable to those of the other sludges.

Filter cake quality was affected by the feed sludge
solids concentration. For each 1% increase in solids con-
centration the cake moisture increased by 5 to 15% for all
sludges up to solids concentrations of 3.6%, but at higher

concentrations the cake moisture decreased. This is because
at high solids concentration the filter cake was less com-
pressible and therefore, greater filtrate volumes were col-
lected. Also, the initial moisture content of the cake was

less to start with.
High applied sample volumes and vacuums resulted in

poor quality of cake. For each additional 50 ml of volume

. applied, the cake moisture content increased from 12 to 20%,
while each l" Hg increment of applied vacuum resulted in an

increase in the cake moisture content of 1%. Filter cake

1



‘ 180 (

moisture varied from 60 to 80%, the lower values for Sludge

"A" and "B" and the higher values for Sludge "C."
An optimum rate of solids production value of 7 1bs/

ft2/hr was observed at a screen solids loading of 0.2 1bs/

ft2/hr for conditioned sludge without chemicals, but chemi-
cal addition increased the production rate to 18 at a screen

solids loading to 0.3 lbs/ft2. The higher solids production
rate for sludge conditioned with chemicals was due to the

fact that Al+++ enhanced the colloidal destabilization,

resulting in greater flocculation and greater cake strength.

The cake production rate for unconditioned sludge was negli-

gible. The reason of higher cake production in conditioned

sludge without chemicals as compared to unconditioned sludge

was the fact that freezing results in flocculation phenomenon

as was evidenced by microscopic examination and wet sieve

analysis. Coakley (17) reported that coarser particles, re-

sulting from flocculation filter or dewater well when sub-

jected to gravity or vacuum dewatering. Higher solids load-
ings resulted in poorer cake quality in conditioned sludge

both with and without chemical addition.

Dewatering Characteristics on Sand Beds

Dewatering on sand beds consists mainly of two pheno-

g mena: 1) drainage and 2) air drying.

In the case of drainage, the initial faster rates were
due to the filtration of free water, after which there was a

l
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lag time during which the sludge particles compacted together
and then released the water held in between them resulting

in a secondary increase in drainage but at rates somewhat

slower than the initial rate. After one day of gravity

drainage, further dewatering was almost entirely due to

evaporation. Again the initial rate of moisture reduction
was relatively high, because the moisture could move to the

surface for evaporation, but after seven days there was no

further appreciable moisture reduction, indicating that the
constant drying rate had ended and that the cake moisture

content values at that point were the critical moisture

values. However, the constant drying rate lines did not

exactly follow a straight-line pattern, as previously re-

ported by other researchers (189, 190). This difference

was possibly due to the fact that part of the "constant
drying rate" might have already been incorporated with

drainage after one day.

Higher cake moisture values were observed in the con-
tinuous flow process samples after gravity drainage as com-

pared to batch process samples. It is possible that entrained

air in the filtering media caused the slower gravity drainage

rates, whereas during evaluation of the batch process the

filtering media were washed N-6 hours, which evacuated the

„ entrained air before the samples were applied.

Higher applied hydraulic heads on sample volumes re-
1

sulted in poor cake quality after seven days of air drying

l
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because the moisture trapped in the lower portions of the
cake could not move up to the top surfaces because of higher
resistance offered by the solids. A similar effect was
noticed due to increases in solids concentration for the
same reason. For each increment of 1% solids concentration

increase, the cake moisture content increased anywhere from
10 to 15%, and for every 200 ml increase in the volumetric

loading the cake moisture increased from 2 to 6%. Greater
cake moisture retentions were observed at higher solids con-
centration and Volumetric (or hydraulic) loadings.

G Each increment of solids loading of 1 lb/ft2 of sand
bed resulted in a 2% increase in the cake moisture content.

Butane Stripping from Supernatant

_ — At lower supernatant temperatures, the residence time

lof the bubble in the stripping flask was important. There-
fore, smaller flow rates were more favorable. However, for
high temperatures the bubble residence time was not important
because the Vapor-pressure of the butane was high enough that
it could be stripped by application of a slight Vacuum. Also,
at higher flows the bubble dispersion was greater, hence at

higher supernatant temperatures higher flow rates were more

favorable. °

. Application to Waste Sludges
from Other Sources

The results show that direct freezing, either solid
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or slurry, can be successfully used as a conditioning pro-
cess for waste activated sludges with or without chemical
addition regardless of the type of waste tveated or the
activated sludge modification used.



CHAPTER VI

CONCLUSIONS

Based on the results of this investigation the follow-
ing conclusions were made:

1) The direct slurry freezing process using liquid
( normal butane as the refrigerant is an excellent

method for conditioning waste activated sludge to

promote settling, concentration and dewatering.
2) The quality of subsequent filter cake and the rate

and degree of settleability of the conditioned
sludge is directly related to the "butane contact"
or freezing time whereas specific resistance and

_ the compressibility coefficient are inversely
related.

3) Settled sludge concentrations after freezing and

thawing ranged from 10 to 1H%.
U) Filter cake moisture content from vacuum filtration

after conditioning ranged from H0-80%.
( 5) Moisture in the cake from sand beds after seven

days of air drying ranged from 30 to 90%.
6) The C.O.D. values of the supernatant and filtrate

(from gravity drainage and vacuum filtration)
‘ after conditioning were il.5 times the unconditioned

values. But the values from the other conditioning

18N

1
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processes like heat treatment (16) were 10 to 15
times higher than the unconditioned values.

7) Slow rates of freezing, i.e. lower butane flow
rates, produce better dewatering characteristics

in the waste sludges.

8) There is a direct relationship between the solids
concentration and specific resistance and coeffi-

cient of compressibility values up to a concentra-

tion of 3.6% whereas settleability and cake quality
U

are inversely proportional. However, higher solids

concentrations, i.e. > 3.6%, result in a direct
cake quality relationship. _

9) Higher volumetric loadings resulted in a poorer
quality of cake from both vacuum filtration and

u
gravity sandbed dewatering.

10) Direct freezing causes cellular dehydration and _
enhances the flocculation phenomenon.

ll) Using conditioned sludge from the slurry freezing

process, the rate of solids production by a gravo-

_ vacuum system is more efficient than ordinary ‘

vacuum filtration.

12) Storage of samples either before freezing or

after thawing was detrimental to the subsequent

dewatering characteristics.



7 186

13) Freon-llü was not found to be a suitable
refrigerant for conditioning of waste activated
sludge in a direct freezing system.

lu) The direct slurry freezing process has a favorable
economic comparison when compared to other pro-
cesses such as heat treatment, presently used

for waste activated sludge conditioning.
l5) Direct slurry freezing is considerably more

efficient than the indirect freezing. It would
have a total power requirement of only 33 H.P.
to condition 750 lbs (dry solids) of waste

activated sludge per day where indirect ammonia

refrigeration freezing would require 75 H.P.
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Source #l

Route 8l Sludge (Sludge "A"):--This is a small extended
aeration waste treatment plant which treats approximately

6,000 gallons per day of domestic sewage from a motorist
rest area located on Interstate 81 near a Radford, Virginia
interchange. The plan has a comminutor, but no primary settl-
ing. Aeration is by means of a surface aerator and sludge

‘ is recycled to the aeration tank from the final settling

basin by an air lift pump.

Source #2 .”

Corning Glassworks Sludge (Sludge "B"):--This is a
small extended aeration plant located at the Blacksburg
Corning Glassworks Plant. This plant treats a domestic

p waste of approximately 24,000 gallons per day from the plant
employees. This plant has a communitor but no primary settl-
ing. Aeration is by means of four diffused aerators and
the sludge is recycled to the aeration tank from the final
settling tank by air lift pumps.

Source #3
Roanoke Sludge (Sludge "C"):--This is a conventional

activated sludge treatment plant serving the City of Roanoke,

Virginia. This plant has a designed flow of about 24 mil-
‘ lion gallons per day, originating from both domestic and in-

dustrial sources. The sewage flow to the treatment plant
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is usually much higher than the above flow, and hence this
plant is always overloaded. As a oonsequence, the sludge
is nearly always of poor quality and has very poor dewater-

ing and settleability characteristios.
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GRAVITY DRAINAGE AND AIR DRYING

ON SAND BEDS
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Gravity Drainage

L-cun¤—«
cc 100cuxtG5°'ä’„
(1).0 ""Ö··——-•- •—.._O_—_—
fig 1äQ;\' °"“··—C1
<:.‘c¤ an- ·—

"M _ _ _„_,„ E
bO£I . ll
::1 0 „
cc)-6 bucc cc ·

L m 9
nä ° 1.
ä m

\\\
*ne 95gg, _ E}-

om E
Lgw .

3 O0.S., Solide Conc.= 1.075% '
zu

()D.F., Solide Conc.=1.075%ES

ÄÄLLFH, Solide Conc.= l.M26%
‘ []D.F., Solide Conc.= 2.0%

9
0.S.--Original Sludge
D.F.——Direct Freezing

· 90
0 1.0 2.0 2U.0

‘Drainage Time (houre)

Figure 55. Bench Scale eand bed etudiee dewatering due
to gravity drainage (Sludge "B").
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Gravity Drainage
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Gravity Drainage
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Gravity Drainage

Volume applied to sand bed = 600 ml
(6" Hydraulic head)
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Gravity Drainage

Volume applied to sand bed = 800 ml
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Figure 62. Bench scale sand bed studies, dewatering
due to air drying (Sludge "A") 4
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Air—Drying
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due to air drying (Sludge "A")
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Gravity Drainage
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Air—Drying
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I. Butane and Energy Requirements for Direct Freezing
Assume a waste activated sludge flow of 50,000 1bs/

day with a solids concentration of 1.5% (typical of aerobic
digestion) and at a temperature of 77°F.

Total dry solids = 750 lbs/day

A. Heat to be extracted from the

sludge for freezing:
A

Weight of sludge to be frozen = 50,000 lbs/day
Temp. drop for freezing = (77-31) = N6°P
Latent heat of ice = 1MN BTU

Heat extracted to freeze 50,000 lbs. of
waste sludge = 50,000 x (46 + IQM) .

= 95 x 105 BTU/day
B. Butane(liquid) requirement for

extraction of heat: 7

Latent heat of vaporization of butane

at 30° to 3l°P = 165 BTU/lb

Pounds of liquid butane required for extraction
95 x 105 BTU = ää—§—lgä = 6.75 x 10u lbs/day

165
Knowing the total butane, the rate of flow can

be adjusted.

C. Heat required for thawing of sludge:
This heat would be supplied by the butane vapors

from the freezer. The butane vapors, after compres-
sion and condensing, will thaw the sludge and become
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liquified for reuse.
Latent heat of frozen sludge plus a temperature

6 rise of 5°P = (5 + 1NN)(50,000)
(

= 7N.5 x 105 BTU/day

Heat contained in butane vapors = 95 x 105 BTU
Out of the total of 95 x 105, 7N.5 x 105 will be used

in cooling the sludge. The remaining heat that must be
extracted before condensation back to the liquid state
is 20.5 x 105 BTU/day.

D. Theoretical energy required for compressing
vapors: (Primary cycle as used in the experiments)

wT1

Tl = Temperature of butane for melting frozen sludge,
( in condenser, R° p

T2 = Temperature of butane leaving freezer, R°
AH = Latent heat of fusion, 1NN BTU/lb
W = Work done in BTU/lb of sludge/hr

w = Släiä = 0.58 BTU/16/hp
N91

To this the work required for mechanical and electrical

inefficiency to remove heat of compression, etc., must be
added.

Hence, W = 1 BTU/lb/hr
Total horsepower = l—§;§§;229 = 19 H.P. (1)
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Partially frozen sludge will be used to cool

the compressor effluent to saturated liquid, but

additional auxiliary refrigeration requirements
for 20.5 x 105 BTU is as followsz

7 An ammonia refrigeration system, including all
auxiliaries require per ton of refrigeration, =2 H.P. '

Refrigeration in tons, at the rate of 288,000
BTU per ton of refrigeration

: 20.5 x 105 = 7 tons2.88 x 105
Power required = 7 x 2 = lk H.P. (2)

Total power required = (1) + (2) = 1
lu + 19 = 33 H.P.

II. Refrigeration and Power Re uirement in Indirect
Preezing
A. Freezing

Tons of ammonia refrigeration for

sludge freezing = gg-§—l25
5 = 33 tons

2.88 x 10 _

H.P. required = 33 x 2 = 66 H.P.
B. Thawing

Additional horsepower would be required for thaw-

ing the sludge {latent heat of fusion of ice is 1/7th
of the latent heat of vaporization) = 1/7(66) = 9 H.P.

Total horsepower required = 9 + 66 =_75 H.P.
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III. Drying and Incineration of Dewatered Sludge
Assuming that the drying process was started immediate-

ly after dewatering (to avoid additional storage) the tem-

perature of the dewatered sludge must be raised from 32 + 5

= 37°F to 212°F and then enough heat must be added to vapor-
ize water. y

From the data of percent moisture remaining in the
sludge (as mentioned in the previous figures) a value of
30-40% is reasonable. y

Sludge volume with 30-40% moisture and 750 lbs. of
solids = 15,000 lbs.

BTU required to raise the temperature of 15,000 lbs.
of water from 37°F to 2l2°F = 15,000 (212-37) = 26 x 105

_ BTU (1)
BTU required to evaporate this water into live

steam = (l4,250)(970 äää) = 137 x 105 BTU (2)
BTU available from 750 lbs. of solids

u

= 750 x 5100 BTU/lb = 38 x 105 BTU (3)

Heat of combustion of butane at 60°F and at atmos-
pheric pressure = 21,315 BTU/ft3 of gas.

Assuming out of a total butane quantity of 6.75 x 10u

lbs used for freezing, 10% will be stripped off from the
sludge = 1/10 (6.75 x 10u lbs) = 0.675 x 104 lbs

‘ Specific volume of butane vapor at 37°F = 5.0 ft3/lb

Hence, total volume of butane = 3.375 x 10u ft3
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BTU's available from this volume of butane

= 3.375 X 108 X 2.135 X 108
= 6 X 108 BTU (6)

Total BTU required = (1) + (2) = 137 + 26

x 105 = 163 x 105 BTU (5)

Total BTU available = (3) + (4) (6)

From the above it can be seen that more BTU's are
available than are needed and part of this could be convert-
ed into the H.P. requirement for the refrigeration unit and
still have some excess power available.

Now 750 lbs of the dry solids contain about 50% ash

---—- 375 lbs.

Thus, 50,000 lbs. of waste activated sludge have been

reduced to 375 lbs. of ash in one continuous process. Hence
the system is thermal1y’self-sustaining.
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APPENDIX V

APPLICATION OF DIRECT FREEZING TO

WASTE SLUDGES FROM OTHER ACTIVATED

. SLUDGE PROCESSES
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Q./äddition of coagulant without
freezing

16 ()Direct solid freezing with chemical

ÜDirect slurry freezing with
chemicals

\\

Q; \(Origina1 sludge sample stored for
:5 12 l5 days before experiments)
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Batch Process
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_ Coagulant dosage: Al+++ X 1O—2(p.p.m.)

Figure 67. Effect of coagulant dosage on the specific
resistance (Pulp and Paper waste sludge)
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Gßlddition of coagulant without
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ODirect solid freezihg with
chemioals
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'Ä ¤Direct slurry freezihg withO chemioals
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Figure 68. Effectof coagulaht dosage OH the filter
cake quality (Pulp and Paper waste sludge)
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A1 dosage = 500 p.p.m.
M.L.S.S. = 9,300 mg/1
Total solids = 13,370 mg/1

Batch Process
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Figure 69. Settleability of Pulp and Paper waste sludge after
direct freezing.
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PRINCIPLES AND TECHNIQUES FOR THE CONDITIONING OF

WASTE ACTIVATED SLUDGE BY DIRECT SLURRY FREEZING
by

M. Zulfiqar Ali Khan

(ABSTRACT)

Direct freezing has been extensively and successfully
used for the desalination of saline waters, and for the con-

centration and recovery of by-products from industrial wastes.
In this investigation the direct slurry freeze conditioning
of waste-activated sludge was studied, and it was shown that
it produces a considerable improvement in dewatering. De-
watering characteristics were adequately defined by the spe-
cific resistance and coefficient of compressibility values,
by settling, and by filter cake quality when Vacuum filtra-
tion and gravity drainage on sand beds were utilized.

The sludge samples for the principal part of the in-
vestigation were obtained from three different sources: two
extended aeration plants treating domestic sewage and a con-
ventional activated sludge plant treating combined industri-
al domestic wastes. During the latter part of the research,
waste activated sludge samples from a plant treating pulp
and paper waste and from aerobic digesters were also con-
ditioned by the process.



Gravity settled sludge concentrations after freezing
and thawing ranged from 10 to lu percent. Filter cake mois-
ture contents after vacuum filtration of the conditioned
sludge ranged from M0 to 80 percent while cake moisture after
gravity drainage on sand beds followed by seven days of air
drying ranged from 30 to 90 percent. Very little change in
supernatant quality occurred during direct slurry freeze
conditioning. Direct microscopic and wet sieve analysis
indicated that the principal mechanism of conditioning was
the promotion of flocculation. V

It was found that the degree of conditioning is a
function of the "butane contact" or freezing time with bet-
ter conditioning occurring with longer detention times.
Variables affecting conditioning such as the feed solidsA
concentration and the butane flow rate were evaluated as
were various factors that affect the dewatering of the con-
ditioned sludge.

An economic evaluation indicated that the direct
slurry freezing process has an economic advantage when com-
pared to other sludge conditioning processes such as in-
direct freezing and heat treatment. A cost estimate of
$6 to $20 per ton of dry solids processed was projected.




