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FOREWORD

Environmental protection efforts are increasingly directed towards
preventing adverse health and ecological effects associated with specific
compounds of natural or human origin. As part of this Laboratory's re-
search on the occurrence, movement, transformation, impact, and control of
environmental contaminants, the Technology Development and Applications
Branch develops management or engineering tools for assessing and controlling
adverse environmental effects of agricultural practices.

To meet the increasing. food needs of the nation, the agricultural in-
dustry has adopted improved production practices and increased the size of
individual farm facilities. Although clearly beneficial in increasing food
production, these large facilities have produced waste management problems
that threaten the environmental quality of the water and air. This report
describes waste management techniques to provide control of odor problems
and water pollution from egg production activities in a form that can be
used by engineers, extension personnel, and egg producers.

David W. Duttweiler

Director

Environmental Research Laboratory
Athens, Georgia



ABSTRACT

Changes in the egg production industry during the past 20-30 years have pro-
duced waste management problems which threaten both water and air quality.
Results from a number of research studies have jdentified two processes--
aerobic, biological stabilization and drying--that provide both odor control
and the reduction of the water pollution potential of these wastes.

In this manual, the theoretical concepts underlying each poultry waste manage-
ment approach are discussed, and process design methodologies are presented.
Included are design examples to illustrate the application of design methodo-
logies. A discussion of the impact of design decisions on performance charac-
teristics and computer programs to assist in the process design for each al-
ternative are also presented.

Both high-rise, undercage drying and aeration systems are compared to identify
relative merits and provide economic projections. Odor control and plant nu-
trient conservation capabilities as well as refeeding potential for both alter-
natives are discussed.

This report was submitted in fulfillment of Grant No. R-803866-01-0 by Cornell
University under the sponsorship of the U. S. Environmental Protection Agency.
This report covers the period July 1975 to July 1977, and work was complete
as of July 1977.
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CHAPTER 1
INTRODUCTION

1.1 Background and Purpose

During the past 20-30 years, the agricultural segment of the nation's economy
has undergone significant change. A shift toward a high degree of speciali-
zation and the concentration of production on fewer but larger farms has
resulted. These changes have occurred in response to the increased demand

for food due to the population expansion and to the need to maintain or
improve profitability through increased efficiency. The development and
availability of improved production practices have made these changes possible.

Nowhere have these changes been more dramatic than in the. production of
animal products. The egg production industry is a particularly noteworthy
example. In this industry, there has been a steady decline in the number of
commercial egg farms. However, the size of the remaining enterprises in
terms of numbers of laying hens has increased. Data for the years 1964 and
1969 (Table 1.1) illustrate these trends. More recent preliminary census
data (Table 1.2) indicate that these trends are continuing. Today (1977),
the minimum size of an economically viable unit is about 30,000 birds if egg
production is the only source of income. Larger operations are the rule
rather than the exception with farms containing 500,000 to 1,000,000 laying
hens not uncommon.

While these changes are clearly beneficial in terms of the availability and
cost of food, they have produced waste management problems which threaten the
quality of the environment. The trend toward fewer but Targer poultry farms
has produced larger quantities of these wastes at specific sites increasing
the potential for pollution of surface and ground waters. In addition, the
adoption of high density, confinement production techniques has resulted in
wastes creating serious odor problems.

In the egg production industry, the trend toward intensification has been
accompanied by specialization. In the past, many farms combined egg produc-
tion with other enterprises such as grain production. Today many farms,
especially the Targer operations, purchase some or all of the required feed-
stuffs. Therefore land for crop production may not be part of the egg pro-
duction enterprise and opportunities for waste disposal may be limited.

Clearly, a balance between food production and environmental quality is needed.

A return to formgr production practices can not meet current demands for food
and still maintain the present high standard of living. However, adoption of

1



TABLE 1.1. EGG PRODUCTION FLOCK NUMBER
AND SIZE CHANGES, U.S. (1)

1964 1969

Chickens on hand, 4 months old and over Chickens on hand, 3 months old and over

Number of Percent of Percent of Number of Percent of Percent of
farms (1,000) farms birds farms (1,000) farms birds
Under 100 896.2 73.7 7.3 337.7 71.7 2.7
100 - 3,199 300.9 24.7 30.7 115.1 24.4 10.8
3,200 - 9,999 12.9 1.1 21.0 9.2 2.0 14.9
10,000 and over 5.8 0.5 41.0 8.9 1.9 71.6

1,215.8 100.0 100.0 470.9 100.0 100.0




TABLE 1.2. CHANGES IN THE EGG PRODUCTION INDUSTRY
BETWEEN 1969 AND 1974 (2)

Farms With Sales Exceeding $2500

1974 1969
Number of Farms 196,764 280,007
Number of Birds* 277,003,509 290,900,729

*Hens and pullets of laying age, 3 months or older.

Tow standards of environmental quality also is unacceptable. The so!ution
is the development of new animal waste management techniques which will pro-
tect the environment and simultaneously maintain or increase levels of both
production and efficiency.

During the past several years, the development of new techniques for the
management of the manure resulting from intensive egg production activities
has been the objective of a number of research studies. The result has been
the identification of two processes--aerobic, biological stabilization and
drying--that provide both odor control and the reduction of the water pollu-
tion potential of these wastes. Both processes have been examined in labora-
tory, pilot plant, and full-scale studies. The results of these studies have
identified feasible design and operating modes, as well as have provided a
basis for estimation of capital and operating costs.

The objective of this manual is to assemble and translate this information
into a form that can be used by engineers, extension personnel, and egg
producers to:

1. Understand the relative merits of aeration and drying systems for
the management of poultry wastes.

2. Design such systems to achieve a desired quality of 1iquid or dry
end-pyoduct and to accomplish odor control, waste stabilization,
and nitrogen control as necessary.

1.2 Scope of the Manual

The contents of this manual include:

1. A discussion of production rates and the physical and chemical

characteristics of poultry manure including variability and its
causes,

2. A discussion of the theoretical concepts involved in both the

aerobic stabilization and drying approaches to poultry waste
management.



3. Presentation of process aua physical design information as well
as design examples for each system.

4, A discussion of the relative merits of each system along with
economic projections to provide a basis for system selection for
specific situations.

1.3 Historical Background

Before proceeding, it appears useful to briefly examine the developments in
the egg industry which have created the present problems of waste management.
Perhaps the most important factor in the development of commercial egg pro-
duction as it exists today was the change from the floor to the cage manage-
ment system. As the name implies, the floor system consisted of hens
unconstrained on the floor of pens. Sawdust, straw or some similar material
was placed on the pen floor, and the accumulated manure mixed with this
material. The result, termed litter, provided a medium for stabilization
through drying and a degree of biological activity. It also provided a
storage mechanism for periods of up to 12 months which represents a normal
laying cycle.

The floor or litter system had two disadvantages which resulted in the con-
version to the cage management system. One, the cage system allowed an
increase in bird density which Towered housing costs per hen. The minimum
floor area per bird in a floor system was about 0.19 square meters (2 square
feet). At higher densities, the Titter could not be kept dry and dirty eggs
and disee¢se problems resulted. Conversion to the cage system reduced floor
area per bird to about 0.04 square meters (0.45 square feet).

The secord disadvantage of the floor system was its high labor requirements.
Although mechanical feeders were first used with floor systems, egg collection
and manure handling remained manual tasks. With a floor system, one man could
care for £,000 to 10,000 birds. Today, with cages, one man can handle from
35,000 to 50,000 hens.

The adoption of new management techniques resulted in changes in both physical
waste characteristics and the nature of poultry farms. With the increase in
bird density, the natural drying and stabilization which was characteristic

of the floor system no longer occurred. The raw waste, which has a moisture
content of about 75 percent on an as excreted wet basis, was collected in pits
constructed below the cages. In the "as produced" form, these wastes were
difficult to handle since they were not amenable to either conventional Tiquid
or solid handling techniques. Due to the semi-solid nature of the waste, the
transition to 1iquid handling systems occurred. Additional water was normally
added directly or via water spillage to create a pumpable slurry. Liquid
manure systems were attractive because the physical labor associated with
manure handling was reduced.

The shift to handling poultry manure in either a semi-solid or Tiquid form
created an ideal environment for uncontrolled, anaerobic microbial activity.
Such activity results in objectionable odors which are exhausted through
ventilation fans and are dispersed when the wastes are disposed of on the land.
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The odors consist of malodorous mercaptans, amines, volatile acids, anq
sulfides. In addition to malodors, these forms of poultry manure provided

an attractive breeding site for vermin, particu}ar]y the common house fly,
Musca domestica. These problems were intensified by suburban encroachment
into agricultural areas. Odor problems related to poultry farms have resu]?ed
in legal or administrative actions by a number of state environmental agencies.

Concurrent with the shift to the cage system was the beginning of the trend
toward fewer but larger poultry farms as discussed previously. As flock

size increased, many farms reduced or eliminated cropping activities and pur-
chased some or all the feed required. Therefore, land for the production of
feed is not necessarily a requirement for egg production. In many instances
the purchase of feed may present economic advantages. The combination of
large populations and limited land resources can result in heavy waste loadings
on small areas. This intensifies the potential for water pollution. A not
untypical examples would be a 250,000 bird farm with only 16.2 hectares

(40 acres) of land available for waste disposal.

1.4 Water Pollution Potential

Odor represents the most perceptible pollution problem associated with poultry
manure., However, these wastes also possess a significant water pollution
potential due to the presence of nutrients and oxygen demanding materials.
Wastes that are discharged to surface waters require high Tevels of removal of
both oxygen demanding and nutrient compounds. In contrast, the effluent guide-
lines for the feedlot industry (3) state that animal wastes should not be dis-
charged to watercourses. This is in keeping with the historic practice of
returning animal manures to the land. The use of the land for ultimate disposal
is an important factor in identifying ultimate waste management objectives.

In 1ight of the waste stabilization capacity of soils, emphasis in animal
waste management should be directed towards preventing the movement of
oxygen demanding and nutrient fractions into surface and ground waters. This
can be achieved in some instances by management strategies limiting ultimate
disposal to situations conducive to nutrient uptake by crops and least
susceptible to surface runoff events. Where biological waste stabilization
is desired, emphasis should be on the removal of the oxygen demanding and
nutrient fractions which are susceptible to movement to surface and ground
waters. This level of stabilization also can provide effective odor control.

Two important water pollution characteristics of poultry manure are the soluble
organic fraction and the nitrogen content. The soluble carbonaceous fraction
of poultry manure is significant. As much as 24 percent of the chemical oxygen
demand (COD) can be soluble (4). Storage under uncontrolled anaerobic con-
ditions will increase the soluble organic fraction.

Poultry excreta contains the highest concentration of nitrogen (Table 1.3)

of the major agricultural species of domestic animals. Of particular concern
is the loss of nitrogen to both surface and ground waters where land resources
for waste disposal are limited. Numerous studies (8, 9, 10) have shown that
nitrogen is the limiting parameter in the disposal of animal wastes to the
Tand. Application rates should be 1imited to crop production requirements.
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Thus, poultry waste management approaches should be geared to using such
application rates. Where Tand area is limited, these approaches may need to
include appropriate nitrogen control methods.

TABLE 1.3. TOTAL KJELDAHL NITROGN, PERCENTAGE OF
TOTAL SOLIDS IN ANIMAL WASTES

Beef Dairy Swine Laying Hens

TKN, % of TS 1.9 (5)* 4.9 (6) 3.4 (7) 7.8 (4)

*Numbers in parentheses indicate data source.
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CHAPTER 2
RAW WASTE CHARACTERISTICS

2.1 Introduction

Knowledge of the physical and/or chemical characteristics of poultry manure

is necessary for the design of both aerobic biological stabilization systems
and drying systems. Information defining "typical" characteristics of the
wastes from caged, White Leghorn laying hens is available from several sources
(1, 2, 3, 4). These values (Table 2.1) represent averages of data presented
by several investigators. For example, characteristics presented by the U.S.
Environmental Protection Agency (USEPA) (1) and Jones, et al. (3) were
originally reported by Miner (5) and were developed from data of Dornbush and
Anderson (6), Hart and Turner (7), and Taiganides. Comparison of these values
(Table 2.1) with other available data indicates that considerable variation
exists. Therefore, the suitability of "typical" or average values that can be
used for design purposes is questionable. Use of such values could result in
either under or over-design with the possible result of excessive operating
costs or process failure.

While on-site sampling is the best approach to determine waste characteristics,
this practice may not be possible for the design of new facilities. There-
fore an understanding of the causes of variation of waste characteristics and
of a method to estimate actual waste characteristics is necessary for effective
design of poultry waste management systems.

The objectives of this chapter are to present:
1. A review of reported poultry manure characteristics.

2. A discussion and analysis of the factors which may be responsible
for the observed variations.

3. The development of an approach to estimate waste characteristics
when sampling and analysis is not possible.

2.2 Reported Poultry Manure Characteristics

The characteristics of manure from various genetic strains of the White Leg-
horn hen have been reported by several investigators. A summary of reported
values is presented in Table 2.2. The values presented are reported data
only from studies where a 24 hour manure collection period was used with
analysis immediately following the collection period. Only such data were



included because the 24 hour collection period integrates possible variation
in manure production rate throughout the day.

TABLE 2.1. "TYPICAL" CHARACTERISTICS OF MANURE FROM CAGED,
WHITE LEGHORN LAYING HENS, GM/BIRD-DAY

Reference Wet Solids Moisture TS* yS* TN* COD*
(1) 120.5 102.3 35.5 26.4 23.5 32.1
(2) 108.3 81.0 27.4 19.2 1.5 24.5
(3) 120.5 102.3 35.5 26.4 4.1 32.1
(4) 127.4 95.6-101.4 25.5-31.8 - 0.5-2.0 -

*TS = Total Solids

VS = Volatile Solids
TN = Total Nitrogen
COD = Chemical Oxygen Demand

As shown in Table 2.2, significant differences exist for each parameter. Com-
parison of "typical" values for each parameter presented in Table 2.1 and the
range of values in Table 2.2 shows that while the typical values generally
fall within the range for each parameter, the range for each parameter is
quite large. Therefore, neither the typical values nor data from any study
reported in the Titerature can be used with confidence for design purposes.

It should be noted that the value of total nitrogen (TN), 23 gm/bird-day,
presented by USEPA (1) appears to be a mistake. Miner (5) reported TN pro-
duction as 11.5 percent of total solids. USEPA (1) reported TN as 0.0115
kilograms per kilogram of liveweight per day or 66 percent of total solids.

2.3 Potential Factors Affecting Manure Characteristics

There are several factors which may be responsible for the variation in the
characteristics of poultry manure. These include stage of the laying cycle,
genetic strain, and characteristics of the diet. The following discusses
these various factors,

The laying cycle can be divided into three phases (13). During Phase I, body
weight increases from 1450 to 1900 grams and egg production increases from
zero to 85 percent. Egg production declines to 65 percent during Phase II,
and is Tess than 65 percent during Phase III. There is a relationship between
the three phases of egg production, feed consumption, and manure production.

In a study of manure characteristics during the three phases of the laying
cycle, Hashimoto (14) reported that variations in the ratios of wet solids,
total solids, volatile solids, and total nitrogen production to total solids
production were generally less than one standard deviation from the yearly
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TABLE 2.2. CHARACTERISTICS OF MANURE FROM CAGED,
WHITE LEGHORN LAYIMG HENS, GM/BIRD-DAY

Date of
Reference Strain Wet Solids Moisture TS* VS* TN* CoD* Study
(6) Honegger 106.1 77.3 28.8 20.2 1.4 23.0 1964
(7) - 63.7 33.7 30.0 23.2 1.6 25.8 1965
(8) Shaver 108.4 78.8 29.6 22.1 .3 19.2 1973-74
96.7 67.7 29.0 20.6 2.2 21.4 1974-75
(9) Hyline 145.4 110.4 35.0 25.6 2.4 - 1974
Babcock 140.4 103.5 36.9 27.1 2.4 -
H & N** 145.4 109.5 35.9 26.9 2.5 -
Hubbards 148.3 111.8 36.5 26.8 2.5 -
(10) Babcock - - 37.2 27.6 3.1 28.9 1972-73
(11) H & N** 127.1 98.6 28.5 21.1 1.8 18.9 1969-71
(12) Babcock 189.7 141.5 48.2 32.6 2.8 36.4 1970

- Range of values €3.7-189.7 33.7-141.5 28.5-48.2 20.2-32.6 1.4-3.1 18.9-36.4

* TS = Total Solids
VS = Volatile Solids
TN = Total Nitrogen
COD = Chemical Cxygen Demand

** Haistoff and Nelson



average. Yearly averages and standard deviations for three flocks of birds

studied by Hashimoto are presented in Table 2.3, In Tight of the data pre-

sented by Hashimoto (14), it appears that possible differences in the stage

of laying cycle are not responsible for the wide variation in reported waste
characteristics (Table 2.2). Moreover, it appears that yearly averages are

acceptable for design purposes.

TABLE 2.3. CHARACTERISTICS OF WHITE LEGHORN,
LAYING HEN MANURE (14)

Production (gm/bird-day) + 1 Standard Deviation

Flock 1 Flock 2 Flock 3
n =80 n =52 n = 9
Wet Solids 99 + 23 99 + 17 111 +5
Moisture 73 + 23 74 + 17 87 +5
Total Solids 26 + 4 25 + 5 24 + 2

Percent of Total Solids + 1 Standard Deviation
Total Nitrogen 8 +2 8 + 1 8 + 1
Chemical Oxygen Demand 56 + 29 62 + 15 58 + 4

Little is known concerning the relationship between genetic strain and manure
characteristics. However, data (9) from a study involving four different
strains of White Leghorn hens housed in the same environment and receiving

the same diet indicated no significant difference in waste characteristics as
related to genetic strain (Table 2.2). However, the results of three separate
studies (9, 10, 12) involving the Babcock strain show considerable variation.
Therefore, while it appears that genetic strain is not a significant factor
concerning the characteristics of wastes from White Leghorn hens, this conclu-
sion may apply only to the different genetic strains of the White Leghorn
breed. It may not be applicable when considering other breeds such as the
Rhode Island Red.

Consideration of the third factor, diet, requires an understanding of some of
the basic concepts of poultry nutrition. Although taste has a large influence
on the amount of food consumed by man and certain other mammals, it appears to
be of minor importance in feed consumption by poultry (13). The energy
requirement seems to be the primary factor governing feed consumption by the
chicken. The laying hen can adjust her feed consumption of diets containing
from 2500 to 3300 kilocalories of metabolizable energy (ME) per kilogram of
feed (1135 - 1500 kcal per 1b) to obtain adequate energy. The hen will

11



increase feed consumption until adequate metabolizable energy is obtained.
With feeds containing low levels of ME, a greater quantity of feed will be
consumed as compared to feeds with greater ME content. Therefore, feed con-
sumption will increase as the metabolizable energy of the diet decreases and
an increase in the quantity of total solids (TS) excreted should occur.
Energy requirements for the laying hen are not constant. They vary s1ightly
with the phase of the laying cycle and more significantly with climate. The
daily energy requirement for the White Leghorn hen varies from 310 kcal ME/day
in cooler climates to 265 kcal ME/day in warmer regions (13). However, Tower
energy feeds are commonly used in warmer regions somewhat offsetting lower
feed consumption due to Tower ME requirements.

Although the laying hen has specific protein requirements to maintain optimum
productivity, intake of protein is governed by the relationship between
protein and metabolizable energy in the diet. Daily dietary protein require-
ments for the three phases of egg production are 18, 16, and 15 grams of
protein/hen-day (13). Since feed consumption is increased when ME is decreased
and vice-versa, it is necessary to adjust the protein content of the diet to
establish proper protein intake. This relationship is known as the ratio of
metabolizable energy to protein percentage (ME/P) which has units kcal/kg/%.
It is determined by dividing the kcal ME/kg of feed by the percentage of
dietary protein. Values of ME/P to provide minimum protein requirements in
cool climates are 166-170, 193-195, and 196-200 respectively for the three
phases of egg production (13). For warm climates, a 10 percent reduction is
suggested. As the ME/P ratio decreases from the minimum requirements thereby
increasing protein intake, increase in the quantity of nitrogenous compounds
excreted should occur.

Water consumption, like nitrogen intake, is principally a function of feed
intake within the environmental temperature range of 14°C to 26°C (58-78°F)
(13). With a diet containing approximately 10 percent moisture, water consump-
tion under normal conditions may range from 1.5 to 2.0 grams of water/gram

of feed consumed. Medway and Kare (15) found that water lost via respiration
amounted to 53 grams/day for hens at 32 weeks of age. Water required/egg
produced was reported to be approximately 35 grams. This suggests that the
metabolic water requirements are relatively constant and increased water con-
sumption due to increased feed intake should increase the quantity of moisture
excreted.

To date (1977), only limited discussion of the relationship of feed to
poultry waste characteristics has been published. In a study examining the
practice of refeeding dehydrated poultry manure, Nesheim (16) observed an
inverse relationship between fecal dry matter (total solids) as a percentage
of feed consumed and as the quantity/hen-day and the metabolizable energy
level of the diet. Data presented by Hashimoto (14) also showed the same
inverse relationship between total solids excreted and metabolizable energy
content of the feed. Of the several possible reasons for the observed varia-
tions in the characteristics of poultry wastes, the effect of differences in
diet appears to be the most Togical and fundamental. The observed relation-
ships between the total solids excreted and the metabolizable energy content
of the diet is discussed in detail in the following section.
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2.4 Relationships Between Feed and Waste Characteristics

Based upon the above nutritional concepts, it was hypothesized that definitive
relationships exist between feed and manure characteristics. Since informa-
tion concerning feed characteristics in conjunction with waste characteristics
is Timited, it was only possible to examine three specific relationships.

They are total solids production as a function of diet ME content, total
nitrogen excreted versus the ME/P ratio, and the relationship between the
quantity of moisture and total solids excreted. The last item represents an
indirect method to examine the relationship between feed consumption and water
excretion. This approach was necessary due to the Tack of appropriate data.

To test the hypothesis that manurial total solids production is a function of
the ME content of the feed, data presented by Hashimoto (14) and Nesheim (16)
as well as other unpublished data (9, 17) were analyzed and are presented in
Figure 2.1. Linear regression analysis using the least squares method was
used to fit a straight 1ine to the data. The regression coefficient of 0.97
indicates that a linear relationship exists between the two variables over the
range of values analyzed. The mathematical relationship was:

Total solids excreted, gm/bird-day =
- .038 (feed ME content, kcai/kg) + 138 (2.1)

for feed ME values between 2445 and 3018 kcal per kg. This relationship
suggests that not only can manurial total solids production be calculated from

feed ME content, but also that use of higher energy feeds will reduce manurial
total solids production.

The second relationship examined was that between the ME/P ratio of the feed
and the guantity of nitrogen excreted/day. The available data (8, 9, 18) are
presented in Figure 2.2. Again, linear regression analysis was used to fit a
straight Tine to the data and to determine the mathematical relationship
between the data. This relationship was:

Total nitrogen excreted, gm/bird-day =
- .018 (ME/P ratio of the feed) + 5.09 (2.2)

for ME/P ratios between151.5and 177.5. This relationship shows that as pro-
tein intake increases within the range of values analyzed, the quantity of
nitrogen excreted will also increase.

The third relationship analyzed was that between the quantity of moisture and
total solids excreted/bird-day. The data presented in Table 2.2 was used as
the basis for this analysis. As noted, this approach represents an indirect
method of examining the relationship between the consumption of water in rela-
tion to feed intake and moisture excreted. The data used and the results of
the Tinear regression analysis are presented in Figure 2.3. The mathematical
relationship between the two variables is:
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Figure 2.1.

Effect of feed metabolizable energy content on total
solids production by Taying hens.
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gm H.0 excreted/bird-day =

3.59 (gm total solids excreted/bird-day) - 26.4 (2.3)

2

for total solids values between 28.2 and 48.2 gm/bird-day. This relation-
ship indicates that when Tower feed ME content results in increased feed con-
sumption, the quantity of moisture as well as total solids excreted increases.

While it is clear that feed characteristics should also effect other parameters
such as volatile solids (VS), fixed solids (FS), and chemical oxygen demand
(COD), sufficient information was not available to develop similar relation-
ships for these parameters. In order to provide some basis to estimate values
for these parameters for desian, data presented in Table 2.2 was used to
establish ranges of expected values. These values (Table 2.4) are presented
as a percentage of total solids to enable use with the foregoing information.

TABLE 2.4. POULTRY WASTE CHARACTERISTICS

Parameter Percent of Total Solids
Volatile Solids - 67-77%
Fixed Solids - 23-33%
Chemical Oxygen Demand - 65-86%

2.5 Design Example

This example of the use of the above information determines the waste
quantities that can be used for the design of a 30,000 bird waste manage-
ment system. The birds will be White Leghorn hens. The feed for the hens

is assumed to be a 16 percent protein laying ration containing 2800 kcal

of metabolizable energy (ME) per ka of feed. The procedures to determine the
quantities of total solids, total nitrogen, and water excreted per bird-day
and for the specified number of birds are as follows:

A. Total solids - Using Equation 2.1, the quantity of total solids
excreted/bird-day is:

-.038 (2800 kcal/kg of feed) + 139 =
32.6 gm total solids/bird-day

or 978 kg/day for 30,000 birds.

B. Total nitrogen - The metabolizable energy to protein ratio (ME/P)
for the feed is:
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ME _ 2800 kcal/kg _
P 16% 175

Using Equation 2.2, the quantity of nitrogen excreted/bird-day is:

-.018 (175, ME/P ratio) + 5.09 =

1.94 gm total nitrogen/bird-day

or 58.2 kg/day for 30,000 birds.

Moisture - From A, total solids production was ca]cu]ated_to be

32.6 gm/bird-day. Using Equation 2.3, the quantity of moisture

excreted/bird-day is:

3.59 (32.6 mg total solids excreted/bird-day) - 26.4 =

90.6 gm H20/bird-day

or 2718 kg/day for 30,000 birds.

Values/bird-day for these three parameters also may be determined directly
from Figures 2.1, 2.2, and 2.3. When necessary, values for volatile solids
(VS), fixed solids (FS), and chemical oxygen demand (COD) can be estimated
from calculated values for total solids and percentages presented in Table

2.4.

It is recommended that conservative values of 77 and 86 percent for

volatile solids and COD be used. The values for VS, FS, and COD can be
determined as follows:

D.

Volatile solids - From A, total solids production was calculated
to be 32.6 gm/bird-day. Using the value of 77 percent, the quantity
of volatile solids excreted/bird-day is:

32.6 gm total solids/bird-day x .77 =
25.1 gm volatile solids/bird-day
or 753 kg/day for 30,000 birds.
Chemical oxygen demand (COD) - Using the values of 32.6 gm of total
solids/bird-day and 86 percent for COD, the quantity of COD excreted/
bird-day is:

32.6 gm total solids/bird-day x .86 =
28.0 gm COD/bird-day

or 841 kg/day for 30,000 birds.
Fixed solids - Using the previously determined values for total

solids and volatile solids, the quantity of fixed solids excreted/
bird-day is:
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The poultry manure characteristics estimated in the preceding design example

32.6 gm total solids/bird-day - 25.1 gm
volatile solids/bird-day =
7.4 gm fixed solids/bird-day

are summarized in Table 2.5.

TABLE 2.5. POULTRY MANURE CHARACTERISTICS ESTIMATED IN
THE PRECEDING DESIGN EXAMPLE

For 30,000 birds

Parameter gm /bird-day kg/day
Total Solids 32.0 978
Total Nitrogen 1.94 58.2
Moisture 90.6 2718
Volatile Solids 25.1 753
Chemical Oxygen Demand 28.0 841
Fixed Solids 7.4 222

Thus, it is possible to estimate the manure characteristics and quantities

using the relationships identified in this chapter.

This information is

valuable in considering manure management alternatives and will be used in
the manure management design examples presented in later chapters.
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CHAPTER 3
HIGH-RISE, UNDERCAGE DRYING OF POULTRY MANURE

3.1 Introduction

Research (1, 2, 3) has shown that the drying of poultry manure can be an
effective waste management technique. The removal of water from such manure
provides the following advantages:

A. Improvement in handling characteristics;
B. Reduction in weight and volume;
C. Reduction in offensive odor.

With the removal of moisture, poultry manure loses its adhesive qualities
becoming granular in nature. In this state, it can be handled as a solid
using equipment such as elevators, augers, and front-end Toaders. The rela-
tionship between moisture content and handling characteristics for poultry
manure is presented in Figure 3.1. In addition to the reduction in weight,
a decrease in volume also occurs. Reduction in moisture content to equili-
brium Tevels results in a volume reduction of 40 to 50 percent (5). One of
the important benefits of drying is the odor control which results from
moisture removal (Figure 3.2).

Although drying and biological treatment processes have the common objective
of odor control, they differ in other areas. While biological treatment uses
microbial activity to achieve waste stabilization through the conversion of
carbonaceous compounds to carbon dioxide and water, the removal of water
Timits microbial activity in drying systems. This is consistent with the
objective of odor control by minimizing the production of odorous compounds
characteristic of uncontrolled anaerobic processes. Some waste stabilization
can occur by microbial and/or physical mechanisms during the drying process.

While it can not be documented that drying poultry manure reduces the water
pollution potential of these wastes via stabilization, it can be considered a
management approach for water pollution control. Effective poultry manure
drying permits the Tong term storage of these wastes without odor problems
during storage or upon ultimate disposal to the land. This provides manage-
ment flexibility to permit scheduling of ultimate disposal in a manner that
will Timit uncontrolled losses of contaminants to the environment.

Numerous approaches to the problem of removing moisture from poultry wastes
have been investigated. Included are physical/chemical and evaporative
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techniques. A study by Cassell (6) examined the use of a vacuum filter, a
centrifuge and a hydraulic press for the dewatering of raw pou]try.wagtes.
Both the vacuum filter and the centrifuge required chemical conditioning and
produced a cake with a total solids content of 20 to 25 percent. The most
promising approach was the hydraulic press which produced a cgke with a total
solids content of 45 to 55 percent without chemical conditioning. However,
all three approaches produced liquid effluent having a high 1in chem1ca1 oxygen
demand (COD). Subsequent adoption of these techniques by the poultry industry
did not occur.

Drying systems for poultry manure using both heated and unhea@ed air have been
developed and evaluated. Commonly, the input of heat energy 1s assoc1ateq
with industrial type manure driers such as rotary drum units. Unheated air
normally is used with undercage drying systems.

The use of industrial type driers for the removal of moisture from poultry
manure has been examined by several investigators. Ludington (7) pre-
sented a cost analysis of dehydration, pelleting, and bagging of poultry
manure using a rotary drum drier. For a plant operating 24 hours per day
and an initial manure moisture content of 76 percent, the processing cost
was $34 per ton of dried manure. The cost for dehydration alone was $25.50
per ton. At a selling price of $20 per ton of pelleted manure, the cost

of manure dehydration was estimated to be $0.17 per bird per year. These
calculations were based on 1963 prices for energy and equipment. The
present (1976) selling price of dried manure would have to be significantly
higher to recover a comparable fraction of operating costs due to the
increased energy and equipment costs.

Surbrook, et al. (2) presented a more favorable economic analysis of dehydra-
tion using a drier developed at Michigan State University. They estimated
total costs to be $31.44 per dry ton in 1971. Assuming increases only in
energy costs to $0.12 per Titer ($0.45 per gallon) for No. 2 fuel oil and
$0.035 per kilowatt-hour for electricity, present costs are estimated to be
$49.98 per dry ton. It should be noted that neither figure includes equipment
or energy costs for air pollution control devices.

The results of a study of the economic and technical feasibility of various
types of industrial driers have been presented by Akers, et al. (8). They con-
cluded that rotary drum driers are acceptable for poultry manure drying from

a technical viewpoint. For small operations, agitated pan driers were found

to be the most advantageous from both economic and technical aspects. For
operations with an excess of one million birds, pneumatic driers had the lowest
direct costs.

While the use of industrial type driers should not be discounted as a poten-
tial poultry waste management technique, their feasibility is clearly
Gependent on marketing of the finished product as a fertilizer or soil con-
ditioner or a feed ingredient. The ability to realize this potential appears
to be Timited. In that design information concerning machine drying is avail-
able from various manufacturers, further discussion of this topic does not
appear to be warranted.
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Several approaches to in-house drying of poultry manure have been developed.
Bressler and Bergman (1) utilized a high velocity, 2.5 m/sec (500 ft/min),
unheated air stream above the manure surface. A stirring device similar to a
spike tooth harrow was used for mixing to expose new surfaces to the air-
stream. This was a continuous flow system with no storage capacity. Moisture
content of manure from this system ranged between 26.1 and 50.5 percent, wet
basis, with the lowest moisture contents occurring during the summer months.

Sobel (9) achieved moisture contents of 29 to 35 percent, wet basis, using a
forced air, undercage drying system. This system differed from the previous
approach in that an air duct with a slot outlet was used to direct a uniform
airstream over the poultry manure surface. A 7.6 cm (3 in.) accumulation of
manure was maintained under the birds. This prevented sticking of manure to
the dropping boards and provided a retention time of 5 to 8 days. The shallow
bed of manure was mixed several times per day exposing new surfaces to the
airstream.

One of the drawbacks of undercage, continuous flow drying concerns storage.
Sobel and Ludington (10) have reported that the moisture content of dried
manure should not be greater than 30 percent, wet basis, for successful
storage. At higher moisture contents, malodors develop and the material
regains its sticky and adhesive characteristics. While moisture reduction to
30 percent can be achieved with undercage drying, consistent performance at
this level has not been possible. Therefore, supplemental treatment either in
the form of composting or heated air drying appears necessary to permit
storage.

Perhaps the most viable alternative for the drying of poultry manure is under-
cage drying in combination with a high-rise type house. In addition to the
advantages of drying delineated earlier, this approach also provides
acceptable storage for one or more years without supplemental treatment or
handling.

3.2 Objectives

The objectives of this chapter are to:

A. Present a discussion of the development and a description of
high-rise, undercage drying of poultry manure;

B. Discuss the theoretical concepts germane to the drying process;

C. Describe the experimental basis for and present the development
of a rational process design approach for high-rise, undercage
drying;

D. Outline process design methodology;

E. Discuss physical design considerations.
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3.3 The High-Rise, Undercage Drying System for Poultry Manure

The development of the high-rise, undercage drying system for poultry manure
can be traced to the use of deep pits under caged hens to provide long term
manure storage. Early cage systems utilized shallow manure collection pits
which required frequent cleaning. The deep pit house which provided Tong
term manure storage was a further development. With this system, a 1.5 m to
2.4 m (5 ft to 8 ft) deep manure collection and storage area was located beneath
the cages and normally below grade, hence the name deep pit.

Continuing development led to the original high-rise poultry house design.
This differed from the deep pit only in that the bottom of the manure storage
was located at or slightly above grade. This resulted in a two story building
with the cages located on what would be the second floor. This change was
made to eliminate the problem of water infiltration. Neither the shallow pit,
the deep pit, nor the original high-rise house contained any provision for
manure drying.

The high-rise undercage manure drying system, which will be the subject of
discussion in this chapter, refers to the use of unheated, ventiliation

air for manure drying within a high-rise poultry house. Therefore, the
design of the ventilation system is a key factor in the manure drying process.
Figures 3.3, 3.4 and 3.5 are cross-section, plan, and isometric views respec-
tively of a typical poultry house employing the high-rise system of manure
management. Banks of the exhaust ventilation fans are located in the manure
storage area. Ventilation air enters the building through a slot inlet
located at the eave level of the building. The air then passes through the
cages, passes over the manure, and is finally exhausted to the atmosphere.

As shown in Figures 3.3 and 3.4, circulating fans are located in the manure
storage area to provide more uniform air circulation over the manure surface.
This design differs from the early high-rise houses in the location of all
ventilation fans and the use of circulation fans in the manure storage area.

With either flat deck or full stair-step cage systems, manure accumulates

in a series of ridges and valleys conforming to the cage Tayout when drying

occurs. These ridges are formed under the center of the cages with valleys

under feed and water troughs and where cages are joined (Figure 3.6). With

the triple deck cage system, ridge formation is Tess pronounced. The ridges
are important since the surface area of the accumulated manure is increased,
thus enhancing drying.

3.4 Theoretical Considerations

The removal of moisture from poultry manure can be accomplished by either
mechanical or evaporative processes. However, evaporation is the process of
interest in this discussion of undercage poultry manure drying in a high-rise
poultry house. The objective of this section is to discuss the principles
of evaporative drying and provide the theoretical hasis for the system design
relationships which will be presented subsequently.
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Figure 3.3. Cross-section of a typical high-rise poultry house with
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Figure 3.5. Isometric view of a high-rise poultry house.



Figure 3.6. Ridge and valley formation in a high-rise,
undercage manure drying system.

29



Evaporation is a characteristic of all liquids. It is the change in state
from the 1iquid to the gas phase. While the terms drying and dehydration are
normally used in conjunction with the removal of moisture from organic
materials such as sewage sludges, various agricultural products, and animal
manures, the reduction in moisture content is due to the evaporative process.
Thus, the terms drying or dehydration merely represent specific cases of the
evaporative process.

The terms drying and dehydration commonly are used interchangeably. However,
their precise meanings differ. Drying applies to any reduction in moisture
content down to but not exceeding the equilibrium moisture content of the
material in question. Dehydration is the reduction in moisture content to
levels below the equilibrium moisture content.

Evaporation can be best understood by considering the physical structure of
water. Any quantity of water is made up of a large number of molecules, each
of which are in constant motion. As the result of kinetic energy exchanges
between colliding molecules, some molecules acquire sufficient energy to over-
come attractive forces and escape into the air as water vapor. Although
molecules are continuously escaping the water surface, others are returning.
The rate of evaporation is determined by the difference in the two rates.
Condensation occurs when more molecules return to the body of water than
escape.

Immediately adjacent to a water surface is a thin layer of air which is in
thermal equilibrium with the water. This film is saturated with water vapor.
If the air above this film has a Tower moisture content, water vapor will be
dispersed away from the liquid surface and evaporation will continue. The
rate of evaporation is dependent on the difference in moisture content between
the saturated film and that of the surrounding air.

The moisture content of air can be expressed in several ways. They include
vapor pressure, absolute humidity, and relative humidity. However, both
absolute and relative humidities are calculated from vapor pressure. The
behavior of water vapor in air closely follows the general gas laws including
Dalton's Taw of partial pressures. This law states that the pressure exerted
by a mixture of gases is equal to the sum of the pressures that each gas
would exert separately. The pressure that each individual gas, i.e., water
vapor, exerts separately is termed the partial pressure of that gas. The
partial pressure of water vapor in saturated air is called the saturation
vapor pressure. The saturation vapor pressure and thus the moisture holding
capacity of air is a function of temperature. Although saturation vapor
pressures can be calculated using gas Taws, experimentally determined values
such as those presented in steam tables are considered to be more accurate (11).

The rate of evaporation is dependent on the difference between the vapor
pressure of the saturated air film immediately adjacent to the water surface
and the vapor pressure of the surrounding air. This principle, Dalton's Law
(12), is expressed by:

E = C(p, - P) (3.1)

30



where: E = rate of evaporation, in./day

C = a coefficient dependent on barometric pressure, wind
velocity and possibly other variables, day™!

P_ = the vapor pressure in the air film next to a water
surface which is the saturation vapor pressure
corresponding to the temperature of the water, in. Hg

Pa = the vapor pressure of the surrounding air, in. Hg

Dalton's Law was expanded by Rohwer (13) to precisely define the effects of
barometric pressure and wind velocity to predict evaporation from lakes and
reservoirs. The Rohwer equation is:

E = 0.771 (1.465 - 0.0186B)(0.44 + O.]]8W)(PS - Pa) (3.2)

where: B = barometric pressure, in. Hg

W

wind velocity, miles per hr

and E, PS and Pa as previously defined.

Although research (5) has shown that the moisture loss from a manure surface
is less than that from a water surface, the Rowher equation is useful in
illustrating the principles of evaporative drying. As shown in Equation 3.2,
evaporation will occur even under conditions of no air movement providing a
vapor pressure differential exists. Air movement enhances evaporation due to
the renewal of air in contact with the saturated air film.

The evaporative removal of moisture from many materials including poultry
manure involves two processes. They are the movement of moisture from

within the material to the surface and the evaporation of water from the
surface. Based on the predominance of either factor, the drying process can
be divided into two phases, the constant and falling rate periods. During the
constant rate period, the material contains so much water that liquid surfaces
exist. Under this condition, moisture will evaporate in a manner comparable
to that from a free water surface. The rate limiting step in the constant
rate phase is the mass transfer of water vapor from the saturated film to the
vapor phase. Conversely, the falling rate period is characterized by the
absence of liquid surfaces. In this period, the movement of moisture to the
surface of the material is the rate 1imiting step.

In a study of the drying characteristics of poultry manure (5), drying curves
indicate that drying to a moisture content of approximately 30 percent,wet
basis (w.b.),is a constant rate process. Beyond this point, internal movement
of water controls the evaporation rate. Research (1, 10) has shown that

drying of poultry manure to a moisture content of 30 percent w.b. is effective
in reducing malodors and further moisture reduction produces increased dust
problems (Figure 3.1). Therefore, the constant rate phase of drying is the area of
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principal concern in poultry manure drying and further discussion will be
limited to this topic.

For constant rate drying, mass transfer of moisture is proportional to the
exposed surface area, the difference in vapor pressure, and factors such as
air velocity expressed as a mass transfer coefficient. Mathematically, the
relationship between the above factors and the drying rate can be expressed
in terms of the following heat or mass balance.

Fe(A)(tg - tg)

W= fA (=P, = i (3.3)
where: dW/dt = drying rate, mass of water evaporated/time
f = water-vapor transfer coefficient at the water-air
v interface, mass/time-area-pressure
A = water surface area
PS = saturation water-vapor pressure at ts’ pressure
Pa = water-vapor pressure in the drying air, pressure
ff = thermal conductance of the air film at the water-
air interface, energy/time-area-temperature
td = air temperature
tS = water surface temperature
hfg = TJatent heat of water at ts’ energy/mass

The water vapor transfer coefficient, f _, can be regarded as the diffusivity
of vapor through air (11). In the tran¥fer of water vapor from the surface
of a solid, the vapor must pass through a laminar layer of moist air before
entering the adjacent turbulent zone as shown schematically in Figure 3.7,
The value of fv is a function of air velocity in combination with several
other factors.” Figure 3.7 also illustrates the decrease in water vapor pres-
sure from the saturated air film immediately adjacent to the 1iquid surface
to that of the surrounding air as previously discussed.

Equation 3.3 which is presented by Henderson and Perry (11) in a discussion
of the drying of agricultural products is also discussed by Metcalf and Eddy
(14) in relation to the drying of sewage sludge. Several factors should be
noted in relation to Equation 3.3. First, the drying rate can be expressed
as a function of either temperature or vapor pressure. This is due to the
fact that saturation vapor pressure is a function of temperature. Second,
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Equation 3.3 is merely a restatement of Dalton's Taw (Equation 3.1) if the
heat relationship is excluded.

The theoretical concepts presented herein served as the basis for the develop-
ment of a rational process design approach for high-rise house, undercage
manure drying systems. Discussion of the development and presentation of the
resulting process design equations will follow.

3.5 A Process Design Approach

Although the concept of high-rise, undercage poultry manure drying has been

in existence for several years, a rational approach for the prccess design of
these systems has been lacking. Design of existing systems has been arbitrary
with performance ranging from marginal to excellent. Unfortunately, the lack
of defined design relationships has precluded understanding of the reasons

for success or failure and the opportunity to optimize system performance.

The results of a recently completed investigation by Sobel (15) have for the
first time provided the basis for a rational design approach for these systems.
The objectives of this system are:

A. Briefly describe the system studied;

B. Discuss the results of the investigation not only in terms of
final waste characteristics but also the parameters identified
as important to system performance;

C. Present the development of a design relationship expressing
surface manurial moisture content as a function of the identified
parameters;

D. ITlustrate the relative importance of each variable to overall
performance.

3.5.1 System Description

The high-rise drying system evaluated by Sobel (15) was located on a commercial
poultry farm. The physical dimensions of the structure were 12.2 m wide by
102.4 m Tong (40 ft x 336 ft) with an egg handling area located at the one

end of the building (Figure 3.4). The side wall height was 4.9 m (16 ft).

This permitted location of the base of the manure collection and storage area
slightly above grade.

The building had a design capacity of 30,000 hens contained in a flat deck
cage system. Feed and egg handling was completely mechanized. A time clock
controlled, continuous flow through-type watering system was used. The cages
were located approximately 24 m (8 ft) above the base of the manure storage
area. The base of the manure storage was 15 cm (6 in.) of fine cinders over
soil.

Bird environment was controlled by 12 thermostatically controlled 91 cm
(36 in.) exhaust fans placed in three banks of four fans located in the side
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wall of the manure storage area (Figure 3.3 and 3.4). Each fan delivered in
excess of 4.5 m3/sec (9500 ft3/min) of air at a static pressure of 12.4
pascals (0.05 in. H,0), gauge. Fresh air entered the building through
manually controlled®siot inlets located at the junction of the sidewall and
roof. Within the manure storage area, eight fans were used to circulate
ventilation air over the accumulated manure. Three fans (91 cm, 0.37 kw)
were located along each side of the storage area and one fan (61 cm, 0.19 kw)
was positioned for cross movement of air at each end of the storage area.
This provided a circular pattern of air movement over the accumulated drop-
pings. The pattern of air movement and location of the circulating fans are
shown in Fiqures 3.3 and 3.4.

It should be noted that with the exception of the 4.9 m sidewall height, the
Tocation of the ventilation fans, and the presence of the circulating fans in
the manure storage area, this building was designed in accordance with conven-
tional practices employed in the northeastern United States. No special
provisions regarding insulation or ventilationairflow rates were made.

3.5.2 Results

System performance throughout the three years of the study was excellent. At
the end of each year at a time coinciding with flock replacement, the previous
year's manure accumulation was removed. Average moisture content at the time
of removal was 50, 50, and 47 percent, wet basis, respectively for each of
the three years of the study (15). The absence of malodors was characteristic
of both the accumulation and cleanout phases of operation. In addition, no
problems were encountered using solid manure handling equipment such as front-
end loaders and conventional manure spreaders for manure removal,

The parameter used to evaluate overall system performance was the moisture
content of the ridge surface. This was determined from samples taken from

the ridges of the manure accumulation such as in Figure 3.3. It was necessary
to use this approach because the drying rate varied over time due to uncon-
trollable variables such as vapor pressure differential. Therefore, an
accurate analytical determination of overall system moisture content during
the accumulation phase was not possible. A summary of the data collected for
the years 1970-71 and 1971-72 is presented in Table 3.1.

As shown in Equation 3.3, one of the variables affecting drying rate is
surface area. Normally surface area would be constant. However, this is not
true in a high-rise house manure drying system due to the formation of ridges
and valleys which increase surface area with time. In order to quantify this
variable, measurements of manure depths in ridges and valleys were made
throughout the second year of this study. The results of these measurements
were used to determine the increase in surface area over initial conditions.
This increase was expressed as an area factor as follows:

Distance Up and Down Ridges
Width of Manure Storage Area

Area Factor = (3.4)
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TABLE 3.1. SUMMARY OF HIGH-RISE, UNDERCAGE MANURE DRYING DATA FOR 1970-71 AND 1971-72 (15).

1970-71
CumuTative Bird Area Temperature, °C Vapor Pressure Vapor Pressure Drying.Air . Surface
Operation Density, Factor* Dryigq Air Manure Drying Air,P_** Saturation, P_*** Differential Velocity, M01StyV€7C°ntent -
Time, Days B AF pascals pascals (P_-P_), pascals m/sec Dry Basis.% Wet Basis,%
Birds/m s a’’?

66 23.0 1.104 10(est) 10(est) 857 1224 367 (1)8 253.3 71.7

1.5 196.7 66.3

87 22.4 1.137 8 9 766 1136 370 0.5 314.9 75.9

1.0 207.7 67.5

1.5 236.7 70.3

128 21.4 1.203 10.5 1 889 1318 429 0.5 263.6 72.5

1.0 178.6 64.1

1.5 131.5 56.8

195 20.6 1.310 24 22 2068 2671 603 0.5 134.7 57.4

1.0 119.3 54.4

1.5 90.1 47.4

248 20.3 1.395% 21.5 25 1808 3158 1350 0.5 123.2 55.2

1.0 72.4 42.0

1.5 29.2 22.6

328 19.6 1.523 14 28 1107 3720 2613 0.5 147.5 58.6

1.0 40.6 28.9

1.5 30.5 23.4

*Calculated from regression equation AF - 0.0016 (cumulative time of operation, days) + 0.998
**Pa is the vapor pressure of the drying air at the observed temperature of the storage air of a relative humidity

of 70%. Relative humidity was not measured at each sampling event and was assumed to be 70%, a value observed
in several measurements.

***PS is the saturation vapor pressure of air at a temperature equal to that of the manure.
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TABLE 3.7. SUMMARY OF HIGH-RISE, UNDERCAGE MANURE DRYING DATA FOR 1970-71 AND 1971-72 (15) (CONTINUED).

Cumulative Bird Area Temperature, °C Vapor Pressure Yapor Pressure

; r " t v Drying Air Surface
Q?eratson Density, Factor* Drying Air Manure Drying Air, P_** Saturation, P_*** Differential Vglogity Moisture Content
me, Days Birgg/mz AF pascals pascals (PS— Pa),pascals m/sec Dry Basis, Wet Basis,

o 3

1971-72
59 25.4 1.092 14 13 1148 1526 378 0.5 230.0 69.7
0.7 266.3 72.7
1.3 219.5 68.7
86 25.0 1.136 11 11 922 1318 396 0.5 267.1 72.0
0.7 192.4 65.8
1.3 198.5 66.5
116 24.4 1.184 12.5 14.5 1038 1640 602 0.5 258.4 72.1
0.7 232.2 69.9
1.3 172.5 63.3
143 24.1 1.227 11.5 15 957 1700 743 0.5 177.0 3.9
0.7 187.4 65.2
1.3 133.1 57.1
184 23.8 1.292 1.5 15.5 957 1761 804 0.5 175.5 63.7
0.7 142.1 58.7
1.3 81.2 44.8
213 23.5 1.339 26.5 24.5 2440 3055 615 0.5 126.8 55.9
.7 61.3 37.9
1.3 - -
240 23.2 1.382 20.5 23.5 1688 2858 1170 8? 84.2 45.7
1.3 - _
267 23.0 1.425 29 32 2778 4802 2024 0.5 116.9 53.9
0.7 115.0 53.5
1.3 68.6 20.7
305 22.7 1.486 22 30.5 1870 4368 2498 0.5 74.8 42.8
0.7 71.2 41.6
1.3 61.0 37.9
339 22.4 1.540 21 30 1747 4231 2484 0.5 126.8 55.9
0.7 103.7 50.9
1.3 102.4 50.6
355 22.3 1.566 14 28 1107 3720 2613 0.5 102.4 51.1
0.7 94.9 48.7
1.3 44.5 30.8

*Calculated from regression equation AF = 0.0016 (cumulative time of operation, days) + 0.998.
*%P is the vapor pressure of the drying air at the observed temperature of the storage air of a relative humidity
& 4f 70%. Relative humidity was not measured at each sampling event and was assumed to be 70%, a value observed
in several measurements.
***PS is the saturation vapor pressure of air at a temperature equal to that of the manure.



The observed change in area factor with time for the 1971-72 laying cycle is
presented in Figure 3.8.

Air velocity was not uniform over the accumulaied manure surface due to the
nature of the air stream from the circulating fans and the irregular manure
surface (Figure 3.6). The velocity of the airstream decreased with distance
from the fan but the width of the stream increased. Observed velocities at
various locations in the manure storage area ranged from 0 to 2 m/sec (0 to
400 ft/min). To develop an understanding of the relationship between air
velocity and moisture removal, surface moisture contents were determined at
sites exposed to three different air velocities over time. The velocities
selected were 0.5, 1.0, and 1.5 m/sec (100, 200 and 300 ft/min) in 1970-71
and 0.5, 0.7 and 1.3 m/sec (100, 140 and 250 ft/min) in 1971-72. While
velocity varied as to Jocation within the manure storage area, variation was
not significant with time. Therefore, samples for surface moisture content
determinations were taken at set locations and velocity was considered
constant over time at each location. Tabulated values are presented in

Table 3.1. The observed relationships between moisture content at sites
exposed to different air velocities and cumulative time of operation are
shown in Figures 3.9 and 3.,10. As shown, moisture content decreases with
time of operation with air velocity remaining constant. This illustrates
that moisture removal is a function of several factors, not only air velocity.

Temperatures of the drying air in the manure storage area as well as in the
accumulated manure near the surface were measured continuously during 1970-71
and 1971-72. Data for temperature corresponding to each moisture content
sampling event are presented in Figures 3.11 and 3.12. During 1970-71, the
temperature differential over the first 200 days of operation was minimal.
Following that time period a significant differential occurred. The same
general pattern was repeated during 1971-72. The increase in manurial tempera-
ture over the temperature of the drying air was attributed to biological heat
production.

Drying in general is a physical treatment process which provides odor control
by Timiting microbial activity through the removal of water. Reduction of
the moisture content of poultry wastes to 10 to 15 percent, wet basis, has
been reported to inhibit microbial growth (10). However, observed manurial
moisture contents (Table 3.1) did not approach this range of values. The
conclusion that microbjal activity was not measurably Timited is supported
by the observed biological heat production. Microbial heat production is a
manifestation of the inefficiency in the transformation of a substrate into
energy for synthesis and maintenance. The absence of malodors suggests that
the microbial activity was predominately aerobic.

Drying air and manurial surface temperatures were used to determine the vapor
pressure differential at each sampling event. Saturation vapor pressure
values were obtained from standard tables of the thermodynamic properties of
moist air (16). The vapor pressure of the drying air was determined from
saturation values at the observed temperature and an assumed relative humidity
of 70 percent. Relative humidity was not measured at each sampling event; the
assumed value of 70 percent was observed on several occasions.
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The change 1in observed vapor pressure differential with time for the years
1970-71 and 1971-72 are shown in Figure 3.13. The significant increase in
vapor pressure differential following the first 200 days of operation for
both years is the result of the increase in the temperature differential
resulting from biological heat production (Figures 3.11 and 3.12). Since
vapor pressure differential is the principal driving force for moisture
removal (Equation 3.1 and 3.3), it appears that biological heat production
which results in higher saturation vapor pressures at the manure surface is

an important factor in high-rise, undercage drying. However, definition of
the environmental conditions which enhance biological heat production in these
systems and thus the ability to control and predict this phenomenon is lacking
at this time.

3.6 Development of a Process Design Relationship

A mathematical understanding of moisture removal in the high-rise, undercage
drying system is necessary to the development of a rational design approach.
However, direct application of a relationship such as Equation 3.3 is not
possible. Information concerning the water-vapor transfer coefficient, f_,
for poultry manure is lacking. Therefore, an emperical approach was used to
develop a mathematical model of this drying system utilizing the theoretical
concepts previously discussed, Data collected during the previously described
three year study was used.

For the high-rise drying system, the average drying rate for the constant rate
drying phase over time, dW/dt, can be expressed in terms of the initial
moisture content, M_, of the manure measured on a dry basis, the system mois-
ture content, M,, at any time t measured on a dry basis and the production of
total solids, P, over time t.

dW _
pralie (Mo - Mt) P (3.4)
where: dW = average drying rate over time t, mass of water
evaporated/time
M0 = initial moisture content of the manure, mass of
water/mass of total solids, measured on a dry
solids basis
Mt = average system moisture content at any time t,
mass of water/mass of total solids, measured on
a dry solids basis ‘
P = production of total solids, mass/time

As shown in the preceding section, the variables affecting the drying rate,
and therefore the drying rate, vary with time. For example, the area factor,
AF, increases while bird density due to mortality decreases with time

(Table 3.1'and Figure 3.8). During both 1970-71 and 1971-72, the vapor
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pressure differential increased with time but differed between the two years
(Figure 3.13). Moreover, air velocity differs with location due to the nature
of the air stream from the circulating fans. Thus, system moisture content

at any specific time can not be predicted and is difficult to measure except
upon removal and complete mixing of the accumulated manure.

However, it is possible to determine the surface moisture content of the
accumulated manure and define the relationship between surface moisture con-
tent and the values of the variables affecting the drying process. For the
high-rise, undercage drying process, this approach is meaningful in that the
time of surface area exposure for a discrete quantity of manure and thus the
opportunity for evaporation is limited by new manure deposition creating a
new surface. System moisture content is simply the summation of surface
moisture contents over time.

The manurial surface moisture content at any time, t, can be expressed
mathematically as a function of the variables affecting moisture removal as
follows:

AF
Msf f (Eﬁ), v, (PS - Pai] (3.5)
where: Msf = manurial surface moisture content, dry basis,
mass of water/mass of total solids - percent
AF = area factor, dimensionless
BD = bird density per unit of manure collection area,
birds/m2
V = velocity of the drying air, m/sec
PS = saturation water vapor pressure at the temperature
of the manure surface, pascals
Pa = water vapor pressure in the drying air, pascals

Sobel (15) utilized the data presented in Table 3.1 to determine the mathe-
matical relationship between M_. and the variables in Equation 3.5. Initially,
the correlation between each vgﬁiab1e (AF/BD, V, and P_ - P_) individually with
M - was examined. However, this approach was unsucces2ful.? Examination of
tRE correlation between the product of V and Pg - P4 reduced variation and
indicated that a non-linear relationship existed between (V), (Ps - Py) and

M .. Multiplication by the area factor-bird density ratio, AF/BD, improved the
cBrrelation, and it was found that the relationship was of the form Y = aX
with X defined as:

x = &5 v e, - Paﬂ (3.6)
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Thus, Equation 3.5 can be restated as:

_ b
Regression analysis was used to determine the values for the coefficient a

and the exponent b. This produced the following relationship (Figure 3.14):

(3.7)

= -0.494
Mg = 800 X

(3.8)
To verify the accuracy of Equation 3.8 in predicting surface moisture content
under specific conditions, this equation was used to calculate values for
manurial surface moisture content at the beginning and end of the 1971-72
manure accumulation cycle. These predicted values were compared with the
average of observed values determined during removal of the accumulated
manure. Surface samples from various locations were composited to establish
an average surface moisture content at the end of the manure accumulation
cycle. Moisture values determined from samples taken at the bottom of the
manure accumulation were used to estimate the average surface moisture content
at the begining of the accumulation cycle. It appears reasonable to use moisture
values at the bottom of the accumulated manure as representative of initial
conditions in that the major evaporation of moisture occurs at the manurial
surface.

Predicted values for manurial moisture contents at the begining and end of
the 1971-72 manure accumulation cycle are presented in Table 3.2. Average
values for the variables defining surface moisture content (Equation 3.6) and
the observed moisture content values are also included.

The predicted value of 317 percent, wet basis (76 percent dry basis) was in
good agreement with the average moisture content observed at the bottom of

the manure accumulation of 276 percent, dry basis (73 percent, wet basis)
(Table 3.2). The predicted surface moisture at the end of the manure
accumulation cycle was 99 percent, dry basis (50 percent, wet basis). Again
the agreement between the predicted and observed values was reasonable
suggesting the validity of Equation 3.8. It is recognized that these compari-
sons between predicted and observed results are not entirely independent,
since values used in the comparisons also were used in the development of
Equation 3.8. Unfortunately, no independent data was available.

One limitation of Equation 3.8 is that the variable bird density (BD)
(Equation 3.6) does not permit introduction of the quantity of moisture
excreted per bird-day as a variable. Bird density is an indirect expression
of the mass of water excreted per unit area of manure storage per day. This
is based on a single value for mass of water excreted per bird-day and thus
has a fixed upper 1imit. As discussed in Chapter 2, moisture excretion
appears to be a function of feed characteristics. Therefore, it is possible
to have a higher moisture loading per unit area per day, with higher values
of moisture excreted per bird-day. In the study by Sobel (15), the moisture
excreted per bird-day was 99 gm. A bird density of 20 birds/m~ of manuxe
collection area resulted in a maximum moisture loading of 1980 gm H,0/m",

If feed characteristics increased moisture excreted to 110 gm H20/b%rd-day,

45



9f

TABLE 3.2. COMPARISON OF PREDICTED AND OBSERVED MOISTURE CONTENTS AT THE
BEGINNING AND END OF THE 1971-72 MANURE ACCUMULATION CYCLE
Bird Average Average 9 X, Mst,* Mss.T
Area Density2 Velocity, Vapor Pressure ( m )(Jﬂ_)(Pa) Dry Dry
Factor birds/m m/sec Differential, Pa bird/ ‘sec Basis Basis
Initial 1.0 26.9 0.40 439 6.53 317 276
Final 1.5 21.5 0.59 1688 69.49 99 77

* Predicted value
+ Observed value
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maximum moisture loading would be 2200 gm H O/m2. Therefore, if the evapora-
tion rate remained fixed, resulting moisturg contents would be higher but not
predicted by Equation 3.8.

Therefore, Equation 3.6 was modified by substituting a moisture ]oading _
factor for bird density. The moisture loading factor combines bird density
and manure characteristics.

MLF = (BD) (MP) (3.9)
where: MLF = moisture loading factor, kg H20/m2-day
BD = bird density, birds/m2
MP = moisture excreted, kg H20/bird-day

In order to provide a more precise basis for calculation of bird density, bird
density as used in Equation 3.9 is based on cage row width instead of width

of the manure accumulation area. The reason for this change will be described
in detail in the following section on process design methodology.

Regression analysis was again used to determine the values of a and b for
Equation 3.7 with X redefined as:

vo- G, - vy ]

This produced the following relationship (Figure 3.15):

Meg = 2271 X'Y-0.494

The development of a mathematical expression defining the relationship between
moisture content and the associated variables (Fquation 3.11) permits the
assessment of the relative importance of each variable. A short computer
program (The Appendix, Figure A-1) was written to examine the relative importance
of each variable in relation to the resultant manure surface moisture content.
This was done by calculation of simulated moisture contents over a range of
values for a selected variable holding the other variables constant. Values
selected for the area factor, air velocity at the manure surface, and vapor
pressure differential are representative of conditions observed by Sobel (15).
In the analysis of the effect of the moisture loading factor, two values were
used for the quantity of moisture excreted per bird-day. They are 81 and 135 gm
H,0/bird-day reflecting high and low energy feeding programs (Chapter 2).

B6th values were varied over a simg]ated decrease in bird density due to
mortality of 117.9 to 87.3 birds/m~. The range of values and assumed constant
values for each variable are presented in Table 3.3.
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TABLE 3.3. VALUES USED IN THE SIMULATION OF HIGH-RISE DRYING

Value Used
as a Constant
When Other Parameters Range of Ya1ues

Parameter Were Varied as a Yariable
Area Factor, dimensionless 1.3 0.9 -1.6
Moisture 1oad1'ng2
factor, kg H20/m -day 2.06 1.76-3.9
Air velocity, m/sec 0.5 0.25-2.0
Vapor pressure
differential, pascals 1360 100-2720

The results of the simulations are presented in Figures 3.16 through 3.19.
Before considering the results of these simulations, it should be recognized
that while the moisture loading factor and air velocity are controllable
variables, the area factor and the vapor pressure differential are not con-
trollable in a high-rise drying system.

0f the four variables, the increase in area factor due to ridge formation
appears to have the least effect on manurial surface moisture content
(Figure 3.16). The increase of AF from 1.0 to 1.6 reduced the surface
moisture content by only 5.85 percent in the simulation. The magnitude of
this change is similar to that which results from the reduction of bird
density due to mortality over the laying cycle.

The response to decrease in bird density was found to be a 1.9 and 2.0 percent
reduction in surface moisture content respectively for birds excreting 135 and
81 gm H,0/bird-day (Figure 3.17). Of greater significance is the difference
in the Bredicted surface moisture content between birds with high versus low
quantities of water excreted per day., This difference was 6.1 percent at the
maximum bird density of 117.9 birds/m? (Figure 3.17).

The simulation results showed that the variables of greatest importance are
air velocity and vapor pressure differential, Increasing air velocity from
0.25 to 2.0 meters per second reduced predicted surface moisture content by
25.2 percent (Figure 3.18). The sensitivity of surface moisture content was
even greater with a reduction of 35 percent when the vapor pressure differen-
tial increased from 100 to 2720 pascals (Figure 3.19).

Recognition of the relationships between air velocity and vapor pressure

differential and resultant surface moisture content is important. 1In systems
with no external heat added, large vapor pressure differentials can only be
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achieved through biological heat production in the accumulated manure. While
this production does occur and will be a positive factor in moisture reduction,
it is uncontrollable. Thus, increasing air velocity is the principal process
design variable that can be controlled to achieve low moisture content poultry
manure in a high-rise poultry manure drying system. Another significant
factor is to use birds and feed that reduce the moisture content of the
excreted manure to as low a value as possible.

3.6 Process Design Methodology

The mathematical relationships, Equations 3.9 through 3.11, provide the basis
for a rational design approach for high-rise, undercage drying systems for
poultry wastes. However, utilization of the predictive relationship,

Equation 3.11, as a process design tool requires an understanding of several
factors. Included are available types of cage systems, management practices,
and the nature of the high-rise drying process. Such an understanding is
necessary in order that the Timitations of currently available process design
methodology are recognized. Therefore, the objectives of this section are to:

A. Discuss available types of cage systems and management practices
as related to bird density and therefore, the moisture loading
factor; \

B. Present the development and discuss the application of a high-
rise process design relationship;

C. Presentation of a suggested process design methodology.

3.6.1 Available Cage Systems and Management Practices as Related to Bird
Density and the Moisture Loading Factor

As illustrated in Section 3.5, the moisture loading factor (MLF) has a signi-
ficant effect on high-rise drying performance as measured by the manurial
surface moisture content. The MLF is a function of two variables, waste
characteristics and bird density (Equation 3.9). The relationship between
feeding practices and the quantity of moisture excreted per bird-day has been
discussed in Chapter 2. There are two factors that can cause variation in
bird density: a) the type of cage system,and b) the number of birds per cage.

There are three types of cage systems which are used in commercial egg pro-
duction. They are the flat deck, full stair-step, and triple deck cage systems.
A cross-sectional view of each is presented in Figure 3.20. Two standard cage
sizes, 30 cm x 51 cm or 61 cm x 51 cm, are available with each cage system.
Average cage height is 42 cm. The smaller cages are used for either 4 or 5
hens while the larger cages are used to contain 8 to 10 hens depending on
management practices. Thus, bird density can vary significantly. Details are
presented in Table 3.4.

In practice, the area of manure accumulation is somewhat Tlarger than the cage
area. However, there is a constant relationship between these two factors,

and in this design approach (Equations 3.9 through 3.11) bird density is based
on cage floor area rather than manure accumulation area. Since no overlap of
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TABLE 3.4. RANGES OF BIRD DENSITY PER UNIT CAGE FLOOR AREA WITH
DIFFERENT MANAGEMENT PRACTICES

_ Cage 2 . : : 2
Dimension, cm Area, m No. of Birds/Cage Density, Birds/m
30.5 x 50.8 0.15 4 25.8

30.5 x 50.8 0.15 5 32.3

61.0 x 50.8 0.31 8 25.8

61.0 x 50.8 0.31 9 29.1

61.0 x 50.8 0.31 10 32.3

cages occurs with the flat deck and full stair-step cage systems, the values
for bird density, presented in Table 3.4 can be used directly in the calcula-
tion of the moisture loading factor (Equation 3.9).

With the triple deck cage system, the overlap of cages (Figure 3.20) results
in a higher bird density based on cage row width than in terms of cage floor
area. Bird densities for this type of cage system based upon cage row width
are presented in Table 3.5.

TABLE 3.5. RANGES OF BIRD DENSITY BASED ON CAGE ROW WIDTH
FOR TRIPLE DECK CAGE SYSTEMS

Cage 2

Dimension, cm Area, m No. of Birds/Cage Density, Birds/m2
30.5 x 50.8 0.15 4 31.8
30.5 x 50.8 0.15 5 39.8
61.0 x 50.8 0.31 8 31.8
61.0 x 50.8 0.31 9 35.8
61.0 x 50.8 0.31 10 39.8
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The ranges in values presented in Tables 3.4 and 3.5 illustrate the 1mpor§ance
of defining the type of cages to be used and anticipated management practices
as the first step in high-rise, undercage drying system design.

3.6.2 Development and Application of a High-Rise Drying Process Design
Relationship

The discussion of the high-rise, undercage drying process has focused on the
development of a predictive relationship (Equation 3.11). This relationship
defines the manurial surface content as a function of four variables; area
factor (AF), moisture loading factor (MLF), drying air velocity (V), and the
vapor pressure differential (VPD). The transformation of Equation 3.11 into
a process design equation and its subsequent use depends on an understanding
of the nature of the variables involved.

Of the four variables in Equation 3.11, two variables, AF and VPD, represent
uncontrollable parameters. Moreover, a lack of understanding of the causes
of change over time results in the inability to predict these changes. While
a specified value can be designated or determined for MLF, it also is a
variable in the high-rise drying process which will decrease with time due to
bird mortality. Under normal conditions, a mortality rate of approximately
one percent per month can be expected.

In contrast, the velocity of the drying air, V, can be assigned a desired
value and held constant. Thus, V, represents the principal design and
operating parameter for high-rise, undercage drying systems for poultry
manure, For design, it is necessary to restate the predictive relationship
(Equation 3.11) 1in terms of the drying velocity. Combining Equations 3.10 and
3.11 results in the following relationship:

AF -0.494
Mg = 2271 (MEFJ (v) (PS - Paﬂ (3.12)

Solving this equation for the drying air velocity, V, yields the following
equation of the form V = eX:

M

-F
N (o)
5977 AF
2/l By C (- pL) 3.13
0,40 MLF s " Fa (3.13)

V=c¢

This equation predicts the required drying air velocity to achieve a desired
manurial surface moisture content and is the key process design relationship
for high-rise drying systems.

The nature of the variables AF, P_ - P_, and MLF also determine how Equation

3.13 is used in process design. Rs shBwn in Figures 3.8 and 3.13, the values
of both AF and VPD are at a minimum at the beginning of the manure accumuylation
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cycle. Conversely, MLF is at the maximum value (Table 3.1). Thus, the condi-
tions least favorable for drying occur during the start-up period,and the
highest drying air velocities to achieve a specified surface moisture content
are necessary.

It appears that the start-up phase of a high-rise drying system is not only
the least conducive to moisture removal but also the most critical. If
adequate moisture removal does not occur during this period, creation of the
conditions which enhance the drying process, such as formation of ridges and
development of an optimal environment for biological heat production, is
likely to occur. Therefore, the process design of these systems should focus
on the initial period of operation where the highest air velocities are
required.

In utilizing Equation 3.13 to determine the design drying air velocity for
start-up conditions, it is necessary to specify values for AF and VPD that
are anticipated during system start-up. It is also necessary to specify a
value for manurial surface moisture content for this period. This presents

a problem. MWhile it is clear that this value need not approach the desired
final system moisture content, it appears that some degree of moisture reduc-
tion at the initial phase of system operation is critical to create conditions
conducive to subsequent ridge formation and biological heat production. As
the system operates, increases in AF and VPD as well as the decrease of the
MLF will result in increasingly Tower surface moisture contents at the
initially selected drying air velocity. The lack of experimental data during
high-rise, undercage drying system start-up necessitates specification of a
design value for manurial surface moisture content based on judgement and
experience. Based upon analysis of results presented by Sobel (15), suggested
design values representative of initial conditions are noted in Table 3.6.

TABLE 3.6. SUGGESTED DESIGN VALUES REPRESENTATIVE OF INITIAL
CONDITIONS FOR HIGH-RISE DRYING PROCESS DESIGN

Parameter Design Value
Area factor 1.0
Vapor pressure differential 325 pascals
Manurial surface moisture content 235 percent, dry basis

3.6.3 High-Rise, Undercage Drying Process Design Methodology

The process design of a high-rise, undercage drying system is a simple procedure
involving only two design equations (Equation 3.9 and 3.13). The following
discussion will outline the necessary steps in determining the required average
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drying air velocity for this poultry waste management a]ternatjve. This will
be followed by a design example intended to illustrate the de§1gn.methodo1ogy
for these systems and also the effect of bird density by considering two _
different values for this variable. Finally, the infeasibi]ity of §Ch1ev1ng a
large moisture reduction in the initial stage of system operation will be
iTTustrated.

The following is a summary of the steps in the process design of a high-rise,
undercage drying system for poultry manure:

A. Determine the type of cage system and anticipated number of
birds per cage.

B. Determine bird density, birds/mz, based on cage row width from
Table 3.4 or 3.5.

C. Measure moisture production, gm H,0/bird-day, or estimate a
value based on feed metabolizable“energy content using Equations
2.1 and 2.3 (Chapter 2).

D. Calculate the moisture loading factor (MLF) using Equation 3.9,

E. Select design values representative of initial conditions for
area factor (AF), vapor pressure differential (VPD), and desired
manurial surface moisture content (MS ) during the start-up
phase of system operation. Values prgsented in Table 3.6 are
suggested,

F. Calculate average drying air velocity using Equation 3.13.
As an illustration of the high-rise, undercage drying design process, the
following design example will involve the determination of average drying air
velocity for a high-rise system with 30.5 cm x 50.8 cm full stair-step cages.
Designs for both 4 and 5 hens per cage will be considered. The birds will
receive a diet containing 2800 kcal metabolizable energy (ME)/kg feed. The
following is an illustration of the required design steps:

A. Cage system and number of birds per cage has been specified;

B. From Table 3.4, bird densities will be 25.8 m2/bird and
32.3 mé/bird for 4 and 5 birds per cage, respectively;

C. Using Equation 2.1, total solids excreted, gm/bird-day =
-0.038 (2800 kcal/ka) + 138 = 31.6 gm TS/bird-day;

Then using Equation 2.3,

gm H,0 excreted/bird-day = 3.59 (31.6 gm TS/bird-day) - 26.4 =
87.0 gm HZO/bird-day.

D. Utilizing Equation 3.9, the moisture loading factor for this
situation can be calculated as follows:
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MLF = (87.0 gn H,0/bird-day) x (25.8 birds/m’) x (1 kg/1000 gm) =
2.24 kg H20/m2-d§y. For 5 hens per cage, the MLF increases to
2.81 kg H20/m -day;

E. Using design values for the area factor, vapor pressure differential,
and manurial surface moisture content in Table 3.6, the average
drying air velocity for the system can then be calculated using
Equation 3.13.

(235 )

In ‘22717
-0.494

V = ¢

1
In (57) - In (325)
2.24 = 0,68 m/sec

For a MLF of 2.81 kg H 0/m2—day, the required average drying air
velocity increases to 0.85 m/sec.

If this design manurial surface moisture content is reduced to
100 percent, dry basjs, the average drying air velocity for a
MLF of 2.24 kg H 0/m2-day would be 3.83 m/sec. Air velocities

of this magnitudé are impractical in a high-rise drying system.
3.7 Physical Design Considerations

Presentation of structural design aspects for the high-rise, undercage drying
system for poultry wastes is beyond the scope of this manual. Information

of this nature is available from other sources such as the Cooperative Exten-
sion Service. However, discussion of physical design considerations which
have direct bearing on the drying process appear appropriate. Included will
be a discussion of:

A. Determination of capacity and Tocation of drying air circulating
fans to meet specified design velocities;

B. High-rise versus deep-pit construction;
C. Manure storage area base construction;
D. Bird watering systems.
3.7.1 Determination of Capacity and Location of Circulating Fans

Perhaps the weakest 1ink in the high-rise undercage drying system design
process concerns the specification of size and location of the drying air
circulating fans in the manure storage area. The basis for determination of
necessary capacity for individual fans and the distance between fans is
limited. The following consists of best estimates based on limited and
incomplete information. Some degree of trial and error should be anticipated.

It is clear that the circulating fans in the manure storage area should be
situated to provide a racetrack pattern of air flow (Figure 3.4). This
eliminates opposing airstream with resultant dead spots. One problem related
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to the determination of fan capacity requirements to meet a given design
velocity concerns the nature of the airstream. The airstream greated by the
propeller type fan commonly used in agricultural applications is not uniform.
As the data in Table 3.7 illustrates, the air stream changes from a narrow,
high velocity to a broader but lower velocity pattern with distance parallel
to air flow from the fan. Thus, uniform velocity over the accumulated manure
cannot be expected.

TABLE 3.7. CROSS-SECTIONAL VELOCITY DISTRIBUTION FROM HIGH-RISE
CIRCULATING FANS* (15)

Distance From Fan

Along Air Flow Distance Perpendicular Velocity,

Centerline to Air Flow Centerline, m m/sec
2.4 0 2.0

1.1 0.2

2.1 0.2

13.4 0 0.8

1.1 0.8

2.1 0.3

* Each fan had a capacity of 4.7 m3/sec (10,000 ft3/min).

The determination of required fan capacity can only be based on average
velocity. Fan capacity can be determined on this basis using the following
relationship:

Required Fan Capacity, m3/sec =

(Design Velocity, m/sec) (Cross-Sectional Area, m2) (3.14)
With the fans situated to provide a racetrack air flow pattern, the cross-
sectional area for each fan will be one-half the cross-sectional area of the
manure storage. For example, consider a system with a design velocity of 0.71
m/sec. The manure storage area will have the cross-sectional dimensions of
2.1 mx 12,2 m, Using Equation 3.14, the required capacity for each fan is:

Required Fan Capacity, m3/sec = (0.71 m/sec) (12.8 m2) =
9.1 m°/sec (19,300 ft3/min)

The second problem related to circulating fans is the determination of the
distance between fans. As shown in Table 3.7, velocity decreases with distance.
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Results of measurements of velocity at the airstream centerline with distance
from the fan for three fans are presented in Figure 3.21. Each fan had a
capacity of 4.7 m3/sec (10,000 ft3/min) at zero pascals static pressure.
These measurements were obtained after a year of manure accumulation had
occurred. Variation is due to the irregular manurial surface (Figure 3.6).
In this system, a fan spacing of 35 m (116 ft) was effective in providing an
average drying air velocity of 0.4 m/sec (79 ft/min). Unfortunately, similar
information for fans of other capacities is totally lacking. A spacing of

30 m (100 ft) is recommended for all fan capacities at this time.

3.7.2 High-Rise Versus Deep-Pit Construction

While this chapter has focused on undercage drying in a high-rise poultry
house, the use of this type of system in a deep-pit structure also appears
possible. However, two factors lead to a strong recommendation against this
approach, First, ventilating fans are normally located at bird level in
deep pit houses. Therefore, the frequency of air change and thus removal of
moisture laden air in the manure storage area is lessened. This will reduce
the vapor pressure differential between the manurial surface and the drying
air resulting in a lower evaporation rate.

Second, deep pit construction introduces the potential of water infiltration
into the manure storage area. This factor appears to be the principal reason
for failure of many deep-pit, undercage drying systems. When conversion of
existing deep-pit collection systems to undercage drying is undertaken, water-
proofing of the manure storage area is essential.

3.7.3 Manure Storage Area Base Construction

As noted earlier, the base of the manure storage area in the system monitored
by Sobel (15) was 15 cm (6 in.) of fine cinders over soil. This approach

was used to lower construction costs. To date (1977), this system has been
in operation for six laying cycles. Through the third cycle, it was possible
to use wheel-type loaders for manure removal. However, deterioration of the
base had made the use of track-type equipment mandatory for subsequent clean
out operations. Migration of moisture from the manure to the soil was inves-
tigated and found to be insignificant (15). However, it is suggested that a
material such as concrete be used as a base for the manure storage area to
facilitate manure removal.

3.7.4 Bird Watering Systems

A key factor in the successful performance of a well designed high-rise drying
system is the prevention of Teakage from the bird watering system into the
manure storage area. No practical undercage drying system has the evaporation
capacity to remove this additional moisture Toading. Three types of watering
systems are currently in use in the poultry industry. They are nipple valves,
cups, and troughs. Experience indicates that in spite of manufacturer's claims,
neither nipple valves nor cups will provide a reliable leak-free watering system.

The only alternative is trough watering systems. With proper maintenance, the
potential for over-flow is minimal. These systems can be time-clock controlled
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providing water only over selected time periods of the day. This reduces the
chance of an overflow going undetected for an extended time period.

3.8 Summary

The overall objective of this chapter has been to present a process design
approach for the design of high-rise, undercage drying systems for poultry
wastes. The mathematical design relationships presented are empirical and
based upon experimental observations. However, the development of these
empirical design relationships has been based on concepts fundamental to the
drying process. Also inciuded are a discussion of the development and
description of high-rise, undercage drying, and illustration of process
design methodology, and a brief discussion of physical design considerations.
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CHAPTER 4
AEROBIC BIOLOGICAL STABILIZATION OF POULTRY MANURE

4.1 Introduction

Research (1, 2, 3, 4) has demonstrated that aerobic biological treatment
processes can provide a feasible alternative for the management of poultry
wastes and provide the following advantages:

A. Reduction or elimination of offensive odors;
B. An innocuous method for nitrogen removal when required;

C. Waste stabilization through the removal of readily biodegradable
organic compounds;

D. Elimination of breeding conditions for flies and sites which will
harbor rodents.

Aerobic biological treatment processes can be divided into two categories,
fixed film and slurry type processes. The trickling filter and rotating
biological contactor (RBC) are examples of units employing the fixed film
process. Diffused aeration and the oxidation ditch are illustrations of
systems employing the slurry type process.

Both trickling filters and RBC's are designed to aerobically treat dilute
wastes having Tow concentrations of particulate solids. High particulate
solids concentrations result in clogging of trickling filters thus reducing
performance. With RBC's, particulate solids will accumulate in disc wet

wells reducing the hydraulic retention time (HRT) and can produce septic
conditions. The use of the fixed film process for the stabiiization of

animal wastes including poultry manure requires liquid-solid separation prior
to biological treatment. This requires an additional unit process and creates
an additional unstabilized waste stream.

The use of slurry type processes for poultry and other animal manures is
attractive due to the ability to receive wastes with high concentrations of
particulate solids, thus eliminating pretreatment. Both diffused aeration

and the oxidation ditch are slurry type processes that have been evaluated

to determine their potential as undercage systems for the stabilization of
poultry wastes (1, 2, 3). In a pilot plant scale evaluation of undercage
diffused aeration, it was reported that airflow rates capable of meeting
biological oxygen requirements were inadequate to maintain completely mixed
conditions (3). Sizable accumulations of settled solids and diffuser plugging
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were major problems based upon desijn recommendations (5). For qdequate
mixing in aeration tanks, aeration requirements for adequate mixing should be
five times that for oxygen transfer with these wastes.

At present (1977), the oxidation ditch appears to be the most feasible system
for the aerobic biological stabilization of poultry manure. Therefore, this
discussion will focus on the oxidation ditch. However, it should be recqgn1zed
that many of the fundamental concepts and process design relationships discussed
in relation to the oxidation ditch are equally applicable to other slurry type
waste treatment systems.

4.2 Objectives
The objectives of this chapter are to:
A. Discuss the development of the oxidation ditch;

B. Discuss the theoretical concepts germane to aerobic biological
waste stabilization;

C. Describe the experimental basis for and present a rational process
‘ design approach for oxidation ditch aeration of poultry wastes;

D. Present process design examples;
E. Discuss physical design considerations.
4.3 The Jxidation Ditch

The oxidation ditch, also known as the Pasveer ditch, was developed at the
Institute of Public Health Engineering in the Netherlands as a low cost
treatmen’. system for wastewater from small communities and industries (6).

The oxidation ditch consists of a circular or racetrack shaped circuit or
ditch (Ficure 4.1) and an aeration unit. Brush or cage type surface aerators
are used extensively in oxidation ditches (Figures 4.2 and 4.3). These aerators
consist of horizontal revolving shafts with attached blades extending below

the mixed Tiquor surface. Conventional oxidation ditch aerators serve two
functions; oxygen transfer and mixing.

The oxidation ditch as originally developed was designed to receive unsettled
domestic and/or industrial wastewater and provide treatment as well as sludge
digestion. Employing discontinuous aerator operation, secondary clarification
prior to effluent discharge can be achieved in the ditch. Thus, primary and
secondary clarifiers as well as sludge digestion facilities are not required.

The oxidation ditch is an attractive biological treatment system for livestock
wastes due to its ability to handle wastes with high concentrations of parti-
culate solids. 1In 1967, it was estimated that about 400 oxidation ditches
were in operation in agricultural applications in the United States (7). Most
of these systems are used for swine wastes but the oxidation ditch also has
been utilized for dairy, beef, and poultry wastes.
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Figure 4.1. Diagram of the basic oxidation ditch.



Figure 4.2. A brush type surface aerator.

Figure 4.3. A cage type surface aerator.
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In addition to odor control, the oxidation ditch offers the following advan-
tages as compared to other biological treatment processes:

A. Low capital costs;

B. Requires little attention and maintenance;

C. Once operating properly, has the ability to handle shock loads;
D. Ease of incorporation into production facilities.

Figure 4.4 is a vertical cross-section of an undercage oxidation ditch for
laying hens.

4.4 Theoretical Concepts

The biological stabilization of poultry wastes is a microbial process involving
transformations of carbonaceous and nitrogenous compounds. Knowledge of basic
microbial concepts and transformations provide a basis for the development of

a rational design approach delineating system performance and aeration require-
ments. It is the objective of this section to present a brief review of basic
microbial relationships and to describe transformations of carbonaceous and
nitrogenous compounds and the resulting oxygen requirements. This is followed
by a discussion of various substrate removal relationships and oxygen transfer.

4.4.17 General Microbial Concepts

The general biochemical relationship that describes any biological waste treat-
ment process 1is:

Energy containing metabolizable wastes + (4.1)

microorganisms - end products + more microorganisms

Only part of the substrate is converted to end products. End products are the
result of biochemical reactions which provide energy for cell maintenance and

microbial synthesis. The remaining substrate is transformed into new cell
mass.

The organic matter initially converted to cellular material can be transformed
subsequently to end products via two mechanisms. One is death of the organisms
which occurs in all biological systems. Following death, cells lyse and the
released organic matter is available as substrate for the remaining micro-
organisms. The other occurswhen substrate in the system becomes Timiting.
Orgaqisms can metabolize the storage components of their own protoplasm to
acquire energy. This process is termed endogenous respiration. The results

of both mechanisms can be described as:

Microorganisms - end products + fewer microorganisms (4.2)
The portion of the cellular material metabolized following death and/or via

endogenous respiration is a function of the mean time that the waste has been
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subject to treatment. As time of treatment increases, the portion of the
waste transformed to end products increases, and the net yield of cellular
mass decreases.

As described, microorganisms utilize a portion of the available substrate for
the synthesis of new cell mass. Mathematically microbial growth can be
described as:

dX _ :
ax - u X (4.3)
where: X = microorganism concentration, mass/volume
t = time
p = net specific growth rate, mass/mass-time or time']
dX

i - growth rate of microorganisms, mass/volume-time

The net specific growth rate is a function of substrate availability. If
substrate is not limited, microbial growth should occur at an exponential
rate. This is not typical of biological waste treatment systems. Normally,
microbial growth is substrate limited.

Under growth 1imiting conditions, the net specific growth rate is not constant
but is a function of the Timiting substrate concentration. Monod (8) and
others have utilized the following equation to describe the interaction between
the net specific growth rate and the concentration of the growth limiting
substrate.

H = T (4.4)

where: p = maximum net specific_growth rate at infinite substrate
concentration, time-1

S = growth limiting substrate concentration, mass/volume

k. = a velocity constant equal to the substrate concentration

at one-half the maximum net specific growth rate, mass/
volume

The half velocity constant, k_, is a characteristic of the microorganisms and

the given substrate. For agr?cu]tura] wastes such as poultry manure, organic
carbon should be the growth Timiting substrate for heterotrophic microorganisms.
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4.4.2 Microbial Transformations of Carbon and Nitrogen - Oxygen Requirements

The carbon and nitrogen transformations represent sources of oxygen u@i]ization
in the stabilization process. Equation 4.5 is a simplified presentation of

the aerobic conversion of organic carbon to cell mass, C5H702N, and carbon
dioxide.

heterotrophic
2 microorganisms C5H702N * COZ

Organic carbon + 0 (4.5)

The compounds in poultry manure containing nitrogen, such as proteiqs and uric
acid, also are metabolized by the heterotrophic microorganisms. This process,
termed ammonification, can be expressed as:

Organic nitrogen ammon1f1catlggNH3 + H20 z NHA+ = QH~

T

(4.6)

While nitrogen is an important nutrient in any biological system, the nitrogen
content of poultry manure exceeds the microbial requirements. Thus in the
absence of nitrification, a residual ammonia concentration will occur. Ammoni-
fication results in an increase in pH due to ionization of NH40H (Equation

4.6). If ammonium concentrations and pH are sufficiently high, ammonia vola-
tilization will occur.

Under aerobic conditions, ammonia nitrogen can be microbially oxidized to
nitrite and nitrate-nitrogen. Two groups of autotrophic microorganisms are
primarily responsible for this transformation. They are Nitrosomonas and

Nitrobacter. The oxidation of NHz™ to NO;~ is a two step process termed
nitrificaticn and can be expressed as follows:

+ Nitrosomonas - +
NHp  + 3/2 Oz—r NO2 + 2H + H20 (4.7)
- Nitrobacter -
NO2 +1/2 O2 —— NO3 (4.8)

The production of hydrogen ions (Equation 4.7) results in a decrease in pH.

A key factor in the design of aerobic waste stabilization systems such as the
oxidation ditch is the determination of exerted oxygen demand. Due to the
large variety of compounds containing organic carbon and the differences in
biodegradability between these compounds, it is not possible to use stoichio-
metric relationships to predict carbonaceous oxygen demand. However, both
biochemical oxygen demand (BOD) and chemical oxygen demand (COD) tests provide
an indirect measure of available substrate in terms of the oxygen equivalent
of organic matter. An advantage of the BOD determination is that unlike the
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COD test, it includes only organic matter susceptible to biological degrada-
tion. However, the BOD test is dependent on both the time period and initial
microbial population. It may or may not include nitrogenous oxygen demand
(NOD) depending on the presence or absence of nitrifying microorganisms. This
presents difficulties in comparing the results from raw and treated waste
samples.

The COD test is an alternative. Although this approach includes organic

matter not susceptible to biological degradation, it does not include the NOD
of ammonia nitrogen. If nitrites are present, they will be chemically oxidized
to nitrates. Correction for this factor is simple requiring only concurrent
determination of the nitrite concentration in the sample.

Neither test is ideal but in a situation where change through a treatment
system is being measured, COD appears to have an advantage. By assuming that
a change in COD is due completely to biodegradation, a gm of BOD is satisfied
when organic matter equivalent to a gm of COD is biologically oxidized.

This assumes that there are no reduced compounds to exert an immediate oxygen
demand in terms of simple chemical oxidation. Therefore, definition of COD
removal relationships can be utilized to determine exerted carbonaceous oxygen
demand and aeration requirements.

For the nitrogenous oxygen demand (NOD), more precise stoichiometric relation-
ships (Equations 4.7 and 4.8) are available. Theoretically, 4.57 gm of oxygen
are required to oxidize one gm of ammonia nitrogen to nitrate nitrogen. It
should be recognized that NOD is a function of the ammonification process.
Thus, knowledge of the rate of degradation of organic nitrogen is important to
determination of NOD.

The following general equation describes the rate of oxygen utilization for
the oxidation of carbonaceous matter:

Q- a[g—%] +beX (4.9)
d0 _ o .
where I - rate of oxygen utilization
dF  _ R .
T - rate of substrate utilization
a = coefficient to convert substrate units to oxygen units
b = microbial decay coefficient
¢ = coefficient to convert cell mass to oxygen units
X = microorganism concentration

Since both substrate utilization and endogenous respiration are manifested as
COD removed, Equation 4.9 can be rewritten as:
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do _ d(cop) (4.10)
dt dt :

with the inclusion of nitrogenous oxygen demand, Equation 4.10 must be modified
as follows:

d(NH,-N) d(NO,-N)
d0 _ d{(coD) 4 2
. d(NH,-N) . . .
where: 4 and d(NOZ-N) are respectively, the rates of oxidation

dt
of ammonia to nitrite and nitrite to nitrate.
Thus oxygen demand for various degrees of waste stabilization can be predicted.
4.4.3 Substrate Removal Relationships

While an understanding of the microbial transformations which result in waste
stabilization is important, the identification of the relationships between
system performance and operating parameters is equally necessary for rational
design. This not only permits satisfaction of specific treatment objectives
but also allows determination of oxygen requirements (Equations 4.10 and 4.11).
The objective of this section is to briefly review several approaches to
describe substrate removal relationships.

Perhaps the earliest rational approach to slurry type biological treatment
design was developed from the observation that effluent quality was related

to the ratio of substrate loading (F) per unit time and the mass of micro-
organisms (M). As the substrate loading increased, effluent quality
deteriorated. Based upon these observations, the food to microorganisms (F/M)
ratio was established as a design parameter for biological treatment processes
(9). Owens, et al. (10) have investigated the effects of different F/M ratios
on effluent quality in the aerobic treatment of swine wastes. Their observa-
tions of decreasing effluent quality at increasing F/M ratios concurred with
results of previous studies.

Although the F/M concept is fundamentally sound, it is difficult to use due
to problems in determining concentrations of active microorganisms. Tradi-
tionally, volatile suspended solids (VSS) have been used to estimate active
mass. Due to high concentrations of VSS present in animal wastes such as
poultry manure, this method of estimation has little significance in these
wastewaters.

Further attempts to improve the state of the art regarding design of slurry
type biological waste treatment systems haveresulted in the development of
mathematical models by several investigators. These models utilize one of
two microbial kinetic relationships, first order substrate utilization or
substrate limited growth.
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The first order substrate utilization approach describes the rate of removal
of biologically available organic materials (substrate) as a first order
reaction. This description of microbial kinetics has been utilized by
McKinney (11), Goodman and Englande (12) and others as the basis for mathe-
matical biological waste treatment models. Prakasam, et al. (13) reported
that removal of chemical oxygen demand in poultry wastewaters can be described
as a first order reaction.

An alternative is to describe microbial growth in waste treatment systems as
substrate limited (Section 4.4.1). Substrate limited growth appears a more
representative description of conditions in biological waste treatment systems
than first order substrate utilization. The concept of substrate limited
growth provides the basis for the treatment model presented by Lawrence and
McCarty (14). 1In this model, the concept of biological solids retention time,
8 ., has been proposed as a unifying design parameter for slurry type biological
wdste treatment systems in that all system variables can be related to 9 .
Mathematically, 8. can be represented as: ¢

X

I
0 = e
c [ X ] (4.12)
where: XT = total active microbial mass in the treatment system, mass

[ ]

As 6 increases, the effluent concentration of the growth limiting substrate
will - decrease.

total quantity of active microbial mass leaving the system
in a unit of time, mass per time.

The microorganism concentration is a function of the available substrate
concentration and 6 . As 6_ increases, the microorganism concentration will
decrease due to enngenous Sespiration.

The concept of biological solids retention time is not unlike the food to
microorganism (F/M) approach to design slurry type biological systems. When
a value for the microorganism concentration is specified in the F/M approach,
a value for o_ is specified implicitly but not explicitly. The F/M and &
design appranhes have been compared in a treatability study of an oil
refinery wastewater (15) and found to produce similar designs.

Determination of 6  as defined in Equation 4.12 requires measurement of active
biomass. However, assuming complete mixing resulting in the uniform distri-
bution of microorganisms, the solids retention time (SRT) of the solids can be
used to estimate 6. SRT is the theoretical time that solids are retained in
the treatment systgm and can be expressed as:

- wt of solids in the system
SRT wt of solids leaving the system/time (4.13)
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6 1is a function of the active biomass in a system while SRT can be determined
by measuring other forms of solids such as volatile, fixed, or total solids,
If the system is completely mixed, SRT is a reasonable estimate of ¢_ and is
the key factor in the utilization of this approach. The unifying pa?ameter,
SRT, can be estimated by utilizing an easily determined parameter, solids
concentration.

4.4.4 Oxygen Transfer

In the microbial transformations described in Equations 4.5, 4.7, and 4.8,
oxygen is shown as a reactant. In these microbial mediated reactions, molecu-
lar oxygen serves as the terminal electron acceptor in the oxidation pro-
cesses. The utilization of oxygen as the terminal electron acceptor is the
factor which differentiates between aerobic and anaerobic biological processes.
Earlier sections have been concerned with the identification of sources and
delineation of the magnitude of microbial oxygen demand. This section deals
with the subject of oxygen transfer,

Oxygen is only slightly soluble in water. The rate of oxygen going into
solution is proportional to the differential between the saturated and
equilibrium concentrations. The rate of oxygen transfer can be expressed as:

dC _
& = Kalc, -¢)) (4.14)
where: g%— = rate of change of dissolved oxygen concentration
with time, mass/volume-time

KLa = overall gas transfer coefficient, time—]

Cs = oxygen saturation concentration for a given liquid
temperature, atmospheric composition and pressure,
mass/volume

CL = actual oxygen concentration at time t, mass/volume

To maintain aerobic conditions, the rate of oxygen transfer should equal or
exceed the biological oxygen requirements of the system. The rate of oxygen
transfer under process conditions can be described as:

N = «aKa (BCS - CL)(V) (4.15)
where: N = oxygenation capacity, mass 02/time
o = the ratio of K a in wastewater to KLa in tapwater,
dimensionless
g = the ratio of C_ in wastewater to Cs in tapwater
dimensionless

78



V = volume of water under aeration, volume.

The values of K. a and V are functions of the aeration unit and system

volume, and are-constant for a given operating condition. C_ is an independent
variable which is related to liquid temperature and atmospheric pressure.

Both o and g are dependent variables. C, is a function of the relationship
between the quantity of oxygen supplied %nd demand. Both 4, gand C

directly affect the quantity of oxygen transferred under process conhitions.

Although o is a function of many factors, & and g are primarily related to
mixed Tiquor characteristics (16). Small quantities of surface active agents
can cause significant reductions in o values (17-19). Downing (18) found
that suspended solids in the range of 1,000 to 6,000 mg/% had little effect
on oxygen transfer. However, o was reported to be reduced to 0.2 in a sludge
with a total solids concentration of 10,000 mg/% (20).

The value of C, under operating conditions is important in that as the rate
of oxygen tran%fer, N, increases above that necessary to meet the microbial
oxygen demand, C, will increase. This will result in a decreased oxygen
deficit which rebresents the driving force for oxygen transfer. This in turn
will reduce the oxygen transfer efficiency of the aerator and increase
operating costs. In any aeration system, minimal, < 2 mg/2%,dissolved oxygen
concentrations (CL) are adequate.

4.5 Process Design Relationships

The design criteria for aerobic treatment of animal wastes suggested by
Jones, et al., (21) have served as the standard basis of design for these
systems. Both the Midwest Plan Service (22) and Agriculture Canada (23)
suggest this method of design for oxidation ditches. These design criteria
are empirical based upon studies involving swine and dairy cattle wastes.
System volume is determined using the orggnic loading rate concgpt. The
recommended loading rate is 0.5 kg BOD./m”/day (0.03 1b BOD./ft”/day). The
suggested parameter for oxygen require%ent is twice the dai?y BOD5 loading

assuming that oxygen transfer under process conditions will be 807 percent
of tapwater values.

Although many systems developed from these empirical parameters have performed
satisfactorily, this approach has several disadvantages. It is difficult to
extrapolate between different wastes and environmental conditions. Reasons

for process failures are unclear since the design and operation of the system
is not based on process fundamentals. Possibly the greatest liability of the
empirical approach is its inflexibility. No opportunity exists to adjust

the degree of waste stabilization to specific requirements. This is especially
significant when only a minimal degree of stabilization is required.

During the past 7 years, laboratory, pilot plant, and full scale investigations
of aerobic stabilization of poultry wastes have been conducted by personnel

of the Agricultural Waste Management Program, Cornell University. A common
objective of these studies has been the development of rational design
parameters for these systems. It is the objective of this section to present
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and integrate the results of these studies into a ratjona1'design approach.
This will include discussion of poultry manure as a microbial substrate,
substrate removal relationships and oxygen transfer under process conditions.

4.5.1 Poultry Manure as a Microbial Substrate

Biological stabilization of poultry manure results from its utilization as
microbial substrate. Fresh poultry excreta contains soluble and particulate
organic and inorganic compounds. The inorganic fraction, fixed solids,
contains phosphorus, calcium, and chlorides as major components (24). This
is an expected result since both calcium and phosphorus are fed at levels in
excess of the birds physiological needs to insure adequate uptake. Reported
values indicate that the fixed solids fraction can range between 23 and 33
percent of total solids (Table 2.4).

The organic fraction of these wastes is comprised of both carbonaceous and
nitrogenous compounds. Organic carbon is present as carbohydrates, lipids,
and proteins. The nitrogen in freshly excreted material is almost totally
in the organic form being present as both proteins and uric acid. Between
65 and 75 percent of the nitrogen is in the form of uric acid (25).

Several parameters are used to characterize poultry manure and to assess per-
formance of biological waste treatment processes. These include total solids
(TS), volatile solids (VS), chemical oxygen demand (COD) and organic nitrogen
(ON). Each of these parameters involves the measurement of organic matter.

Due to the complex nature of the organic fraction of poultry manure, substrate
utilization rates for various components and therefore, biodegradability vary
significantly. In a batch study involving the non-settleable components of a
poultry manure suspension, three distinct COD removal rates were observed
(Figure 4.4). The most rapid removal of COD occurred during the first 10

days of treatment. Additional removal resulted from utilization of more
slowly biodegradable compounds. Degradation of soluble organic matter appears
more rapid than that of particulate material. The removal of suspended solids
followed a similar pattern, although two rather than three removal rates were
observed (Figure 4.4).

The results of long term aeration studies (Table 4.1) indicate that a
substantial portion of the organic fraction of poultry manure is either not

or very slowly biodegradable. This material represents the refractory organic
fraction of these wastes. The term refractory fraction refers to that portion
of the waste which is resistant to biological degradation and remains undegraded
at the time when the rate of degradation has decreased to a level as to be
insignificant from an engineering standpoint (27).

Therefore, each parameter used to describe poultry manure which includes the

organic fraction can be subdivided into biodegradable and refractory fractions
as follows:

blo * S, (4.16)
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TABLE 4.1. OBSERVED REMOVAL OF TOTAL SOLIDS, VOLATILE SOLIDS, AND CHEMICAL
OXYGEN DEMAND IN LONG TERM AERATION STUDIES

Parameter Percent Removal
Solids Retention Time 4.5 Months (1)* 6.5 Months (26) 7.5 Months (26)
Total Solids 53 43 42
Volatile Solids 63 56 54
CcoD 63 60 -

*Numbers in parenthesis indicate data source.



where: S = the concentration of any organic parameter in the
waste, mass/volume or mass/mass

= the biodegradable fraction
S. = the refractory fraction

The refractory fraction can be expressed as:
S = R(S.) (4.17)

where: R = the ratio of the refractory to the total concentration
of any organic parameter, expressed as a decimal.

Since the refractory fraction as defined is unaffected by biological processes,
it will be present in the effluent (S]) from biological waste stabilization
systems,

S, = (Sb)] +S (4.18)

where: (Sb)l = the unstabilized biodegradable fraction of the
effluent

The refractory ratio (R) can be determined by plotting S./S . versus (S -SRT)—]
(Figure 4.5). Based on the assumption that as the so]idl r@tention tifle (SRT)
approaches infinity, the biodegradable fraction of the influent also approaches
zero. Therefore, the intercept on the ordinate axis represents the refractory
fraction (R) of S_. This procedure for the determination of R has been pre-
sented previous1y®(28, 29, 30).

Knowledge of the magnitudes of the biodegradable and refractory fractions of
poultry manure is important in that it identifies the practical upper limits
of biological stabilization. The refractory fractions of total solids,
volatile solids, chemical oxygen demand, and organic nitrogen were determined
using data reported by Martin and Loehr (2). These data are presented in the
Appendix, Table A-1. The refractory fractions of each parameter were
determined graphically (Figures 4.6 to 4.9). Linear regression analysis was
utilized to determine the value of R, the intercept of the ordinate axis.
These results are summarized in Table 4.2.

4.5.2 Substrate Removal Relationships for Poultry Wastes

Definition of substrate removal relationships are necessary for the rational
design and operation of aeration systems for poultry wastes. The relation-

ships of interest involve the removal of both volatile solids (VS) and total
solids (TS), chemical oxygen demand (COD), and organic nitrogen (ON) as well
as nitrification in certain situations. The removal of both chemical oxygen
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TABLE 4.2. REFRACTORY AND BIODEGRADABLE FRACTIONS
OF POULTRY MANURE

Parameter Refractory Fraction, Biodegradable Fraction,
R B
Total Solids 0.55 0.45
Yolatile Solids 0.43 0.57
Chemical Oxygen Demand 0.60 0.40
Organic Nitrogen 0.31 0.69

demand and organic nitrogen are important not only in terms of effluent
characteristics but also in the determination of aeration requirements,

Analysis of mass balance results (2, 31) from two full scale evaluations of
aeration systems for poultry wastes has indicated that biological destruction
of TS, VS, COD, and ON can be described as a function of solids retention
time (SRT). Using individual and combined results from these two studies,
the development of both first order substrate utilization and substrate
limited growth kinetic relationships using SRT as the controlling process
parameter was attempted.

Neither the first order substrate utilization nor the substrate limited
growth models provided predicted values that were in good agreement with
observed results. A possible explanation is that more than one removal rate
exists for each parameter due to the complex nature of the waste. Phasic
re23¥?1)patterns have been reported for COD and suspended solids (Figure

4. 3).

The alternative was the development of empirical relationships between SRT
and removal for each parameter. From the analysis of available mass balance
results (2), it was found that for SRT values between 10 and 36 days, a
Tinear relationship provided a reasonable approximation of these relation-
ships. These linear relationships can be expressed in the general form:

Removal, % A(SRT) + B (4.19)

Linear regression analysis was used to determine values of the coefficients
A and B for each parameter. These results are presented in Figures 4.10
through 4.13 and in the following equations:
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Figure 4.13. Observed relationship between SRT and removal of
organic nitrogen.
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Removal of Total Solids, % = 0.379 (SRT) + 27.3 (4.20)

Removal of Volatile Solids, % = 0.452 (SRT) + 38.0 (4.21)
Removal of COD, % = 0.294 (SRT) + 25.2 (4.22)
Removal of Organic Nitrogen, % = 0.539 (SRT) + 47.0 (4.23)

These four equations provide the basis for a process design approach which
with information on the raw waste characteristics and a SRT predicts both
carbonaceous and nitrogenous oxygen demand as well as effluent characteristics.
These equations also can be used to determine the required SRT to obtain a
specific effluent characteristic and to quantify other characteristics. While
not entirely satisfactory from a theoretical standpoint, these linear rela-
tionships in combination with delineation of the practical 1imits of biode-
gradability appear to provide practical design tools for these systems.
However, it should be recognized that the validity of Equations 4.20 through
4,23 is limited to SRT values between 10 and 36 days.

Nitrification is not a necessary prerequisite for the successful operation of
aeration systems for poultry wastes. It has been demonstrated that odor
control, stabilization of carbonaceous compounds, and nitrogen removal can be
achieved in the absence of nitrifying processes (2). The method of nitrogen
removal was ammonia stripping. Unless limited by available dissolved oxygen,
nitrification can be expected to occur to some degree in any aeration system,
Intentional introduction of nitrifying organisms into these systems is not
necessary.

While not a requirement as part of the aerobic waste stabilization process,
nitrification may be desirable in certain situations for the control of the
odor of ammonia and/or other reasons. In these instances, knowledge of the
kinetic relationships describing the two steps of the nitrification process

is necessary. Both Nitrosomonas and Nitrobacter have lower growth rates as
compared to heterotrophic microorganisms which utilize carbonaceous compounds.
Therefore, in situations where nitrification is desired, the selection of a
design value for the SRT should be based on the growth kinetics for nitrifying
organisms,

The substrate Timited growth relationship has been used to describe the nitri-
fication process. Based upon this kinetic relationship, the minimum biological
solids retention time (6 M) necessary to maintain process stability has been
defined as (14): ¢

1

6™ = (Yk - b)” (4.24)
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where: Y = growth yield coefficient, mass/mass

k = maximum rate of substrate utilization per unit weight
of microorganisms, time~

b = microorganism decay coefficient, time™!
Values for kinetic coefficignts for both ammonia and nitrite oxidation as well
as calculated values for 8¢ at 20°C are presented in Table 4.3.

TABLE 4.3. KINETIC COEFFICIENTS FOR BIOLOGICAL NITRIFICATION (32)

Ti
ec sdays
Process Y, mg/mg N b, days'] k, mg N/mg-day at 20°C
NH4—N
0.29 0.05 1.8 2.1
Oxidation
NOZ—N
0.084 0.05 4.7 2.9
Oxidation

The 6 " values of 2.1 and 2.9 days for ammonia aHd nitrite oxidation at 20°C
compa%e favorably with the observed value for 8, of 2 days for nitrification
in aerated poultry wastes (33).

Where system temperatures of less than 20°C are anticipated, o ™ values will
be greater than those at 20°C. Specific values can be calculated by first
correcting the maximum rate of substrate utilization coefficient, k, for
change in temperature and then using Equation 4.24. A modified form of the
van't Hoff - Arrhenius relationship, Equation 4.25, will proyide a reasonable
estimate of the effect of temperature on k.

ke = ko .alT2-Ty)

(4.25)
1

T

1.106

where: ¢

T temperature, °K

1

The value of 1.106 is that reported for nitrification in the temperature range
of 5-20°C (34).
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The substrate removal relationships (Equations 4.20 through 4.23) provide the
basis for a process design approach for poultry waste aeration systems where
SRT is an independent design and operating parameter. However, in situations
where nitrification is a deaign objective, minimum design SRT values may be
Timited by the values of 8. necessary to maintain nitrification process
stability.

4,5.3 0Oxygen Transfer

As previously discussed, o and g (Equation 4.15) under process conditions are
functions of mixed 1iquor characteristics. In aerated poultry slurries o

values have been related to effective viscosity and to mixed liquor total

solids concentrations. The relationship between o and effective viscosity
reported for aerated poultry manure is presented in Figure 4.14. While relating
o to viscosity represents a sound analytical approach, utilization of this
information is cumbersome due to the difficulties of measuring viscosity of the
mixed 1iquor. Knowledge of the relationship between o and mixed liquor total
solids (MLTS) concentrations appears to be of greater practical value. MLTS

and viscosity in the mixed liquor are interrelated since the viscosity increases
as the MLTS increases. Research results (1, 35) indicate that o has an average
value of about one at MLTS concentrations of less than 20,000 mg/¢. As MLTS
concentrations increase beyond that point, o values decrease to 0.4 at 55,000
mg/e. The relationship between o and MLTS concentration is presented in

Figure 4.15. Analysis of the data of Hashimoto and Chen (36) relating o to

MLTS concentrations produced a similar relationship. In order to facilitate
inclusion of the concept of o into process design, the mathematical relation-
ships noted in Figure 4.16 will be used to estimate o values. These
relationships were developed from the data presented in Figure 4.15.

In aerated poultry manure slurries, B has been reported to be independent of
total solids concentrations ranging from 1 to 6 percent (36). The average
value of g for 50 observations was reported to be 0.97 with a + 0,05
standard deviation.

It should be recognized that the quantity of oxygen actually transferred by an
aeration unit (Equation 4.15) is a function of the dissolved oxygen deficit,

C_ - C . As the dissolved oxygen deficit increases, the mass of oxygen trans-
farred per unit time also increases., Since energy consumption by the aeration
unit is fixed by physical constraints, the presence of high residual dissolved
oxygen concentrations in the mixed liquor, C_, reduces the oxygen transfer
efficiency, i.e., the mass of oxygen per unit energy consumed. This results
in increased operating costs. Thus design values for C; should be no greater
than 1 to 2 mg/% for nitrifying systems (16). Lower values of C; have been
demonstrated to be satisfactory for odor control where nitrification is not
desired (2).

4.6 Aeration System Process Design

An oxidation ditch or any other type of aeration system for poultry wastes can
be designed and operated either as a continuously loaded batch reactor or as

a continuous flow reactor. With the continuously loaded batch method, the
ditch would be emptied periodically, refilled with tapwater, and the system
restarted. This mode of operation has advantages in simplicity of operation
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and combines storage with stabilization. A major 1iability, however, is a low
overall oxygenation efficiency. As the system mixed liquor total solids
(MLTS) concentration increases with time, the value of o and thus oxygen
transfer decreases (Figure 4.16 and Equation 4.15).

An alternative to the batch approach is a continuous flow process with control
of MLTS concentration via continuous residual solids removal. This provides
the opportunity to maximize oxygenation efficiency by maintenance of low

MLTS concentrations. With this type of systems management, solids retention
time (SRT) is a design and operating parameter allowing flexibility in match-
ing the degree of waste stabilization with overall waste management objectives.

The process designs of both batch and continuous flow aeration systems for
poultry wastes are based on the same fundamental concepts and relationships
that have been previously discussed. However, design parameters such as SRT
and MLTS concentrations which are independent variables in a continuous flow
system are dependent variables in a batch system. Therefore, the design
procedures for each system differ. The objective of this section is to
present, by example, design methodology for each type of system. In order to
facilitate presentation of design methodology, the relevant mathematical

relationships will be summarized and values of constants are raw waste charac-
teristics to be used will be presented.

4.6.1 Summary of Process Design Relationships, Kinetic Constants, and Raw
Waste Characteristics

The underlying equation for the process design of aeration systems for

poultry wastes is the empirical relationship between removal efficiency and
SRT, Equation 4.19.

Removal Efficiency, % = A(SRT) + B (4.19)

Va]ugs for the constants A and B for each parameter discussed previously in
Section 4.5.2 are summarized in Table 4.4. Also included in this table are

values defining the refractory fraction, R, for each parameter originally
presented in Section 4.5.1.

Utilizing the results from Equation 4.19, the residual quantities for each
parameter can be calculated using the following relationship:

S], gm/bird-day = [So, gm/bird-day] x

[Removal Efficiency, %/100] (4.26)
where: SO = the quantity of any parameter as raw waste, gm/bird-day
S] = the quantity of the same parameter following stabilization,

gm/bird-day
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TABLE 4.4. FIXED CONSTANT VALUES FOR SUBSTRATE REMOVAL
RELATIQONSHIPS FOR POULTRY WASTES

Fixed Constant Values

Parameter A B R
Total Solids 0.379 27.3 0.55
Volatile Solids 0.452 38.0 0.43
Chemical Oxygen Demand 0.294 256.2 0.60
Organic Nitrogen 0.539 47.0 0.31

It should be noted that be definition, S] cannot be less than the refractory
fraction, R, for any characteristic.

The procedure for estimation of carbonaceous and nitrogenous oxygen demand
is basedon the relationships presented in Equations 4.10 and 4.11. The
modified form of these equations for design use are as follows:

Carbonaceous oxygen demand, gm Oz/hr = (4.27)
[(So, gm COD/bird-day - S], gm COD/
bird-day) (Number of birds)]/24 hour/day

Nitrogenous oxygen demand, gm Oz/hr = (4.28)
[(So, gm ON/bird-day - S1»> gm ON/
bird-day)(4.57) (Number of birds)]/24 hours/day

The total microbial oxygen demand is simply the sum of the carbonaceous and
nitrogenous oxygen demands:

Total oxygen demand = Carbonaceous oxygen demand + (4.29)
Nitrogenous oxygen demand

As discussed in Section 4.5.3, the ratio of the value of the oxygen transfer
coefficient, K a, in tapwater to that under process conditions, a, in aerated
poultry wastes~decreases as MLTS concentrations increase. Thus, the oxygenation
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capacity of an aeration unit required to meet a constant microbial oxygen
demand increases as MLTS concentration increases (Equation 4.15). The
mathematical relationships which define a in relation to MLTS concentrations
(Figure 4.17) are:

For MLTS <20 gm/2, o = 1 (4.30)

For MLTS > 20 gm/% and < 55 agm/%, (4.31)
o= 1.36 - .017 MLTS, gm/2

For MLTS > 55 gm /%, o= 0.4 (4.32)

The required oxygen capacity at zero mixed liquor residual dissolved oxygen
concentration can be determined by the following relationship:

Oxygenation capacity, gm 0,/hr = (Oxygen demand, gm/hr) /a (4.33)

The subsequent examples of design methodology will utilize the raw manure
characteristics presented in the following table. For procedures to estimate

raw waste characteristics for specific situations, the reader is referred to
Chapter 2.

TABLE 4.5. RAW WASTE CHARACTERISTICS USED FOR DESIGN EXAMPLES

Production
Parameter gm/bird-day
Total Solids 32.6
Volatile Solids ‘ 25.1
Chemical Oxygen Demand 28.0
Organic Nitrogen 1.94
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4.6.2 Batch System Process Design Methodology

The design of a continuously loaded, batch aeration system involves two
independent process design variables. They are system volume per bird and
cumulative time of operation for each batch cycle. For this mode of operation,
the average solids retention time (SRT) is:

Average SRT = cumulative time of operation : 2 (4.35)

Thus, SRT is a dependent variable which continually increases over the
operating period for the batch unit. As the time of operation and therefore
SRT increases, the treatment efficiency for each waste characterization
parameter also increases until the limits of the biodegradable fraction are
reached at which point treatment efficiency becomes constant. This two step
phenomena is reflected in the rate of microbial oxygen demand which increases
until maximum treatment efficiency is attained and then becomes constant.

The increase in MLTS concentration as well as concentrations of other

parameters follow a similar pattern. At levels below maximum treatment
efficiency, the accumulation of total solids (TS), volatile solids (VS),

chemical oxygen demand (COD), and organic nitrogen (ON) consist of unstabilized,
biodegradable as well as refractory fractions. As maximum treatment efficiency

is reached, rates of accumulation decrease and then become constant. Of parti-
cular interest are total solids due to the effect of increasing MLTS concen-
trations on o (Equations 4.30 through 4.32) and ultimately on required oxygenation
capacity to meet a specific microbial oxygen demand (Equation 4.34).

The following is a summary of the steps in the process design of a continuously
loaded, batch aeration system for poultry manure.

A. Measure manure production and determine characteristics or
estimate these values using Equations 2.1 and 2.2 and the
poultry waste characteristics presented in Table 2.4 (Chapter 2).

B. Select design values for system volume per bird and a time
period in the batch operating cycle.

C. Calculate the average SRT using Equation 4,34,

D. Determine removal efficiencies for total solids (TS), volatile
solids (VS), chemical oxygen demand (COD), and organic nitrogen
(ON) using Equation 4.19 and the appropriate constants from
Table 4.4.

E. Compute the residual quantities of each waste characterization
parameter using Equation 4.26 with the previously calculated
treatment efficiencies and the established raw waste characteristics.

F. Determine carbonaceous, nitrogenous, and total oxygen demands
from Equations 4.27 through 4.29.
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As an illustration of batch aeration design process, the following design
example will outline required steps for the process design of a system for

Calculate the mixed liquor concentrations for each parameter
using the following relationship.
Mixed liquor concentration, gm/& =
[(S], gm/bird-day)(Time of operation, days)] +
(volume/bird, 2/bird)
Identify the value for o corresponding to the MLTS concentra-

tion using the appropriate relationship (Equations 4.30
through 4.32).

Compute aeration capacities required to meet carbonaceous,
nitrogenous, and total oxygen demands using Equation 4.33.

30,000 birds.

A.

For this example, raw waste characteristics presented in Table
4.5 will be used.

Design system volume is 20 2/bird and the design time period per

batch cycle is 30 days.
Average SRT (Equation 4.34) is
Average SRT = 30 days + 2 = 15 days

For a 15 day SRT, removal efficiencies for each waste characteri-

zation parameter (Equation 4.19 and Table 4.4) are:

TS removal efficiency, % 0.379 (15 days) + 27.3 = 33.0%
VS removal efficiency, % = 0.452 (15 days) + 38.0 = 44.8%
COD removal efficiency, % = 0.294 (15 days) + 25.2 = 29.6%
0.539 (15 days) + 47.0 = 55.1%

ON removal efficiency, %

From Equation 4.26, the calculated treatment efficiencies, and
the raw wastes character1st1cs (S.) (Table 4.5), the residual
guantities for each waste charact8rization parameter are:

- S], gm TS/bird-day = 32.6 gm TS/bird-day x
[1 - (33.0/100)] = 21.8 gm TS/bird-day
- S., gm VS/bird-day = 25.1 gm VS/bird-day x

"I’

[1 - (44.8/100)] = 13.8 gm TS/bird-day
- S], gm COD/bird-day = 28.0 gm COD/bird-day x
[1 - (29.6/100)] = 19.7 gm COD/bird-day
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- 81, gm ON/bird-day = 1.94 gm ON/bird-day x
[1 - (55.1/100)] = 0.87 gm ON/bird-day

Carbonaceous, nitrogenous. and total oxygen demands (Equations
4.27 through 4.29) are:

- Carbonaceous oxygen demand, gm Oz/hr = [(28.0 gm COD/bird-day -
19.7 gm COD/bird-day)(30,000 birds)] =+
24 hr/day = 10,375 gms 02/hr or 10.4 kg Oz/hr

- Nitrogenous oxygen demand, gm 02/hr = (1.94 gm ON/bird-day -
0.87 gm ON/bird-day)(4.57) (30,000 birds)] =

24 hr/day = 6,112 gm 02/hr or 6.1 kg 02/hr
- Total oxygen demand, kg Oz/hr = 10.4 + 6.1 = 16.5 kg Oz/hr

Mixed Tiquor concentrations at day 30 of operation from the
calculated values for residual quantities will be:
- MLTS, gm/2 = [(21.8 gm TS/bird-day)(30 days)] =
20 o/'bird = 32.7 gm TS/2
- MLVS, gm/2 = [(13.8 gm VS/bird-day)(30 days)] +
20 2/bird = 20.7 gm VS/¢
- MLCOD, gm/2 = [(19.7 gm COD/bird-day)(30 days)] *
20 ¢/bird = 29,5 gm COD/%
- MLON, gm/2 = [(0.87 gm ON/bird-day)(30 days)] =
20 &/bird = 1.30 gm ON/2

For a MLTS concentration of 32.7 gm/%, the predicted value
of a (Equation 4.31) is:

a = 1.36 - 0.17(32,7) = 0.80

Required aeration capacities on day 30 of operation

(Equation 4.33) are:

- Carbonaceous oxygenation capacity, kg 02/hr = 10.4 kg 02/hr 3
0.80 = 13 kg Oz/hr

- Nitrogenous oxygenation capacity, kg 02/hr = 6.1 kg Oz/hr D
0.80 = 7.6 kg 02/hr

- Total oxygenation capacity, kg Oz/hr = 16.5 kg Oz/hr +
0.80 = 20.6 kg Oz/hr
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The same procedure was used to determine treatment efficiency, oxygen demand,
mixed liquor characteristics, and oxygenation requirements at 60 days. A
comparison between 30 and 60 days is presented in Table 4.6.

TABLE 4.6. COMPARISON OF PROCESS DESIGN COMPUTATIONS FOR 30 AND
60 DAYS OF SYSTEM OPERATION

Parameter 30 Days 60 Days

Treatment Removal Efficiency, %

Total Solids 33.0 38.7
Volatile Solids 44 .8 51.6
Chemical Oxygen Demand 29.6 34.0
Organic Nitrogen 55.1 63.2
Residual Quantities, gm/bird-day
Total Solids 21.8 20.0
Volatile Solids 13.8 12.1
Chemical Oxygen Demand 19.7 18.5
Organic NItrogen 0.87 0.71
Microbial Oxygen Demand, kg 0,/hr
Carbonaceous 10.4 11.9
Nitrogenous 6.1 7.0
Total 16.5 18.9
Mixed Liquor Concentrations, gm/2%
Total Solids 32.7 60.0
Volatile Solids 20.7 36.3
Chemical Oxygen Demand 29.5 55.5
Organic Nitrogen 1.30 2.13
Alpha (o) 0.80 0.40
Required Oxygenation Capacity, kg 0,/hr
Carbonaceous 13.0 29.8
Nitrogenous 7.6 17.5
Total 20.6 47.3
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As shown, slight increases in treatment efficiency occur with comparable in-
creases in microbial oxygen demands between 30 and 60 days. Residual quantities
of each parameter accumulating in the system per bird-day decrease slightly.
However, a large increase in mixed Tiquor concentrations occurs. The increase
in MLTS concentration results in a 50% decrease in the value of o resulting

in a sizable increase in the required oxygenation capacity to satisfy the
microbial oxygen demand. If a design objective were to provide 60 days of
storage, the aeration equipment would have to be sized to meet the final
oxygenation requirements. However, over aeration would occur until the MLTS
concentration reached 55 gms/% (o = 0.4, Equation 4.32), resulting in excessive
operating costs. Procedures to optimize design will be considered in detail

in the next chapter.

4.6.3 Continuous Flow System Process Design Methodology

The design of a continuous flow aeration system differs from a batch system

in that SRT and MLTS concentration are independent design variables. In
these systems, the desired level of treatment efficiency consistent with
overall waste management objectives can be achieved by selecting the appro-
priate SRT value. At constant levels of treatment efficiencies for COD and
organic nitrogen, microbial oxygen demand remains constant. In that SRT is
held constant by removal of excess solids, MLTS concentration is also constant
as is o« and required oxygenation capacity. The desired value for MLTS concen-
tration determines the system volume with volume decreasing as MLTS values
increase.

The following is a summary of the steps in the process design of a continuous
flow aeration system for poultry wastes.

A. Measure manure production and determine characteristics or

estimate these values using Equations 2.1 and 2.2 and the poultry
waste characteristics presented in Table 2.4 (Chapter 2).

B. Select design values for SRT and MLTS concentration.

C. Determine removal efficiencies for total solids (TS), volatile
solids (VS), chemical oxygen demand (COD), and organic nitrogen

(ON) using Equation 4.19 and the appropriate constants from
Table 4.4.

D. Compute the residual quantities of each waste characterization
parameter using Equation 4.26 with the previously calculated
treatment efficiencies and the established raw waste characteristics.

E. Determine carbonaceous, nitrogenous, and total oxygen demands from
Equations 4.27 through 4.29.

F. Identify the value for o corresponding to the design value for

MLTS concentration using the appropriate relationship (Equations
4,30 through 4.32).
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G. Compute aeration capacities required to meet carbonaceous,
nitrogenous, and total oxygen demands using Equation 4.33.

H. Calculate mixed Tiquor concentrations of VS, COD, and ON
from the previously calculated residual quantities.

I. Determine system volume, the quantity of residual solids to
be removed to maintain an equilibrium SRT and MLTS concentration,
and the volume of mixed liquor to be withdrawn to achieve the
desired residual solids removal using the following relationships:
- System volume, & = [S], gm TS/bird-day)(No. of birds)
(SRT, days) * (MLTS concentration, gm/2)
- Residual solids removal, gm/day =
(S], gm TS/bird-day) (No. of birds)
- Flow rate for residual solids removal, & /day =
(gm residual TS/day) * (MLTS concentration, gm/)
As an jllustration of continuous flow aeration design process, the following

design example will outline the required steps for the process design of a
system for 30,000 birds.

A. For this example, raw waste characteristics presented in
Table 4.5 will be used.

B. The design value for SRT is 20 days and the design MLTS
concentration is 10 gm/=z.

C. For a 20 day SRT, removal efficiencies for each waste characteri-
zation parameter (Equation 4.19 and Table 4.4) are:

- TS treatment efficiency, % = 0.379(10) + 27.3 = 31.1%
- VS treatment efficiency, % = 0.452(10) + 38.0 = 42.5%
- COD treatment efficiency, % = 0.294(10) + 25.2 = 28.1%
- ON treatment efficiency, % = 0.539(10) + 47.0 = 52.4%

D. From Equation 4.26, the calculated treatment efficiencies and
the raw waste characteristics (S ) (Table 4.5), the residual
quantities for each waste characRerization parameter are:

- S], gn TS/bird-day = 32.6 gm TS/bird-day x
[1 - (31.1/100)] = 22.5 gm TS/bird-day

- S], gm VS/bird-day = 25.1 gm VS/bird-day x
[1 - (42.5/100)] = 14.4 gm VS/bird-day

- S], gm COD/bird-day = 28.0 gm COD/bird-day x
[1 - (28.1/100)] = 20.1 gm COD/bird-day
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- S], gm ON/bird-day = 1.94 gm ON/bird-day x
[1 - (52.4/100)] = 0.92 gm ON/bird-day

Carbonaceous, nitrogenous, and total oxygen demands

(Equations 4,27 through 4.39) are:

- Carbonaceous oxygen demand, gm Oz/hr = [(28.0 gm COD/bird-day -
20,1 gm COD/bird-day) (30,000 birds)] <+ 24 hr/day =
9875 gm 02/hr or 9.9 kg Oz/hr

- Nitrogenous oxygen demand, gm 02/hr = [(1.94 gm ON/bird-day -
0.92 gm ON/bird-day) (4.57) (30,000 birds] + 24 hr/day =
5827 gm 02/hr or 5.8 kg Oz/hr

- Total oxygen demand, kg Oz/hr = 9.9 +5,8=15.7 kg 02/hr

For a MLTS concentration of 10 gm/% , the predicted value of «o
(Equation 4.30) is:

a = 1.0

Required aeration capacities will be equal to the respective
carbonaceous, nitrogenous, and total oxygen demands at a zero
mixed liquor dissolved oxygen concentration since o has a value
of unity (Equation 4.,33).

The mixed Tiquor concentrations of VS, COD, and ON for a MLTS
concentration of 10 gm/2 will be:

- (X gm MLVS/2) x (27.5 gm TS/bird-day)
(10 gm MLTS/2) = 6.4 gm MLVS/s

- (X gm MLCOD/z) x (22.5 gm TS/bird-day)
(10 gm MLTS/2) = 8.9 gm MLCOD/2

(X gm MLON/¢) x (22.5 gm TS/bird-day)
(10 gm MLTS/%) = 0.41 gm MLON/%

(14.4 gm VS/bird-day) x

(20.1 gm COD/bird-day) x

(0.92 gm ON/bird-day) x

System volume, 2 = [(22.5 gm TS/bird-day) (30,000 birds)
(20 days)] + 10 gm TS/¢ = 1.35 x 10° or 4.5 2/bird

Residual solids removal, gm TS/day = (22.5 gm TS/bird-day)
(30,000 birds) = 675,000 gm or 6.75 kg TS/day

Flow rate for residual solids removal, %/day =
(675,000 gm TS/day) =+ (10 gm TS/2) = 67,500 2 of
mixed liquor/day
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The same procedure was used to develop a process design at a MLTS concentra-
tion of 35 gm/¢. Since SRT remains constant, treatment efficiencies,
residual quantities, and microbial oxygen demand remain constant. However,
a, required oxygenation capacity, system volume, and volume of mixed liquor -
removal for residual solids removal do change. A comparison of these values
for MLTS concentrations of 10 and 35 gm/% is presented in Table 4.7.

TABLE 4.7. COMPARISON OF PROCESS DESIGN COMPUTATIONS FOR MLTS
CONCENTRATIONS OF 10 AND 35 GM/2

Parameter 10 gm/ ¢ 35 gm/ 2

Alpha (o) 1.0 0.76
Required Oxygenation Capacity,
kg Oz/hr

Carbonaceous 9.9 13.0

Nitrogenous 5.8 7.6

Total | 15.7 20.6
System Volume, ¢/bird 45.0 12.8

Flow Rate for Residual Solids
Removal, g/day 67,500 19,286

As can be seen in Table 4.7, an increase in the design MLTS concentration
increases required oxygenation capacity. However, system volume and the
required flow rate for residual solids removal decrease significantly. Hence
a trade-off exists between aeration costs and ultimate disposal costs. A
more detailed examination of the effects of variation of MLTS concentrations
and SRT will be discussed in the next chapter.

4.7 Physical Design Considerations
Presentation of details of the structural aspects of oxidation ditch design
1s beyond the scope of this manual. Assistance in this area js available
from sources such as the Cooperative Extension Service. However, a discussion
of several aspects of physical design which have a direct bearing on process
performance appears appropriate. Included will be discussion of:

A. Aeration unit evaluation and selection;

B. Mixing requirements and oxidation ditch channel design;
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C. Liquid-solids separation;
D. Potential problems and miscellaneous design details,

4.7.1 Aeration Unit Selection

One of the most important and complex steps in the degign of any aerobic
waste treatment system is aeration unit selection. Since the energy_rgqu1red
to drive the aeration unit will be the major operating cost, the efficiency

of the aeration unit, i.e., mass of oxygen transferred per unitenergy consumed,
is of considerable importance. Aeration units for oxidation ditches are
available from several manufacturers. Due to differences in des1gn,
performance characteristics vary among units. Therefore, it is important to
understand how aeration units are evaluated and rated.

The oxygen transfer characteristics of an aeration unit in tapwater serve

as the standard method for equipment characterization. The technique most
commonly used to evaluate oxygen transfer in tapwater is the non-steady state
chemical method (38). This test involves the use of sodium sulfite (Na2503)
in the presence of a catalyst, cobalt chloride (CoC12) to deplete the
dissolved oxygen of the water in the test basin.

Following the commencement of aeration, the increase in dissolved oxygen
concentration with time is determined. These data are then used to determine
the oxygen transfer coefficient, KLa, utilizing Equation 4.14.

Qo
O

= Ka (CS - CL) (4.14)

A semi-Togrithmic plot of the dissolved oxygen deficit (CS - C, ) versus time
should produce a straight line, the slope of which is K a (Figure 4.17).

Since oxygen transfer varies with temperature, experimental values of KLa are
normally corrected to 20°C using the following relationship:

K a

_ LT
Klaggeg = S(T-207 (4.35)
where: KLa20°C = the value of KLa at 20°C

e the temperature correction factor for the system

T

the water temperature, °C

The value most commonly used for the temperature correction factor (8) is
1.024 (16). The experimentally determined value of K a is then used in the
calculation of the oxygenation capacity of the aerati%n unit tested
(Equation 4.15),
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- - 15
N o K aygoc (8C - C) (V) (4.15)

For tapwater, both aand g have values of unity.

Normally, energy consumption is measured during oxygen transfgr studjes thus
permitting determination of the overall oxygen transfer efficiency, 1.e.,

kg 0, per gross kw-hr (1b 0, per hp-hr). However, some manufacturers express
oxygén transfer efficiency “in terms of mass of oxygen transferred per unit
power required by the aeration unit, i.e., kg 0, per net kw (1b Q per brake
hp). This practice excludes motor efficiency a%d results in a h1 her value
for oxygen transfer efficiency. Therefore, care should be exercised when
compraring performance characteristics to be sure a common basis 1s being
used.

Once the details of process design are complete and an aeration unit supplier
has been chosen, the selection of a properly sized aeration unit should be
the joint responsibility of the designer and the equipment manufacturer. The
designers role should be to specify both the required rate of oxygen transfer
and ditch velocity. This entails identification of anticipated operating
conditions such as residual dissolved oxygen concentration, o and g factors,
and temperature. Information concerning design mixed liquor velocity, ditch
geometry, and maximum expected mixed liquor total solids (MLTS) concentration
should also be included.

Once performance specifications and operating conditions are delineated, the
equipment manufacturer should determine equipment requirements. This appears
to be logical in that the manufacturer is most familiar with his equipment by
virtue of testing and experience.

Designers should be aware that values for both the oxygen transfer coefficient,
K, a, and pumping capacity determined under test conditions are a function not
oh1y of the aeration unit but also the test basin. Therefore, performance may
vary. For these reasons, the use of performance specifications have been
suggested to insure that aeration equipment will perform as expected (39). 1In
the field of domestic waste treatment, it has been reported that in 16 dif-
ferent aeration tests less than 50 percent of the aeration equipment meet
specifications (40).

Several methods of performance testing are available. These include non-
steady chemical test, steady state microbial method, and the non-steady state
microbial method. The non-steady state chemical method has been described
earlier in this section. Descriptions of the steady and non-steady state
microbial methods are available (16). The practice of performance testing
should benefit not only the owner and designer but also the manufacturer

by increasing his knowledge of equipment performance under a broad range of
conditions.
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4.7.2 Mixing Requirements and Oxidation Ditch Channel Design

The accumulation of settled solids in oxidation ditch channels is an often
cited problem in discussions of oxidation ditches stabilizing animal wastes
(2, 26, 31, 41, 42, 43). However, this problem has received little attention.
An early misconception concerning sediment accumulation in these systems was
that an equilibrium would be reached. Results of a full scale demonstration
study of oxidation ditch stabilization of poultry wastes (2) has shown that
the above assumption is untrue. In that study, initial mixed Tiquor velocity
was not adequate to prevent settling. It was observed that sediment
accumulation is accelerated resulting in a further decrease in velocity. This
process was observed to continue until the mixed liquor velocity approached
zero which occurred on several occasions.

This phenomenon can be understood by considering circulation in an oxidation
ditch in terms of the Manning uniform equation for open channel flow
(Equation 4.36).

v = l._ﬁgng/s §1/2

(4.36)

where: V = vyelocity, length/time
N = coefficient of roughness, dimensionless
R = hydraulic radius (cross-sectional area divided by the

wetted perimeter), length
S = slope of the energy grade line, length/length

Assuming a constant energy input and therefore a constant equivalent to the
slope of the energy grade line, this equation predicts that velocity will
decrease as the coefficient of roughness increases and/or as the hydraulic
radius decreases. Sediment accumulations cause both to occur.

As discussed by Chow (44), several factors affect the coefficient of roughness.
Included are surface roughness and channel irregularity. Surface roughness

is a function of the shape and size of the grains of the material forming the
wetted perimeter. A significant difference should not exist between concrete
and poultry manure solids. The suggested value of N for a concrete-lined
channel in good condition is 0.014 (45). However, sediment accumulations can
significantly affect channel irregularity (Figure 18). Irregularity can
increase the value of N to as much as 0.021 (44).

Decreasing mixed liquor velocity due to sediment accumulation not only
accelerates settling but also decreases mixing and oxygen transport. Thus,
sediment accumulations can adversely affect the biological waste stabilization
process possibly resulting in process failure. Therefore, the mixed Tiquor
design velocity for an oxidation ditch should equal or exceed the scour
velocity necessary to keep the heaviest manure particles in suspension.
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The velocity necessary to keep the heaviest poultry manure particles in
suspension can be calculated using the following relationship:

= Sslag V2 (4.37)
where: VH = horizontal velocity that will produce scour, length/time
s = specific gravity of particles, mass/volume
d = diameter of particles, length
k = constant dependent on the type of material being
scoured, dimensionless
f = Darey-Weisbach friction factor, dimensionless
g = acceleration due to gravity, 1ength/t1‘me2

Using the following values (Table 4.8), the scour velocity for the heaviest
particles in poultry manure was calculated to be 0.53 m/sec (1.74 ft/sec).

TABLE 4.8. VALUES USED TO ESTIMATE THE SCOUR VELOCITY
FOR POULTRY MANURE

s = 2 gm/cm3 (46)*

d = 1.19 mm, maximum (46)
k = 0.06 (47)

f = 0.02 (47)

* Numbers in parentheses refer to data sources.

The energy required to maintain the desired velocity in an oxidation ditch
can be equated to the energy Toss due to friction. Wong-Chong, et al. (48)
have suggested the use of the Fanning (Darcy) equation (Equation 4.38) to
estimate frictional energy losses in these systems.

2Lyt (4.38)

H = o

f DHg
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where: Hf

L
v

= energy loss due to friction, length

= hydraulic diameter, length

= Fanning's friction factor, dimensionless
= acceleration due to gravity, 1ength/t1’me2

= total straight length of open channel, Tength

= flow velocity in the channel, length/time

While this approach is valid for estimating frictional losses in Tinear
channel sections (49), a method to calculate these losses in semi-circular
channel sections is not possible. However, general relationships affecting
friction losses in these channels are known. Chow (44) states that the
coefficient of curve resistance, fC, is a function of several factors which

are:

Rn

y/b
o/ 180°

rc/b

Reynolds number

ratio of liquid depth to channel width

ratio of angle of curvature to 180°

ratio of radius of curvature to channel width

General characteristics of the relationship between each of these factors
and f_ have been presented by Shukry (50) based upon experimental studies
involving water. A summary of these relationships are as follows:

A. The coefficient, fc’ decreaﬁes as the Reynolds number increases
up to the value of R = 3x10". Beyond that point, fC increased.

B. The coefficient f. decreases as the ratio of liquid depth to
channel width (y/b) increases.

C. The coefficient f_decreases as the ratio of the radius of
curvature to widtf (rc/b) increases.

D. The coefficient fcincreases as the ratio of angle of curvature
to 180° (a/180°) ~increases.

The effect of f_ on energy loss due to curve resistance in terms of velocity
head can be exp?essed as. follows:

_ v
he = fC 79 (4.39)
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where: hf = velocity head loss, Tength
V = mean velocity in the section, length/time
g = acceleration due to gravity, 1ength/t1‘me2

At this time, the determination of the required energy input to maintain a
desired mixed Tiquor velocity remains an art rather than a science. However,
it is clear that a major fraction of the frictional energy losses in these
systems occurs in the semi-circular connecting channels. In a comparison of
two oxidation ditches differing significantly only in the radius of curvature
of the semi-circular sections, it was shown that mixed Tiquor velocity can be
increased without increasing energy input by increasing the r_/b ratio (2).

In designing oxidation ditch channels, it should be recognized that the current
practice of adapting channel geometry to animal Tocations increases energy
requirements for mixing. Particularly in the poultry industry, the above
practice results in semi-circular channels with small radius of curvatures.
Also, most oxidation ditches for animal wastes are designed to operate with
shallow liquid depths thus having small ratios of liquid depth to channel
width.

An alternative is to design the ditch channel to minimize energy losses due
to friction and therefore energy requirements for mixing. However, this
approach will require large radii of curvature and possibly not having the
ditch channel directly below the animals. This eliminates the advantage of
direct deposition of the wastes into the treatment unit. Equipment such as
scrapers or flushing units will be required at least for a portion of the
wastes. It should be recognized that trade-offs exist. However, these
trade-offs can not be analyzed quantitatively at present. Thus, judgement
and experience must be relied upon for design decisions.

4.7.3 Liquid-Solids Separation

As noted earlier, the operation of an aeration system for poultry wastes as a
continuous flow process has several advantages. It permits operation at an
equilibrium mixed 1iquor total solids (MLTS) concentration of less than
20,000 mg/ & which results in maximum oxygen transfer efficiency. Of equal
importance is that the solids retention time (SRT) becomes a design and
operating parameter allowing flexibility in the desired degree of waste
stabilization.

In order to maintain an equilibrium MLTS concentration, continuous removal of
residual total solids is necessary. However, the volume of manure added per
day is not sufficient to create a significant overflow. Based upon the poultry
manure characteristics presented in Table 2.5 (Chapter 2), the volume of
manure produced by 30,000 birds is approximately 3700 ¢/day (980 gal/day).

For a continuous flow aeration system with an SRT of 20 days and a MLTS concen-
tration of 35 gm/2, 3700 % represents only one percent of the system volume
and 20 percent of the required flow rate for residual solids removal

(Table 4.7). These calculations assume no evaporation. Therefore, actual
percentages will be Tower. Experience with pilot plant scale aeration units
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has shown that evaporation exceeds the volume of manure input for poultry
wastes. Therefore, it is necessary to create a flow for the remqva1 of the
solids. Several approaches are available. One would be to continually add
tapwater to create a continuous overflow into a storage lagoon. However,
ultimate disposal requirements would increase due to the added water.

A second method would be to operate the system as a draw and fill reactor.
Some variations in SRT and MLTS concentrations would occur but ultimate o
disposal requirements would be reduced. A third approach would be to utilize
a liquid-solid separation process and return the liquid to the system to
create flow. While this is the most complex alternative, it is the most
reasonable in terms of ultimate disposal if a reasonable degree of solids
thickening can be achieved.

Research concerning liquid-solids separation processes for poultry wastes
has been limited. Three processes; gravitational settling, screening, and
centrifugation; have been evaluated to varying degrees. It is the objective
of this section to present available information concerning these processes.

The use of gravitational settling for aerated poultry wastes has been
examined under full scale conditions (2). Performance was reported to be
less than satisfactory. This was attributed to the design approach which was
based on overflow rates for domestic activated sludge. Results of subsequent
laboratory studies has shown that the zone settling velocity (ZSV) of aerated
poultry manure decreases rapidly as MLTS concentrations approach 10,000 mg/ s
(Figure 4.19) (51). Beyond 10,000 mg/%, zone settling velocities are minimal.

Using the clarification and thickening design approach presented by Lawrence
(52) which is based upon the batch flux concept (53), design surface area
requirements for clarification and thickening of aerated poultry wastes were
examined. The relationship between surface area required for clarification
(Figure 4.20) shows area requirements increase rapidly as MLTS concentrations
exceed 6000 mg/ %, The relationship between surface area requirements for
thickening and total solids concentration in clarifier underflow (Figure 4.21)
suggests that 32,000 mg/% represents the practical upper 1limit for concentra-
tion of residual solids in aerated poultry wastes. Thus, the feasibility of
this approach appears to be questionable.

The use of centrifugation and screening has also been investigated but to a
more Timited degree. Centrifuge test results {Table 4.9) indicated that this
process is capable of a high degree of solids removal from aerated poultry
wastes. Also, the centrifugation process produced a concentrated sludge which
can significantly reduce the volume of material requiring ultimate disposal in
comparison to direct disposal of mixed liquor. While these results suggest
that the process has significant potential, detailed information concerning
optimum methods of operation, costs and ease of operation are lacking. Thus,
comments on the feasibility of the process and a detailed discussion of design
factors are not possible at this time.

Results of screening tests indicated that this process has only 1imited

potential for liquid-solids separation of aerated poultry wastes (2). This
is due to particle size distribution. Results of 200 mesh screening tests
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indicated that 60 to 80 percent of the suspended solids in aerated poultry
wastes were less than 0.074 mm in diameter. While the use of finer screens
250 and 325 mesh, improved solids removal, they required reduced f]ow rates
and decreased cake dry matter content. It was concluded that screening was
only practical for removal of coarse solids and would have to be useq in
combination with another 1iquid-solids separation process for a continuous
flow system.

Recently, several commercial equipment manufacturers have introduced roller
presses for the separation and concentration of solids from animal wastes.
At present, performance of these units with aerated poultry waste remains to
be defined. Thus, the feasibility of these units is unclear. It is suggested
that designers investigate the availability of newly developed information
concerning these units before making design decisions concerning Tiquid-solids
separation.

4.7.4 Potential Problems and Miscellaneous Design Details

Foam is probably the most common problem encountered in the operation of
aeration systems for poultry and other animal manures. While a thin foam

layer is not atypical of a well operating aeration system, the presence of

an excessive quantity of foam is an indicator of a fundamental problem. There
appear to be several different reasons for foaming. The following is a
discussion of the various causes and solutions.

Foaming is a common occurrence during aeration system start-up. This is
apparently due to an imbalance in the food to microorganism ratio due to

an inadequate microbial populaton. If possible, the system should be seeded
with mixed liquor from another aeration system or from the previous batch if
a batch mode of operation is employed. An advantage of the continuous flow
mode of operation is that repeated start-up situations are avoided. Gradual
housing of hens where possible will also serve to reduce start-up foaming
problems.

Excessive foaming is typical of systems where the level of oxygen transfer
is inadequate to meet the exerted carbonaceous oxygen demand, This results
in the production of surface active metabolic end-products and is usually
accompanied by malodors. The solution to this type of foaming problem is
to increase aeration capacity or to reduce the mixed liquor total solids
concentration to increase oxygen transfer if possible.

Foaming problems have also been encountered in apparently well operating
systems. McKinney and Bella (54) have suggested that accumulations of
settled solids are responsible for foaming in these situations. The
maintenance of adequate mixed liquor surface velocities in oxidation ditches
is important in foam control in these systems. This provides a continuous
breakdown of any foam by the aeration unit. The absence of structures such
as overflow standpipes in the ditch channel which may hinder foam movement
is important. Feathers which may form large floating mats can also restrict
foam movement. Periodic removal of these feather accumulations may be
necessary.
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An often suggested strategy for foam control is the addition of vegetable

or petroleum 0il. This practice is at best a short term solution which does
nothing to correct the fundamental problem. Moreover, the addition of
petroleum 0il may significantly reduce the ratio of K a in the mixed liquor
to K a in tapwater, o , thus reducing oxygen transfer %Equation 4,15) (36).
Ther%fore, this practice can intensify problems of foam and odor where oxygen
transfer is inadequate. It is recommended that oil additions be only con-
sidered as a measure of last resort while more fundamental solutions are
applied.

An advantage of aeration as compared to drying systems for poultry wastes

is that leakage from bird watering systems will not adversely affect process
performance. While it appears that a balance will exist between manure input
and evaporation permitting maintenance of a constant system volume, signifi-
cant watering system lTeakage will produce an overflow situation. The need
for a collection and storage basin as well as increased ultimate disposal
requirements will result.

Three types of watering systems are currently in use in the poultry industry.
They are nipple valves, cups, and troughs. Experience indicates that in
spite of manufacturer's claims, neither nipple valves nor cups will provide

a reliable Teak-free watering system. While trough watering systems require
periodic cleaning, the potential for overflow is minimal. Therefore, it is

suggested that trough water systems be used with aeration systems for poultry
wastes.

Oxidation ditch aeration units, like other types of mechanical equipment,
require regular maintenance as well as occasional repairs. The most frequently
encountered mechanical problem with these units is bearing failure. Thus,

accessibility for maintenance and repairs should be considered when determining
the location of aeration units.
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CHAPTER 5
DESIGN APPROACHES

5.1 Introduction

In the two preceding chapters, the development of process design methodologies
for high-rise, undercage drying and aeration systems for poultry wastes has
been presented. Before either of these design procedures can be utilized,
decisions concerning design variables which represent management options are
necessary. In that these systems can be designed and operated over wide
ranges of values for these variables, an understanding of how these variables
affect performance is necessary. It is the objective of this chapter to
discuss the impact of design decision alternatives on the operating charac-
teristics of these systems and to present approaches to simulate system
performance.

Included in this chapter will be descriptions of several computer programs
designed to assist in the evaluation of alternative design decisions for
specific situations. The computer Tanguage used for these programs is the
WATFIV version of FORTRAN IV. In writing these programs, a primary objective
was to make them understandable and usable by individuals having only

Timited exposure to the use of computers. Efficiency in programming may

have been sacrificed in certain instances in the interest of charity. How-
ever, the impact on computation costs is negligible due to the simplicity

of each program. The use of these programs, while not a prerequisite for
design, provides ease in evaluating the effects of a wide range of values

for process design variables for specific situations. The programs were
employed in this manner to generate the information presented in the following
discussion of design approaches for these systems.

5.2 High-Rise, Undercage Drying

The objective of the process design of a high-rise, undercage drying system
is the determination of the drying air velocity necessary to provide moisture
reduction to a specified value during the start-up phase of operation. This
level of moisture reduction is important for ridge formation and biological
heat production in the drying manure. Biological heat production is the
critical factor in the high-rise drying process.

In a high-rise, undercage drying system, the magnitude of the required drying
air velocity is dependent on the following independent process design variables:
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A. Bird density, which is a function of the type of cage system
and the number of birds per cage;

B. Feed energy content;

C. The specified manurial surface moisture content during the
start-up phase of system operation.

An understanding of the relationships between these variables and design dry-
ing air velocity is necessary to identify optimum combinations of these vari-
ables for specific situations.

As noted in Chapter 3, it is not possible to design a high-rise, drying system
to provide a specific final system moisture content. This is due to the inabi-
lity to predict changes in vapor pressure differential due to biological heat
production with time. However, it appears possible to simulate changes 1in
system moisture content over time by describing the four variables that define
manurial surface moisture content; area factor, moisture loading factor, dry-
ing air velocity, and vapor pressure differential; as time dependent variables.
This provides an opportunity to evaluate various design variables such as the
design value for manurial surface moisture content. It also provides a mecha-
nism to analyse the effect of changes of time dependent variables such as
vapor pressure differential. This section describes the nature of the rela-
tionships between the three independent process design variables and design
drying air velocity and includes a discussion of an approach to simulate high-
rise system performance over time.

5.2.1 High-Rise, Undercage Drying System Design

The process design of a high-rise, undercage drying system for poultry wastes
requires specification of design values for bird density, the quantity of mois-
ture excreted per bird-day, and the manurial surface moisture content during
the start-up phase of system operation. Decisions concerning specifying de-
sign values for these variables should be based upon understanding the rela-
tionships between these factors and design drying air capacity.

Due to the possible combinations of cage systems and numbers of birds per cage
(Tables 3.3 and 3.4), there are six possible design values for bird density.
The relationship between bird density and design drying air velocity with all
other variables held constant, is presented in Figure 5.1. Increases in bird
density significantly affect drying air velocity design values. However, the
ratio of bird density and design drying air velocity (Table 5.1) shows that
this relationship is constant. Therefore, the unit drying air requirements
are independent and any reduction in housing costs per bird will not be offset
by increased costs associated with drying air circulation.

As discussed in Chapter 2, the quantity of moisture excreted per bird-day ap-
pears to be a function of feed metabolizable energy (ME) content (Figures 2.1
and 2.3). As feed ME content decreases, the quantity of moisture excreted and
thus the evaporative capacity requirements of a high-rise drying system will
increase. This translates into increased drying air velocity design values.
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TABLE 5.1. RATIOS OF BIRD DENSITY TO DESIGN
DRYING AIR VELOCITY

Bird Dens%ty, ~ Design Drying Bird Density/Design

birds/m Air Velocity, m/sec Drying Air Velocity
Ratio
25.8 0.71 36.3
29.1 0.80 36.4
32.3 0.89 36.3
31.8 0.87 36.6
35.8 0.98 36.5
39.8 1.09 36.5

The relationship between design drying air velocity and the quantity of moisture
excreted per bird-day is presented in Figure 5.2. Small changes in the quan-
tity of moisture excreted per bird-day do not drastically change design drying
air velocities. However, the desirability of minimizing the quantity of mois-
ture excreted by utilizing feeds with a high ME content is illustrated by

Figure 5.2.

The practice of utilizing feeds with high ME contents will serve to reduce costs
associated with drying air circulation. The quantity of total solids produced
will also be reduced ?Figure 2.1). However, it should be recognized that the
management decision to use a high ME feed can not be based solely on waste manage-
ment factors. Nutritional aspects must be considered as well as possible eco-
nomic trade-offs. It is possible that increased feed costs due to the use of a
high ME feed could be equal to or greater than any waste management cost
reductions.

The selection of a design value for manurial surface moisture content is per-
haps the most i11-defined aspect of high-rise, undercage drying process design.
The value selected must be conservative enough to insure successful system
performance but not require an unreasonable design drying air velocity. The
relationship between the design values for manurial surface moisture content
and design drying air velocity is illustrated in Figure 5.3. As shown, the
rate of change of design drying air velocity increases as the specified manu-
rial surface moisture content decreases with 235 percent appearing to be a
reasonable value in terms of design drying air velocity.

The largest prope]%er type fan avaglable for agricultural application has a
capacity of 9.44 m°/sec (20,000 ft°/min). A fan of this capacity will provide
an average dEying air_velocity of 0.72 m/sec (143 ft/min) in a cross-section
area of 13 m“ (140 ft2). This is one-half of the total manure storage Cross-
sectional area in a typical 2.2 m (40 ft) wide high-rise poultry house. Thus,
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the design value of 235 percent, dry basis, (Table 3.5) appears reasonable
in terms of both available equipment and past experience (Table 3.1).

The results of the preceding analyses show that both feed energy content and
the specified manurial surface moisture content design decisions can signi-
ficantly affect design drying air velocity and increase requirements per bird.
However, increases in bird density do not increase drying air velocity
requirements per bird. Thus, maximizing bird density to minimize housing
costs will not be offset by increased waste management costs.

5.2.2 Simulation of System Performance

Although it is not possible to design a high-rise, undercage drying system

to provide a specific final system moisture content, it does appear possible

to simulate system performance over time and to predict a final system

moisture content for specific patterns of change in vapor pressure differential
with time that may be anticipated. This approach provides aimethod of
evaluating the effect of design decisions such as decreasing design drying

air velocity on system performance. It also provides a mechanism for evaluating
different patterns of change in vapor pressure differential with time for a
specific design.

A mathematical model was developed to predict changes in system moisture con-
tent with cumulative time of operation based on the hypothesis that system
moisture content is simply the reflection of past surface moisture contents.
This model considers area factor, bird density and thus the moisture loading
factor, vapor pressure differential, and drying air velocity as time dependent
variables. At specified increments in time of operation, values for manurial
surface moisture content are computed. System moisture content is then
calculated by averaging previously computed values for manurial surface
moisture content.

In order to test the validity of this simulation approach, the performance of

a full scale system was simulated and then compared with observed results (1).
Area factor, bird density, vapor pressure differential, and drying air velocity
were described as time dependent variables using available data from the

full scale study. Using linear regression analysis of the observed change

in the area factor with cumulative time of operation (Figure 3.8), the following
relationship expressing the area factor at any time, T, in days (AFT) was
mathematically defined.

AFT = 0.0016(T) + 1.0 (5.1)

During the year of system operation which was simulated, mortality which
results in decreased bird density followed a normal linear pattern. Losses
averaged one percent of the number of hens housed per month. This translates
mathematically as follows:
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BDT = -0.01(T)(BDI) (5.2)

where: BDI = dnitial bird density, birds/m2
T = cumulative time of operation, days
BDT = bird density at any time, birds/m2

Substituting BDT for BD in Equation 3.9, the moisture loading factor at any
time (MLFT) can be estimated.

The change in vapor pressure differential with time was defined mathematically
using both 1970-71 and 1971-72 data (Table 3.1 and Figure 3.13). Using regres-
sion analysis, these data were best described by two separate linear relation-
ships. For values of T between 0 and 200 days:

VPDT = 2.3(T) + 238 (5.3)
and for T between 200 and 360 days:

VPDT = 14.2(T) - 2148 (5.4)

Based upon the design approach for determination of drying air fan velocity
(Chapter 3), average drying air velocity at the beginning of system operation
for 1971-72 was estimated to be 0.40 m/sec (1). Due to a decrease in manure
storage cross-sectional area resulting from the accumulated manure, it was
further estimated that average drying air velocity increased to 0.59 m/sec at
the end of the 1971-72 cycle. Assuming that the velocity increase was Tinear
over time, the average drying air velocity at any time in days (AVT) over the
1971-72 manure accumulation cycle was defined as:

AVT = 0.00045(T) + 0.40 (5.5)

For this simulation, the reported va]ueszfor this system of 99 gm H,0/bird-day
for moisture production and 29.1 birds/m~ for initial bird density %ere used.
The reader should understand that Equations 5.1 through 5.5 are specific for
the system studied by Sobel and do not necessarily represent general relation-
ships.

The results simulated by the model for manurial surface moisture content and
average system moisture content are presented in Figure 5.4. These results
indicate that surface moisture content decreases more rapidly than average
system moisture content. This is due to the lack of additional drying once a
manure surface ceases to be exposed due to subsequent manure depositions.
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There is good agreement between the simulated final system moisture content on
day 360 of 66 percent, wet basis (WB),and the observed value of 63 percent,
WB (1). Average final manurial surface moisture content was not measured but
was estimated to be 50 percent, WB. The simulated value was 48 percent, WB.
Unfortunately, additional observed data concerning average surface and system
moisture contents at intermediate points in time of system operation are
lacking. This information would serve to confirm the accuracy or identify th.
1imits of this simulation approach.

This model was used to evaluate the effects of variation in moisture produc-
tion, initial drying air velocity, and initial bird density on final manurial
surface and average system moisture contents at day 360 of system operation.
Simulations were performed for the pattern of change in vapor pressure differ-
ential with cumulative time of operation expressed in Equations 5.3 and 5.4
(Table 3.1 and Figure 3.13). In addition, simulations utilizing only Equation
5.3 were carried out to assess the importance of the rapid increase in vapor
pressure differential following 200 days of cumulative operation observed in
full scale system evaluations (Figure 3.13). These results are presented in
Table 5.2. Values in parentheses resulted from the lower rate of increase 1in
vapor pressure differential expressed solely by Equation 5.3.

These results show that higher values for moisture production and/or bird den-
sity must be compensated for with higher design drying air velocity to provide
satisfactory system performance. Based on experience, an average system mois-
ture content at day 360 of system operation of 66 percent, WB, or less appears
desirable.

Comparison of average system moisture contents for the two patterns of change
in vapor pressure with time of operation serves to reinforce the importance of
biological heat production and the resultant effect on vapor pressure differen-
tial in the high-rise drying process. While it appears that a drying air
velocity of 0.4 m/sec will pr%vide satisfactory system performance for 100 gm
H,0/bird-day and 29.1 birds/mc with significant biological heat production, a
h%gher drying air velocity will be required if biological heat production is
minimal. This can be translated into higher costs for equipment and operation.

This mathematical model provides a method to examine the effects of design
variables and other factors on system performance. In the design of these sys-
tems, minimizing moisture production within the limits of practicality anq
providing conditions during the start-up phase of system operation conducive

to biological heat production appear to be the most important factors.

5.2.3 Computer Design Programs

Two computer programs have been developed to assist in the process design of
high-rise, undercage drying systems. The first program; high-rise, uqderqage
drying design analysis; was designed to analyze the effects of variation in
moisture production per bird-day, bird density, and the design value for manu-
rial surface moisture content on design drying air velocity. This program 1s
based on the process design equations, Equations 3.9 and 3.13. The second
program, high-rise, undercage drying - simulation of system performance, was
developed to predict system performance over time for various combinations of
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TABLE 5.2. EFFECTS OF PROCESS DESIGN VARIABLES ON FINAL
MANURIAL SURFACE AND SYSTEM MOISTURE CONTENTS
IN A HIGH-RISE, UNDERCAGE DRYING SYSTEM

Day 360
Manurial Surface Moisture Average System Moisture
Content, % WB Content, % WB
Initial drying air velocity = 0.4 m/sec
Initial bird density = 29.1 birds/m
Moisture production = 80 gm/bird-day 45.4* (58.0)** 63.4 (67.1)
= 100 gm/bird-day 48.2 (60.7) 65.8 (69.4)
= 120 gm/bird-day 50.4 (62.8) 67.7 (71.3)
Moisture production = 100 gm/bird-day
Initial bird density = 29.1 birds/m
Initial drying air vel. = 0.4 m/sec 48.2 (60.7) 65.8 (69.4)
= 0.8 m/sec 39.7 (52.3) 58.2 (61.9)
= 1.0 m/sec 37.1 (49.5) 55.6 (59.3)
Moisture production = 100 gm/bird-day
Initial drying air velocity = 0.4 m/sec
Initial bird density = 29.1 birds/mg 48.2 (60.7) 65.8 (69.4)
= 32.3 birds/m2 49.4 (61.9) 66.9 (70.5)
= 39.8 birds/m 52.0 (64.5) 68.9 (72.5)

2.3T + 238, and for T = 200 through 360, VPDT = 14.27 - 2148
2.3T + 238

* For T
£ For T

0 through 200, VPDT
0 through 360, VPDT

1]
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design values for moisture production per bird-day, bird density, and design
drying air velocity. The mathematical model discussed in the previous section
is the basis for this program. Flow diagrams and source listings for both pro-
grams are presented in the Appendix, Figures A-2 through A-5. The following

is a brief description of user input and computed output for both programs.

The high-rise, undercage drying design analysis program is a combination of
three subprograms for the sequential examination of moisture production, bird
density, and the design manurial surface moisture content as variables. For
this program, the user must specify the following:

A. Values for area factor and vapor pressure differential repre-
sentative of start-up conditions ;

B. Values for manurial surface moisture content, dry basis (DB)
and bird density and a range of values for moisture production;

C. Values for manurial surface moisture content, DB and moisture
production, and a range of values for bird density;

D. Values for moisture production and bird density, and a range
of values for manurial surface moisture content, DB.

For each combination of values; moisture production, bird density, and manurial
surface moisture content, DB; this program will compute design drying air velo-
cities for each value of the variable parameter in each combination.

For the second program; high-rise, undercage drying - simulation of system per-
formance; the user must specify a set of design values for moisture production,
initial drying air velocity, and initial bird density. For each set of design
values, this program will compute manurial surface and average system moisture
contents at specified time intervals over a one-year operating cycle.

5.3 Aerobic Biological Stabilization

Aeration systems for poultry wastes can be designed and operated as either
batch or continuous flow reactors. The batch mode of operation combines stor-
age with odor control and waste stabilization, whereas separate storage faci-
lities are required with a continuous flow system. Both modes of operation

are similar in that aeration requirements and volumetric ultimate disposal re-
quirements are inversely related. Thus, trade-offs between aeration and ulti-
mate disposal costs exist for both batch and continuous flow modes of operation.

While the process designs of these alternatives are based on the same funda-
mental concepts, the independent process design variables differ. In order

to evaluate the trade-offs for each operational mode, an understanding of
the relationships between the respective process design variables and aeration
and ultimate disposal requirements is necessary. It is the objective of ;his
section to describe the relationships between design variables and operating
characteristics for each method of operation and to discuss the trade-offs
created by various decisions concerning design variables.
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The relationships presented in the following discussions are based on the raw
waste characteristics for poultry manure presented in Table 4.5. It should be
understood that while the general nature of the following relationships will
not change, specific values will vary with changes in raw waste characteristics.
Thus, in the design of specific systems, anticipated raw waste characteristics
should be delineated for process design calculations.

5.3.1 Continuously Loaded, Batch Aeration System Design

A continuously Toaded, batch aeration system has two independent process design
variables. They are system volume per bird and the operating period for the
batch cycle. Both aeration capacity and ultimate disposal requirements are
dependent on these variables.

In a batch system, the solids retention time (SRT) is a dependent variable
which continually increases with time of operation (Equation 4.34). Thus,
removal efficiencies (Equations 4.20 through 4.23) and total carbonaceous and
nitrogenous oxygen demands (Equations 4.27 and 4.28) will increase with time
changes in both carbonaceous and nitrogenous oxygen demands as a function of
cumutative batch system operation time are presented in Figure 5.5. 1In a
batch system, nitrogenous oxygen demand increases until about day 80, at which
point it becomes constant since the biodegradable 1imit of organic nitrogen

in poultry manure is reached. The same patter occurs for carbonaceous oxygen
demand which becomes constant at about day 110 of the batch operation. Thus,
maximum removal of organic nitrogen and carbonaceous oxygen demand will occur
within 80 and 100 days, respectively.

A characteristic of a continuously loaded, batch aeration system is he continual
increase in the mixed liquor total solids (MLTS) concentration as the time of
operation increases. This is due to the accumulation of unstabilized biode-
gradable and refractory fractions of total solids. The rate of change of MLTS
concentration in a batch system is a function of both system volume per bird
and cumulative time of operation. A comparison of the rates of increase of
MLTS concentrations for system volumes of 20 %/bird and 40 2/bird is presented
in Figure 5.6.

The rate of increase in MLTS concentration is non-linear and decreases with
time of operation. This is due to the increase in SRT and hence increased
biodegradable solids destruction. As system volume per bird increases, the
operating period for a batch cycle to reach a maximum or desired MLTS concen-
tration also increases. However, the increase in time is greater than that
which would be provided solely by dilution. The difference is due to increased
biodegradable solids destruction.

A comparison of calculated time periods to reach a MLTS concentration of 60 gm/%
for system volumes of 10 2/bird through 40 2/bird is presented in Figure 5.7.

A 100 percent increase in system volume per bird, 20 2/bird to 40 2/bird,
increases the time period to reach 60 gm MLTS/% by 125 percent. The use of 60
gm as a maximum value for MLTS concentration in a batch aeration system should
not be interpreted as the identification of an absolute upper limit for this
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parameter. However, when aeration capacity and mixing requirements are consi-
dered, an upper limit for MLTS concentrations of about 60 gm/% appears prac-
tical.

The effect of increasing system volume per bird on ultimate disposal require-
ments is presented in Table 5.3. Increasing system volume up to 30 &/bird
will decrease yearly ultimate disposal requirements. Beyond 30 2/bird, these
requirements become essentially constant.

TABLE 5.3.  ULTIMATE DISPOSAL REQUIREMENTS FOR
A BATCH AERATION SYSTEM AS RELATED TO
SYSTEM VOLUME PER BIRD

System Volume per Bird, Ultimate Disposal Requirements,
2/bird %/bird/year*
10 135
20 122
30 110
40 108

* Based upon a mixed Tiquor total solids concentration of 60 gm/%.

The increase in MLTS concentration in a batch system is the mechanism by which
storage of residual solids is provided. However, this phenomenon has an ad-
verse effect on the efficiency of oxygen transfer. This results from the de-
crease in o, the ratio of the overall oxygen transfer coefficient, K a, in

the aerated manure to KLa in tapwater as MLTS concentration increaseg. The
relationships between o and MLTS concentration for aerated poultry manure
slurries have been presented in Equations 4.30 through 4.32. As a decreases,
the aeration capacity necessary to meet a given microbial oxygen demand in-
creases (Equation 4.33).

A comparison of carbonaceous oxygen demand and aeration capacity requirements
with time of operation for a system volume of 30 &/bird is presented in Figure
5.8. From day 20 through day 100, carbonaceous oxygen demand increases 40
percent, while required aeration capacity increases 254 percent. Reducing the
time period of the batch cycle and therefore the maximum MLTS concentration
will reduce aeration capacity requirements but will increase the volume of
stabilized waste requiring ultimate disposal. A comparison of aeration and
ultimate disposal requirements as a function of cumulative operation time for
a system volume of 30 ¢/bird is presented in Table 5.4. A plot of ultimate
disposal versus aeration capacity requirements for system volumes of 20 ¢/bird,
30 &/bird, and 40 &/bird (Figure 5.9) shows that this relationship is indepen-
dent of system volume per bird. It also illustrates that beyond a required
aeration capacity of about 500 gm 02/1000 bird-hours, only minor decreases in
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TABLE 5.4. MAXIMUM AERATION CAPACITY AND ULTIMATE DISPOSAL REQUIREMENTS
FOR A BATCH SYSTEM WITH VOLUME OF 30 &/BIRD AS RELATED TO
CUMULATIVE TIME OF OPERATION

Cumulative Time Mixed Liquor Required Aeration Ultimate Disposal
of Operation, Total Solids Capacity, gm 0,/ Requirements,
days Concentration, gm/% 1000 bird—hougs ¢/bird/year
20 15.0 329 548
30 21.8 350 365
40 28.3 413 274
50 34.3 490 219
60 40.0 584 182
70 45.2 700 156
80 50.0 846 137
90 54.4 1031 122
100 59.8 1165 110
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ultimate disposal volume occurs. Since both fixed and operating costs increase
as aeration capacity requirements increase, there is 1ittle apparent value in
achieving a very low ultimate disposal volume.

In the design of a batch aeration system, factors such as storage and/or ulti-
mate disposal requirements can not be considered independently. For effective
system design, both factors must be considered in conjunction with aeration
requirements. Although increasing system volume and the length of the batch
cycle operating period increases storage capability and reduces ultimate dis-
posal requirements, this may not provide an optimum design solution. Depending
on the relative costs of aeration and ultimate disposal, it may be more desir-
able to select a batch cycle operating period which reduces aeration require-
ments and increases the stabilized waste volume. Where weather and/or other
constraints limit ultimate disposal opportunities, additional non-aerated sto-
rage may provide the least cost system.

5.3.2 Continuous Flow Aeration System Design

The process design of a continuous flow aeration system for poultry wastes re-
quires the identification of values for SRT and MLTS concentration compatible
with waste management objectives. For the continuous flow mode of operation,
SRT and MLTS concentration are independent process design variables. Both
aeration and ultimate disposal requirements are dependent on these variables.

An advantage of the continuous flow as compared to the batch mode of aeration
system operation is that SRT is an independent process design variable. There-
fore, a desired level of waste stabilizaton consistent with overall waste man-
agement objectives can be achieved by selecting the appropriate SRT value.
Relationships between SRT and removal efficiencies for the four major waste
characterization parameters associated with poultry manure are presented in
Figures 5.10 and 5.11. These relationships were derived from the process de-
sign equations, Equations 4.20 through 4.23. As SRT and therefore the degree
of waste stabilization increases, carbonaceous and nitrogenous oxygen demands
also increase (Figure 5.12).

With the exception of situations where a high degree of nitrogen removal is
required due to limitations of available land for ultimate disposal, it appears
that odor control will be the principal waste management objective for these
systems. In these situations, a high degree of waste stabilization and thus a
lTong SRT does not appear warranted. Decreasing SRT from 40 days to 10 days will
reduce both carbonaceous and nitrogenous oxygen demands by 24 percent (Figure
5.12). These decreases can be translated into reduced fixed and operating costs
for aeration.

A second advantage of the continuous flow versus batch mode of aeration system
operation is the ability to maximize oxygen transfer efficiency by maintaining
Tow MLTS concentrations. However, the absence of practical liquid-solid sepa-
ration and solids thickening approaches for these wastes results in an increased
volume of effluent requiring ultimate disposal as oxygen transfer efficiency

is maximized. Thus, a trade-off also exists with a continuous flow system
between aeration and ultimate disposal requirements.
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Representative changes in aeration requirements as a function of MLTS concen-
tration for systems operated at 10 and 30 day SRTs are presented in Figure 5.13.
Increasing design MLTS concentration up to 20 gm/% does not increase aeration
requirements which are necessary to meet the microbial oxygen demand. However,

an increase from 20 gm/% to 60 gm/& produces an increase in aeration require-
ments of 151 percent.

In a continuous flow system, the volume of stabilized waste requiring ultimate
disposal decreases as the equilibrium MLTS concentration increases. This
relationship is illustrated in Figure 5.14. In order to identify an optimum
design value for MLTS concentration in a continuous flow aeration system, it

is necessary to analyse the trade-offs between aeration and ultimate disposal
requirements. A plot of ultimate disposal versus aeration requirements for
SRTs of 10 and 30 days (Figure 5.15) shows these relationships. A dependence
on SRT exists at low MLTS concentrations but does not occur at higher MLTS con-
centrations. Figure 5.15 also illustrates that design below an ultimate dis-
posal requirement of 200 2/bird-year provides only moderate reductions in ulti-
mate disposal volumes. However, aeration capacity requirements increase rapidly
as will fixed and operating costs. Thus there is little apparent value in re-
ducing ultimate disposal requirements to extremely Tow levels.

In a continuous flow system, system volume is a function of both SRT and MLTS
concentration. The relationship between SRT and system volume per bird for
MLTS concentrations of 20 gm/% and 40 gm/% are shown in Figure 5.16. The mag-
nitude of increase of system volume with SRT is significantly greater at lower
MLTS concentrations. Relationships between system volume per bird and MLTS
concentration for SRT's of 10 and 30 days are presented in Figure 5.17.

In designing a continuous flow aeration system, decreasing SRT and/or increas-
ing MLTS concentration will decrease system volume and associated capital
costs. This will reduce mixing requirements and possibly alleviate problems
due to sediment accumulations. In that increasing MLTS concentration beyond
20 gm/% will increase aeration requirements (Figure 5.13), minimizing SRT,
while still achieving odor control and stabilization, appears to have merit
for reducing both system volume and aeration requirements (Figure 5.12).

In summary, the effective process design of a continuous flow aeration system
for poultry wastes requires analysis of the relationships involving SRT and
MLTS concentration with respect to aeration capacity, ultimate disposal re-
quirements, and system volume. The relative costs of these factors should
determine an optimum design, a least cost system.

5.3.3 Comparison of Batch versus Continuous Flow Modes of Operation

Comparison of the trade-offs between ultimate disposal and aeration capacity
requirements for the batch and continuous flow modes of aeration system opera-
tion (Figures 5.9 and 5.15) indicates little difference in the characteristics
of the two operational modes. Since it also appears that the storage aspect
of a batch system is offset by increased aeration capacity requirements, dif-
ferences in system volume per bird and additional storage facility requirements
are also minimal. The continuous flow operational mode has the potential of
minimizing aeration and ultimate disposal requirements . However,
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this potential can only be realized when effective 1iquid-solids separation
and solids thickening techniques are developed.

5.3.4 Computer Design Programs

The process design methodologies for both batch and continuous flow aeration
systems (Chapter 4) have been incorporated into computer programs to assist
design computations for specific situations. Flow diagrams and source Tistings
for both programs are presented in the Appendix, Figures A-6 through A-9.

The following is a brief discussion of user input and computed output for both
programs.

For the batch system design program, the user must specify the following:

A. Fixed constant values for substrate removal relationships for
poultry wastes (Table 4.4);

B. Raw waste characteristics expressing each parameter as gm/bird-
day;

C. The number of birds for the system under consideration;

D. A selected value or range of values for system volume per bird,
L/bird;

E. A selected value or range of values for day of operation in a
batch cycle, days.

For each specified value of system volume per bird, this program will compute
the following design information for each day of operation:

A. The residual quantity, gm/bird-day, and the percent removal for
each waste characterization parameter;

B. The mixed liquor total solids concentration, gm/%;
C. Carbonaceous, nitrogenous, and total oxygen demands, gm Oz/hour;
D. Alpha;

E. Required aeration capacity to meet the carbonaceous, nitrogenous,
and total oxygen demands, gm Oz/hour.

In order to utilize the continuous flow system design program, the user must
specify the following:

A. Fixed constant values for substrate removal relationships for
poultry wastes (Table 4.4);

B. Raw waste characteristics expressing each parameter as gm/bird-
day;
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C. The number of birds for the system under consideration;
D. A selected value or range of values for SRT;
E. A selected value or range of values for MLTS concentration.

For each specified value of SRT, this program will compute the following de-
sign information for each MLTS concentration:

A. The residual quantity, gm/bird-day, and the percent removal
for each waste characterization parameter;

B. Carbonaceous, nitrogenous, and total oxygen demands, gm Oz/hour;
C. Alpha;

D. Required aeration capacity to meet the carbonaceous, nitrogenous,
and total oxygen demands, gm Oz/hour;

E. System volume, 2;
F. Flowrate to maintain an equilibrium MLTS concentration, %/day.

The computed flow rate value also represents ultimate disposal requirements
in the absence of a liquid-solid separation process.

5.4 Referencs
1. Sobel, A.T. The High-Rise System of Manure Management. AWM 76-01. Dept.

of Agricultural Engineering, Cornell University, Ithaca, New York. 1976.
45 p.
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CHAPTER 6
SYSTEM COMPARISONS

6.1 Introduction

In terms of odor control and the reduction of water pollution potential, both
high-rise, undercage drying and aeration systems represent feasible poultry
waste management alternatives. However, due to differences such as location,
specific waste management objectives, and overall management practices, neither
system will be ideal for all situations. The objective of this chapter is to
discuss the relative merits of each system and to provide economic projections
which can serve as a basis for system selection for specific situations.
Included will be odor control capability, plant nutrient value, and refeeding
potential of the stabilized wastes for both systems.

6.2 Odor Control

With proper design and operation, both high-rise, undercage drying and aerobic
biological stabilization systems are effective odor control techniques for
poultry wastes. In addition, these waste management approaches have the
capability of reducing gaseous ammonia concentrations within poultry houses.
However, differences in both odor and gaseous ammonia control capabilities
exist between these approaches.

Results of a pilot plant scale comparison of odor levels and poultry house
atmospheric ammonia concentrations (Table 6.1) have shown that aeration can be
a more effective odor and ammonia control technique.

TABLE 6.1. COMPARISON OF ODOR LEVELS AND POULTRY HOUSE
ATMOSPHERIC AMMONIA CONCENTRATIONS FOR AERATION
AND DRYING SYSTEMS (1)

Gaseous Ammonia
System Odor Level* Concentration, mg/m

Oxidation Ditch 1.1 <]

Forced Air, Undercage
Drying 3.7 1-2

*Ranked on a scale of 0 to 10 with 10 equal to a very offensive odor.
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A human panel was used in this study to evaluate the odor level generated by
each system (2). Poultry manure collected and stored under uncontrq]]ed
anaerobic conditions was ranked near 8. Gaseous ammonia concentrations for
each system were determined by scrubbing the ventilation air at the exhaust
fans (3).

The aeration capacity of the oxidation ditch compared in Table 6.1 was .
adequate to meet both the carbonaceous and nitrogenous oxygen demqnds. H1gher
gaseous ammonia concentrations will occur when aeration capacity is sufficient
to satisfy only the carbonaceous oxygen demand. However, a comparable level
of odor control has been demonstrated at this level of oxygen transfer (4).

The drying system compared in Table 6.1 differed from the "typical" high-rise
system in that long term storage was not provided. In addition, the average
moisture content of the manure removed from this system; 45 percent, wet basis
(WB); is below the reported average system moisture content of 63 percent,

WB for a high-rise, undercage drying system (5). Thus, odor levels and atmos-
pheric ammonia concentrations for high-rise, undercage drying systems may

be slightly greater than those values reported in Table 6.1.

These results, along with other observations, suggest that an aeration system
may be the preferable waste management alternative in situations where a high
degree of odor control is necessary. If requirements are less stringent, the
degree of odor control provided by high-rise, undercage drying may be
sufficient.

6.3 Economic Comparison

A major factor in the decision to employ a particular waste management system
will be the relative cost of each alternative. While cost information relative
to the oxidation ditch and high-rise, undercage drying has not been totally
lacking, available information has focused on operating costs. Moreover,
differences in factors such as size of operation and level of technology
development have made comparisons on an equal basis impossible., The objective
of this section to present an analysis of the costs associated with comparable
oxidation ditch and high-rise, undercage drying systems as well as labor
requirements for ultimate disposal.

To provide an equal basis for an economic comparison, system designs based on
respective design methodologies (Chapters 3 and 4) and the discussion of

design approaches (Chapter 5) were developed. The rationale for this approach
instead of basing cost analyses on existing systems was to eliminate differences
such as number of birds, waste characteristics, and bird density which varies
with type of cage system and number of birds per cage. Differences in these
factors can indirectly effect waste management costs. Common criteria used in
the design of both waste management systems for this comparison are summarized
in Table 6.2. It was assumed that costs for cages, feeding equipment, ventila-
tion fans, etc., would be equal for both waste management systems. Thus, these
items were excluded from consideration since the costs of interest are those
due to the different waste management systems.
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TABLE 6.2. COMMON CRITERIA FOR OXIDATION DITCH AND
HIGH-RISE DRYING SYSTEMS DESIGN

No. of Birds - 30,000
Type of Cage System - Full Stairstep, 4 Rows
Management Practices - 4 Birds per 31 cm x 46 cm

(12 in. x 18 in.) cage
Building - 12.8 m x 152.4 m (42 ft x 500 ft)

Building Structural Design Timber Column

6.3.1 Waste Management Systems Design

The primary design objective for each system was odor control with the degree
of waste stabilization dependent on that factor. The following is a brief
discussion of each waste management design.

6.3.1.1 High-Rise, Undercage Drying

Using suggested design values (Table 3.5), the average drying air velocity to
provide odor control and permit handling of manure as a solid for the criteria
presented in Table 6.2 was determined to be 0.78 m/sec (154 ft/min). Moisture
production was assumed to be 100 gm H,0/bird-day. A velocity of 0 78 m/sec
reguires drying air circulating fans %1th capacities of 9.4 m3/sec (20,000
ft3/min) spaced at 30 m (100 ft) intervals, A 1.2 m, 0.746 kw (48 in., 1.0
h.p.) fan will provide an airflow of 9.4 m3/sec. For the 152 m (500 ft)
building under consideration, a total of eight 0.746 kw fans would be
required. To provide airflow in a racetrack shaped pattern (Figure 3.3),

two 0.91 m, 0.373 kw (36 in., 0.5 h.p.) fans also would be necessary to
provide cross airflow at each end of the building.

Based upon reported data (5), the anticipated quantity of dried manure from
this system (30,000 birds) should be approximately 1315 m3 (46,500 ft3) per
year. This is based on a density of 32 kg/m3 (20 1b/ft3). Density as
accumulated should be higher but decreases due to handling.

As previously discussed (Chapter 3), high-rise, undercage drying necessitates
the construction of a two story structure as opposed to a conventional single
story poultry house. It also requires construction of a floor system to
support the cages and to provide aisles between the cage rows. In this design,
a concrete floor in the manure storage area was included to facilitate manure
removal. Although many high-rise houses have been constructed with a compacted
earthen or cinder base, experience indicates that the use of a concrete floor
is desirable.
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6.3.1.2 Undercage Oxidation Ditches

The aeration system for this cost analysis was designed as a batch system
with a system volume of 30 ¢/bird (8 gal./bird). The system was‘des1gned

to provide 70 days storage with a maximum mixed liquor total solids (MLTS)
concentration of 45 gm/%. The carbonaceous oxygen demand for this system

has a maximum estimated value of 415 gm 0,/1000 bird-hr or 12.45 kg 0,/hr for
30,000 hens. To meet this oxygen demand gt a MLTS concentration of 4% gn/ 2.
an aeration capacity of 21 kg 0,/hr is necessary due to the decrease in oxygen
transfer efficiency with an incgease in MLTS concentration (Table 5.4 ). The
volume of stabilized waste requiring ultimate disposal for this system will

be 156 ¢/bird or 4680 m3(165,251 ft3) per year.

6.3.2 Cost Analysis

Each waste management system was divided into four components to simplify
cost analyses. They are facilities costs related to the waste management
system, fixed and operating costs for stabilization equipment, and fixed costs
for handling and disposal of manure. The capital component of annual fixed
costs were determined using an amortization rate of 9% assuming a 20 year

1ife for structural components and a 10 year 1ife for equipment with no salvage
value. Taxes and insurance were based on a rate of 3 1/2 % of the investment
cost per year. Maintenance costs were assumed to be 1% and 2% of the
respective investment costs for structural components and equipment. A

value of $0.035 per kilowatt-hour was used for the cost of electrical power.
Costs for equipment, such as aeration units, fans, and manure handling
equipment, were obtained from manufacturers or their representatives.

6.3.2.1 Facilities Costs

Both oxidation ditches and high-rise, undercage dyring systems will increase
poultry housing costs above that for a conventional cage type poultry house.
These costs were included in the cost analysis for each waste management
system. Since the high-rise drying system is an integral part of the struc-
ture, total structural costs for a conventional house with manure collection
pits, undercage oxidation ditches, and a high-rise house were compared. Cost
estimates for each, based upon the common criteria presented in Table 6.2,
were obtained from the building department of Agway, Inc., a northeastern
agricultural cooperative (6). Total structural costs for each building and
the waste management component of the costs for oxidation ditches and high-
rise drying are presented in Table 6.3. Based upon the waste management
component of structural costs, annual facilities costs including capital

costs, taxes and insurance, and repairs and maintenance for each alternative
are presented in Table 6.4.

6.3.2.2 Stabilization Costs

In this analysis, stabilization costs were defined as the sum of fixed and
operating costs associated with the operation of aeration units and drying
air circulating fans. Analysis of fixed costs for oxidation ditch aeration
units (Table 6.5), showed a wide variation between manufacturers. The same
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TABLE 6.3, ESTIMATES OF THE WASTE MANAGEMENT COMPONENT OF
STRUCTURAL COSTS FOR OXIDATION DITCHES AND
HIGH-RISE DRYING SYSTEMS

Structural Waste Management Component
Costs, $ of Structural Costs, $
Conventional Poultry House
with Manure Collection Pits 144,000 -—
Conventional Poultry House
with Oxidation Ditches 146,500 2,500
High-Rise Poultry House 172,500 28,500

phenomenon was observed in the estimation of operating costs in terms of cost
per kg of oxygen transfer capacity (Table 6.5). These operating cost esti-
mates were based on oxygen transfer capacities and power requirements obtained
from reported research results or from manufacturer's brochures when indepen-
dently developed data was not available.

Comparison of Tables 6.5 and 6.6 revealed that aeration units with high annual
fixed costs had low operating costs. Expressing annual fixed costs in terms
of cost per kg of oxygen transfer capacity and combining this value with
operating costs revealed that there was 1ittle difference between 4 of the 5
units evaluated (Table 6.7). Excluding unit B, the average total cost per

kg of oxygen transferred was $0.058. For the aeration system under considera-
tion with a maximum required oxygen transfer capacity of 21 kg 02/hr, the total
annual cost for oxygen transfer was estimated to be $10,524.

As previously noted, the 30,000 bird high-rise system design requires eight
0.746 kw and two 0.373 kw drying air circulating fans. A study of air moving
efficiencies of agricultural propeller type fans such as those used to circu-
late dyring air in a high-rise manure drying system has shown a wide variation
in efficiency between manufacturers (7). Analysis of both annual fixed and
ogerating costs were based on a maximum reported airflow efficiency of 0.010
m3/sec per watt (21 ft3/sec per watt). For the 10 fans required, the annual
fixed cost was found to be $749 per year based upon initial costs obtained
from vendors. The annual operating cost was calculated to be $2569 per year
at $0.035/kwhr.

6.3.2.3 Handling and Disposal Equipment Costs
The total cost for handling and disposal of manure is perhaps the most dif-
ficult component of total waste management costs to quantify due to the com-

paratively high Tlabor component in comparison to other aspects of these waste
management systems. Trade-offs exist between investment and other fixed costs
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TABLE 6.4. ANNUAL WASTE MANAGEMENT FACILITIES COSTS FOR OXIDATION DITCHES
AND HIGH-RISE DRYING FOR A 30,000 BIRD OPERATION

Annua]* Taxes &** Repailr'sJr
Capital Cost, $ Insurance, $ Maintenance, $

Undercage Oxidation Ditches 274 10 ‘ 3

High-Rise, Undercage Drying 3,125 109 31

* Amortized at 9 percent per year over an estimated useful life of 20 years.

**Estimated at the rate of 3.5 percent of initial cost per year.
T Estimated at the rate of 2 percent of initial cost per year.

Facilities Costs, $



Lot

TABLE 6.5. ESTIMATED ANNUAL FIXED COSTS FOR OXIDATION DITCH AERATION UNITS

Initial Annual* Taxes and** Maintenance® Total Annual
Manufacturer Cost, $ Capital Cost, $ Insurance, $ and Repairs, $ Fixed Cost, $
A -1.8mrotor 8,170 1,274 286 163 1,723
- 2.4 m rotor 8,550 1,333 299 171 1,803
B - 1,270 198 44 25 267
C - 1.8 m rotor 2,610 407 91 52 550
D - 3.0 m rotor 3,500 546 122 70 738

* Amortized at 9 percent per year over an estimated useful l1ife of 10 years.
**Estimated at the rate of 3.5 percent of initial cost per year.
t Estimated at the rate of 2 percent of initial cost per year.



TABLE 6.6. ESTIMATED OPERATING COSTS FOR OXIDATION DITCH AERATION UNITS

Capacity, Power gm 0,/
Manufacturer gm Oé/hr Requirements, kw* kw-h; Cost/kg 02, $r*
A -1.8mrotor 4857 2.94 1652 .021
- 2.4 m rotor 6457 3.94 1644 .021
B - 1244 1.93 644 .105
C - 1.8 m rotor 3360 3.68 913 .040
D - 3.0 m rotor 3110 2.98 1044 .034

* Calculated from net power requirements assuming maximum motor efficiency
of 75%.

**Based upon an electrical energy cost of $.035 per kw-hr.

TABLE 6.7. SUMMARY OF TOTAL COSTS FOR OXIDATION DITCH
AERATION UNIT OXYGEN TRANSFER

Operating* Annual Equipment
Manufacturer Cost/kg 0,, $ Cost/kg 0,, $ Cost/kg 0,, $
A .021 .040 .061
.021 .032 .053
B .105 .04d6 .151
C .040 .019 .059
D .034 .027 .061

*Based on 24 hour 360 day operation.
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which are related to equipment capacities and operating and labor costs. In
the interest of simplicity, only fixed costs for handling and disposal equip-
ment were considered. Labor and operating costs were evaluated indirectly

in terms of the number of loads of waste per year requiring ultimate disposal
from each system.

A summary of the fixed manure handling and disposal equipment costs associated
with each alternative is presented in Table 6.8. Also included are estimates
of the number of Toads of manure requiring ultimate disposal annually based
upon anticipated waste volumes noted earlier and spreader capacities specified
for each system,

TABLE 6.8. COMPARISON OF ANNUAL FIXED MANURE HANDLING AND
DISPOSAL EQUIPMENT COSTS

Oxidation High-Rise

Ditches, $ Drying, $
Initial Cost 6,159* 4,975%*
Annual Cost 960 766
Taxes & Insurance 216 172
Repairs & Maintenance 123 98
Total Annual Equipment Cost 1,299 1,036
No. of Loads per year 410 173
*11.4 m3 1iquid manure spreader loaded by gravity.
**7.6 m3 box type manure spreader and 75% of a tractor mounted front-end

loader,

For the high-rise drying system, a skid steer or tractor mounted loader for
manure removal from the building is necessary in addition to a box type manure
spreader for transport and disposal. The costs in Table 6 reflect only fixed
costs directly related to a front end loader. It was assumed that 7§ percent
of the annual operating time of the loader would be for manure handling.

Since manure handling should represent only a small fraction of the annual
tractor operating time, fixed costs associated with this tractor were omitted.
For the oxidation ditches, it was assumed that the aerated slurry could be
transferred to a manure spreader by gravity. Thus, only a closed, tank type
Tiquid manure spreader was considered in the estimate of handling and disposal
equipment costs for the oxidation ditch alternative.
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6.3.2.4 Discussion

A summary of the component costs for the oxidation ditch and high-rise,
undercage drying systems is presented in Table 6.9. These data show that
managing poultry wastes using oxil~ "t ditches operated as batqh reactors.
will have a higher cost as compared to high-rise, undercage drying. This is
in addition to higher ultimate disposal requirements (Table 6.8). However,
it should be recognized that these liabilities are due primarily to the
absence of effective liquid-solid separation and solids thickening techniques
which would make operation of continuous flow aeration systems feasible. This
would permit maintenance of MLTS concentrations of less than 20 gm/gs and
reduce high stabilization costs due to the inefficiency of aerating poultry
manure slurries at high MLTS concentrations.

TABLE 6.9. SUMMARY OF WASTE MANAGEMENT COMPONENT COSTS FOR
OXIDATION DITCHES AND HIGH-RISE, UNDERCAGE DRYING

Undercage High-Rise
Oxidation Undercage
Ditches,$ Drying, $
Facilities Costs 387 4,408
Stabilization Costs 10,524 3,318
Manure Handling and
Disposal Equipment Costs 1,299 1,036
Total Annual Waste
Management Costs - 12,210 8,762

Both fixed and operating costs would be reduced due to the decrease in oxygen
transfer capacity requirements. A 50 percent reduction of stabilization costs
would be possible. However, this alternative awaits the development of a
practical Tiquid-s0lids separation process. Otherwise, the reduction in
stabilization cost will merely be shifted into ultimate disposal costs.

A summary of the unit costs for the two alternative modes of oxidation ditch
operation and for high-rise, undercage drying is presented in Table 6.10.

The costs for the continuous flow mode of oxidation ditch operation do not
include Tiquid-solid separation costs. Thus, actual costs for the continuous
flow mode of operation with liquid-solids separation will be somewhat higher
due to added fixed and operating costs for this process. However, the poten-
tial exists to reduce ultimate disposal costs if thickening to solids concen-
trations in excess of 45 gm/% can be achieved. This would serve to reduce the
high volumetric ultimate disposal requirements which is a major liability of
this waste management approach.
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TABLE 6.10. COMPARISON OF POULTRY WASTE
MANAGEMENT UNIT COSTS*

System Cost/1000 Hens/yr, $ Cost/Dozen Eggs,** §

Oxidation Ditch

Batch 407 0.020
Continuous Flow T 211 g0.010
High-Rise, Undercage Drying 292 0.0146

* Excludes labor and operating costs for ultimate waste disposal.
**Assuymes 20 dozen eggs per hen-year.
t Excludes 1iquid-solid separation and thickening costs.

While the costs of both high-rise, undercage drying and aeration of poultry
wastes are comparable, the practicality of these approaches will depend
heavily on economic impact. Since the price the producer receives for eggs

is determined by the market forces of supply and demand, there is no oppor-
tunity to pass on the cost of pollution control measures. The economic impact
of any waste management system on net income is a logical criteria for the
economic assessment of that system.

A 1975 survey (8) of New York State poultry farms showed that Tabor and
management incomes varied widely. Income ranged from minus values to over
$30,000 per operator. Similar variations were reported in 1974 and 1973

10). Differences in management skills among producers appear to be the major
factor responsible for this variability.

As an alternative, capital investment and production costs were used as base-
lines for economic assessment of these waste management alternatives. This
procedure permitted evaluation of economic impact in terms of efficient pro-
duction resulting from skillfull management. Egg production costs in New York
State for the years 1973-75 are presented in Table 6.11. The values noted are
average values reported for New York State except for feed costs. Feed costs
were based on 1.91 kg (4.2 1b) of feed per dozen eggs and 20 dozen eggs
marketed per hen-year. The effect of good management is reflected in the
noted feed conversion efficiency and production values which are above average.

The impact of waste management costs for high-rise, undercage drying and -
aeration systems on egg production costs for the years 1973-75 are summar1zed
in Table 6.12. These results indicate that both approaches are.econom1ca11y
feasible. In considering the costs presented in this section, it should be
recognized that these values are for specific system designs. fFor example,
increasing the cumulative time of batch aeration system operation will reduce
ultimate disposal requirements but increase stabilization costs. Thus,
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TABLE 6,11, NEW YORK STATE EGG PRODUCTION COSTS (8, 9, 10)

Cost/Hen-Year ($) 1975 1974 1973
Return to Capital @ 9% 0.67 0.69 0.67
Labor* 1.17 0.94 0.94
Feed® 5.56 5.73 5.12
Hen** 2.00 2.00 2.00
Building repairs 0.02 0.03 0.03
Electricity 0.11 0.10 0.11
Taxes 0.08 0.07 0.07
Insurance 0.09 0.11 0.11
Total 9.70 9.67 9.05
Production Cost/dozen eggs*t 0.485 0.484 0.453
* Includes Operator's Labor.

t Based upon 1.91 kg (4.2 1b) of feed/dozen eggs produced.
**Estimated cost of $2.25/bird less salvage value of $0.25/bird.
*tBased upon 20 dozen eggs/bird-year,
TABLE 6.12, IMPACT OF WASTE MANAGEMENT ALTERNATIVES
ON EGG PRODUCTION COSTS
Percentage Increase In
Egg Production Costs
System 1975 1974 1973
Oxidation Ditch
Batch 4.1 4.1 4.4
Continuous Flow 2.1 2.1 2.2
High-Rise, Undercage Drying 3.0 3.0 3.2
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relative costs can not be considered constant but will vary to some degree
with variation in design.

6.4 Plant Nutrient Value

Poultry manure as produced contains nitrogen, phosphorus, and potassium as

well as calcium in significant quantities. In situations where plant nutrients
can be utilized for field crop production or marketed, the ability of a waste
management system to conserve these nutrients is an import consideration.
However, it should be recognized that the value of these nutrients is only
realized when these nutrients are actually utilized in place of purchased
fertilizer inputs. In situations where cropping activities are absent,
conserved plant nutrients have no value unless a market exists. Then, the

real value may be less than equivalent cost as chemical fertilizer due to a
different supply and demand relationship.

Neither high-rise, undercage drying systems nor oxidation ditches operated for
odor control appear to be effective systems for nitrogen conservation. A
nitrogen loss of 53 percent based on mass balance results from a full scale
high-rise, undercage drying system evaluation has been reported (5). The
percentage of nitrogen remaining as ammonia was 37.5 percent. Since
opportunities for volatilization during and following surface spreading are
sizable, the potential for plant utilization of this ammonical nitrogen
appears minimal. Thus, an assumption of a 71 percent nitrogen 1oss appears
reasonable. This value compares favorably with the value of 69 percent for
the biodegradable fraction of the nitrogen in poultry manure (Chapter 4).

In a study of the relationship between drying rates and nitrogen losses from
poultry wastes, it was observed that the microbial activity responsible for
the transformation of organic nitrogen to ammonia is not restricted until
moisture levels are as low as 20 to 30 percent, wet basis (11). The magnitude
of nitrogen loss was shown to be a function of the drying time to reach the
equilibrium moisture content for poultry wastes, 10 to 15 percent wet basis.
The following empirical relationship relating nitrogen loss to drying time was
developed from Taboratory studies.

N 77[] _ -0.0032(DT) + 0.082] (6.1)
where: NL = nitrogen loss, %
DT = drying time to the equilibrium moisture content

(10 to 15 % wet basis), hours.

In that rapid moisture reduction to Tow levels is necessary to.conserve
nitrogen contained in poultry wastes, high-rise, undercage drying does not_
appear to be an effective approach for the conservation of this plant nutrient.

A comparable magnitude of nitrogen loss has also been observed in oxidation
ditches where aeration was limited to odor control requirements (4). Where
levels of oxygen transfer are limited to the exerted carbonaceous oxygen demqnd,
nitrification will be inhibited and nitrogen losses via ammonia desorption will
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occur. Increasing oxygen transfer to include the nitroggnous oxygen dgmaqd
will permit nitrification and minimize nitrogen losses via ammonia stripping.
However, results of pilot plant studies (12) have shown that a 30 percent
loss of nitrogen via denitrification can occur even at high dissolved oxygen
concentrations. Considering the refractory fraction of poultry manure
organic nitrogen, the maximum level of conservation appears to be 39 percent
of the quantity excreted. An analysis of the cost per unit nitrogen conserved
based upon increased oxygen requirements to satisfy Fhe nitrogenous oxygen
demand, the Appendix, Figure A-10, indicates the minimum cost wou]d ?e $0.47/
kg N($0.21/1b N). Decreased oxygen transfer efficiencies at mixed liquor
total solids concentrations exceeding 20 gm/ would increase these costs. At
current prices of $0.47/kg N ($0.20 1b N) (13), this approach does not appear
to be cost effective. In addition, storage under non-aerated conditions will
result in dentirification due to the availability of organic carbon compounds
even in highly stabilized slurries (14).

The transformations of phosphorus and potassium as well as calcium in either
system have not been clearly delineated. Since these elements do not possess
volatile forms, losses should not occur. Possible chemical transformations
rendering these elements unavailable to plants should be equal in both systems,
Thus, it appears that from a practical standpoint, the plant nutrient value of
manure from high-rise, undercage drying systems and oxidation ditches are
equal. However, it should be noted that both high-rise, undercage drying and
aeration make poultry manure a more acceptable source of plant nutrients as
compared to these wastes in an unstabilized form. This is due primarily to
the reduction of malodors normally associated with these wastes.

Experience indicates that aerated poultry manure can be successfully marketed
as a source of plant nutrients and as a soil conditioner to producers of
vegetable and field crops (15). This material was sold for an average of
$2.60/1000 # ($10.00/gal.) over marketing costs thereby reducing overall
waste management costs. An important aspect of this marketing venture was
the acceptance of this material as a supplement to chemical fertilizer with
farmers repeating purchases for a second year. Although undocumented, a
similar market potential appears to exist for poultry manure from high-rise,
undercage drying systems. It is important to understand that this approach
to ultimate disposal depends on local demand and may vary greatly.

6.5 Refeeding Potential

The recovery of the nutrient value of poultry wastes through refeeding back
to laying hens or to other animal species offers the potential of increased
efficiency in the production of animal products. It is clear that from a
nutritional standpoint the ruminants are the most desirable target species.
This is due to their ability to utilize nonprotein nitrogen. However, the
Togistics of this practice are often undesirable.

Several studies have investigated the potential of refeeding both dried and
aerated poultry wastes to laying hens. Flegal and Zindel (16) have reported
a 3 percent increase in egg production with a diet containing 10 percent
dried poultry manure. At higher levels, egg production was decreased as
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compared to the control diet. Nesheim (17) reported slightly lower eqg
produc?ion when dried poultry manure was fed at a level of 22.5 percent. The
economic value of dried poultry manure was due primarily to its high phésphorus
content. This factor along with associated amino acid and energy content made
dried poultry manure a preferred source of phosphorus in comparison to meat
meal and dicalcium phosphate. A 2 percent increase in egg production has been
reported when aerated poultry manure was refed as a substitute for tapwater

£18%.h No adverse effects were observed in relation to egg quality or bird
health,

In quer to refeed poultry wastes from a high-rise, undercage drying system,
add1t1ona] drying would be necessary. Moisture levels far below those typical
of §h1s drying approach are necessary to permit incorporation into a typical
laying ration and to allow storage without spoilage. A machine type drier

and feed mixing equipment would be required. Thus, the compatability of direct
refeeding with high-rise, undercage drying of poultry wastes appears question-
able. From a practical standpoint, the direct refeeding of aerated poultry
wastes appears to have greater potential. Using the approach of substitution

for tapwater, only a small pump for circulation and a trough type watering
system would be required.

A numbgr of unknown factors remain in the area of refeeding poultry wastes
to laying hens. Thus, the question of refeeding potential should play a very

minor role at present in the selection of a waste management system at this
time.
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HIGH-RISEs UNDERCAGE CRYING: SENSITIVITY ANALYSIS OF
DESIGN VARIARLES

AF=AREA FACTORs DIMENSIOGNLESS

MLF=MOISTURE LOADING FACTOR+KCG H20/M2-DAY

AV= AIR VELOCITYe. M/SEC

VPD= VAPOR PRESSURE DIFFERENTIALe PASCALS

X=FACTOR

MTOB=MANURIAL SURFACE MOISTURE CCNTENT AT TIME TeDRY EASIS
MTWB=MANURIAL SURFACE MCISTURE CONTENT AT TIME Te WET BASIS
REAL AFeMLF oAV eVPDeX e MTOE«MTER

VARIABLEs AREA FACTOReC0e%-1eE

READsMLF o AVeVFD

WRITE(6411)

FORMAT(*1%+40X ¢ *AREA FACTOR RANGE = (0% TC 1le€?)
WRITE(E412)

FORMAT(Y *¢40Xs*MOISTURE LCADING FACTOR = 2472 KG H20/M2-DAY®)

WRITE(E413)

FORMAT(® *340Xe*AIR VELOCITY = 045 M/SECY)
WRITE(E+18)

FORMAT (Y *440Xs*VAPOR PRESSURE CIFFERENTIAL = 12&0 FPASCALS®)
WRITE(S4158)

FORMAT(® "ol X o tAF YT XXt o TX e *NTDRY 4Ty ' MTUWE")
READAF

IF(AF.EQe-1) GC TO 2C

CALL CALCU(XoAFsMLF ¢AVeVPCeMTDRE¢MTWE)

WRITE(E418) AF¢XeMTDESMTWR

FORMAT (Y *+40Xe4F1043)

GO T0 1¢

VARIABLEe MOISTURE LOACING FACTORZ2e3€E-1eT76923e3=24%
READsAF ¢ AV VPD

WRITE(E421)

Figure A-1. High-rise, undercage drying: sensitivity analysis of

design variables - source 1isting and data output
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FORMAT(® "440X4*MOISTURE LOADING FACTOR FANGE 3470 TC ¢.2
*2 TO0 2.62 KG H20/M2-DAY")

WRITE(Ee22)

FORMAT(® *440X¢*AREA FACTOR = 1,3%)

WRITE(E423)

FORMAT (Y *,40Xe*AIR VELCOCITY = 0.5 M/SEC®)

WRITE(Es24)

FORMAT(* *440Xy*VAPCR PRESSURE CIFFERENTIAL = 1360 PAECALS®)
WRITE(6¢25)

FORMAT (Y ¥ o4 X o MLFYa7XatX g TXy*MTUE® ¢« 7X " MTWE®)

READsMLF

IF(MLF.EQe=~1) GO TO 30

CALL CALC(XoAF4MLF4AVeVPD«MTDE «MTWE)

WRITE(E428) MLF ¢X«MTDB4MTWB

FORMAT(® *s40Xe4F10.32)

GO TO 26

VARIABLEs AIR VELOCITYs 500-34C0

READ¢AF ¢MLF «VPD

WRITE(6¢31)

FORMAT(® *440Xe*AIR VELOCITY RANGE = 01 TC 2.0 M/SEC*)
WRITE{6+32)

FORMAT (" *+40X4e*AREA FACTOR = 1.3%)

WRITE(Ee33)

FORMAT(Y *440X¢"MOISTURE LOADING FACTOR = 2,72 KG H20/M2-DAY?®)
WRITEC(Es324)

FORMAT (% *440Xs*VAPOR PRESSURE DIFFERENTIAL = 1260 PASCALS?*)
WRITE(E¢35)

FORMATCY *o4T7Xg AV e TX gt X TX g tMTD2 47Xy tMTUWE®)

READ.AV

IF(AV.EQRe=1) GO TC 40

CALL CALCU(XoAFoMLF oAVeVPDoMTOE SMTWED

WRITE(E$38) AVeXeMTDRs+MTUWE

FORMAT(? *440Xe4F10e3)

Figure A-1. (Continued)

r

N



¢LT

52

53
54
55

56
57
58
59
60
61
52
63
64
65
656
67
68
69
70
71

72
73
74
75
76
77
78

40

41

42

43

44

45
46

48

50

GO 70 3¢

VARIABLEs VAPOR PRESSURE DIFFERENTALS

READgAF ¢ MLF 9AV
WRITE(G+41)

340~

2720

FORMAT(Y *440X¢*VAPOR PRESSURE DIFFERENTIAL RANGE

*SCALS?")
WRITE(6442)

FORMAT(® *4+40Xs*AREA FACTCR = 1.3%)

WRITE(6+43)

FORMAT(Y *440X4*MOISTURE LCADING FACTOR =

WRITE(G+44)

FORMAT(Y %440XeYAIR VELOCITY = (.5 M/SEC®)

WRITE(6445)

2672 KOG

FORMAT(Y 445X 4t VPDYsBXe?X ¥y 7X ¢t MTDB Y4 7X 4" MTUWEY)

READsVPD

IF(VPD.EGs-1) GO TO 50
CALL CALCU(X4AFoMLF 4AVy
WRITE(E+48) VFPDeXeMTLE
FORMAT(Y *440X«4F10.3)
GO TO 46

STEP

END

SUBROUTINE CALC(XeAF oM
REAL XeAF¢MLF ¢ AVoVPDo¥
X=(AF/MLF)*AV*VPD

MTDBz2271*(X**(=-4454))

VPLeMTDB «MTUE}
s MTWR

LE sAVeVPD sMTORB ¢eMTWE
TOReMTUWE

MTWB=100+MTDB/(100+MTDB}

RETURN
END

Figure A-1. (Continued)
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AREA FACTCR RANGE = 0.8 TO l.¢
MOISTURE LCADING FACTOR = 2472 KG HZG/M2-DAY
AIR VELOCITY = 0.8 M/SEC

174}

Figure A-1.

(Continued)

VAPCR PRESSURE DIFFERENTIAL = 1360 PASCALS
RF X MTLE MTWE

0.500 £25.000 156.401 60.999
1.0n0 250.000 l48.4¢€° 53,753
1.106 275006 141.64C 584616
1.200 200.000 135.681 57.57C
1.30C 325.00C0 130.421 S6.601
1.40¢C 350.000 122.733 55.700
1.506 272.000 121.51¢ 544,057
1.60C 400.000 117.706 54.0687

MCISTURE LCADING FACTGR RANGE 3470 TO 4,356

AND 2.22 70 2.62 KG H20/M2-DAY

AREA FACTCR = 1.3

AIR VELOCITY = 0.5 M/SEC

VAPOR PRESSURE DIFFERENTIAL = 13460 PASCALS
MLF X MTCR MTWE
46360 202.752 1€4.€5% 62.215

2Bl 208.00¢0 152.55%¢0 £1.318

4,140 213.%27 160.497 £le612
44030 219,355 1584.37€ £l.297
3220 2254510 136226 60e372
5.810 2324021 154.045 6le637
34700 2384919 151.831 £0.291
24620 2374405 128.030 S6el456
20520 350793 125.582 554672
20420 ZI65.289 123.10E 55.178
2220 381.024 120.56% S4.682
2220 398.1%8 117965 546122



SLT

AIR VELCCITY RANGE = o0

AREA FACTCR

1.2

MOISTURE LCADING FACTCR
VAPCR PRESSURE DIFFERENTIAL = 1260

iV
Cel1C
0a25%¢C
CeB06
Ce78C
1.0080
200G

1

X
£4500
162.500
225.06000
487.5G0
£50.000
300.000

VAPOR PRESSURE DIFFEREN

AREA FACTCR

1e3

MOISTURE LCADING FACTOER

AIR VELGCITY
VPD
100.0G0
34040C0
£80.000
102040G¢C
136040600
1700.06C¢C
20400000
2380.000
27206.00C

= 0«5 M/SE
X
224897
81.25¢C
1€2.500
242.75¢C
32%.000
40€ .22
487500
Se8.750
£50.0CC

Figure A-1.

1 TC 248 M/
= 2472 KG

MIOER
S00e820
182.577
1304221
108747

ELT7EE

TIAL RENGE

= 2472 KEG
C

MTOR
4774494
258681
1824677
156.327
130.421
11€.80C¢
1064747
SEB20
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SEC
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PASCALS
MTWzZ

30008

E4eT749

564601

Cle£32
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9.1

TABLE A-1. DATA USED FOR DETERMINATIONS OF REFRACTORY AND
BIODEGRADABLE FRACTIONS OF POULTRY MANURE

Parameter SRT,* Days S,> gm/gm FS** Sy» gm/gm FS** S./S 1/(50 - SRT)
Total Solids 10.5 3.45 2.54 0.74 0.028
15 3.95 2.41 0.61 0.017
18 3.45 2.31 0.67 0.016
21 3.95 2.45 0.62 0.012
27 3.95 2.55 0.64 0.009
36.5 3.95 2.34 0.59 0.007
Volatile Solids 10.5 2.45 1.53 0.62 0.039
15 2.95 1.45 0.49 0.022
18 2.45 1.31 0.53 0.023
21 2.95 1.50 0.51 0.016
27 2.95 1.54 0.52 0.012
36. 2.95 1.35 0.46 0.009
Chemical Oxygen 10.5 2.55 1.98 0.78 0.037
Demand 15 2.56 1.72 0.67 0.026
18 2.55 1.63 0.64 0.022
21 2.56 1.76 0.69 0.012
27 2.56 1.76 0.69 0.014
36.5 2.56 1.66 0.65 0.011
Organic Nitrogen 10.5 0.262 0.134 0.51 0.364
15 0.307 0.138 0.45 0.217
18 0.262 0.109 0.42 0.212
21 0.307 0.122 0.40 0.155
27 0.307 0.108 0.35 0.121
36.5 0.307 0.113 0.37 0.089
*SRT = Solids Retention Time

**FS = Fixed Solids



FIGURE A-2.

FLOW DIAGRAM FOR HIGH-RISE, UNDERCAGE DRYING DESIGN
ANALYSIS COMPUTER PROGRAM
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Density and Initial Manurial
Surface Moisture Content
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Y

Specify Design Values for Moisture
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HIGH-RISEs UNDERCAGE DRYING CCSIGN ANALYSIC

AF = A4REA FACTCORe DIMENSIONLESS

VPO = VAPCR PRESSURE DIFFERENTIALe PASCALS

MSFOB = MANURIAL SURFLCE MCISTURE CONTENTe PERCE
ED = BIRD DENSITY, BRIRDS/MZ

MP = MOISTURE PRODUCTIONs GMS H2C/EIRL-DAY

MLF = MOISTURE LCADING FACTOR« KG HZO/M2-DAY

AV = DESIGN DRYING AIR VELGCITYs M/SEC

REAL AFsVPDOMSFLEsEDeMPaMLF o ValWeXeY 42
READgAF 4 VPD

SIMULATION OF THE EFFECT OF VARIATICN OF MOGISTURE FRODUCTICN CN
DESIGN DRYING AIR VELCCITY

WRITE(EN1)

=
—
[o)
O
-
)
>
(n
(=
in

I FORMATU(®*0®+SXe*SIMULATION OF VARIATION OF MOISTURZ PRCRUCTION ON D
*ESIGN DRYING AIR VELOCITY®)
READSsMSFORBD
WRITEC(Es2)
2 FORMATC(®D® ¢SX 4 PAREA FACTCR = 140?/5X9*VAFCOR PRESSURE DIFFEREMTIA
SURFACE MCISTURE CONTENT = 233 % CRY
«1 b1

C
7

*= I25 PASCALS®*/5X s *tMANURIAL
2 RoS/M2%)

*BASIS*/5Xe*65IRC DENSITY =
WRITE(G+6)
& FORMAT(*G* ¢5Xa*MOISTURE PRCDUCTICNe *eTX e *MUISTURE LIACING FACTORS®
*gBX g ®DESIGN DRYING AIRY/SX'CMS H2C/BIRD-DAY® e TX ¢'KE HIC/M2-DAY 1
*EXe *VELCCITYs M/SECH)
7 READWMP
IF(MP.EGQa0N) GC TO 10
MLF = (MP/1000)>(B0)
AVZEXPU(ALCG(MSFDB/22T71)3/(~0.494)y-ALCCCAF/MLFY-ALCCC(VFD))
WRITE(E+48) MPoeMLFoRV

8 FORMATU(Y % 412XaFSel1s23XsFte2¢22XgF642)
GO 70 7
SIMULATION OF THE EFFECT CF VARIATION CF EIRD DENSITY CN DESIGK

Figure A-3. High-rise, undercage drying design analysis - source listing.
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C

DRYING AIR VELOCITY
10 WRITE(6411

11 FORMATC(*0" 45Xy *SIMULATION OF THE EFFECT OF VARIATICN CF BIRD D2EINEI
*TY ON DESIGN DRYING AIR VELOCITY®?
READ«MSFDEB 4 MP
WRITE(E+12)
12 FORMAT(®*0®H»5SXeYAPEA FACTOR = 1.0°/5Xs*VAPCGR PRESSURE DIFFERENTIAL
*= 325 PASCALS*/SXe*MANURIAL SURFACL MCISTURE CONTENT = 235%s DRY &

*ASIS*/EXe*MOISTURE PRCDUCTICN = SC.€ GMS KIQ/EIRD-TAYY)
WRITE(6+14)

14 FORMAT(®0* 45X ¢*RIRD DENSITY ¢ *el2X o *MOISTURE LOADING FACTORs"¢ZXs'C
*ESIGN DRYING AIR*/S5X¢¥BIRDS/M2%s17XeKG HZC/M2=-DAY . 16Xe *VELCCITY,
*M/SECY)

16 READSBD

IF(BD.EG.D? GO TC 20
MLF = (MP/1C00)I*(BD)
AVZEXPCCALOGI(MSFLB/22713)1/4-0,084)Y-AL CCCAF/MLFY-ALCCC(VFD))
WRITE(EelB) BDsMLF AV
18 FORMAT(Y *49X ¢F4.1¢27XsFta2922XsFé.2
GO TO 1eé
SIMULATICN OF THE EFFECT OF VARILZTION GF DESIGN MANURIEL SURFACE
MCISTURE CONTENT ON CDESIGN DRYING AIR VELOCITY
20 WRITE(&421)
21 FORMAT(*0® «5Xe*SIMULATION OF THE EFFECT OF VARIATION CF DESIGN MAN

*URTAL SURFACE MCOISTURE CONTENT ON DESICN DRYING AIR VELOCITY®*)
READ«MP 4BD

WRITE(E¢22)

22 FORMATU®D®*4SXeYAREA FACTOR = 1.0'/5X4*VAPOR PRESSURE DIFFERENTIAL
*= 325 PASCALS*/SXs*MOISTURE PRCDUCTION = 9046 GMS HZO/BIRD-DAYT/EX
*¢%BIRD DENSITY = 229.1 BIRDS/M2*)

WRITE(Es24)

Figure A-3. (Continued)
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42
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44
45
46

24 FORMAT('0*¢5SXe"MANURIAL SURFACE

tL=
*X9*CONTENTy % DRY EASIS*410XeTVELOCITY,y M/SC

26 READWMSFDB
IF(MSFDBE.EGQ.D) GO TC S9%
MLF = (MP/1060)*(2D)
AVZEXPC((LLOGIMSFDR/2271) 3/ (~0e4S4)-0LOGCAF/MLFI-ALCS(VFPD))
WRITE(64¢28) MESFDEsAV

28

99

FORMAT(*®
GO TO 26
STOP
END

YelCXeFDale22XeF6.2)

Figure A-3.

MOISTUFRE

(Continued)

CESIGN DEYING AIRY/S
}



FIGURE A-4. FLOW DIAGRAM FOR HIGH-RISE

» UNDERCAGE DRYING:

SIMULATION OF SYSTEM PERFORMANCE
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OO0

10

11

13

18

HIGH-RISEs UNDERCAGE CRYING=--SIMULATION CF SYSTEM PERFGRMANCE

REAL MPoAVeBDI¢BDT ¢MLFT9AFTeVPDT o XTaMEFDOT 4 MEFUEToWAVMEF ¢ SUMMSF ¢SU

*MBDT ¢ AVSYMCeAVISAVT

INTEGER T

T=CUMULATIVE TIME OF OFERATIONs DAYS

MP-MOISTURE PRODUCTIONs GMS H20/BIRD-LAY---& CONSTANT
BOI=-INITIAL BIRD DENSITYs RIRDS/M2

BDT=BIRD DENSITY AT T

MLF=MOISTURE LOADING FACTCRe KG HZO/M2-DAY

MLFT=MLF AT T

AF=AREA FACTCRs DIMENSIONLESS

AFT=AF AT T

AV=AVERAGE DRYING AIR VELCOCITYe M/SEC

AVI=AVERAGFE INITIAL DRYING AIR VELOCITYs M/SEC

AVT=AV AT T

VPO=VAPOR PRESSURE DIFFERENTIALs PASCALS

VPDI=VFD AT T

X=AN INTERMESIATE VALUE

XT=A AT T

READsMFPeaAVICEDI

IF(MP.EGe~140) GO TO €9

WRITE(A411) MP

FORMAT(*1*a*MOISTURE PRODUCTIONSGMS HIC/EIRL-UAY=taBXsF 7432
WRITE(&«12) AVI

FORMAT(Y ¥4 YAVERAGE INITIAL DRYING AIR VELOCITY «M/SIC=*41XeF5.3)
WRITE(E+13) EBCI
FORMAT(® *¢*INITIAL BIRD DEN
SUMMSF =0

SUMBDT =0

DO 34 T=1e361430
BOT=(=-0.01+T)+EDI
MLFT=(MP/10C0)Y*BD

o

TTY ¢EIRDS/ M2zt g13KeFE,.3)

Figure A-5. High-rise, undercage drying: simulation of system performance -

source listing.
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16
17
18
19
20
21
2e
23
24
25
26
217
28
29
30
31
32
33

34
35

36
37
38
39

AFT=1e0+(0a0C1E*T)
AVT=AVI
IF(T.LT«200) GC TO
IF(T.GE.2006) GO TC
20 VPDT=(2.3*T)+228
GO TO 24
22 VPDT=(14,2xT)-2148
24 XT=CAFT/MLFTY»*AVT*xVPDT
MSFDRT =227 1*(XT*x{(-0.494))
MSFWBT=100+MSFDBT/(10Q+MSFDET)
WAVMSF=MSFWET*EDT
SUMMSF=SUMMSF +WAVMSF
SUMBDT=SUMBDT+EDT
AVSYMC=SUMMSF /SUMEDT
WRITELE430) T
320 FORMAT(*0*+SX«*CUMULATIVE TIME OF CPERATION Te [DAYS =%.114)
WRITE(E+22) MSFWBT
32 FORMATH(Y * o 5X¢*MANURIAL SURFACE MCISTURE CONTENT AT Ts %X WeBaezTteFS
*ell
WRITE(E433) AVSYMC
33 FORMAT(® *+5Xy*AVERAGE SYSTEM MOISTURE CONTENT AT Te % WeBoz=tyFRal
*}
34 CONTINUE
GO TC 16
59 STOP
END

ny R
r o

Figure A-5. (Continued)



FIGURE A-6. FLOW DIAGRAM FOR BATCH MODE AERATION
SYSTEM PROCESS DESIGN

{ Start )
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Read
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A

\
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No S']

A

Compute Mixed Liquor
Total Solids Concentration

Y

Print
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Day of Operation
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Y

Compute
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(o s <LV RN 6 AR S IS Y S I \V )

OO0 00O00000000MN000

LINEAR REGRESSION REMOVAL RELATIONSHIPS-BATCH MODEL

REAL ATSeAVSeACCCsACNSETS9EVSerCOD«BONSRTS«RVSeRCOD4RCGN9TSSCV
*CODSOsONSO+NEIRDS«VOLED «DAYOPR eMLTS«CARECD aNGD o TOD«ALFHACCC2RE
*2REQeyTO2REGeTSPCeVSPCe COCPC9CONPC

TS TOTAL SOLIDS

Vs VOLATILE SOLIDS

CO0D = CHEMICAL OXYGEN DEMAND

SCo

8
GeNG

(1]

ON = ORGANIC NITROGEN
SO = RAW WASTE QUANTITYe GM/BIRD-CAY
S1 = RESIDUAL WASTE FRACTIONs GM/ZIRD-DAY

SOR = REFRACTORY WASTE FRACTICNs GM/BIRC-DAY

PC = PERCENT

SRT = SOLIDS RETENTION TIMEs DAYS

MLTS = MIXED LIGUOR TOTAL sSOLIDS CCOGNCENTRATICN, GM/L
NBIRDS = NUMBER GF BIRDS

CARBOD = CARBONACEQUS OXYGEN DEMANDs GM 02/HR

NOD = NITROGENOUS OXYGEN DEMANDe GM 02/HK

TOD = TGTAL OXYGEN DEMANDs GM 0Q2/HF

CO2REQ = CARBONACEOQUS OXYGENATICN REQUIREMENTS« GM Q2/HR
NO2REQ = NITROGENQOUS OXYGENATICN REQUIREMENTSe GM 02/BR
TOZREQ = TOTAL OXYGENATION REQUIREMENTSe SM D2/HR

VOLBD = VOLUME PER BIRDe L/BIRD

DAYOPR = CUMULATIVE TIME OF OPERATION. DAYS

READ KINETIC CONSTANTS
READATS¢AVSeACOL s AONSBTSeBVSeCCCU«BONIRTSsRVSeRCODRON
WRITE(GeC)

FORMAT(?~*424Xo*FIXED CONSTANT VALUESY)

WRITE(E4+43)

FORMATU(*0% ¢'PARAMETER® 912X ¢ %A VALUES® 92X e%E VALUES*42Xs'R VALUEST)
WRITE(He4) ATSeBTSeRTS

FORMAT('0®*+*TOTAL SOLIDS®*¢4XeF1l0e34F11a34F5.3)
WRITE(E+5) AVSeBVSeRVS

Figure A-7. Batch aeration system design program - source listing.
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10
11
12
13
14

15
16
17
18
139
20
21
22
23
24
25

26
27
28

29
3¢
31
32
33
34
35
36
37
38

[8)]

10

11

12

13

14

15

20

22

24

26

30

FORMAT(® *¢*VOLATILE SOLIDSY41XeF10e3aF11434FGe2}

WRITE(696) ACODSECODIRCCD

FORMAT(Y "3*COD%913XeF10+434F11e39F5e3)

WRITE(GEe7) AONsBGN+RON

FORMAT(Y *4*CRGANIC NITROGEN®*«FL10e34F11e30F
READ RAW WASTE CHARACTERISTICS EXPRESSED AS

READ¢TSSGs+VSS0eCUODSO9ONSE
WRITE(E+11)

S.3)
GMS/BIRD=DAY

FORMAT(®*=*4*RAW WASTE CHARACTERISTICSe GMS/BIRD-DAY®)

WRITE(6412) TSSG

FORMAT(®*0®*«*TOTAL SOLIDS®*+7XeFEL3)

WRITE(E413) VSSO

FORMAT(® *4*VOLATILE SOLIDS®44XeFEe3)

WRITE(G6+14) CODSO
FORMAT(® ®4%CO0D%9y16XaF6Ee3)
WRITE{(E&s15) ONSO

FORMAT(® *4*0ORGANIC NITROGEN®+IXeF643)

READ NUMBER CF BIRDS
READSNEBIRDS
WRITEtEs16) NBIRDS

FORMAT(*0"4*NUMBER OF BIERDS*+5XeF10.0)
READ SYSTEM VOLUME/BIRDs LITERS/EIRD

READsVOLED

IF(VOLBD.EG.0) GO TC 99
WRITE(E422) VOLBD
FORMAT(®~*4*SYSTEM VOLUME/BIRD,
READ4DAYCPR

IF(DAYCPR) 20424426

SRT=DAYOPR /2

IF(SRT«GT«9459) GO TO 30

GO TO 24

LITERS/BIRD®*4F10.1)

CALL CALC (ATSeBTS¢TSSU¢TSS14RTSeTEPCySRT4TSSORSTSPLRY

Figure A-7.

(Continued)



26l

39
40
41
42
43

44
45
46
47
48

49

50
51
52

53
54
55
56
57
58
59
&0
61
62
63

CALL CALC (AVSyBYS9VSSO9VSS19RVS9VSPCeSRTyVSSCReVEPCE)

CALL CALC (ACCODsBCUDCCOSG9CUDSIaRCCDsCODPCeSRTeCINSCReCOOPSO)
CALL CALC (AGNBON9ONSO9ONS1+RON9CHLPCSRTAONSORCNPIB)
WRITE(&432)

32 FORMAT(*=%45X s DAY 45Xyt -~=-~ TOTAL SOLINS~-==== ty4Xg¥--~-VOLATI
*LE SOLILS====tgbXg¥mmmmmmmmeme COD=mommmmmm——- *48Xy?----0ORGANIC
*  NITROGEN-~--7%)

WRITEC(E$33)

33 FORMATU(® *46X4*0F ")
WRITE(6434)

34 FORMAT(® *42Xo?OPERATION® ¢4 (SX oSO a8Xe?S1teSXe%% REMOVAL®))
WRITE(E935)YDAYOPRTSSCE¢TSS19TSPCeVSSOeVSS1eVSPCeCOLS0sCODS19CORPC o
*ONSCGeCONS14CNPC

35 FORMAT(/13F10.3)
CALCULATE MIXED LIGUOR TOTAL SOLIDS CONCENTRATION

40 MLTS=(TSSO*DAYOPR*(1-TSPC/100))/VOLEBED
WRITE(E+41)MLTS

41 FORMAT(Y0*<*MIXED LIGUOR TOTAL SOLIDS CONCENTRATIONGGMS/LITER®4EX,
*F10.1)
CALCULATE MICROBIAL OXYGEN DBDEMANDsGMS C2/HR

42 CARBOD=(CODSU*NBIRDS*CODPC/1002)/24
NOD=((ONSOANBIRDS*ONPC/1G0)Y/24)*4,57
TOD=COD+NOD
WRITE(E944)

44 FORMAT(Y0?o*MICRCOBIAL OXYGEN DEMAND ANMD AERATION REGQUIREMENTS®)
WRITE(E445) CARBOD

45 FORMAT(F0*¢*CARBONACEOUS OXYGEN DEMANDs GMS C2/HR®4F1C.1)
WRITE(G6s4€) NCD

46 FORMAT(® *SNITROGENCUS OXYGEN DEMANDs GMS C2/HR¥yIXeF1041)
WRITE(E447) TOD

47 FORMATC® *4*TCOTAL OXYGEN DEMANDe GHMS O2/HR*4&EX4F10.1)
CALCULATE AERATION REQUIREMENTS

Figure A-7. (Continued)



¢€61

64
65
66
67
68
69
10
71
72
T3
74
75
76
77
78
79
80

81
82
83
84
8%
86
87
88
89
30

50

51

52

53

99

IF(MLTSeLEL20) ALPHA=L

IF(MLTSeGTe20« ANDoMLTSeLTe55) ALFPHAZ(1436-(e017xMLTS))
IF(MLTS«GEL.55) ALPHA=0 .4

WRITE(6450) ALPHA

FORMAT(® *o*ALPHA®932XsF1Ca2)

CO2REQ=CARBOD/ALPHA

NO2REQ=NOD/ALFHA

TO2REG=TOD/ALPHA

WRITE(E451}) CO2REQ

FORMAT(*0*y *CARBONACEGUS OXYGEN REQUIREMENTSs GMS 02/HR®93X4F10.1)
WRITE(6+452) NO2REQ

FORMAT(Y *4*NITROGENQUS CXYGEN REQUIREMENTSe GMS 0Z2/HR®94X,4F10.1)
WRITE(6453) TO2REQ

FORMAT(® *+*TOTAL OXYGEN REQUIREMENTSs GMS 02/HR®s10XsF1041)
GO 70 24

STOP

END

SUBROUTINE 70 CALCULATE % REMGVAL AND EFFLUENT CHARACTERISTICS
SUBROUTINE CALC (A4BeS0aS1e¢RePCsSRT9SORePCR)
REAL AsBoeSU9S14RePCeySRTeSORePCE

PC=A*SRT+B

S1=S0*(1-PC/100)

SOR=S0=*R

IF(S1.LT«S0OR) S1=SOR

PCB=(100-(R*100))

IF(PC.GT.PCB) PC=PCB

RETURN

END

Figure A-7. (Continued)



FIGURE A-8. FLOW DIAGRAM FOR CONTINUQUS FLOW MODE
AERATION SYSTEM PROCESS DESIGN
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LINEAR REGRESSION REMCVAL RELATICNSHIPS-CONTINUOUS FLOW MODEL

REAL ATSsAVSsACODsACN+BTSsBVSsECOD+BONSRTS4RVS9RCODSRONaTSSO4VESTy
*CODSOyONSOeTSS19VSS14CODS19ONS1eTSPCeVSPLeCOCPCoONPCoSRT9TSSORCVSS
*0ReCODSORsONSOR«TSPCB«VSPCR«CODPCB«ONPCBoeNEIBDS ¢ MLTS«CARBODoNODTEC
*Dy ALPHAGSVOLGCO2REG4NC2REG S« TOZREQG$FLORTE

TS = TOTAL SOLIDS

VS = VOLATILE SOLIDS

€00 = CHEMICAL OXYGEN DEMAND

ON = ORGANIC NITROGEN
SO = RAW WASTE GQUANTITYs SM/EIRD-DAY
S1 = RESIDUAL WASTE FRACTICNs GM/BIRD-DAY

SQR = REFRACTORY WASTE FRACTICKe GM/EIRD-DAY

PC = PERCENT

SRT = SOLIDS RETENTION TIMEs DAYS

MLTS = MIXED LIGUGR TOTAL SOLIDS CONCENTRATIONs GM/L
NBIRDS = WUMBER CF EIRDS

CARBOD = CARBONACEZOUS OXYGEN CEMANDs GM GC2/HR

NGD = NITROGENOUS OXYGEN DEMANDs GM 02/HR

TOD = TCTAL CXYGEN DEMANDe GM C2/HR

CC02REG = CARBONACEOQUS OXYGENATION REQUIREMENTSe GM C2/HR
NO2REQG = NITRCGENOUS OXYGENATION REQUIREMEIMTSe CM 02/KR
TO2REQ = TOTAL OXYGENATION REGUIRFEMENTSs &M (CZ/HR

SVOL = SYSTEM VOLUME. L

FLORTE = FLCW RATE . L/DAY

INTRODUCTION OF CONSTANTS
READsATSsAVSsACODsACNSBTSeBVS+ECOD9yEBONGRTSeRVSeRCOD$RON
WRITE(E.2)

FORMATC(*0*«24X+*FIXED CONSTANT VALUES®)

WRITE(G¢23)

FORMAT(®CY ¢*PARAMETERY 912X oA VALUESY42Xs'FE VALUES®¢2X4s*R VALUEST)

Figure A-9. Continuous flow aeration system design program - source Tisting.
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10
11
12
13
14

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

10

11

12

13

14

15

16
290

25

30

WRITE(E44) ATSeBTSeRTS
FORMAT (Y0 ¢ *TOTAL SOLIDSYedXeFlle3gFllaZelSe3)
WRITE(G45) AVSeBVSeRVS

WRITE(Es6) ACODSBCCORGRCOD

FORMAT(® *4%COD*913XsF10e3sF11034F2.3)
WRITE(6e7) ACNsBCN4sRON

FORMAT(® ¥ 4*0RGANIC NITRCOGEN*¢F10a24F11e24F%.3)
READ RAW WASTE CHARACTERISTICS EXPRESSED AS €GMS
READsTSS04VSSO0«CODSOsONSO

WRITE(E411)

FORMAT(*-*,*RAW WASTE CHARACTERISTICSs GMS/BIRD-

WRITE(6412) TSSO

FORMAT(*0® ¢ *TUTAL SOLIDS*97XeFEed)
WRITE(E6913) VSSO

FORMAT(® *+*VOLATILE SOLIDS*e4XaF£e3)
WRITE(6414) CODSC

FORMATC(Y *4*CODY416X9sF643)

WRITE(6+415) CONSO

FORMAT(® % 40RGANIC NITROUGEN®«3IXeF6.3)
READsNBIRDS

WRITE(&416) NBIRECS

FORMAT(*0*+*NUMBER CF BIRDS%420XsF10.3)
READ4SRT

IF(SRT.EQeG)Y GO TO 99

IF(SRT.GE.10) GO TG 30

READ ¢ SRT

IF(SRT.,NE.99) GO TGO 25

GO TC 20

FORMAT(® %,*VOLATILE SOLIDS?+1XeF1Ce39F1143eF2.42)

/ SIRE-DAY

DAY*)

CALL CALC (ATSeBTSeTSSCeTSS1eRTSsTSPCeSRTsTSSOReTSPCRI
CALL CALC (AVSeBVSsVSSOsVSSIeRVSsVSPCeSRTHVSSOGReVSPIR)

CALL CALC (ACOU oBCODSCODS0sCODS1«RCOD«CODPC+SRTSCOCSORCODPCRD

Figure A-9. (Continued)
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38
39
40

57
58
59
50

CALL CALC (ACNeEONSONSOgCONSI ¢RONgCNFCeSRT¢CONSCReGNPLR)
WRITE(E440)
40 FORMAT(®*-" 95X ¢ *SRT'4EX gt ==~~~ TOTAL SOLIDS=~===-~
*{ T SOLIDS====T44Xgt--ommommmmm (Gl=mmmmem =
* NITROGEN=-===1¥)
WRITE(GEe41)
41 FORMATC®O* 40X o8 ¢0X ¢¥SU sEX o181 %4Xgt% REMOVEALY))D
WRITECC¢SO)ISRTeTSSOaTSS1eTSFCaVESOsVSSIsVSPCeCODSO0C0DE14CODPLGONE
*0 s ONS140NPC
506 FORMAT(/13F10473)
6560 READWMLTS
IF(MLTS.EG.29) GO TQ 20
CALCULATION OF OXYGEN DEMANDe GMS (2/HR
CARBOD=(CODSO*NBIRDS*CODPC/100)/24
NOD=C((ONSO*NBIRDS*QONPC/10C)/24)+4,57
TOD=CCOD+NCD
CALCULATICON OF OXYGEN REGQUIREMENTS
IF(MLTSaLE«20) ALPHAZ=1 .
TP MLT S e BT 20 e ANDeMLTS «LTa25) ALPHAZ(1436-C(017*MLTS))
IF(MLTSGE«5%) ALPHA=C 4
CXYGENATION REQUIREMENTS. CMS C2/HR=02REQ
COOREG=CARBOD/ALPHA
NOI2REGQ=NOD/ALFHA
TO2REQ=TOD/ALPHA
CALCULATION CF SYSTEM VOLUME LITERS
SVOL=C(NBIRDSE*TSSO*(TSPC/L1COY)I*SRTI/MLTS
CALCULATION JF FLOWRATE 70 MAINTAIN SFECIFIED
MLTS CONCENTRATIONGLITERS/DAY
FLORTE=(TSS1*NBIRDS)Y/MLTS
WRITE(E«E3) MLTS

€3 FORMAT('-*4*MIXED LIQUCR TOTAL SGLIDS CONC*e5XeF1043)
WRITE(64+64) ALPHA

',L’x, '-“‘-VOL‘:TI
*yLXy¥====CRGANIC

Figure A-9. (Continued)
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61
52
63
64
65
56
67
68
69
70
71
72
73
74
75
7¢
77
78
79
80
81
82

83
84
85
85
87
g8
83
30
g1
22

64

68

70

71

73

74

75

76

78

99

FORMAT(?' *4*ALPHAY430XsF10.2)
WRITE(G+68)

FORMAT (*-9% 3 *MICROBIAL OXYGEN DEMAND ARD AERATICN RIGUIREMINTS')

WRITE(Es70) CARBOD

FORMAT(®*C*9 *CARBONACEGUS COXYGEN DEMANCs GMS CZ2/HR'4F10.1)
WRITE(E471) NOD

FORMAT (Y *4*NITROGENOUS GXYGEN DEMANDWCMS C2/HR*elXefll.1)
WRITE(6472) TOD

FORMAT(Y "9 *TOTAL OXYGEN DEMAND ¢GMS QZ/HR®9EXsF10.12
WRITE(6473) COZ2REG

FORMAT(*0® «*CARBONACEQUS OXYGEN RECUIREMENTSe GMS C2/HFR'93XeF10.1)

WRITE(ES74) NO2REQ

FORMAT(* *3*NITROGENOUS OXYGEN REGUIREMENTSy GMS C2/HR®94XF1041)

WRITE(E475) TO2REQ
FORMAT(® *¢*TOTAL OXYGEN REGUIREMENTes GMS C2/HR®410XeF1041)
WRITE(6e76) SVOL

FORMAT(' ¥4*SYSTEM VOLUMFEsLITERSY+&XeF1012
WRITE(A+78) FLORTE

FORMAT(Y ¥ 4*FLOWRATEGWLITERS/DAY* 43X 4F10.1)
GO TG 60

STOP

END

SUBROUTINE T0 CALCULATE % REMCVAL AND EFFLUENT CHARACTERIST

SUBROUTINE CALC (A4BySC0eS1eRsFCeySRTaSORePCE)
REAL A+BeS0eS1sRePCeSRTeSORPLE

PC=A*SRT+B

$1=S0*(1-PC/100)

SOR=S0=*R

IF(S1sLT«SOR) S1=SOR

PCB=(10G-(R%100))

IF(PC.GT«PLEY PC=PCLE

RETURN

END

Figure A-9. (Continued)



FIGURE A-10. COST OF NITROGEN CONSERVATION WITH AERATION
SYSTEMS FOR POULTRY WASTES
Assumptions
A. Nitrogen excreted = 1.94 gm/bird-day
B. Maximum potential for nitrogen conservation = 39%
C. Cost of oxygen transfer = $0.058/kg 0

2

D. Nitrogenous oxygen demand = 255 gm 02/]000 bird-hours at
69 percent organic nitrogen removal

E. Uncontrollable nitrogen loss with nitrification = 30 percent

Quantity of Potentially Conservable Nitrogen per 1000 Bird-days

1.94 gm N : _ ,
ETFH?%S}“‘ x 1000 birds x 0.39 = 757 gm N/1000 bird-day

Aeration Cost to Meet the Nitrogenous Oxygen Demand

0.255 kg 0 24 hr _ $0.058 _ -
Tﬁ@ﬁ*ﬁqga:ﬁr X oy X kg 0, $0.355/1000 bird-days

Cost per Unit Nitrogen Conserved

$0.355/1000 bird-days - .
0.757 KgN/TO00 bivd-days ~ $0-469/kgh (50.213/1bN)

201



TECHNICAL REPORT DATA ]
(Please read Instructions on the reverse before completing)

1. REPORT NO. 2. 3. RECIPIENT’S ACCESSIONNO.
EPA-600/2-77-204
4. TITLE ANDSUBTITLE 5. REPORT DATE . .
POULTRY WASTE MANAGEMENT ALTERNATIVES: A Design and October 1977 issuing date

4 : 6. PERFORMING ORGANIZATION CODE
Application Manual

7. AUTHOR(S) 8. PERFORMING ORGANIZATION REPORT NO.

J.H. Martin and R.C. Loehr

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT NO.

Department of Agricultural Engineering 1HB617

. ; 1T CONTRACT/GRANT NO.
Cornell University

Ithaca, NY 14853 R803866-01-0
12. SPONSORING AGENCY NAME AND ADDRESS 13. 'lr:Y.Prl‘iaC_)lF REPORT AND PERIOD COVERED
1

IEnvironmental Research Laboratory - Athens, GA

- 14. SPONSORING AGENCY CODE
I0ffice of Research and Development

U.S. Environmental Protection Agency EPA/600/01
|_Athens, GA 30605

5. SUPPLEMENTARY NOTES

16. ABSTRACT

Changes inthe egg production industry during the past 268-30 years have produced
waste management problems which threaten both water and air quality. Results from
a number of research studies have identified two processes--aerobic biological
stabilization and drying--that provide both odor control and the reduction of the
water pollution potential of these wastes.

In this manual, the theoretical concepts underlying each poultry waste manage-
ment approact are discussed, and process design methodologies are presented. Included
are design examples to illustrate the application of design methodologies. A discus-
sion of the impact of design decisions on performance characteristics and computer
programs to assist in the process design for each alternative are also presented.

Both high-rise, undercage drying and aeration systems are compared to identify
relative merits and provide economic projections. Odor control and plant nutrient

conservation capabilities as well as refeeding potential for both alternatives are
discussed.

17. KEY WORDS AND DOCUMENT ANALYSIS

a. DESCRIPTORS b.IDENTIFIERS/OPEN ENDED TERMS |c. COSAT! Field/Group
Poultry manure characteristics, odor Poultry manure waste 68D
control, drying, biological oxidation, management, high-rise, 98C
waste stabilization, capital costs, undercage drying, oxi-
operating costs dation ditch, process

designs
78. DISTRIBUTION STATEMENT 19. SECURITY CLASS (This Report] 21. NO. OF PAGES
UNCLASSIFIED 216
RELEASE TO PUBLIC 20. SECURITY CLASS (This page) 22. PRICE
UNCLASSIFIED
EPA Form 2220-1 (9-73) 77 U.8. GOVERNMENT PRINTING OFFICE: 1977— 757 -140/6 580

202




