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ABSTRACT

ALLEVIATING.SiUDGE COMPOSTING MOISTURE PROBLEMS
AT THE WEST WINDSOR SEWAGE TREATMENT PLANT

by

Robert John Ceschan

With the closing of the Western Sanitary Landfill

.Site, in the summer of 1973, the City of Windsor began. looking

toward composting to éolve their sludge disposal problem.

Since the inception of the'Béltsville Extended Aerated Pile

Method of Sludge Composting at the‘West Windsor Sewage Treatment
Plant, excessively high moistpre leveis within the COmposfing piles.
at the end of the 28 day forced aeration period have caused

odour and screening problems.

| This study was designed to alleviate the sludge Ecm-
posting moisture problems by employing improved forced aeration
methods, such as reduced pipe spacings, enhanced aeration, and
larger piping.

The forced aeration method has proved to be a versatile
method, of sludge composting. Temperatures sufficient for pathogen
kill and sludge stabilization were attained with modified-aeration,
and septic sludge was adequately composted'when greater amounts
of aeration were provided.

It was found that the increased costs associated with
the usage of improved aeration systems did not justify their
moisture reduction benefits since all of the aeration systems
attained significant moisture reductions. Decreased pipe spacings

did not eliminate the presence of wet malodorous pockets and thus,

ii
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could not ensure uniform spatial patte;né at the end bf-the
éqmposting period. The reasons responsible for this failure
were the porosit&icharacteristics'of the piles which were Qreatly_
affected by the initial variability of the woodchip and sludge
inputs} and the inadequately stabilized nature of the compost

as denoted by-ﬁhe high temperatureé at the end of the composting
process. .These temperatures were also found to_béAsignificantly
correlated to moisture levels within a pile. Consequently, the

odour and screening problems associated with moist pockets may

" be predictable before pile breakdown.

LY
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CHAPTER ONE.

INTRODUCTION

1.1 ~The Sewage Sludge Problem

- Legislative action prohibiting or restricting water
pollution has resulted in the continued expansion and upgraéing
of sewage treatment plants across Canada and the United States.
This has resulted in the increased production of sludge. Sludge
is the solid material removed during primary (gravitatiéggi),
secondary (bioiogical), and advanced (physical, chemical, and
biological) waste water treatment (Walker and Willson, 1973). 1In
the United States, the présent annual sludge production of about
5 million metric tons (dry solids) is expected to double by 1985
(Dallaire, 1978; Willson et al 1978). In‘Ontario, approximately
200,000 dry tons of sludge are produced annually from some 40
municipalities (Coulson, 1978). Consequently, the disposal of
the ever increasing amount of sludge may create serious environ-
mental and economic problems for many communities. The Canadian
praTtice of sewage sludge disposal has generally resulted in the
selection of themost inexpensive method of sewage sludge dis-
posai with little consideration given to the environmental im-

pact of the chosen method (Coulson, 1978}.

1.2 An Evaluation of Sludge Disposal Practices

. Present sludge disposal practices in Ontario include
incineration, lagooning, dumping into sanitary landfills, and

land spreading onto farmers' £ields {(Coulson, 1978). Table 1,

.

_——

which is based on U.S.E.P.A. estimates of the percentages of

'
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TABLE 1

$ Total Use

: ) !
-Sludge -Disposal Practices

'§ Total Use

% Change in Use

Method- in 1972 * in 1975 ** ‘Between 1972-75
Landfill 40 35 -5
Landspreading 20 20 0

Ocean Dumping 15 20 +5
Incineration 25 25 — 0
Pyrolysis 0 0 0
Composting 0 £1 +1

Thermal De-

hydration 0 <1l +1

* gsource - Dallaire, 1978,

** gource — Willson et al, 1978,

e



sludge production disposed by various methods, gives an
indication of trends in sludge disposal. Most of these dis-
posai metheods are expensi&e, yasteful:of energy, esthetically
undesireable, harmful to the environment, pose potential health
hazards, or some combination of these (Willson, et al 1978).

As can be seen in Table 1, landfilling is the most
w1dely used sludge dlsposal method in the U.S. It is cheap,
requlres_llttle_capltal investment, and can be gquickly imple-
mented. Table 1 alsc indicates that the importance of land-
filling as a sludge disposal practice, will decrease over time.
The majbr reason for landfilling's decreasing popularity as a
sludg?-disposal préctice ié urban growth. This reduces the lgnd
available for landfilling adjacent to cities, thus increasing
haulage distances and the cost of purchasing land. An additional
drawback is estab;ishing a suitable landfill site which would
be accepted by the nearby urban community. Poorly located and
operated landfills have been found to be responsible for the con-
tamination of local water tables which usually results in the
subsequent closing of wells (Foin, 1976; Morse and Roth, 1970).

Incineration, which is the second most popular method
of sludge disposal, provides a 20% reduction in sludge volume by
removing most of the water and organic solids (Dallaire, 1978).
However, the femaining ash residue must be disposed of in some
manner, usually by landfilling. An additional drawback which
detracts from the use of incinerators as a sludge disposal

alternate are the high capital and operating costs associated
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with the process: notabiy fuel costs; and legally requiré&‘

air pollution abatement devices such as electrd-static pre-
cipitators and wet scrubbers (Dallaire, 1978; Erlich and
Erlich, 1972; Foin, 1976). Uiiless care is taken, incineration
could merely substitute air pollution for land pollutidn; &nd
may bewasteful of energy (Erlich and Erlich,. 1972; Foin, 1976).

Ocean dumping, - which is not practiceé in Canada, is‘
perhaps th; simplest and least expensive method for disposing of
sludge‘in.seéboard communities. This is probably responsible for
the increasing popularity of this sludge disposal alternative in
the U.S. between 1972 to 1975 (Table 1l). However, ocean dumping
éontaminates_shellfish with pathogens~ahd heavy metals, éauses
beach swimﬁing areas to be infested with pathogens and unsightly
wastes, and disrupts marine fisheries (Dallaire, 1978). For these
reasons and potentially additional unknown effects on the marine
ecosystem, the United States Environmental Protection Agency has
ordéred all municipalities to cease the dumping of sewage sludge
by 1981 (Dallaire, 1978; Foin, 1976; Taffel, 1978, Willson et al,
1978).

Landspreading, which is another major‘sludge disposal
method, is an old practice whereby nutrients, watef, and organic
" matter are added to the soil. However, landspreading of sludge
is becoming a major environmental concern since heavy metals
and pathogens can be found within the sludge (Bertpldi, Cit-
ernesi andt&iselli,lSSO: Dallaire, 1978; Foin, 1976; Walker
and Willson, 1973). The possiblity of groundwater contamination
and operational problems associated with the spreading of sludge

on frozen or wet soil poses additional concerns that curtail
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the usage of landspreading as a sludge disposal practice

(Dallaire, 1978; Walker and Willson, 1973).

1.3_ Composting -- The Sludge Dispdsal Alternative

The environmental and economic problems associated

'with the current methods of sludge disposal have prompted re-
search into more acceptable disposal techniques (Coulson, 1978,

pP.5). One meéﬁod which has been gaining rapid recognition as

a practical solution to the sludge disposal proﬁlem is composting.
Composting, which is the breakdown or QecomPQSition of organic
materials by microorganisms, is an éncient method of waste re-
cycling. Actual processes for composting municipal refuse have
Been in existence since the 1920's. E.P.A. estimates of 1371
indicated that there were over 2,600 composting facilities out-
side the U.S. where demands for compost is high (Dallaire, 1978).
The Dutch have used compost in land reéiamation projects in the
Zuider Zee. France and Germany have used compost to céntrol soil
erosion within vineyards. Although composting of municipal refuse
has been tried in the past by the United States and Canada, few
such operations are still in existence today because of high
operating costs involved in the separating and grinding of refuse,
machinery breakdown, and the difficulty in successfully marketing
the product since mineral fertilizers are abundant and readily
available.

Oq}y recently has the composting of strictly sewage

sludge been-fried, although sludge has often been added to

refuse before composting. Two mefhods of sludge composting were

developed by the United States Department of Agriculture's
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Agricultural Research_Serviée at Beltsville, Marylaﬁd, in the
_Vmid-1970's. The windrow process composts digested s8ludge while
-ﬁhe aerated pile prﬁcess composts digested or undigested sludge.
Essentially, both methods mix sewage sludge with a bulking.
‘material such as woodchips, aﬁd the actgal decompositioﬁ is done
by aerobic thermophilic microorganisms (Dallaire, 1978; Epstein,
1977; Gonin, Link and Kundt, 1978). Composting of sewage sludge
has been found to compare favourably, in terms of cost , with
various other slﬁdge disposal methods as can be seen in Table 2.
Although 1andfi11£ng and ocean dumping are cheaper than composting,
tﬁéy are not as environmentally sound nor do they offer resource
recovery benefits. With theimplementationogpretreatment programs
to control the introduction of toxic substances into municipal
treatment plants, composting of municipal sludgeé shou;d prove
to be e&en more attractive as a siudge disposai practice (Dyex,
1979).

The resource recqvery benefits of compost are primarily
centred around its ability-to improve the physical properties

of soil hy:

(1) increasing the soil's water content (Dallaire, 1978;
Willson et al 1978);

(2) increasingthe water retention ability of soil (C ombie,

1979; Dallaire, 1978: Steffen, 1979; Willson et al,
1978); '

(3) enhancing soil aggregation (Dallaire, 1978: Steffen,
1979; Willson et al 1978};

(4) increasing soil aeration (Crombie, 1979; Dallaire, 1978;
Steffen, 1979; Willson et al, 1978);

(5) improving soil permeability (Bertoldi, Citernesi and
Griselli, 1980; Dallaire, 1978; Willson et al, 1978);

(6) 1increasingthe infiltration of surface waters into the
soil (Bertoldi, Citernesi, and Griselli, 1980; Dallaire
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TABLE 2

- Costs of Various Siudge Disposal'Processes

(in 1978 U.S. Dollars)

Process $/ Dry Ton

Digested Sludges l:

Ocean Outfall 12 to 42
Liquid Landspreading 24 to 65

Digested and Dewatered Sludges:

‘Ocean Barging 2 - 37 to 53
Landfilling 28 to 64
Landspreading 3 31 to 115

Dewatered Sludges: .

' Trenching 4 _ ~ 138 to 161
Incineration > 68 to 112
Heat Drying ° " 74 to 138
Comppsting 4,5 .42 to 60

1. Costs do not include prior processing -- ie. digestion.

2. This is the cost of disposing of digested and dewatered
sludge at sea. Much of the sludge disposed at sea is not

dewatered.

3. This is the cost of spreading digested and dewatered sludge
on land. Most sludge spread on land is ligquid, undewatered

sludge.

4. Costs excludes prior processing and transportation of sludge

to site.

5. Costs excludes priof processing, cost of removal of residuals

and benefits from resource recovery.

Source: Dallaire, 1978, p. 110.



1978; Willson et al, 1978); and

-

(7)) reducing surface crusting (Dallan.re, 1978; Wlllson
et al, 1978).

Compost may also be used as a fertilizer (Bertoldi,
Citernesi, and Griselli, 1980; Steffen, 1979; Willson, 1978;
Willson et al, 1978). Studies conducted with potting and bedding )
plants (Taffel, 1978), lawn grass (Shell and Boyd, 1970), and
red maple seedlings (Gouin, Link and Kundt, 1978) foﬁnd that the
vegetation studied grew profusely because of the nutritional
value of compost. Although the landspreading of sludge provides -
benefits similar to those of compost, sludge emits odours,
contains human pathogens, contains higher concentrations of heavy
metals, and cannot be spread over land during the entlre year
(Bertoldi, Citernesi and Griselli, 1980; Councll for Agrlcultural
Science and Technology, 1978; Willson et al, 1978).

Given the soil conditioning and fertilizer properties
of compost, potential markets for compost include:

(1) landscaping projects as a substitute for topsoil

(Crombie, 1979; Dallaire, 1978; Patterson, 1975; Taffel

1978; Willson, Parr and Casey, 1978; Wolf, 1978);

(2) ' disturbed lands such as strip mines, gravel pits, road
banks, and hou31ng developments for revegetation pur-

poses by mixing compost into the unproductive soils .

(Crombie, 1979; Dallaire, 1978; Willson et al, 1978): and

{3) horticulture as a commercial soiless potting mixture

(Bolan, Nieswand and Singles, 1979; Crombie, 1979;

Taffel, 1978; Willson, Parr and Casey, 1978).

Patterson (1975) reported that the Park Service saved
over $200,000.00 by using compost instead of buying topsoil for

the construction of the Constitution Gardens in Washington, D.C.

Wolf (1978) noted that if the Town of Durham, New Hampshire, would
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'usecompostedsewage sludge for landscaping projects instead-of
loam whigg_#gnges anywheré between $7.00 (unscreened) to $25.00
(screened) a yard, tremendous eﬁpenses could be avoided. Taffel
(1978) reported that the availability of relatively low cost
compost could make possible landscapping projects in £he Boston
Area possible that would have otherwise been prohibitive;y
expensive. In Durham, tremendous success has been attained in
all public work projects ﬁhich utilized compost (Crombie, 1979).
Compost was used fof developing new lawn; after road construction

~

and for tree plantings in park and cemetary programs.

1.4 Composting at the West Windsor Sewage Treatment Plant--
An Extended Method of Sludge Composting

Towns and cities currently usiﬂg the Beltsville Aerated
Pile Method of Sludge Composting include Durham, New Hampshire; |
Bangor, Maine; Caﬁden, New Jersey; and Windsor, Ontario (Dallaire,
1978; Epstein, 1977). Windsor decided to'try the Beltsville
Aerated Pile Method when the Western Sanitary Landfill Site on
the City's west side was closed in the summexr of 1973, It thus
avoided increased haulage and disposal costs to a county san—‘
itary landfill site over 40.2 km. (25 miles) away (Romano and
Faust, 1978}. gurthermore, with the schedﬁling of the now defunct
Western Sanitaré Landfill as.a recreational area, topsoil was
required for establishing a seedbed for grass and for tree plant-
ings due to the impervious and infertile naﬁuré of the clay at
the landfill site. Since a tremendous volume of topsoil was
needed to provide adequate cover material, Romano and Faust (1978}

!

estimated that $100,000.00 per year over 10 years could be saved

4
3
¥
3
i
‘
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if the composted sludge were used as a topsoil 'rep'lacement.' Con- |

sequently, composting:wag perceived as an attractive sludge -dis- .

rasal alternative, since the resourcer recovery.benefits of the
campost would offset any additional costs _of ccmpostiﬁg the
" sewage sludgecake.

The Beltsvilie RAerated Pile Method has several marked
advantages in costs over the Beltsville Windrow Process of
sludge composting. Notably, the aerated pile method can utilize
raw sludge in the composting proceés thereby avoiding the |
additional $9.00 to $15.00/dry ton cost of sludge (Dallaire, .
1978) needed foranaerobh:digesﬁion of sludge in the Windrow
Procesé (Dallaire, 1978; Epstein et al, 1976; Willson, 1978).

. In the Windrow Process, sludge must also ?e turned over often

to ensure adequate aeration as opposed to the aerated pile method
where air is mefely sucked through the pile (Dallaire, 1978).
Finally, the aerated pile method has also been found capable of

sustaining higher temperatures necessary for destroying patho-

genic microorganisms (Epstein et al, 1976; Willson, 1978).
—

Since the present composting site behind_ﬁBE West
Windsor Sewage Treatment Plant encompasses an area of only six
acres, the City of Windsor has édopted a modified version of
thé Beltsville Aerated Pile Method called the Extended Aerated
Pile Method as can be seen in Figure 1. The extended pile tech-
nigque reduces by 50% the mixing pad area, the amount of compost (
blanket needed for insulation and odour control, and reduces the
woodchips needed for the pile base (Dallaire, 1978; Epstein, 1977;

Willson et al, 1978). In the Extended Aerated Pile Method, the
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day's slhdée.production is mixed with a bulking materiai and |
added against the slope of the previous day's.pile, thus forming
a continuous or extended pile; .

During the initial stage of the'composking é:ocess
at the West Windsor Sewage Treatment Plant, the primary and
chemically treated sludge (usually lime to suppress odour pro-
duction) is dewatered to ;bout 26%°s0lids by vacuum filters and

a centrifuge (Romano and Faust, 1978). The semi solid dewatered'

" sludge . is hauled by a dump truck to a concrete miiing pad in back'

of the treatmentﬂplant and spread over woodchips. Additional
woodchips are then spread over the sludgecake by a frpnt‘end
loader (with a known bucket volume) until there is 2.5-3 parts
of w&odchips to every part of sludge.

. 'In the second stage of the composting process, a'_

A

tractor with an attached rototiller is used to thoroughly mix
\

the sludge and woodchips. This is the most critical stage in

_ ﬁhe_com?osting process since the mixing of woodchips with sludge

provides structure, texture and porosity.  to the composting mass

which ensures aerobic decomposition, since air could then pene-

. trate and flow freely through the masé fDailaire, 1978;‘Epsteip,

1978; Haug, 1978; Haug and Haug, 1977; Haug and Haug, 1978; Romano
and Faust, 1978; Shea, Braswell and Coker, 1979). By_mi#iné

2.5-3 parts woodchips to every part of sludge ensures that
a&equate oxygen will be provided to thermophilic organisms for
aerbbic decomposition. Not enough bulking material or woodchips

would result in fewer voids or free air space and hence, limit

the quantity and movement of oxygen through the composting pile.

-t
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:Tdo much bulking agent would have various detrimental effects:

| (1) the pile would become too porous and therefore, 1t
would be unable to retain a -sufficient amount of
heat necessary for pathogen kill and sludge stabil-
ization; and .

(2) the costs of composting increase as greater amounts
of material are handled, the expensive woodchip
bulking agent would be consumed at a faster rate,
and greater land requirements would arise (Haug, -1978).
Prior to mixiﬁg,“the sludge is often in an anéorobic

state due to the initial moist nature of the sludge which displaces
void spaces and thus, restricts oxygen transfer. However, by
mixing woodchips with sludge, the initjal sludge moistyre content
of 74% has generglly been reduced to 50 - 60% moisture after
ﬁixing, thereby enhancing void space which ensures-aerobic con-
ditions (Epstein, 1978; Haug and Haug, 1977; Romano and Faust,
1978) . Haug and Haug (1977 and 1978) have aiso reportéd that
moisture contents exceeging 60% would result in lower t;mperature
‘ elevations since 75% - 80% of the energy.produced throhgh aerobic
décomposition ié channeled into-thé evaporation of water. Al-
though Epstein (1978) ;dvises that initially low moisture  con-
tents of the woodchip-siudge‘mixture'would be beneficial in pr&—
cesées where woodchips are recovered and re-used, aerobic therm-
ophilic organisms such as bacteria, actinomycetes, and fungi
require moisture as well (Epstein, 1978, Hagerty, Pavoni and
Heef, 1973; Stanier, Adelberg and Ingraham, 1976; Willson et al,
19;8). ‘While Haug and Haug (1978) have stated that complete
bacterial metabolism ceases below 10-15%, Epsﬁein (1978) reported

that the rate of composting slows down once moisture contents

dip below 40-45%. Hagerty, Pavoni and Heer (1973) concluded that
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moist conditions of about 55% would favour moisture~loving
Bacteria_over fungi or actinomycetes and hence, increase the
rate of composting. |

The addition of a bulking material, .such as woodchips,
~has aiso been found by Epstein (1978) and Willson et al, {(1978)
ta improve the initial C/N ratio of sewage sludge of about 10-
15/1 to an optlmum C/N .ratio ;0of 20-30/1. ﬁitroqen is lost as am-
monia at C/N ratlos of less than 15/1, while the addition of
woodchips to the sludge makes more carbon (C) available for
microbial activity aﬁd therefore, ensures the conversion of
available nitrogen into constituen&s- of the biomass (Epstein,
1978; Willson et al, 1977).

" Once the woodchips and sludge are thorouéhly mixed
intoaahémogeneousndxture, a front end loader carries the mixture
Vand places it on a previously built section of the aeration base.
However, Willson {(1977) recommends that the lumps of sludge should
not exceed 8 cm. ( 3 in.) since this would result in a slower
decomposition rate.

The initial section of the aetration base consists of

10-16 cm. (4 in.) flexible perforated drainage piping laid out
in a [ 'shape(approximate total length equal to 20.1 m. (66 ft.)
on the ground. dnce covered by a 15-20 cm. (6-8 in.} layer of
woodchips, the woodchip sludge mixture is piled on the woodchip
basé and takes on a triangular cross-section appearance with an
overall height of about 2.5 m. (7.5 £t.). Additional aeration
pipe is then placed on the pad surface parallel to the previously
built sections of the pile. The perforated pipe is then con-

néﬁted to a solid plastic pipe‘that extends beyond the pile base,
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which is connected to the aerating i/3 h.p. blower with a

22.9 cm. (9 in.) fan. By the end of the first day's sludge
production, a pile with a trapezoidal cross-section is con- !
structed. To prevent the eséape of malodorous gases and to

provide insulation from the surrounding gnvironmeﬁt, the completed.

-pile is blanketed with a 30 cm. (12 in.) layer of screened or

unscreened compost. The remaining side receives only a thin
cover of compost for odour control purposes, since ﬁhe next
day's sludge production when mixed with woodchips is added
against the slope of the previous day's pile. After several
days, a continuous or extended pile is formed, as portrayed

in Figure 2, with pipe épacings at 2.44 m. (8 ft.) intervals.
At the completion of a day's pile, the aeration fan with a con-
trolled timer set at 4 m%putes on/4 minutes off is turned on
and compostiné begins. -The effluent air stream is conducted

to an odour filter pile. The filter pile, which is'approximately
1.3 m. (4 ft.) high and 2.4 m. (8 ft.) in diameter, is composed

of screened compost which absorbs the malodorous gases.

1.5 The Composting Process

Since only mesophilic decomposing organisms, or or-

ganisms which grow best at 20% - 35°C, are originally £

sewage sludge; decomposition of the sludge proceeds at \an initially
slower rate. The actual rate of composting would be dependent

upon the initial chemical nature of the sludge (Epstein; 19
Sludge, which is primarily composed of organic materials such as
sugars, étarches and proteins, is characterized by high decomp-

osition rates while compounds of cellulose, certain fats and
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oils, and otﬁer plant constituents, slow down the rate of de-~
composition (Epstein, 1978). S

During the firs£ couple of days of the composting
process, heat is released and sludge temperature rises as the
mesophilic organisms biologically oxidize the sludge. Once
temperatures begin exceeding 456c, which usually happens in 3 -
4 days, non-pathogenic thermophilic organiéms begin to dominate.
Further increases in temperature continue at a rate that depends
on thermophile numbers, tyﬁes, and on the characteristics of the
organic matter (Willson, Parr and Casey, 1978). Microbial de-
'comppsition of the more volatile organic ffaction of the sludge
eventually raiées pile temperature over 60°¢ C140°F). Tem-
peratures of such a_magnitude effectively destroy pathogenic
organisms which may éause human diseases. While temperatures
of 55°C have been reported sufficient for pathogen kill, temp-
eratures in a composting pile may exceed go°c (l?GoF) {(Dallaire,
1978; Willson et al, 1978; Willson, Parr and Casey, 1978). Temp-
eratures start to decrease within 16-18 days as the more readily
decomposable fraction of the organic matter is consumed by the .
microflora. Decreasing temperatures, therefore, characterize
decreasingkﬁolqgicalactiviéy (Déllaire, 1978; Golueke, 1578; Haug
and Haug, 1978; Willson et al, 1978) . Decreases in microbial
activitf also indicate that the initial reéidual sludge has
been transformed from a decomposablg organic mass to a fairly
stabilized compost with many of the éharacteristics of a fertile

pathogenic free soil.

ST PPN FRRvRrFa
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-Throughout the composting proceﬁs, it is critical
that aerobic conditions be maintained through the entire pile
for rapid, odourless écmposting. This is attained by main- .
taining oxygen levels in ﬁhe composting pile between 5-15%
(Epstein, 1978; Romano ;nd Faust, 1978; Willson e£ al, 1978).

A poor distribution or movement of air due to excessive moisture
or Incomplete mixing is characterized by oxygen levels below

5% (Willson et al, 1978). This results in aneorobic pockets
within the ?ile which will emit odbnous gases at the time of pile:
breakdown. Oxygen levels exceeding 15%, as attained when ut-
ilizing higﬁer aeration rates, result in 1owerjtemperatures and
hence, a élower-composting rate. As mentioned earlier, most of
the heat islost through moisture evaporation and subsequent tran-
sferring of the water ﬁapour to the afmosphere (Haug, 1978; Haug
and Haug, 1978; Willson et al, 1978); Furthermore, zones of
lower temperatures, withinla composting pile, would not be desire-
able when trying to obtain a paﬁhogen-free compost. investiga— !
tions by Epstein (1978) and Willson et al (1978), have shown

that intermittent aeration provided the most favourable internal

. temperature conditions. Cycles are kept short td avoid rapid
depletion of oxygen and excessive removal of heat.

At the West Windsor Sewage Treatment.Plant, the first
two weeks of the composting process are generally directed to
providing adegquate oxygen through forced aeration to promote
organic stabilization and pathogen kill. Oxygen is provided to
the aerobic microorganisms by éulling air into the composting

pile with a 1/3 h.p. blower which is controlled by a 4 minute
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on/4 minute off cycle timer. Since substantial portions of a .
composting pile usually exceed 55°C (130°F), and sludge stabili-
zation isusuailyattained in 16-18 days, aeration is reversed
(air is injected into the pile) and increased for thé final two
weeks of the coﬁpoéting process. This encou;ages‘additional
moisture removal from the pilg before screening. Haug (1978)
reported that additional moisture can be picked up when air is
heated. Consequently, given the hot nature of a composting pile,
aeration can have valuable drying benefits during the composting
process. Note that the quantity of air needed for ing is
Subsiantiéllylgreater than air needed for promotingjiiganic
stabilization of the sludge.

- .

1.6 Justification and Purpose of the Study

At the end of the 28 day composting period, compost

'piles are torn down and screened. However, removal of the compost

from the aerated piles has resulted in the production of excessive

odours. Numerous complaints have been received by the City of

. Windsor from the nearby residential areas surrounding the compost

site. The main cause of the odour problem at the time of pile
breakdown is the high moisture content within the piles after
the 28 day forced aeration period. These ﬁigh mdisture areas
which are characterized by inadequately stabilized sludge, may
be attributed‘to excessively high moisture contents ppior to
composting, and/or the heterogenous as opposed to homogenous
nature of the original woodchip-sludge mixture which would re-

strict oxygen transfer. This would result in anaerobic pockets
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and insuffi&ient levels of oxygen—necessary_fQ:_PEQPe:_Egrobic

decoiposition. .

An additional_préblem associated with high moisture
content of the composting piles at the end of the forced aeration
period are the difficulties encountered in separating the wood-—
chips from the composted material during the_screening.process.
Similar problems qgve been identified by Crombie (197%) in
Durham, and Willson (Personal Communication, 1979) at ﬁeltsville.
Willson (1978) has stated that the production capabilities of
the screens at Beltsville sharpiy decrease when the moisture
content of the unscreened compést exceeds 45-50%. Although a
newer Liwell scréen at Beltsville has 5eeﬁ found capable of
processing compost at 5-10% higher moisture contents,” this
would dnly result in sending wetter bulking material back to’
the start of the compost process, thus contributing even further
to higher moisture contents, and odours to the next composting
batch (Willson, Personal Communication, 1979).

One method which has been used to reduce the moisture
content of the composting piles is to step up the rate of aeration
thereby the rate of evaporation (Golueke, 1978; Willson et al,
1978). Willson (Personal . Communication, 1979) has found that
higher aeration rates may reduce the moisture content of compost
an additional 3-5%.

Oxyten transfer through a composting pile may occur
by convective forces, the pressure gradient created by aerating

blowers, and by diffusion. However, unlike the pressure gradient

created by the aerating blower or convective forces, diffusion

|

1
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does not rely on the resistence of various possible oxygen

pathways for movemefit since the-oxygen merely moves from an _
area of high concentrationito an area of low concentration (Wil-
lson, Parr and Casey, 1978). Diffusion may be altered by the
arrangement of the deration pipes at the pile base and therefore,
may play an important role in moisture reduction since it
promotes uniform oxygen movement and hence,. evaporation regardless

of oxygen pathways. Consequently, Willson,-Parr and Casey (1978)

reported that distances between aeration pipes under extended piles

had little effect on temperatures so long as it did not exceed
pile height. Furthérmore, oxygeﬁ levelé were nqticeably lower
between pipes and consequently, incomplete.stabilizaticn occurs at
pipe spacing greater than pile height at the end of. the 21 day
composting period. \

Given the promising results of Willson (Personat

Communication, 1979) in decreasing moisture contents of composting

" piles by utilizing high rate aeration, and the success of willson,

Parr and Casey (1978) in composting sewage sludge through closer
pipe spacing without detrimentally affecting pile temperatures,
the purpose of this investigation was to test the feasibility of
reducing high moistﬁre contents of composting piles at the West
Windsor Sewage Treatment Plant by employing a more effective
piping system and. by increasing the rate of aeration during the
forced aeration period. Furthermore, by attempting to alleviate
the moisture problems associated with the Beltsville Extended
Pile Method of Sludge Composting, it is hoped that this sludge
disposal method will be .continued as opposed to.other .

methods which are not as environmentally and/or economically

[P DAY
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CHAPTER TWO
METHODOLOGY

2.1 The System Models

Haug (1978) has classified the composting of wet
organic sludges as a problem of moisture control. A systematic
approach based on speculative theoretical relationehips, as

established in theintroduction, should be utilized when devel-

oping a composting moisture control model.

The composting process can be considered as an open

controlled system. Although an operator has some level of control

over the inputs.into the system,.energy and matter exchanges
between the system and the environment are not totally restrlcted.
The amount of energy exchange between the system and its surround-
ings is dependent upon t perature differences. Through pre-

cipitation, some degree of moisture will penetrate into the

protective compost coverj?:terial. The by-products of bacterial
n

metabolism such as carbo ioxide, water and heat energy, and
evolved gases such as ammonia are also lost to the environment.
The controls in this study included the woodchip-sludge mixture to
be compested, and the oxygen input as determined by fan or blower
operation.

The composting system is highly dependent upon the
aeration rate and the porosity of the pile. However, as shown
in Figqure 3, from the perspective of a moisture control model,

the composting system can be divided into two sub-systems with

different aeration and porosity requirements:1l) a sub-system designe
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~ to achieve the primary goal of the‘ccmpoéting system, that beihg -
pathogen kill and sludge stabilization and 2) an ancillary sub-

. system de?ignéd for moisture reduction purposes pridr to pile

PIEFIIE L7 PRCENE PPV S

screening and subsequent to sludge stabilization and éathogen
kill. | _
Within the first sub-system, the usage of a 2.5-3

parts of woodchips to evéry 1l part ofAsludge mixture has been
found to provide'optimum orosity witﬁout excessive heat loss
which is necessary for p ogen kill and sludge stabilization.
The actual lgvels of oxygen within the composting pile play-an
important role as shown by Figure 4. Excessively high oxygen

levels result in considerable heat loss while low oxygen levels

promote odorous anaercbic conditions. Consequently, a negative
feedback control system was implemented by regqularly monitoring.
the composting pile. This aided in regulating oxygen levels
between 5 énd 15 per cent. The oxygén levels were raised or
lowered as required, by increasing of decreasiﬁg the fan operating
time. | | ‘
Once adequate aeration is maintained, as shown by
figure 3, composting will occur. Temperatures quickly rise as
a result of mesophilic decomposition. Thermophilic decomposition,
which produces higher temperatures and more efficient decomposition
occurs when temperatures exceed 45°c. wWithin a few days, temp-
eratures sufficient for pathogen kill and sludge stabilization

‘prevail.
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By the end of £he second week of composting, a neg-
ati;é feedback controls are no ionger. needed since pathogen kill
and'sludge sgabilizagion has been attained.  The quantity of
air needed fdr drying is substantially greater than the amount
needed fo:'promotiﬁg_o;ganic stabilization of thé\sludge. It
- would be desireable, at this point in time, to step up tﬁe rate
of aeration. By‘sohESEng, highef.rates of evaporation are induced
and, consequently, a drier gompost pile can be attained. Asishown

by Figqure 5, this can be acheived by.increasing the oxygen'input
| through thg ntilization ®f more blqwérs,:decreased pipe‘spacing,
and increéged pipe size thereby ensuriﬁg a more uniform oxygen
movement. This may result in a reduced numbgr of moist aneorobic
pockets, and less resisténce‘td'oxygen movement while allpwing
sufficient roém-for‘leacheate,drainage. Consequently, this
érying sub-system may be responsiblg for prowviding an additional
'moisturg reduction benefit during the composting process. However,
the success oﬁathg drying sub-system in terms of moi;ture content,
may be depend;§; dfon the initial porosity of the woodchip-sludge
mixture prior to composting. To agcertain the potential ?ffects
of enhanéed aeration and decreased pipe spaéing on temperatures’
and oxyéen levels within the pile, both are regularly monitored.

The procedural modei displayed in Figure 3 was also

used to determine the drying efficiency of the various aeration

inputs by utilizing stimuli-response relationships. The responses

of the composting process to varied aeration inputs can be deduced-

by monitoring the internal behaviour of the system during and at

the end of the process. The drying success of a given aeration
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input can be determined at the end of the process through moisture

measurements. Actual moisture chénges.céugéa by the aaration

input could be deduced by comparing ﬁhe final moisture content

of the cbmpost pile with the initial woodchip-sludge mixture.
Since various aeration inputs éan be compared to

each other when atﬁ:mpting to identify the most efficient moisture

control method, precautions are necessary to ensure that alternate

and variable sources of moisture to the system are kept constant.

Although precipitation, as shown iA Figures 4 and 5, has not been-

found from previous investigationé to Eontribute significant

amounts of moisture to a compost system, it is one wvariable

which must be considered in a composting moisture control model.

e dg gl i

Although little control can be exerted over precipitation, attempts 3

can be made to monitor' it and determine if any significant causé—
effect relationships exist with the final moisture content at the
énd of the composting process. If no such relationship exists,
drying efficiency could be related to aeration control alone.

Initially high woodchip-sludge moisture contents may
also effect the eventual drying efficiency of a pile by a given
aeration method. However, by maintaining a constant woodchip-
sludge mixture, these differences would be minimal. Furthermore,
as Figure 3 indicates, by measuring the moisture content of the
initial woodchip-sludge mixture prior to composting, consistent
moisture levels can be maintained from pile to pile when attempt-
ing to determine the most efficient method oaneration for
moisture control purposes. |

The utilization of reduced pipe spacings have been found

to ensure a more uniform movement of oxygen during aeration control.
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Since interrelationships exist between temperature, oxygen and
moisture in a composting system, these mddels also aid in
determining the relationships between the three variables and

to pipe configuration.

2.2 Models Evaluation.

By maintaining constant woodchip-slu&ge mixing ratios
and therefore constant moisture levels prior to composting, and
since it is possible to determine any moisture contributions.
from precipitation through regular monitoring, the quels de-
veloped in this study were used to assess the drying potential
of various modified aeration inputs. The models prédict that
the drying efficiehcy of a composting pile utilizing a modified
aeration input can be determined by comparing the initial moisture
inputs, from the woodéhip—sludge mixture, with the final moisture
levels attained at the end of the composting process. All of the
conducted aeration experiments‘coulduthen be compared to each

other for purposes of determining the optimum moisture reduction

" “method. The moisture spatial patterns should also be uniform

or regular, thus minimizing wet malodorous pockets. However,

due to the complex nature of the composting process, a given
aeration control method must first be capable of pathogen des-
truction and sludge stabilization during the decomposition stage
before drying can occur. This can be monitored by taking
temperature and oxygen readings regu;arly throughout the composting

period.
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2.3 -Experimental Design

In-forced aeration systems, air can either be injected
{(through blowing)‘or pulled (by suction) into.a composting pile.
At the composting site at_the Wast Wiadsor Sewage Treatment Plaht,
the first two wéeks of the composting process is geared toward
pathogen kill and sludge sﬁabilization; consequently, air is
intermittently pulled into the composting pile by a blower set
on a four minute on/four minute off cycle. Suction aeration
during this jnitial two week period of the composting process is
desireable over injecting air into the pile, since the odours
emitted by the stabilizing sludge can be chaaneled into the
compost scrubber piles ;ia the aeration pipes. However, once
adequate sludge stabilization and pathogen kill have occurred,
the aerating fan is reversed and set to constant blowing for the
final two week dyring period; The marked disadvantage of utilizing
the blowiné method during the drying phase of the composting .
process is the resultant moisture layer formed by condensation
when the rising water vapour strikes the cooler upper surface
layer of the composting pile. Conversely, when air is pulled
into a pile by suction, the vapour condenses at the base of the
pile in the vicinity of the cold floor as well as the underlying
aerating pipes (Dean, 1978). Therefore, the advantage of this
aeration method, as opposed to blowing, is that the condensate
leachate can be mechanically drawn out of the pile through the
aerating pipes as opposed to relying solely upon evaporation for
moisture removal purposes. Willson, Parr-and Casey {(1978) have

also shown that the benefits of reversing the direction
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of aeration were so slight that the extra labour required to
reverse the blowers was not justified. Consequeﬁtly, based

on this information, sll experiments conducted during this

study utilized suction aeration during the final two weék drying
stage of the composting process.

Since the purpose of this study was to investigate
the possibility of employing a more efficienﬁ moisture reducing
forced aeration system than what is presently being used at the
West Windsor Sewage Treatmentrﬁlant, several experiments were
conducted using ﬁodified aeration control systems. (;11 ex-
periments conducted in this study were based on theoretigally
sound priniqiples discussed earlier in the introduction and
systemnmdelsof this study. Wﬁen attempting to assess the dryihg
efficiency of the various aeration control methods, all qfher
variables which may exert some kind of an effect on moisture
levels and distributions were kept constant from experiment to
experiment consistent with the‘composting'methods presently used.
at the West Windsor Sewage Treatment Plant. Some variables
included were pile size and shape, the woodchip aeration base,
the amount and type of cover material, and the mixing ratio of
the woodchip—sludge mixture.

The first set of experiments conducted were specifically
designed to ascertain the effect closer pipe spacings would have
in aiding the distribution of air and thereby encourage a uniform
moisture reduction throughout the entire composting pile. Con-
sequently, the standard aeration input and pipe size used at the

West Windsor Sewage Treatment Plan were also utilized. The pipe
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spacings used were 1.52 m. (5 feet) for Experiment 1, 1.83 ﬁ; _
(7 feet) foi Experiment 2, and the standard 2.44m. (8 feet) fé%
Experiment 3. Constant suction as opposed to injection was used
during the final 2 weeks of composting after sludge stabili-
zation and pathogeﬁ kill had been attained. The initial cycle
suction phase was set in accordance with temperatuie and oxygen
readings. |

Since temperatures sufficient for pathogen ki.Ll and
sludée'stabilization usually occur during the initial two weeks
of the composting process, the final_two weeks is geafed toward
drying the compost maés. Therefore, it would be desireable to
draw in as much air as possible into the pile and hence, " encourage
the rate of evaporation. Consequently, the second set of ex-
" periments conducted in this study were designed to determiﬁe the -
éffects of enhanced aeration, when combined with closer pipe
spacing, woﬁld have on the distribution of air and reduction of
moisture. A second fan was employed in these experiments in an
attempt to increase the aeration rates of the composting system.
The fans were both operated off the same timer while aeration
cycles during the initial two weeks of the composting process
were set in accordance with the oxygeﬂ and temperature readings
taken. Pipe spacings utilized were 1.52 m. (5 feet) for Ex-
periment- 4, 1.83 m. (7 feet) for Experiment 5, and the standard
2.44 m. (8 feet) for Experiment 6. Standard pipe size was also
used.

During several occasions at the Treatment Plant,

leachate has been found responsible for clogging the aerating
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pipes and consequently, obstructing the flow of air into the

—— .
——

pile. Théref&ie,_a third set of experiments was designed to
improve thé distribution of air and reduce moisture levels |
throughout the composting pile by employing a larger 15.24 cﬁ.

(6 incheé) pipe'size instead of the standard 10.16 cm. (4'incheé),
which would improve leachéte drainage and encourage air movement
hthrougﬁ the ae;ating pPipes. These experiments were conducted in
a similar manner to the previous experimenté. Piﬁé spacings were
set at 1.52 m. (5 feet) for Experiment 7, 1.83 m. (7 feet) for

-Experiment 8, and 2.44 m. (8 feet) for Experiment 9.

For the purposes of comparison, a tenth experiment

or "control experiment"” was conducted utilizing the present

standard forced aeration system at the West Windsor Sewage Treat-

ment Plant. This system utilizes 10.16 cm. (4 inches) Piping

placed at 2.44 m. (8 feet) intervalé which are connected to one

aerating fan. The initial four minutes on/four minutes off aeration

cycle is designed to promote pathogeﬁ kill and sludge stabilization.
After two weeks, the aerating fan is reversed and a

constant ai¥ supply is injected into the composting pile for drying

purposes. A summary of the'experiments conducted during phis study

can be found in Table 3.

2.4 gSampling Design and Measurement of Study Variables

To determine the initial moisture content of the woodchip-
slﬁdge mixture prior to composting, five samples were analyzed
as outlined in Appendix 1. Since wet woodchips or a moist sludge-
cake may be responsible for higher moigtu;e levels than recommended

for optimum composting, an additional five woodchip and sludge
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 PABLE 3

A Summary of Conducted Experiments

Pipe Spacing

Pipe Size

Interval Aeration Rate

Set 1 Experiments:

Experiment #1 1.52 m. (5'). *-.1 Fan *10.16 cm. (4")
Experiment $#2 1.83 m. (7") * 1 Fan *10.16 cm. (4")
Experiment #3 *2.44 m. (8'} * 1 Fan *10.16 cm. (4")
Set 2 Experiments:

Experiment #4 1.52 m. (5") 2 Fans *10.16 cm. (4")
Experiment #5 1.83 m. (7') 2 thg_ *10.16 cm. (4")
Experiment #6 *2.44 m. (8'") 2 Fans *10.16 cm. (4")
Set 3 Experimenté: )
Experiment #7 1.52 m. (5') 2: Fans 15.24 cm. (6™)
Experiment #8 1.83 m. (7") 2 Fans 15.24 cm. (6")
Experiment #9  *2.44 m. (8') 2 Fans 15.24 cm. (&™)
Control Experiment:

Experiment $#10 *2.44 m. (8') *1 Fan *10.16 cm. (4")

* - indicates a standard method used during the composting
process at the West Windsor Sewage Treatment Plant.

Note -~ All experiments except for Experiment 10 utilized constant
suction aeration during the fina} 2 weeks of the composting

process.
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samples, prior to mixing, were-anaiyzed for moisture content.
Willson (Personal Coﬁmuniaation, 1979) found that odours
associated with compostiﬁg are ptbliferated when wet woodchips
are'mixed with éludge prior to composting.

Regular.temperature and oxygen readings were taken
throughout the four week_éomposting period. Two readings wefe
taken at the ends of the pile where lower temperatures predom-
inate, and five additional readings were taken across the top
_of the composting pile. To ensure pathogen kill and sludge
stabilization, ﬁan cycles were regulated according to these
readings for all ekperiments cornducted. The finél'two weeks ©f
readings were used to determine the effect of full cycle aeration
on the composting piles. The instfuments used to measure these. ‘
variables are described in Appendix 2.

With the aséistance of a front end lcocader, a Cross-—
section through the middle of the composting pile, but perpen-
dicular éb the aerating pipes, was dug out at the end of the four
week composting periodl A 2.44m. (8 ') by 2.44 m. (8 ") sampling
grid was used to collect:48 stratiﬁ@sd random samples at approx-
imately 0.61 m. (2') intervals throughout the exposed face of
the cross-sectioned pile. The usage of such a légéé sample size
is necessary when attempting to determine the spatial patterns of
the measured variables, and in identifying relationships or cor-
relations that may exist relative to each other and to pipe con-
figuration.

Since a given aeration system would be disrupted during

-

the cutting of a cross-section, the oxygen levels attained would
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actually be a measure‘of'the oxygen diffusing into the compost.
;nvestigations‘by'Willson,'Parr and Case& (1978) , however, have
found that these levels are equivalent to those attained during
aéraﬁion. .Both are a function Of-the porosity and.rate of
oxygen consumption Qithinlgggbpile. Furthermore, given that

temperature variation within a plane are minimal {(Coulson, 1978),

" temperature and oxygen readings could therefore be taken immediately
e .

at the site. The temperature and oxygen probes were inserted
horizontally,about 0.75 m. (2-3 feet) into the exposed face of

the experimental ?ile and the readings were taken accordingly.

Tt e e Sy 8 ) i i

In.addition, samples were taken to the lab and analyzed for moisture -

content (see Appendix 1).

Since the experimental pilés were constructed from
June, 1979 through to Novembeé, 1979, different experimentai piles
would be subjected .to varying'preéipitation levels. - Consequently,
to deduce the potential impact precipitation would have on the
pile moisture levels at tﬁe end of the 28 day composting period,
incoming precipitation was céntinuously monitored by utilizing
the Balour Rain Guage located at the West Windsor Sewage Treatmen£
Plant. This was one of several guages operated throughout Essex

County by the University of Windsor's (Department of Geography)

Precipitation Network.

2.5 Hypotheses and Statistical Analyses Utilized

Based on the system's model and experimental design,
the following hypotheses were evaluated:

Hypothesis 1.

Given that a constant woodchip-sludge mixture

will be used throughout all composting experiments,
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the average 1nitial moisture cohtent of the
_ experimental piles should not be significantly
. different.

To simultaneously test this hypotheSis, (statistically,
this is a null hypotheSis) if indeed the initial moisture cantent
of the experimental piles were not.Significantly different, a
One-Way Analysis of Variance can be employed. Furthermore, should.
this analysis produce signifiéant results, a Two-Way Analysis
of Variance could then be utilized to detergine'if these sig-
nificant differences were found in the experimental piles utilizing
modified aeration (standard, enhanced, or larger pipe'size), and/
d or various pipe spacings (1.52 m., 1.83 m., and 2.44 m.), and/or
some combination-of both Finelly, student's t-tests could then
be utilized to ascertain ind1v1dual difference between two ex-
perimental piles. However, the following assumptions must finst
be met before conducting‘any of the above mentioned parametric
tests:

(1) the sample variances must be equal or homoscedastic
and 7
(2) the sample data must be normally distributed.
These can be evaluated by utilizing the Hartley F-max Test for
~equal variances, and the Koimogorév~$mirnoff Test for normality.
When comparing three or more independent eamples for equal variances
the Bartley F-max Test is the preferred statistic (Harshbarger,
1977).
Hypothesis 2,
Since the porosity and, hence,drying efficiency of a

givenexperimental pile is directly related to the

4



39

SRR VDT, YU YR Y

homogeneous nature of the original\woodchip and 1
sludge inputs (which are independént of-aeratiOn
control), significant differences in the average
mois;ufe content of these inputs should not occur
between the experiﬁental piles. o
By employing parametric student's t-tests, 1n51gn1f1cance can
be maghematlcally demonstrated when the cbserved values do not
-exceed the critical value at a given level of probablllty and
degrees of freedom (df.) of (n -1) + (n -1). Aas descrlbed in
Hypothesis 1, the assumptions of normallty and equal sample | .
_variances must flrst be met. “
Hypothesis 3.
Temperature and oxygen levels sufficient for pathogen
kill and sludge stabilization can be attained in all
experiméntal piles despite using diffefent aeration
control methods.
Hypothesis 4.
) Given the inéulating properties of the cover material,
and the moisture reducing benefits of aeration control,
an insignificant cause-effect relationship will occur
between the total amount of precipitation réceived and
the average moisture level of the experimental piles at
the end of the composting period.
This relaﬁionship can be tested. by utilizing Correlation-Regression
Analysis whereby the dependent variable -- average moisture content
of the piles at the end of compostiné -- is regressed against the

independent or causal variable -- total amount of precipitation

received by each experimental pile -- provided that the data is
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normally distributed asr&etermined by the Kolmogorov-Smirnoff
Test (K.S.-Test) for normality. ' :
Hypotheéis 5.
Since drying is an important sub—sysgem qomponént
of sludge-ccmposting systems, significant moisture
reductions will occur over all experimen£alhpiles.
Parametric student's t-tests were utiliéed to determiné if
significant reductions occur between the initial and final .J
moisture content oé each experimental pile provided the assump-
tions‘of normality and equal variances aré met. Since-only.
two independegt samples were being compared, the Variance—Ratio
Test for homogeneity of variances was utilized for each ex- |
periméntal pile.
lHypothesis 6.
Given that the moisture levels of the experimental S
piles are found to be independent of other modifying
;nputs, progressively gréater moisture reductions
will occur as more efficient aeration systems are
utilized. |
Statistical teéts similar to those outlined in Hypothesis 1 were
used to test the significance of this hypothesis. The dependent
variable, however, was fhe moisture content of the experimental
piles at the end of the composting process. Furthermore, sig-
nificant differences may then be related to the type of aeration
used or pipe spacing, and/or some combination of both.
Hypothesis 7. - C
Given the inter-relationships of temperature, oxygen,

and moisture within a composting system, significant

-
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inverse relationships will occur between the spatial
patterns of temperature (meagure of biological activity)
and oxygéﬁ (funétion_of the level of activity provided
édequate aeration is provided) , and moisture (dis-
places oxygen voids) and oxygén. Conversley, a sig-
ihificant positive rélationship existé between temperature
and moisture (adequate_lévels are needed for decomposi-
-tion). -
Provided that;the data is normally,distributed; Corrglation-
ﬁégression Analysis Wikre 'gtilized to evaluate these relation-
~ ships., |
Hypothesis 8.
The temperatﬁre, oxygen,. and moisture pfofiles of the
experimental piles should approach uniformity as a moré
efficient (reduced) pipe spacing is utilized thereby
decreasing the‘possibil;Fy of producing wet malodorous
- pockets.. L
lTﬁe spatial patterns of these variables were evaluated through
the computer mapping program Symap Version 5.19/5.20 and its
trend surface option. Trend surface attempts to breakdown Each-
observation of a spatially distributed variable into two ‘com-
ponents, é reéional trend componént and a local effect component
(Unwin, 1975). This is attained by progressively fit;ing higher
order geometric surfaces (more complex polynomial equationsf to
the observed data. The regional effect component is described
by ﬁhe best fitting surface, whereas the residual values (observed
minus expected) are assigned to the local component (local

departures from the regional component). Fonsequently, by

separating these local and random variations or "noise effects"
‘ v
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from the spatial pattern of the observed variable, é variable

' may be identified as exhibiting some sort of a regular or

- clustered pattern as opposed to a confusing non ordered random

pattern.‘

Althbugh Six trend surfaces éfe available in this
computer package,.only fqpr surfaces were utilized: lihearfj
quadratic, cubic, and quartic given that each variable has-0p1y
48 recorded observatiéns. Unwin (1975), has stated that far
more observations are needed than are terms in a trend surface
equation. A good rule of thumb is that the number of 6bservations
should at least be equal to p+30 where p is equal to the
number of termé in the fitted trend surface.

| Three m;jor assumptions associated with trend surface
analysis are:
(1) the data must be contiﬁuous,
(2) the most significant fitted trend surface should
be decided, and i h
f3) the data should not be clustered since this can create
distorted results. |

In this invé;tigation, the studied variables exhibited
continuous patterns, while the significance of each trend surface
level and the amcunt of increased fit over a previous level were

tested with the variance ratio F-test. Consequently, the
highest order surface which is significant in both of. the above
mentioned éases was chosen to describe the spatial pattern
of a study variable. Finally, by using a stratified random

sampling scheme with the assistance of a sampling grid, undue

data point clustering was avoided. In fact, nearest neighbour
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_ analysis indicated that the sampling poihts bf the sfudy ﬁariable
tended .to be random with a moderate tendency toward uniforéity.
‘(point distribution coefficient = 1.81).

- Since autocorrelated residuals, as evidenced by the
clustering of similar residual values, may Strong;y bias the -
F-tests to the extent of wrongly iejecting the null hypothesis
of no trend (Unwiﬂ, 1975), the residuals were tested for auto-

correlation by plugging in their values into the trend surface

analysis. | B ~



CHAPTER THREE
ANALYTICAL FINDINGS

3.1 Pre;Experimehtal'Results - Thé‘WbodchiphSQudge Input

Priq; to the éonstruction of each'experimental pilé,
five sampleslof the'woodchip-sludge mixture were collected and
analyzed fof moisture content. An examination of Table 4 in-
dicates that, in general, the moisture conﬁént,of the experimental
piles varied,.ranging from a high of 56.1% for Experiment 7 to
a low of 51.5% for Experiments 3 and 4, érior to composting.

To determine if these differences were mathematically significant,
an approximate One-Way Anaiysis of Variance was conducted since
the assumption of homoscedastic variance, as seen in Table 5,

was not met déspite the data being ﬁormélly distributed. Since
thg assumptions of parametric statispics can behreléxed when
testing against a null hypothesis (Norcliffe, 1977), the loss

in efficiency of the tes£ was compensated for by establishing a
highér acceptable prbbability level. An Examination of Table 6
reveals that the F-observed'values did not exceed the F=-crit
(0.01) value of approximately 2.90 at 9 and 40 degrees of freedom;
consequently, the inital moisture contents of the experiﬁental
piles were not significantly different. Therefore, the results
of this analysis support Hypothesis 1 (or ﬁull Hypothesis 1),

that similar initial moisture contents prior to composting are
maintained when utilizing a constant woodchip—sludée mixture.

Furthermore, theﬁdrying efficiency of a given pile could then



TABLE 4

Descriptive Characteristics of the Initial Input Variables

rd

Average
- Moisture Coefficient of
. Content = Standard Variability
Variable (in %) Deviation (in %) (s.4.)
- Y
Experiment #1-
Sludge 76.4 1.8 2.3
Woodchips 37.9 4.2 11.1
Mixture 53.9 2.5 4.5
Experiment #2-
Sludge 74.3 2.0 2.7
Woodchips 42.1 2.3 5.5
Mixture * 52.9 5.4 10.1
Experiment #3-
Sludge 76.2 1.2 1.5
Woodchips 38.7 6.8 17.6
Mixture 51.5 3.4 6.5
Experiment #4-
Sludge. 71.6 2.8 3.9
Woodchips 36.6 6.1 l6.8
Mixture 51:5 1.4 2.8
Experiment #5-
Sludge 77.7 1.1 1.4
Woodchips 37.3 5.5 14.8
Mixture 53.6 3.4 6.3
Experiment #6-
Sludge 78.3 1.4 1.8
Woodchips 38.9 3.0 7.6
Mixture 53.0 4.7 8.9
Experiment #7-
Sludge 71.6 3.0 4,2
Woodchips 40.5 3.4 8.6
Mixture 56.1 8.0 14,3
Experiment #8-
Sludge 78.9 3.1 3.9
Woodchips 38.7 5.3 13.8
Mixture 53.9 4.5 8.4
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TABLE 4 (continued)

Average

Moisture Coefficient of
Content Standard Variability
" Variable (in %) Deviation (in %) (s.d.)
. — e
Experiment #9- . _
Sludge 76.2 3.2 4.1
Woodchips 37.8 7.2 ., 18.9
Mixture- 54.5 6.1 11.2
Experiment #10- :
Sludge 71.2 3.1 4.4
Woodchips 42.3 3.8 9.0
Mixture 55.1 . 2.6 4.8
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TABLE 5

Kolmogorov-Smirnoff Test. of Normality and Hartley
F-max Test of Equal Variances for the Input Moisture
Content Data . .

Variable _ .~ . D-max . F-max

Sludge Moisture Content

Experiment #1 0.255

E riment #2. 0.298

Experiment #3 0.233

Experiment #4 0.294

Experiment #5 0.234 8.06
Experiment $#6 0.1l67 :
Experiment #7 - 0.219

Experiment #8 0.149

Experiment #9 0.227

Experiment #10 0.282

Woodchip Moisture Content

" Experiment #1 0.247

Experiment $#2 0.238

Experiment #3 0.419

Experiment #4 0.220

Experiment #5 T 0,295 7 9.51
Experiment #6 ' 0.253 '
Experiment #7 0.272

Experiment #8 . 0.306

Experiment #9 0.312

Experiment $#10 0.277

Moisture Conent of the Mixture

Experiment #1 0.330

Experiment #2 0.228 Q\
Experiment #3 0.162

Experiment #4 0.268

Experiment #5 0.196 *31.18
Experiment #6 0.292

Experiment #7 " 0.232

Experiment #8 0.304

Experiment #9 0.209

Experiment #10 0.278

D-max must exceed D-crit (0.05)=.565 to reject the variable
as being normally distributed.

*Significantly different variances when F-max exceeds F-crit
(0.05)=26.5. '
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TABLE 6

. Bpproximate Analysis of Variance of Initial Moisture
Content Between the Experimental Piles _

Source of Sim of " Degrees of ° Mean

Variation ' . Squares Freedom Square F
Between Experiments 95,748 . 9 10.638 *p._504
Within Experiments 843,932 - 40 ‘21,098

Total ' 939.680 . 49 |

* not significant

= ) B e
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be soleiy attributed to the utilized aeration coptrol method.”

Since the drying efficiency of a given aeration éontrol
method could be altered by the homogenous nature of the original
ﬁoodchip—slﬁdge mikture, five woodchip and sludge cake samples
were collected prior to mixing and analyzed for moisture content.
As illustrated in Table 4, the average moisture content of the
sludge cake samples were found to be highly variable between
the experimental piles ranging from 71.2% for E#periment ld to
78.9% for Expérimént 8. A parametric student's t-test was
conducted to detefmine if these differences were significant
since: the data wés normally distributed and their variaﬁCES

,Qere homoscedastic (Table 5). An exa?inapion of Table 7 reveals
that significantly different sludge cake moisture contents occurredlg
in 21 of the 45 cases looked at. Conversely, the day's sludge
production for an experimental piie tend to be fairly homoéenous
as shown by the goéfficients of variability given in Table 4. The
woodchip bulking material,nin fact, was responsible for aiteriné
the homogenous nature of the sludge cake to a more hetercgenous
woodchip-sludge ﬁixturExas:ﬂnwn1by the high coefficients of
variability given in Table 4. Note tha; ﬁhe'woodchip bulking
material did not differ significantly among the experiment§l piles
(Taﬁle g8).

Given that significantly different sludge moisture
levels did occur between the experimental piles, and that a high
degree of moisture variability was found in the woodchip bulking
material prior to mixing, Hypothesis 2 (statistically null hy-

pothesis 2) was rejected. It will be recalled that Hypothesis 2
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TABLE 7 | ! .
Matrix of "t-observed" Values for Sludge Samples

Sludge Samples _
1. 2. 3. 4. 5. 6. 7. 8. 9.  10.

- 1. Experiment L
2. Experim $2 l.66 =~ '
3. Experimént #3 0.17 -1.86 - . - . -

4. Experiment #4 *4,25 1,52 *3.77 -

5. Experiment #5 -1.01*-3.69*-3_.66%*-3,94- o,

6. Experiment #6 *-4_.49*%-3,63 -2,08*-7.18-0.52~-

7. Experiment #7 *2.,91 *5.63 *3,05 —-0.03%4.49%4,48-

8. Experiment #8 -1,72 -2.18 -1.53*-3.65-0,75~0.42%=2,97- .

9. Experiment #9 0.11 -2.44 0.01 -2.06 1.29 1.18*-5.61 1.06~ :
10. Experiment #10 *3.68 1,51 *3,00 0.28%*3.68%6.10 0.16%*5.11 2,07-

" . * Significant at 2 -tailed 0.05 level of 51gn1f1cance, df=4-
t-crit = 2.78.
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TABLE 8

. Matrix of "t-observed" Values for Woodchip Samples

1. Experiment
2. Experiment
3. Experiment
4. Experiment
5. Experiment
6. Experiment
7. Experiment
8. Experiment
9. Experiment
10. Experiment

1.
81 -
§2 -1.63
$3  -0.23
$#4 0.57
§5 0.16
$6 -0.44
$7 -~1.87
$8 -0.30
$#9° 0.05

#10 =1.23

Woodchip Samples

2,

1.04
1.51
1.93
A3, 25
0.97
1.24
1.29
-0.10

3.

0.70

0.34
-0.04
-0.48

0.02

0.16
-1.13

4. " 5..
-0.17 -
-0.63 -0.46
~1.15 -0.81

-0.82 -0.34
-0.26 -0.11
-1.48*-2,.82

-1.62
0.06
0.34

-1.54

0.65 -
1.15 0.19

-0.61 -1,21-0,98 -

*Significant at 2-tailed 0.05 level of significance, df=4 - t-crit=2.78
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predicted'fhat the differences and variabiliﬁy in £he average
moisture content of the sludge and woodchips wqﬁld be minimal.
COnseqﬁeﬁtly, the drying.efficiency of an aeration method may

be modified by the heterogenocus nature, and therefo;g p&rosity, of.
the origina} woodchipvsludge‘mixture.

3.2 Performance of the Experimental Piles Dﬁring the
- Composting Process '

To ensurigggat tamperatures adequate for pathogen kill
and sludge stabiligation occurred during‘the initiéi tﬁo weeks of
the composting process, all experimental piles were‘regularly
monitored for temperature and oxygén levels. Monitoring was-con—
tinued into the final two week; of the .composting process to
determine the effect-of-increasiﬁg aeration on the composting
piles. 7 |

To determine the effect of reduced pipe spacing, at
'thélaeration base, on moisture reduction within the composting
system, three pilés were constructed. The utilized pipe spacings
included 1.52 m. (5 ft.) for Experiment 1, 2.13 m. (7 £t.) for
Experiment 2, and 2.44 m. (8 ft.) or the standard system utilized
By the City of Windsor in Experiment 3. Figures 6 to 8 indicate
that temperatures adequate for pathogen kill were attained by the_
fourth day of composting. Furthermore, active sludge stabiliiing
was continuing even at the end‘of the composting process as denoted

by the high temperature readings.
. ' The increasing of aeration by switching to constant
suctioﬁ from 4 min. on/4 min. off cycle suction resulted in a

subsequent rise in oxygen levels within the piles, except

-
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Experiment 3 (Figﬁres 6 to 8). Howevér, the decreasing oxygen
levels noted in Experiment 3 may have been attributed to the ﬁigh
amount of precipitation receiveﬁ_after enhancing aeration (Figure
8).--only a slightAdecreaée in temperature was experienced by the
composting ﬁiléS"s@bsequent to enhanced aeration. The total
precipitafion received by the compqsting piles as-indicated in.
Figures 6 to 8 were respectively 21 mﬁ., 20 mm., and 33 mm. .

' '.Givén.that enhanced aeration would promote a Qreateri
rate of evaporation, Experiments 4 to 6 were de;igned to ascertain
the combined effects of enhanced aeration (by employing two
.aeration blowers), and reduced pipe‘spacing on -the final moisture
levels 6§ the composting piles. fhe‘pipe spacings utilized were
1.52 m. (5 £t.), 2.13 m. (7 ft.), and 2.44 m. (8 £t.), res-
pectively, fo;'p#periﬁents 4 to 6. 'Despité using a more efficient
_and higher rate of aer;tion, temperatures sufficient for pathogen
kill ﬁere attained by thé fourth to fifth day of‘composting, as
shown in Figures 9 to 11,‘ As delineated by the high témperature
levels, vigorous_deéoﬁpggﬁéion had—persisted up to the last day
of composting.

As shown by Figures 9 to 11, the switching of the
blowers on the fifteenth day from a 4 min. on/4 min. éff cycle to
constan£ suction, produced a subsequeﬁt increase in oxygen, and a
minimal decrease in temperature levels within the.composting
piles. Note that on the twelfth day of composting, the aerating
blowers wéré set on a 4 min. on/4 min off cycle when it was
realized that one of the aerating blowers was operating on-a

2 min. on/6 min. .off cycle. The amount of precipitation received,
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:

by these experimental piles were 29 mm., 33 mm., and-27 mm.

" respectively.

Duxring suction.aeration, some leacpaté water usﬁally
forms at tﬁe aerétion base. .Since this watef may be partially
responsible fo: impeding the . smooth flow of air through the -
aeration pipes, Experiments 7 to 9.utilized larger pipe 15.24 cm.
(6 'in.) as opposed to standard 10.16 cm. (4 in.) piping. ‘Enhanced
aeration and decreased pipe spacings were also utilized. The
rrespéctive piée spacings were 1.52 m. (5 fﬁ.) for Experiment 7,
2.14 m. (7 ft.) for Experiment 8, and 2.44 m. (8 ft.) for
Experiment 9.

As indicated by Figures 12 and 13, temperature levels
sufficient for pathogen kill were aétained in Experiments 7 and-
8 by the fourth to fifth day of composting. The switching of
aeration from a 4 min. on/4 min. off cycle to Eonstant suction,
prbduced subsequent oxygen drops in both exﬁeriments followed by
a small dfop in temperature,. Régardless, active decomposition
persisted throughogt the final two weeks of the composting pro-

_ cess as depicted by the high temperatures shown in Figures 12
and 13. The amount.of‘precipitation received by the ;omposting
piles was 75 mm. for Experiment 7 and 22 mm. for Experiment 8.
éonverseiy, temperature levels adequate fof pathégen
kill were not attained in Experiment 9 until the ninth day of
composting as shown by Figure 1l4. This was attributed to the
initial septic nature and corresponding difficulties encountered
with dewatering of the sludge prior to construction of this

experimental pile. spilfage from the Maple Leaf food processing

plant into the City"s sanitary sewer-was discovered to be -
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~

responsible gpr the,occurraﬁce of the‘septié sludge. .
" As Figure %}-indicaté53 the aeration cycle was reduced {
to 2 min. on/4 min: off on the seventh day of co@posting in an :
attémpt to minimize heat loés. Since‘ﬁhe oxygen levels were not,
exceésive, any heat ga;n was minimal. Consequently, given that
a septic aneorobic sludge would be characterized by low teﬁper}-
ature and dxygen levels\on‘éhe ninth day of composting, thé
aeration rate was-intensified to a‘6 min. on/2 min. off cycle-
in an attempt to promote aerﬁbic thermophilic decomposition and
related heat gains. This resulted, as shown in Figure 14, in a
subsequent increase in oxygen and a correspond ing increase in
aercbic activity as typified by the temperature levels.
| On the fifteenth day of composting, aeration was switched -
to constant suction; Unlike previously mentioned experiments, the I
increased aeration rate promoted further:beneficial increases
in temperature. Consequently, it ié apparent that if largef
quantitites of air are provided to the composting pile, septic
sludge cén bé properly cqmposted. Note that about 27 mm. of
precipitation occurred during the composting process.
To ascertain the drying efficiency of the previously
mentioned aeratiﬁg systems relative to the presently employed
system of the West Windsor Sewage Treatment Plant, a tenth or
control experiment was conducted. This experimént pile utilized
the standard 10.16 cm.; pipe size placed at 2.44 m. (8 ft.) ,in-
tervals while aeration was switched from a cycle aeration of

4 min. on/4 min. off to constant injection or blowing on the

fifteenth day of composting.
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Figure 15 shows that temperatures sufflclant fox
pathogen kill were attained by the fifth day of compostlng. The
switching of the aeration cycle to constant injection (blowlug)

resulted in a slight drop of temperatures, however active sludge

~ decomposition, as characterized by the high temperature levels,

persisted up to the last day of com@ﬁsting. During the experi-

mental run, approximately 32 mm. of rain fell on the composting

pile.,

Given that enhanced aeration may be responsible for

excessive heat loss from a compostlng pile, the controlllng crlterlc

N

in any aeration system is to attain temperature levels adequate

for pathogen kill and sludge stabilization. It will be recalled
that Hypothesis 3 predicted that optimum temperature and oxygen

levels needed for pathogen kill and sludge stabilization would

be attained by all experlmental Piles despite modifying. aeratlon.

control Based on the previous discussion, this hypothesis is

true since temperature and oxygen levels sufficient for pathogen
destruction and sludge stablllzatlon occurred during the initial
two weeks of the compostlng process. Consequently, all of the
modified aeration systems could be utilized as potentially feasible
moisture reduction alternatives to the presently employed forced

aeration system used at the West Windsor Sewage Treatment Plant.

3.3 Drying Efficiency of the Experimental Piles

Correlation Regressiond@nalysis was.conducted to ascertain
if a significant cause-effect relationship existed between the

amount of precipitation received (Figures 4 to 13) by the piles

>
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andifhe_final moisture content (Table 9} of each pile. Since

a érefequisite of any parametric statistical test is that the
data be normally distributed, a Kolmogorov—Smireoff Test of normg
aiitynwas employed. The derived D—ﬁax values ef 0.3724 for totel
precipitation, and 0.1360 for average final moistufe content of
the piles did not exceed D-crit (6.05)=0.410 %or 10 cases, con-
eeqﬁently,_tge data was normally distributed. HEypothesis 4 is
accepted since an insignificant correiation ceefficienp of 0.3592
 was calculated between the studied variablee.To be significant

at the 5.05 probability level at 10 cases, a minimum correleﬁion.
coefficient of 0.564 is requlred consequently, Hypothesis 4 holds
true. The amount of moisture therefore contrlbuted by prec1pltat101
to a composting éile is negligeable. .

* It will be recalled that Hypothesis 5 predicted that
signifieant moieture reductions would occur over ell of the ex-
perimental piles since drying is an impertant_sub—s;stem component.
of sludge compostlng systems. To‘determine if the mean moisture
content of the lnltlal woodchip-sludge mixtures prior to compostlnq
were 51gn1f1cantly different from those levels attained at the
end ef composting, parametric student t-tests were employed-eince
the data was normally distributed and homosdedastic_(Table 10) .

As was eredicted and is shown by Table_9, all of the experimental
piles had significant moisture reductions;
Table 9, surprisingly and.contrary to tﬂeoretical ex-

pectations, suggests that p}ogressively better moisture reduction

in. composting piles is not necessarily attainable through improved
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TABLE 10

Kolmogorov-Smirnoff Test of Normality and

Variance Ratio Test of Equal Variances for

Moisture Content Data

-

final moisture cantent

0.181 ..

Variable D-max . F—computed‘_
Experiment 1
‘initial moisture content 9.330 ‘ * 15,5
final moisture content I P & & A
Experiment 2 )
‘initial moisture content. 0.228 2.2
final moisture ‘content . » . 0.185 ) ~
Exper:.ment 3
initial mo;sture content -~ 0.162 5.3
final moisture ¢ontent . .. ... .. 0.217
Experiment 4
initial moisture content . 0.268 * 9.4
final moisture content - . . . ... 0114
'Experimént. 5. o,
initial moisture content - 0.196 * 7.5
final moisture content ., . . ... 0,200 ... .. :
-]
Experlment 6 ,
initial moisture -eqntent 0.292 2.0
final moisture contlent’ . 0.207 .
—#
Experiment 7
initial moisture content 4 0.236 C** 4.0
final moisture content o 0.15a .
Experiment 8 ‘
" initial moisture content 0.304 2.0
.final moisture content 1 0.221
Experiment 9 . e’
initial moisture cdntent 0.209 1.8

r
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TABLE 10. (continued) \

Variable .. .. ... ... ... ... D-max ... .. ... F-computed

Experiment 10

initial moisture content ' o 0.278 - - 4,2
final moisture content . ..........0.080 .. ....... ...

D-max must exceed D-crit (0.05)=,565 to reject the varlable
Tas being normally distributed for inital moisture content
data.

D-max must exceed D-crit {0.025)=.214 to reject the variable
as being normally distributed for final moisture content
data. '
) \
* slgnlflcantly different variance when F-computed exceeds
F-ratio (0.05)=5,63, df=47,4.

Kk Slgnlflcantly different variance when F-computed exceeds

F-ratlo (0.05)=2.61, df=4,47. N



71

aeration control systems. Experiment 7 which supposedly offered
the most effiéient\aeration control system‘- enhanced evapor- :
ation rates thrdugh enhanced aeration, uniform oxygen movement

by reducing pipe spacing, and greater free Eir-movement through
oversized piping == ranked sixﬁhﬁfor drying efﬁiciéﬂéy; Drying
efficiency can be defined as the change in moisture content of |
a pile from start to finish expfess;d as a percent.' The following
formula was used: drying efficighcy {(in percent)=

average reduction in‘moisture from start to finish x 100%
average initial-moisture content of a pile '

Experiment 4, which was expected to rank second to fourth ranked
last, and Experiment 10., whicht&pifiesthe presentlf'employed
system at the Wesﬁ Windsor Sewage Tréatmént Plan had the second
highést drying efficiehcy record desﬁite'earlier;reported problems
with the system. | | .

To determine if the final moisture content of the ex-~
perimental piles were,i%éeed significantly different, an apprbx—
imate One-Way Analysis of Variance was conducted since the variances
of the moisture contents were not homoggedastic, As shown by
Table 11, significantly different moisture éontenté prgvailed
after the composting process given that the initial moisture
content of the piles were not significantly diff;renﬁ (Table 6).
However; accoraing to Table 12, these differences were not related
t? either pipe spacing or the aeration type utilized but some

interaction or combindation of these variables.
] X (_—'_\

™
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TABLE 11

Approximate 6ne4way Analysis of Variance of Final Moisture §
Content Differences Between the Experimental Piles ' i

Source of Sum of g Degrées of Mean
Variation (. . .Squares .. .. Freedom ... .Square . F
Batween Exéerimeéts 77739.697 8 9717.462 * 42.384
Within Experiments  107985.482  #71 ~  229.268

: P

Total 30245.78 479

* significant at the 0.01 level. ' o

TABLE 12
Approximate Two-Way Analysis of Variance of Final Moisture
Content Differences by Aeration Type and Pipe Spacing

Source of Sum of Degrees of Mean
Variation . Squares . Freedom . . . Square « F

Between Aeration- _
Types _ s 120.963 2 60.481  0.857

Between Pipe Spacing
Types 35.085 2 17.543 0.758

Reration Type By
Pipe Spacing Inter-

action - 1627.999 4 407.000 *6.439
Residual 26738.988 423 63.213

r :
Total : . 28523,039 431 66.179

* significant at 0.0l level.

R
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© To determine which pairs of éxperimants had sig-
nificantly different moisture'contents, -several approximate
t-tests were conducted. The results of thig analysis are given

in Table 13, Experiments 4 and 7 had significantly higher moisture

‘contents than Experiments 1 and 10 which utilized standard pipe

size and reqular aeration rates. Contrary to expéctations, Ex-.
periment 7 was also found to have a sxgnlflcantly higher moisture
content than Experlment 5 whlch.utlllzed standard pipe size but

more distant pipe spacings. Table 13 also shows that Experiment

-_,f\\\//—’IO or the system presently employed by the’city of Windsor had '

a significantly greater moisture reduction than Experiments 2,
3‘and 6 which suppose&ly had more efficient aeration systems.

It will be recalled that Hypothesis 6‘predicted that
greater moisture reductions would be attained as more efficient D
aerating systems are used. The results of the t-tests and dryiné
efficiency of the experimental piles indicate otherwise. Conse-
quently, Hypothesis 6 was rejected since there was not a cléar

indication that such a relationship exists.

3.4 Distributional Inter-Relationships of the Study Variables

The cross—-sectional temperature, oxygen and moisture
profiles Eaken at the end of the composting period. were mapped and
analyzed in - an attempt to explain the unanticipated results of
this inveatigation; .Visual inspection of the spatial patterns
displayed in Appendix 3 would seem to indicate the spatial dis-
tributions of the study variables within a given experimental
pile tend to coincide. Correlatién Regression Ahaiysis was used

in an attempt to determine the extent of these inter-relation-
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sisiamiiime s

ships. Since this is a parametric statistical test, the data

i ik

was first checked for normality. In most cases, as shown in

Table 14, the raw data was normaily distributed. Data trans-

formatlon to the fifth and sixth power were needed to respectlvely
normalize the temperature data for Experlments 2 and 4, whlle
squared transformatlons were needed for the moisture levels of
Experiments 3 and 8, and the temperature levels of Experiment 10.
o The data correlation matrix given in Table 15 generally

supports the prediction given by Hypothesis 7, that inter-rel-

ationships exist betweetlthg studied variables within a given
experimental pile. Since eerrelation coefficients of 0,30 or
greater are significant, significant positive correlations between
tempereture'and moisture levels therefore prevailed in eight of
the ten conducted experiments, while significant inverse cor-
relatiens existed betweet temperature and oxygen in seven conducted
experiments. VMeanwhile, instrument failure may have been res-
ponsible for the poor inverse correlations found between oxygen
and moisture levels tonly three experiments had significant in-
verse correlations} due'to clogging of the oxygen probe when it
was inserted into the moist pockets across the face of the con-
post pile.

Although the drying efficiency index given back in
Table 9 does give an indication of the moisture reduction success
of a given experimentel‘pile, it is based on averages and con-
sequeptly statistical description ;s lost duting the process.
From the point of view of ocdour control, the moist malodorous

pockets still persistent at the end of the composting érocess are

.
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1

TABLE 14

Kolmogorov-Smirnoff Test of Normallty for Final Temperature,
Oxygen and Moisture Data

Values of D—maxih

- Variable X . ;X% ..... :xé :....xg..::...nietributlon
Experiment 1 ,
Temperature ¢.1306 normal
Oxygen 0.1612 normal
Moisture . . Q.117L .. normal .
Experiment 2 7 ;
Temperature 0.2930 @.1968 £fifth power

- OxXygen 0.0873 normal
Moisture 0.1853 .. . .. ... 0 . normal
Experiment 3 J )
‘Temperature 0.1223 normal,
Oxygen 0.1508 normal
Moisture 0.2171 . 0.1961 - ... ... .. ... ... ... . ‘squared power

" Experiment 4
Temperature 0.2851 0.2110 sixth power
Oxygen 0.1141 normal

- Moisture . 0.148% ... L . . normal
Experiment 5
Temperature 0.2032 normal
Oxygen 0.0874 ~ normal
Moisture 0,1999 .. ... ... ... .. normal
Experiment 6 .

Temperature 0.1966 R normal
Oxygen 0.1485 > normal
Moisture 0.2066 N - normal
Experiment 7

Temperature  0.1969 normal
Oxygen 0.1597 . normal
Moisture 0.1501 = . . L normal

Lt e e
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TABLE 14 (continued)

Variable .- X . ,.,xz_-....xs._.:.?:_xs ....... . Distribution
Experiment 8 : .

Temperature 0.1178 - normal

Oxygen - 0.1130 N _ : normal
. Moisture 0.2206 - Q.1768 ... . S . Squared power

Experiment 9

Temperature 0,1874 ' ' . normal

Oxygen 0.1078 ) normal
Moisture 0.1806.. 7 . ... .. .. normal ,
Experiment 10 |
Temperature 0.2298 0.2090 squared power
Oxygen .0,0932 normal
Moisture = 0.0796 .. .. “-..:-....... ... . . normal

Where: X is the D-max value before normalization
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| _TABLE 15
Data Correlation Matrix for the Experimental Piles

-3

Experiment 1 .

e el M

yoisgure

Temperature Oxygen Mbistﬁre
Temperature - -0.165 0.733 i
Oxygen - ' - 0.226 i
Moisture . ... L T - R
Experiment 2 - R
. Temperature - -0.047 - 0.794 :
Oxygen - ' 0.031 N
Moisture e L= {ﬁjz
Experiment 3 i ' %
Temperature - -0.347 0.455 ;
Oxygen - -0.,572 !
Moisture - . i
Experiment 4 ;
Teﬁperature ¥y - 0.283 0.128 !
Oxygen - - 0.327 :
Moisture - i
‘ A
Experiment 5 ‘:|
Temperature - -0.451 0.659 :
Oxygen ' - -0.333 :
Moisture - :
Experimenf 6 |
Temperature ' - -0.453 . 0.556
Oxygen - -0.254
Moisture \\ -
\ .
Experiment 7
Temperature - -0.509 -0.240
Oxygen - 0.226
Moisture -
Experiment 8
Temperature - -0.57 0.589
Oxygen - 0\\\ -

-0.243 -
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TABLE 15 (continued)
.......... Temperature ........ OxYgen ..... . . Moisture
E#periment 9 _ _ .
Temperature - . =0.332 - 0.520
. Oxygen - . - =0.372
 Moisture . . ... .. it e L -
Experiment 10 ,
Temperature - -0.419 0.331
Oxygen ' o - -0.116
CModisture L .-

Correlations of 0.30 or greater are significant at 0.05 level
based on 48 sample sites. : .
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~ of equal concern. It will be recalled that Hypothesis 8 pre-
dicted that temperatute, oxygen and moisture should approach .
uniformity as teduced pipe'specing is utilized, thereby decreasing
the'number of wet malodorous pockets. Although tﬁe ‘mapping of
the recorded data does give  an lndicatlon of the distributional
patterns present ln_a composting PllE, the patterns can bg
confusing, consequently, difficulties arise when attempting to.
deduce and assign a general trend or pattern te'a composting
pile. Coneequently,_Trend Sﬁrface Analyses were conducted on
the observed spatial patterns of }he composting piles depicted
. in Appendlx III Autocofrelation.of a study variable within a
compostlng plle which would 1nd1cate the presence of a general
trend or pattern throughout the compostlng plle, becomes evident
when a trendrsurface is significadtlf fitted to an ebserved .
spatiel pattern since local random departufes of the fitted
surface are filtered out. |

-As shown by Table 16, 72.5% of the spatial variation
.1n the temperature profile, 48.0% of the oxygen proflle, and
54.6% of the moisture profile in Experlment 1 were significantly .
describablelby quadratic order surfaces. The fitted trend
surface, however, indicated an unexpectedly notable clustering
within the pile despite utilizing reduced 1.52 ni. plpe spacing.
High temperature and molsture levels were generally found in the °
centre of the pile with gradual cooling and drying away from this
centre, The distributional pattern of oxygen consisted of low.
levels in the central left hand side of th pile to gradual in-

creasing levels up to the right hand corner of the pile.
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‘ - TABLE 16 .
Trend Surface Analysis: of Study Varlables for
- Experlment 1 '
: 2. gemperatgre 2
- pource Surface ... . 4df . .. R". ... . dR ‘Fxr”. .. .. Fdr"
‘Linear 2 0.442 0.442 *17.8 -
"Residual 45 * Q.558 :
‘Quadratic ‘ 5 0.725 0,283 *20.7 *13.4
i Residual 42 0.275
| .
* Cukic 9 0.771 0.046 *14.3 . 2.0.
~ Residual . 38 0.229 _
Quartic 14 0.897 0.126 * 2.1 * 8.3
Residual .. .......33 .. ..0Q0.,103..... . ... .. .. e
- Oxygen
Linear 2 0.226 0.226 * 7.1
Residual 45 Q.734
) ‘ Quadratic 5 0.480° 0.214 * 8.0 . *'5.9
Residual 42 0.52Q0 .
. . - .
Cubic 9 0.555 0.075 * 5,2 1.6
Residual - T 38 Q.445 '
4 ) .
Quartic ) 14 0.639 0.084 * 4.2 1.6
Residual . ... 33 .. 8,361 ...
Moisture
" Linear 2 0.371 0.371  *13.3
Residual 45 0.629 :
Quadratic 5 0.546y 0.175 * 9.9 * 5.3
Residual 42 0.454 -
Cubic 9 . 0,587 0.041 * 5.9 0.9
Residual 34 0.413 '
Quartic 14 0.741 © 0.154 *6.6 * 3.9
Residual 3? 0.259 -

* gignificant at the 0,05 level.
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*  As shown by Ta§l§-17:.3?-2% of the spatial variation
of £pe~temperature profile in Experiment 2 was e;plainabie by
the'cubic order surface, while 78.1% of the moisture brofile
was best explalned by the quadratic order surface. Like Ex- |
periment 1, the fitted trend surface indicated the presence \
of clustered spatial patterns within the expeg}mental pile des-

pite using a reduced 1 83 m. pipe spaclng. Generally, two pockets

of high temperatures prevelled, one on the central left hand side'

and the other in the central bottom of the pile. Temperatures

gradually aissipﬁted away from the po&kets toward the pile base
- . ‘ .- :
and top. A moist pocket was present in the ceéntre of the pile

.while gradual drier patterns prevailed away from this centre toward

Ehe-ﬁile base and top. 0Oxygen can be claimed to exhibit a random

pattern because of the inability to fit a significantAtrend to

the observed spatial pattern:

When' trend eurface analysis was applied eo Experiment 3,
80.6%, 28.2%, and 7%.9% of the spatial variation in temperature,
oxygen, and moisture respectively were described by a cubic, linear
dnd_quadratic‘sufface as shown in Table 18. Similar to the pre-
vious mentioned experimenfal pilee, a clustered spatial patterh was
portrayed by the analysisi Notably, two afees of hot temperatures
were evidert (central right and left hand side) while temperatures
gradually decreased away from these pockets. A moist pocket was
also apparent in the Bottom central portion of the pile. A steeply
decreas;ne//patlal gradlent occurred toward the top of the pile

and drier compost was akse evident in the aeration base. Qxygen
A - : ' ‘ i
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TABLE 17

Trend Surface Analysis of Study Variables for .
Experiment 2

Temperature

. Source Surface N & Rz. ‘dRz F:z o Fdrz
lLinear 2 8.501 0.501 *22.8
Residual 45 0.499
Quadratic 5 0.839 0.338 *42.0 *28.3
Residual 42 g.161
Cubic 9 0.892 Q.053 *33,0 * 4.3
Residual 38 a.108
Quartic 14 0.906 0.014 *21.6 1.0
Residual . 33 .. . 0.004 ..

Oxygen
Linear 2 0.056 0.056 1.3
Residual 45 0.094
Quadratic 5 0.101 0.045 1.0 0.7
Residual 42 0.899
Cubic 9. 0.298 0.197 11.8 * 2.7
Residual 38 0.702
Quartic 14 0.340 0.042 1.0 0.4
Residual 33 a.660
Moisture

Linear 2 0.626 0.626 *39.1
Residual 45 Q0.374 .
Quadratic 5 0.781 0.155 *31.2  *10.4
Residual 42 1.219
Cubic . 9 0.825 0.044 *18.3 2.2
Regidual 38 0.175
Quartic 14 a.842 Q.017 *12.0 0.6
Residual 33 0.158

* gignificant at 0.05 level.
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‘“TABLE 18

Trend Surface Analysis of Study Variables
for Experiment 3

Temperature

Source Surface adf R2 : dR2 Frz Fdr2
Linear 2 0.202 0.202 * 5,6
Residual 45 0.798 .
Quadratic 5 0.434 0.232 * 7.2 * 5.9
Residual 42 0.566
Cubic ' 9 4 0.806  0.372 *17.9 *18.6
Residual 38 0.194
Quartic ' 14 0.827 . 0.021 *11.8 0.8
Residual o .33 0.173

_ Oxygen
Linear . 2 0.282 0.282 * 9.0
‘Residual _ 45 0.718
Quadratic 5 0.337 0.055 * 4.2 1.1
Residual : ’ 42 Q.663
Cubic 9 0.38% 0.052 * 2.7 0.8
Residual . - 38 0.611
Quartic . - 14 0.430 0.041 1.8 0.5
. Residual ... . 33, ..0.570

Moisture

Linear 2 Q.577 0.577 *32.1
Residual 45 0.423
Quadratic 5 0.739 0.182 *24.6 *10.0
Residual 42 0.261 .
Cubic : 9 0.756 0.017 *14.Q 0.7
Residual 38 0.244
Quartic 14 Q.783 0.027 * 8.0 0.7
Residual 33 0.217

* gignificant at 0.05 level
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tended to follow a diagonal pattern from lower levels at the
bottom left hand corner of the pile to the higher levels at

the top right hand coiner.

As indicated by Table 19, 86.9% of the spatial
variation of the temperature profile in Expefiment 4 was charac-
terized by a quadratic order surface, while 17.6% of the oxygen
profile was expléined.b& é linear order surface. Temperatuie‘
and'bxygen levels gradually increased toward the pile base, thus
indicating a clustered pattern. The moisture profile was assumed
to be randomly distributed since a trend coula not be significahtly
fitted to the observed spatial pattern.

Quadratic surfaces, as shown in Table 20, successfully
accounted for 70.4% and 84.9% of the temperature and ﬁoisture
profiles in Experiment 5. Both temperature and moisture levels
increased toward the pile base. Clustering occurred when a moist
pocket was identified in the bottom central portion of the pile.
Oxygen was assumed to be randomly distributed since a trend sur-
face could not be significantly fitted to the observed spatial
pattern. |

In Experiment 6, quadratic surfaces successfully ac-
counted for 54.0% and 68.8% of the temperature and moisture
profiles, while the cubic surface explained 54.4% of the oxygen
-profile as indicated in Table 21. Strong clustering was evident
when high temperature and low oxygen levels prevailed in the

centre of the pile. Moisture levels also increased toward the

pile base.

. PP
Limarb .¢..;.¢u-:u.,...w--
.
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TABLE 19

Trend Surface Analysis of Study Variables

- for Experiment 4

Temperature

Source Surface at R2 dR? Fr2 Fdr2
Linear 2 0.659 0.659 *41.3
Residual 45 0.341
Quadratic 5 0.869 0,210 *57.9 *23.3
Residual 42 0.131
Cubic 9 0.885 0.016  *32.7 1.3
Residual 38 0.115 - :
Quartic 14 0.911 0.026 *21.7 1.7
Residual 33 0.089

Oxygen
Linear 2 0.176 0.176 * 4.9
Residual 45 0.824
Quadratic 5 0.224 0.048 * 2.5 0.9
Residual 42 0.776
Cubic 9 0.309 0.085 1.9 1.2
Residual 38 0.691
Quartic 14 0.376 0.067 1.4 0.7
Residual 33 0.624~

Moisture
Linear 2 0.087 0.087 2.2
Residual 45 0.913
Quadratic 5 0.160 0.073 1.6 1.2
Residual 42 0.840
Cubic 9 0.336 0.176 * 3.9 2.6
Residual 38 0.664
Quartic 14 0.370 0.034 1.4 0.4
Residual 33 0.630

* significant at 0,05 level.
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TABLE 20 | o

Trend Surface Analysis of Study Variables
for Experiment 35

_ i Temperature
Source Surface .daf . .R?:..: dR;._:. Fr?..A .Fdrz
Linear ' 2  0.576 0.576 -*25.3
" Residual 45 0.424
Residual 42 0.296
Cubic 9 Q.745 0.041 © *11.8 1.4
Reésidual 38 0.255
Quartic 14 Q.750 0.005 * 6.8 0.1
Residual 33 . 0.250 . L -
Oxygen ;
Linear T2 0.033 0.033 0.8
Residual 45 Q.967 :
Quadratic 5 *0.168 (Q.135 1.7 2.3
Residual 42 Q.832 :
Cubic 9 0.258 0.090 1.4 1.2
Residual - 38 0.742
Quartic 14 0.359 Q.101 - 1.4 i.1
Residual . .33 . 4.641
Moisture
Linear 2 Q.652 0.652 *40.8
Residual 45 Q.348
Quadratic 5 0.849 0.197 *42.5 *16.5
Residual 42 0.151
Cubic 9. 0.878 0.029 *32.5 2.3
Residual 38 Q.122 TN
. Quartic 14 0.207 0.029 *21.7 2.0
Residual 33 a.083

* significant at 0.05 level.



Trend Surface Analysis of Stu
" for Experiment 6

TABLE 21
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dy Variables

Temperature
Source Surface at Rz .,.ﬁng .Fr; Fdrz
Linear 2 0.353 0.353 *12.6
Residual 45 0.647\
" Quadratic -5 0.540 0.187 * 9.8 *5.6
Residual 42 0.460
Cubic 9 0.639 0.099 * 7.1 2.5
Residual 38 d.361
Quartic 14 0.679 0.040 * 4.9 0.8
"Residual y 33 . 0.321
Oxygen
Linear 2 0.022 0.022 0.5
Residual 45 0.978 :
Quadratic 5 0.410 0.388 * 5.9 *39.2
Residual 42 0.590
Cubic 9 2.554 0.144 * 5.1 *3.0
Residual 38 0.446 ‘
Quartic 14 0.658 0.104 * 4.7 2.1
Residual 33 Q.342 '
Moisture
Linear 2 0.582 0.582 *32.3
Residual 45 0.418
Quadratic ) 0.688 0Q.106 *]19.1 *5_.0
Residual 42 a.312
Cubic 9 0.747 0.Q059 *11.9 2.1
Residual 38 0.253
Quartic 14 0.781 0.034 * 8.0 1.0
Residual 33 0.219

* significant at 0.05 level.
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As shown by ?able 22, 86.8% of the spatial variation
of.teqﬁerature, 3{.7% of oxygen,.and 46.3% of moisture were
respéétively accduﬁted for by a quadratic, 1inear,.and cubic
surface in Experiment 7. However, all of these variables ex-
hibted some form of clustered pattern. High temperature and

moisture levels were present in the centre of the pile while

_lower levels prevailed toward the top and base of the pile.

Oxygen levels progressively decreased téward the bottom right
hand corner of the pile.-

‘ When trend surface analysis was applied to the observed
spatial patterns of Experiment 8, 55.3% and 49.5% of the temp-
erature and moisture profiles were significantly accounted for
by quadratic order surfaces. Table 23 also indicated that 20.7%
of the oxygen profile can be significantly explained by a linear '
surface order at the 0.05 probability level. However, as in
previously mentioned expe;ihents, clustering of the spatial
patterns are noted. Lower temperature levels occurred toward
the bottom right hand cornmer of the pile. Conversely decreasing
oxygen levels occurred toward the bottom left hand corner of
the pile. BHowever, the trend surface depicted for the moisture
profile did appear to differ from previously conducted experiments.
The indicated trend was dry compost from top to bottom of the
pile but with progressively wetter compost toward the central
right hand edge and the left hand corner of the pile. The presence
of these moist pockets, however does indicate some degree of

clustering.
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TABLE 22

Trend Surface'Analysis of Study Variables
’ for Experiment 7

Temperature
Source Surface .df  ®® ar? " Frl. Fdr?
Linear : 2 0.593 0.593  *33.0
Residual 45 .0.407
Quadratic 5 0.868 0.275 *57.9 *30.7
Residual‘ 42 0.132
Cubic 9 . 0.892 0.024 *33.0 2.0
Residual : 38 0.108 -
Quartic 14 0.909 0.017 *21.6 1.0
Residual 33 0.091

Oxygen
Linear 2 0.317 0.317 *10.6
Residual - 45 0.68;
Quadratic 5 0.417 0.100 * 6,0 2.4
Residual 42 0.583 '

- : ’, .

Cubic 9 0.514 0.097 * 4.4 1.9
Residual 38 0.486
Quartic ‘14 0.604 0.090 * 3.6 1.5
Residual 33 0.396

Moisture
Linear 2 ¢.055 0,055 1.3
Residual . 45 0.945.-
Quadratic 5 0.284 0.229 * 3.3 *4.5
Residual 42 0.716
Cubic 9 0.463 0,179 * 3.6 *3.2
Residual . 38 0.537
Quartic 14 0.587 0.124 * 3.2 1.9
Regidual 33 0.413

* sigﬂificant at 0.05 level.
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TABLE 23

Trend Surface Ana1y51s of Study Variables
for Experiment 8

Temperature
: 2° 2 2 2

source Surface daf R dR Fr Fdr
Linear 2 0.386 0.386 *13.8
.Residual 45 0.614
Quadratic 5 0.553 0.167 *10.1 *5.1
Residual 42 0.447
Cubic 9 0.555 0.002 - * 5.1 0.1
Residual 38 0.445
Quartic 14 0.589 0.034 * 3.5 0.6
Residual 33 0.411

Oxygen
Linear 2 0.207- 0.207 * 5.8
Residual 45 0.793
Quadratic 5 0.282 0.075 * 3.3 1.5
Residual 42 0.718
Cubic 9 0.342 0.060 * 2.2 0.9
Residual 38 0.658 )
Quartic 14 0.354 0.012 1.3 0.1
Residual 33 0.646

Moisture
Linear 2 0.291 0,291 * 9,7
Residual 45 0.709
Quadratic 5 0.495 0.204 _* 8.3 ' *5.7
Residual 42 0.505
Cubic 9 " 0.509 0.014 * 4.4 0.3
Residual 38 0.491
Quartic 14 0.547 0f0o38 * 2.8 0.6
Residual 33 0.453

* significant at 0.05 level.
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‘Table 24 shows that 46.3% of the spatial variation

in temperature and 68.5% of moisture are significantly accounted
by_quadrétic order.surféces., A linear order Surface accounted
for 12.7% of the spatial variation of oxygen in Experiment 9.
The temperature and oxygén surfaces generélly depicted a similar
pattern-increasing levels toward the.right hand side of the ' |
pPile, however higher temperature levels at the bottom right hand
and higher oiygen levels at the top right hand corner of the

pile were observed. A moist layer.ran through-the centre of

~—the pile with the highest levels occurring in the central edge

and bottom left hand corner of the pile.

When trend surface analyses were applied to the control
experiment (#10), 78.1% of the variation in temperature, 21.8%_
of oxygen, and 29.5% of moisgure Qere respectively éccounted for
by a cubic; linear, and quadratic surface, as shown in Table 25.
Reversing aeration during the final two weeks of cémposting
promoted different patterns than those noted earlier. Unlike
the previously conducted experiments, temperatures tended to be
higher at the top of the pile - d lower at the bottom. However,
like the other experiments, é very hot central pocket can be
noted. Moisture followed a similar pattérn, but a high moisture
layer prevailed throughout the centre of the pile. The oxygen
profile exhibited by this pile was similar to those attained in
previous piles with a gradual decrease in level from one side

to another.
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TABLE 24

Trend Surface Analysis of Study Variables
-for Experiment 9

-

-Temperature .
‘ 2 2 2 2
Source Surface df . R dR Fr Fdxr
Linear 2 0.337 0.337 *11,.2
Residual 45 0.663
Quadratic 5 0.463. 0.126 * 7.1 *3.2
Residual 42 0.537.
Cubic 9 0.491 0.028 * 4.2 0.5
Residual 38 -0.509
Quartic 14 0.555 0.064 * 3.0 1.0
Residual 33 0.445
Oxygen
Linear 2 0.127 0.127 * 3.3
Residual 45 0.873
Quadratic 5 0.186 0.059 2.0 1.1
Residual 42 0.814
Cubic 9 0.354 0.168 * 2.3 2.5
Residual 38 0.646
Quartic 14 0.438 0.084 1.8 1.0
Residual 33 0.562
. Moisture
Linear, 2 0.499 0.499 *22.7
Residual 45 0.501 :
Quadratic 5 0.685 0.186  *17.1 *7.8
Residual 42 0.3215
Cubic 9 0.699 0.014 * 9.7 0.5
Residual 38 0.301
Quartic 14 0.739 0.040 * 6.6 1.0
Residual 33 0.261

* gignificant at 0.05 level.

I P e
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TABLE 25

Trend Surface Analysis of Study Variables

for Experiment 10

Temperature‘
_ ) 2 2 2 - 2

Source Surface _ daf R dr Fr rdr
Linear 2 0.377 0.377  *13.5
Residual 45 0.623 - _
Quadratic 5 0.652 0.274- *16.3 *11.4
Residual 42 0.348 -
Cubi.c 9 0.781 0.129 *14.5 * 5.3
Residual 38 0ﬂ219, .
Quartic 14 0.795 0.014  * 9.5 0.5
Residual 33 0.205 '

Oxygen -
Linear 2 0.218 0.218.. * g.4
Residual 45 0.782.
Quadratic 5 0,311 0.093 * 3.9 1.9
Residual 42 0.689 ' .
Cubic 9 0.410 0.099 * 2.9 1.6
Residual 38 0.590
Quartic 14 0.608 0,198 * 3.6 *3.3
Residual 33 0 0.392

Moisture
Linear 2 0.013 0.013 0.3
Residual 45 0.987
Quadratic 5 0.295 0.281 * 3.5 *5.5
Residual 42 0.715 =
Cubic 9 0.406 0,111 * 2.8 1.7
Residual 38 0.594
Quartic 14 0.479 0.073 * 2.1 0.9
Residual

33 0.521

* significant at 0.05 level.
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Finally, the residuals of all the conducted trend
surface analyses were tested for autocerrelation since strong
clustering of these values could strongly bias the conducted
F-tests to the point of wrongly rejectiné the null hypotﬁesis

v

of no trend. Trend Surface Analysis of these residual values
strongiy indicated that the residuals were not autocorrelated
since correlations of less than 1% were.obtained in all of the
éﬁns. Consequently, given these results and the results of the
Trend Surface Analyses, Hypothesie 8 can be rejected since wet
malodourqus pockets stiil persisted by the time of pile break-
down despite employing reduced pipe spacings.

'In summary, most of the experiments tended to exhibit
51m11ar trends desplte using different pipe §pac1ngs, except
for Experiment 10 whlch utilized injection aeratlon. While all
of the experlments indicated a presence of a very hot and‘moist
central pocket or layer, different trends, toward the top and
base of the pile were attained when.injectibn aeration was  used
during Experiment 10. The suction aeration experiments tended
toltave a dry and cool upper layer, while the base of the piles
were generally moist and hot. This was a complete re;ersal of
the moisture and temperature patterns ettained by Experiment 10,
as was to be expected Consequently, since a reversal of
moisture and temperature spatlal patterns are attalnable when
changing the direction of aeration, intermittent aeration may
prove to be an important method of aeration when attempting to
dispose of the clustered spatial patterns presently encountered

with strictly suction or injection aeration systems.
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The trend surface analyses of the oxygen spatial
patterns also 1end additional support to the importance of -
the 1nitial woodchip-siudge mixture during aeration. Although
‘a smallpercentageofthe.observed oxygen spatialﬁpatterns were'“
accountable by the trend surface equations,rtheyfsere nevertheless

T . . *
significant. Generally, these trends indicated, in six'out of

. .
o i o kit st o
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ten experiments, that oxygen patterns tend to vary from one Side_*.

of the pile to another, in the same direction in which the piles
' were constructed. Since the porOSity of a pile and resultant .h
oxygen levels are dependent. upon the lnltlal variability of the
woodchip-sludge mixture, 1ndications-are that a high degree ,of
.Variabilitg‘persists in a.given pile, consequently, any benefits
derived from aeration will be minimized since air‘folloesjthe-
-pathway of 1east~resistence:- .

. The inter—relationshibs of moisture and temperature
were also displayed during Trend Surface Analysis since Similar
spatial patterns generally occurred within a given experimental
. pile. Qonseguently, given the similarities in these-spatial.
patterns and the evidence.presented earlier in this'investigation
chnﬂﬁgpcorrelation—Regression AnalysisL temperature‘readings
‘may be used as an indicator of the moisture and hence odour

Status of a composting pile prior to pile breakdown.

S



CHAPTER FOUR
CONCLUSIONS .

4.1 Conclusions -

The flexibilitf of the forced aeration method of

sludge composting was demonstrated when temperatures sufficient

for pathogen kill and some level of slgdge sﬁabilization were
attained under nine different conditiéns. Neither differences
in precipitation nor the use of modified forced aeration methods
have a significant effect on the final moisture levels of the

expefimentalhpiles. Interestingly, the versatility of forced

aerated sludge composting was also demonstrated when septic sludge

was adequately composted when higher aeration rates were employed.

Since significant moisture reductions were also attained
in less costly aeration systems, the extra costs associated with
employing“?éhuced pipe spacing, increased aeration input, and/or
larger expensive piping are justified only if the moist mal-
odorous pockets at theFtime of pile breakdown were eliminated.
The results of this investigation, hbwever, cleafiy demonstraﬁed
that clustered and/or random (as opposed to uniform) temperature,
oxygen, and moisture spatial patterns, were attained despite
employing supéosedlg more efficient aeration systems, and reduced
pipe spacing. One reason for the apparent failure of the
improved forced aeration systems in attaining uniform spatial
patterns was the variability discovered in the initial woodchip-

sludge mixture which, in turn, would affect the porosity charac-

—teristics of a pile. The average moisture content of the sludge



98

cakes were found to vary significantly daily, while the

woodchip bulking agent varied siénificaﬁtly during a day's
ope;atioh. Consequentlf, given the va;iable poresity charac-
teristics of the piles, any additional benefits derived from
improving aeratioﬁ would mefely be channeled along oxygen pathways
. of . least resistence, therefore, by-passing the moist malodorous

pockets,

however, suggests that uniform spatial patterns be attainable

Preliminary eﬁidenc?‘présented éuring is investigation
)

if air j.s alternately pushed {injectior and pulled (suction)
Ehrough the cdmposting piles. Reversed spatial patterns ;re
attainable when changing the direction of aeration, as was in-
dicated during this investigation. Consequentl&, the employment
of intermittent aeration may eliminate the moist malodorous
vockets presently responsible for the odour and screening problems
encountered at the West Windsor Sewacge Tfeatment Plant after
pile breakdown. Likewise associated zones of dessication along
the oxyagen pathways of least resistence, where composting activity
is requlated,may also be reduced.

Evidence presented in this study also strongly indicates
that the encountered odour and screening problems associated with.
the moist compost may be related to the premature breakdown of
the composting piles. During this investigation, all of the
conducted experimental piles were still experiencing high temp-
eratures, even at the time of pile breakdown. Consequently, it

can be concluded that the malodours generated during pile break-

down are probably attributed to the inadequately stabilized
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compost, since teﬁpe;atures are a fﬁnction‘of biologiﬁal
'activity“and'hence, decomposition.

Finally, given the significant inter-relationships
which were found to exist during this investigation, the 1evell
of difficulty which will be encountered at the end of the
composting period may be pre-determined based on the oxygen °
and temperatu;e readings when taken. Notably, high tempefatures
can be indicative of the moisture condition of a pile and hence

odour and screening problems which will be encountered.

4.2 Limitations of the Investigation

Three significanf problems were encountered during
the course of this study. Firstly, because of time and financial
constraints, additional runs of the conducted experiments were

not possible. Consequently, it had‘to be assumed that the con-

ducted run would be representative of similar additional runs
had they beén_conducted. However, the evidence revealed by the
other modified experiments did indicate that aeration control and
corresponding high oxygen distributional éatterns would be
highly dependent upon the initial porosity characteristics of
the pile.

Secondly, the analysis of the initial woodchip and
sludge inputs was based on a relatively smail sample size. A
more intensive sampling scheme prior to composting is needed to
ascertain the potential causal effect thé inputs would have on
moisture levels at the end of the composting period. This
approach would provide valuable information regarding the

relationship of a heterogenous'ﬁoodchip—sludge mixture to the
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final moisture levels upén completion of the composting procéss.
Once this relationship is quantifiably deduced, definite inéights
may be attained\when analyzing aeration control as a potential
moisture reducing method.

Finally, ambigquous readinags were often.attained from

the oxygen probe, probably  because of water clogging.tﬁe air

holes, while compiling the okygén profiles, when the bxygen probe —

was inserted horizontally into moist pockets. An alternate, less
sensitive .probe to moisture for oxygen determination should be
utilized when compiling an oxyaen profile at the end of the.

composting period.

o

4.3 Recommendations for Future Research

Given the dependability of forced aeration systems
on the initial porosity characteristics of a pile, it is rec-
ommended‘that additional efforts at decreasing the moisture
levels presently encountered with the forced aeration method of
sludge composting be directed to limiting the variability of the
woodchip—sludge mixture. One method would be to employ a more
efficient mixing operation.

It is also recommended that attempts be made to assess
the degree of organic stabilization and relate it to moisture
levels since a definite positive causal relationship may exist
between the variables, given the high correlations indentified
between temperature and moisture. It should be pointed out that
at ' present, there exists no common agreement on the point at
which degrading organic solid waste becomes fully stabilized

compost. Should a significant cause-effect relationship be’
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proven it ﬁay be possiblé to utilize moisture-lévels to -
determine the degree of organic stabilization as opposed

" to other more time conéuming methods, such as voiatile solids
'or percent ash,

Fina;ly, additional effotts at reducing moisture
levels through forced‘aeration should be directed at using
intermittent aeration. Preliminary evidence gained duting
this investigation suggests that more uniform spatial patterns
may be obtainable, thefeby limiting the production of wet
malodorous pockets and‘intenSively dessicated wells or channels

which may well inhibit biological activity.
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Spatial Patterns of Studied Variables



APPENDIX I

Pt

Test for Moisture

v

Equipment: i H

.-

Drying‘oven, large desiccator cabinets, sample

containers and covers, and an analytical balance.

u

Procedure:

Samples of S0 to 100 grams of the organic materials
are taken in tared contalners and immediately covered. Samples
are weighed to the nearest 0 1l gram within one to two hours and
dried to a constant weight in a drying oven at 75° C, with lids

off or cocked. The saﬁples are then cooled in a desiccator cabinet

with the lids on, and are weighed.

Calculation:

% moisture = 100 (loss in weight)
(net wet weight)

Reference:

"Municipal Refuse Disposal" U.S. DHEW, Public
Administration Service, Chicago, Illinois,
1970, Appendix II, p. 392.

U
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APPENDIX II
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Oxygen and Temperature Monitoring Equipment ’ §

Oxygen:

R Eeaee D

A teledyne portable oxygen analyzer, Model 320B IRC,
with a range of 0 to 25 per cent oxygen was used for regular
measurements. A one meter long, hollow stainless steel probe
with an attached squeeze hulb was used to pass th;ough the
cover material and penetrate the compost mix, allowing the gas

sample to be drawn into the meter.

Temperature: °

An Atkins, Model 231b8-30, temperature meter with a
range of 0~tq 100°C was used for'regular measurements. A
‘one meter probe attached by ﬁires to the meter, was used to -

pasé through the cover material and penetrate the compost.

References£
Coulson, 1978, p. 94.

Romano and Faust, 1978, p. l06.
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