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Manua

No. 1110-1-501 20 May 1982

Engi neeri ng and Desi gn
PROCESS DESI GN MANUAL FOR LAND TREATMENT OF
MUNI Cl PAL WASTEWATER

1. Purpose. The purpose of this manual is to provide a description of
the basic principles of land treatnment and to present a rational procedure
for the planning and design of |land treatment systens. This nmanual is the
first update of the original Cctober 1977 manual .

2. Applicability. This nmanual is applicable to all field operating
activities having mlitary construction and/or civil works design
responsibilities. However, the life cycle cost anal ysis associated with
Mlitary Construction will be conducted under the provisions of ETL 1110- 3-
332, in place of the EPA manual s referenced herein.

3. Ref erences. References are indicated by nunmber in the text of each
chapter or appendix. These nunbers correspond to the nunbers in the |ist
at the end of each chapter and/or appendi x.

4. Scope.

a. Procedures and technical information for the planning and design
of the three major land treatnment nmethods are presented in the manual .
Specifically, slowrate, rapid infiltration, and overland fl ow systens are
presented in detail. Mst of the information is directly applicable to
mediumto | arge systens. However, sinplified procedures are provided for
smal | er systens. Because of the interdisciplinary nature of |and
treat ment, background technical information with which the manual user nmay
be unfam liar is contained in the appendi xes. Sources for additiona
i nformati on or expert technical advice necessary for a detailed design of a
particul ar system are indicated throughout the text.

b. The information contained in this manual is presented in a concise
manner to assist the designer in devel opi ng the nmethodol ogy and design at
specific sites. It is not to be used as a “cookbook” nor as a substitute
for sound engi neering judgenent. Extrenme care nmust be exercised to ensure
that the soil and other data devel oped for use in design represent actua
conditions. |In designs requiring extensive earth cutting and filling,
caution nmust be exercised in assigning soil characteristics or gross errors
may occur.

Thi s manual supersedes EM 1110-1-501, dated 21 Cctober 1977



EM 1110- 1- 501
20 May 82

5. Periodic Updating. The manual is designed to be updated periodically
to maintain currency with the | atest devel opments in the field. The
manual will also be revised to reflect the users* conments and

experience. Any such coments should be forwarded to CDR USACE

( DAEN- CVE- BU) or (DAEN- MPE-D) WASH DC 20314.

FOR THE COVMVANDER:

bt

ES W. RAY
olonel, Corps off Engineers
Chief of Staff
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ABSTRACT

Thi s manual presents a rational procedure for the design of
| and treatnent systens. Slow rate, rapid infiltration, and
overland flow processes for the treatnent of mnunicipal
wast ewaters are discussed in detail, and the design concepts
and criteria are presented. A two-phased pl anni ng approach to
site investigation and selection is al so presented.

The manual includes exanples of each process design.
Information on field investigations is presented along with
speci al considerations for small scale systens. Equations and
procedures are included to allow calculations of energy
requirenments for land treatnent systens. Potential health and
environnental effects and corresponding mtigation neasures
are di scussed.



CHAPTER 1
| NTRODUCTI ON AND PROCESS CAPABI LI TI ES

1.1 Purpose

The purpose of this manual is to provide criteria and
supporting information for planning and process design of
| and treatnent systens. Recommended procedures for planning
and design are presented along wth state-of-the-art
information on treatnent perfornmance, energy considerations,
and health and environnental effects.

Cost curves are not included in this manual, although sone
cost information is included in Chapter 2. Costs for
pl anni ng may be obtained fromcost curves in references [1

2] , or through the CAPDET conputer system devel oped by the
Corps of Engineers for EPA.  CAPDET conputer termnals are
avai l abl e in EPA regional offices.

This docunent is a revision of the Process Desi gn Manual for
Land Treatnment of Munici pal WAst ewater sponsored by the U S
Environmental Protection Agency, U.S. Army Corps of
Engi neers, and U S. Departnent of Agriculture, and published
in 1977. The revision is necessary because of the |arge
anount of research data, criteria, and operating experience
that has becone available in recent years. As a result of PL
92-500 and PL 95-217, the interest in and use of |[|and
treatnent concepts has increased significantly and 1is
expected to continue to increase.

1.2 Scope

Land treatnent is defined as the controlled application of
wast ewater onto the |and surface to achi eve a desi gned degree
of treatnment through natural physical, chemcal, and
bi ol ogi cal processes within the plant-soil-water matri x.

The scope of this manual is limted to the three major |and
treat nent processes:

I Slow rate (SR
! Rapid infiltration (Rl)
1 Overland fl ow (OF)
These processes are defined later in this chapter and dis-

cussed in detail in the design chapters. The titles were
adopted for the original 1977 manual to reflect the rate of
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wast ewat er application and the flow path within the process.
Prior to the 1977 manual, the term “irrigation” was often
used to describe the slow rate process. The present termwas
chosen to focus attention on wastewater treatnent rather than
on irrigation of crops.

Subsurface systens, wetlands, and aquaculture were di scussed
briefly in the 1977 manual but are deleted here since they
are now covered in detail in other docunents [3, 4]. Land
application of sludge, injection wells, evaporation ponds,
and other fornms of treatnent or disposal that involve the
soil matrix are al so excl uded.

Most of the information in this manual is applicable to
medi umto-large systens. For small systens, up to 1,000 n¥/d
(250,000 gal/d), many of the design procedures can be
sinplified. Special considerations for these small systens
and a nunber of typical exanples are discussed in Chapter 7.
Case studies for larger systens are available in other
publications [5-9] . This nmanual addresses |and treatnent of
muni ci pal wastewater, not industrial wastes. Under
controlled conditions, however, |and treatnent of nany types
of industrial wastewaters and even hazardous materials can be
both technically and econom cally feasible.

Al though the principal focus in the manual is on the three
basi ¢ processes (SR, R, OF), the possibility of conbining
two or nore of the concepts in a continuous system shoul d not
be overl ooked. Overland flow could be a preapplication step
for either SRor R, or different processes could be used in
cold and war m weat her.

1.3 Treatnent Processes

Typical design features for the three l|and treatnent
processes are conpared in Table 1-1. The major site charac-
teristics are conpared for each process in Table 1-2. These
are desirable characteristics and not limts to be adhered to
rigorously, as discussed in Chapter 2.

The expected quality of treated water for biochem cal oxygen
demand (BOD), suspended solids (SS), nitrogen, phosphorus,
and fecal coliforns is presented for each process in Table 1-
3. The average and expected upper range values are valid for
the travel distances and applied wastewater as indicated.
The fate of these materials (plus netals, viruses, and trace
organics) is discussed in the chapters that follow
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TABLE | - |

COMPARI SON OF TYPI CAL DESI GN FEATURES
FOR LAND TREATMENT PROCESSES

Feature

Slow rate

Rapid infiltration

Overland flow

Appl i cation techniques

Annual | oadi ng

rate, m

Field area

required, ha®

Typi cal weekly
loading rate, cm

M ni mum pr esopl i cation
treatnent provided in
the United States

Di sposition of

appl i ed wast ewat er

Need for vegetation

Spri nkl er
or surface?
0.5-6
23-280
1.3-10

Primary

sedi nentation d

Evapot ranspi rati on
and percol ation

Requi red

Usual Iy surface
6125

3-23

10240

Primary
sedi nent ati one

Mai nl'y
percol ati on

Opt i onal

Sprinkl er or
surface

320
6.5-44
6- 40°

Git renoval and
commi nut i one

Sur face runoff and
evapot ranspi ration
with some

percol ati on

Requi red

a. I ncl udes ridge—and—furrow and border strip.

b. Field area in hectares not
Myal /d) flow

C. Range i ncl udes raw wastewater to secondary effluent,
of preapplication treatnent.

d. Wth restricted public access;

3,785 n¥/d (I

I evel

Wth restricted public access.

including buffer area,

r oads,

or ditches for
hi gher rates for higher

crops not for direct human consunpti on,

Not e: See Appendix G for netric conversions.
TABLE 1-2
COVPARI SON OF SI TE CHARACTERI STI CS
FOR LAND TREATMENT PROCESSES

Slow rate Rapid infiltration Overland flow
G ade Less than 20% on Not critical; excessive Fi ni sh sl opes 2-8%

cultivated | and; grades require nuch

| ees than 40% on eart hwor k

noncul tivated | and
Soi | Mbderately slow to Rapi d (sands, sandy | oans) Slow (clays, silts,

perneability

Depth to
ground wat er
dimtic
restrictions

noderately rapid
0.6 m (nini num®

Storage often
needed for cold

weat her and during
heavy precipitation

1 mduring flood cycle®
1.5-3 mduring drying cycle
None (possibly nodify
operation in cold weat her)

and soils with
i nper meabl e barriers)
Not critical®

Storage usual | y needed
for cold weat her

a. St eeper grades night be feasible at

b. Underdrains can be used to maintain this |evel

wat er tabl e.

C. I npact on ground water should be considered for nore perneabl e soils.

reduced hydraulic |oadings.

1-3
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TABLE 1-3
EXPECTED QUALI TY OF TREATED WATER
FROM LAND TREATMENT PROCESSES?
nmg/ L Unl ess O herw se Noted

Slow rate® Rapid infiltration® Overland flow

_ Upper Upper Upper

Const it uent Average range Average range Aver age range

BOD <2 <5 5 <10 10 <15
Suspended sol i ds <1 <5 2 <5 10 <20
Ammoni a nitrogen as N <0.5 <2 0.5 <2 <4 <8
Total nitrogen as N 3e <8. 10 <20 5¢ <10
Tot al phosphorus as p <0.1 <0.3 1 <5 4 <6
Feral coliforms, No./100 niL 0 <10 10 <200 200 <2, 000

a. Quality expected with loading rates at the mid to | ow end of the range
shown in Table 1.

b. Percol ation of primary or secondary effluent through 1.5 m (5 ft) of
unsaturated soil.

C. Percol ation of primary or secondary effluent through 4.5 m (15 ft) of
unsat urat ed soil; phosphorus and feral coliformrenovals increase with
di stance (see Tables 5-3 and 5-6).

d. Treating conm nuted, screened wastewater using a slope length of 3036 m
(100220 ft)

e. Concentration depends on | oading rate and crop.

f. N gher val ues expected when operating through a noderately cold w nter or when
usi ng secondary effluent at high rates.

1.4 Slow Rate Process

Slow rate land treatnment is the application of wastewater to
a vegetated land surface with the applied wastewater being
treated as it flows through the plant-soil matrix. A portion
of the flow percolates to the ground water and sone is used
by the vegetation. Ofsite surface runoff of the applied
water is generally avoided in design. Schematic views of the
typical hydraulic pathways for SR treatnment are shown in
Figure I-1(a)(b)(c). Surface application techniques include
ri dge-and-furrow and border strip flooding. Application by
sprinklers can be fromfixed risers or fromnoving systens,
such as center pivots.

1.4.1 Process (bjectives

Slow rate processes can be operated to achi eve a nunber of
obj ectives incl uding:

1. Treat nent of applied wastewater

2. Econom c return fromuse of water and nutrients to
produce marketable crops (irrigation)
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APPLIED EVAPOTYRANSPIRATION
WASTEWATER

PERCOLATION

“(a) APPLICATION PATHWAY

UNDERDRAINS

(b) RECOVERY PATHWAYS

(c) SUBSURFACE PATHWAY

FIGURE 1-1
SLOW RATE HYDRAULIC PATHWAYS
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3. Water conservation, by replacing potable water with
treated effluent, for irrigation

4. Preservation and enl argenent of greenbelts and open
space

Wen requirenments are very stringent for nitrogen,
phosphorus, BOD, 55, pathogens, netals, and trace organics,
they can be net usually with SRtreatnent. N trogen is often
the limting factor for SR design because of EPA drinking

water limts on ground water quality. In arid regions,
however, maintaining chlorides and total dissolved salts at
acceptable levels for crop production may be limting.

Managenent approaches to neet these objectives within the SR
process are discussed under the topics (1) wastewater
treatnment, (2) agricultural systens, (3) turf systens, and
(4) forest systens.

1.4.1.1 Wast ewat er Tr eat ment

When the primary objective of the SR process is treatnent,
the hydraulic loading is usually limted either by the hy-
draulic capacity of the soil or the nitrogen renoval capacity
of the soil-vegetation matri x. Underdrains are sonetines
needed for developnment of sites with high ground water
tabl es, or where perched water tables or inperneable | ayers
prevent deep percolation. Perennial grasses are often chosen
for the vegetation because of their high nitrogen uptake, a
| onger wastewater application season, and the avoi dance of
annual planting and cultivation. Corn and other crops with
hi gher market values are also grown on systens where
treatnment is the major objective. Miskegon, Mchigan [1011
is a noted exanple in the United States with over 2,000
hectares (5,000 acres) of corn under cultivation.

1.4.1.2 Agricul tural Systens

In the nore arid western portions of the United States, the
water itself (not the nutrient content) is the nost val uabl e
conponent of the wastewater. Crops are selected for their
maxi mum mar ket potential and the |east possible anmount of
wast ewat er needed for irrigation. Application rates between
2to8cnwk (0.8to 3.1 in./wk) are commopn. This is enough
water to satisfy crop needs, plus a | eaching requirenment to
mai ntain a desired salt balance in the root zone.

In the nore hum d east, the water conponent may be critica
at certain tinmes of the year and during extended drought
periods, but the nutrients in the wastewater are the nobst
val uabl e conponent. Systens are designed to pronote the
nutrient uptake by the crop and increase Yyields. At
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Muskegon, M chigan, for exanple, corn yields in 1977 were 6.5
n¥/ ha (75 bushel s per acre) conpared to 5.2 n¥/ ha (60 bushels
per acre) for the nonwastewater farmng in the sane area [ 10]

Regar dl ess of geographical |ocation, wastewater irrigation
can benefit crop production by providing nutrients and
noi st ur e.

1.4.1.3 Turf Systens

ol f courses, parks, and other turfed areas are used in many
parts of the United States for SR systens, thus conserving
pot abl e water supplies. These areas have consi derabl e public
access and this requires strict control of pathogenic
organi sms. This control can be achi eved by disinfection or
by natural processes in biological treatnent ponds or storage
ponds.

1.4.1. 4 Forest Systens

Slow rate forest systens exist in many states including
Oregon, Washington, M chigan, Maryland, Florida, GCeorgia,
Vernont, and New Hanpshire. In addition, experinental
systens in a variety of |locations are being studied
extensively to determne perm ssible | oading rates, responses
of various tree species, and environnental effects (see
Chapter 4).

Forests offer several advantages that nake them desirable
sites for land treatnent:

1. Forest soils often exhibit higher infiltration rates
than agricultural soils.

2. Site acquisition costs for forestland are usually
| ower than site acquisition costs for prine agri-
cul tural I and.

3. During cold weather, soil tenperatures are often
hi gher in forestlands than in agricul tural |ands.

4. Systens can be devel oped on steeper grades in the
forest as conpared to agricultural sites.

The principal limtations to the use of wastewater for
forested SR systens are:

1. Water needs and tol erances of sone existing trees
may be | ow.
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2. Ni trogen renmovals are relatively |ow unl ess young,
devel opi ng forests are used or conditions conducive
to denitrification are present.

3. Fi xed sprinklers, which are expensive, are usually
necessary.

4. Forest soils may be rocky or very shall ow

1.4.2 Tr eat nent Perf or mance

The SR process is capable of producing the highest degree of
wastewater treatnent of all the land treatnent systenms. The
quality values shown in Table 1-3 can be expected for nobst
wel | - desi gned and wel | - oper ated syst ens.

Organics are reduced substantially by SR land treatnent
within the top 1 to 2 cm (0.4 to 0.8 in.) of soil.
Filtration and adsorption are the initial steps in BOD
renmoval , but biological oxidation is the ultimte treatnent
mechani sm Filtration is the major renoval nechanism for
suspended solids. Residues remaining after oxidation and the
inert solids becone part of the soil matrix.

Nitrogen is renoved primarily by crop uptake, which varies
with the type of crop grown and the crop yield. To renove
the nitrogen effectively, the crop nust be harvested.
Denitrification can also be significant, even if the soil is
in an aerobic condition nost of the tine. Q her nitrogen
renoval nechani sns i nclude amoni a vol atilization and storage
in the soil.

Phosphorus is renmoved fromsolution by fixation processes in
the soil, such as adsorption and chem cal precipitation.
Renoval efficiencies are generally very high for SR systens
and are nore dependent on the soil properties than on the
concentration of the phosphorus applied. Residual phosphorus
concentrations in the percolate will generally be |less than
0.1 ng/L [11]. A small but significant portion of the
phosphorus applied is taken up and renoved with the crop.

1.5 Rapid Infiltration Process

In Rl land treatnent, nost of the applied wastewater per-
colates through the soil, and the treated effluent drains
naturally to surface waters or joins the ground water. The
wast ewater is applied to noderately and highly perneable
soils (such as sands and | oany sands), by spreading in basins
or by sprinkling, and is treated as it travels through the
soil matrix. Vegetation is not usually planned, but there
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are sone exceptions, and energence of weeds and grasses
usual | y does not cause probl ens.

The schematic view in Figure 1-2(a) shows the typical
hydraulic pathway for rapid infiltration. A much greater
portion of the applied wastewater percolates to the ground
water than with SR |and treatnent. There is little or no
consunptive use by plants. Evaporation ranges from about 0.6
infyr (2 ft/yr) for cool regions to 2 in/yr (6 ft/yr) for hot
arid regions. This is usually a small percentage of the
hydraul i ¢ | oadi ng rates.

I n many cases, recovery of renovated water is an integra
part of the system This can be acconplished using under-
drains or wells, as shown in Figure 1-2(b). 1In sone cases,
the water drains naturally to an adjacent surface water
(Figure 1-2(c)). Such systens can provide a higher |evel of
treatnment than nost nechanical systens discharging to the
sanme surface water

1.5.1 Process (bjectives

The objective of RI is wastewater treatnment. Uses for the
treated water can include:

1. G ound wat er recharge

2. Recovery of renovated water by wells or underdrains
w th subsequent reuse or discharge

3. Recharge of surface streanms by interception of
ground wat er

4. Tenmporary storage of renovated water in the aquifer

If ground water quality is being degraded by saltwater
intrusion, ground water recharge by RI can help to create a
barrier and protect the existing fresh ground water. In nmany
cases, the mmjor treatnent goal is conversion of ammonia
nitrogen to nitrate nitrogen prior to discharge to surface
waters. The RI process offers a cost-effective nethod for
achieving this goal with recovery or recharge as described in
items 2 and 3 above. Return of the renovated water to the
surface by wells, underdrains, or ground water interception
may be necessary or advantageous when discharge to a
particul ar surface water body is controlled by water rights,
or when existing ground water quality is not conpatible with
expected renovated water quality. At Phoenix, Arizona, for
exanpl e, renovated water is being withdrawn by wells to allow
reuse of the water for irrigation.
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1.5.2 Tr eat nent Perf or mance

Renoval s of wastewater constituents by the filtering and
straining action of the soil are excellent. Suspended
solids, BOD, and fecal <coliforns are alnobst conpletely
renoved

Nitrification of the applied wastewater is essentially com
pl ete when appropriate hydraulic |oading cycles are used.
Thus, for communities that have ammonia standards in their
di scharge requirenents, Rl can provide an effective way to
meet such standards.

CGenerally, nitrogen renoval averages 50% unless specific
operating procedures are established to nmaximze denitrifi-
cation. These procedures include optimzing the application
cycle, recycling the portions of the renovated water that
contain hi gh nitrate concentrations, reduci ng t he
infiltration rate, and supplying an additional carbon source.
Using these procedures in soil colum studies, average
nitrogen renovals of 80% have been achieved. Ni t rogen
removal by denitrification can be significant if the
hydraulic loading rate is at the md range or below the
values in Table 1-1 and the DOD to nitrogen ratio is 3 or
nor e.

Phosphorus renovals can range from 70 to 99% dependi ng on
t he physical and chem cal characteristics of the soil. As
with SR systens, the primary renoval nmechanismis adsorption
wi th some chem cal precipitation, so the |l ong-term capacity
is limted by the mass and the characteristics of soil in
contact with the wastewater. Renovals are related also to
the residence tine of the wastewater in the soil, the travel
di stance, and other climatic and operating conditions.

1.6 Overland Fl ow Process

In OF land treatnent, wastewater is applied at the upper
reaches of grass covered slopes and allowed to flow over the
vegetated surface to runoff collection ditches. The OF
process is best suited to sites having rel atively inperneable
soils. However, the process has been used with success on
noderately perneable soils wth relatively inperneable
subsoils. The wastewater is renovated by physical, chem cal
and biological neans as it flows in a thin film down the
l ength of the slope. A schematic view of OF treatnent is
shown in Figure 1-3(a), and a pictorial view of a typica
systemis shown in Figure 1-3(b). As shown in Figure 1-3(a),
there is relatively little percolation involved either
because of an inperneable soil or a subsurface barrier to
percol ati on.
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Interest by nunicipalities and desi gn engi neers has spurred
research and denonstration projects in South Carolina, New
Hanmpshire, M ssissippi, Olahoma, Illinois, and California.
Col d- weat her operation has been denonstrated through several
wi nters at Hanover, New Hanpshire. Rational design equations
have been devel oped based on research at Hanover and at
Davis, California.

1.6.1 Process (bjectives
The objectives of OF are wastewater treatnent and, to a m nor
extent, crop production. Treatment objectives may be
ei ther:

1. To achieve secondary effluent quality when applying
screened raw wastewater, primary effluent, or
treatment pond effl uent.

2. To achieve high levels of nitrogen, BOD, and SS
removal s.

Treated water is collected at the toe of the OF sl opes and
can be either reused or discharged to surface water. Over-
land flow can also be wused for the preservation of
greenbel t s.

1.6.2 Tr eat nent Perf or mance

Bi ol ogi cal oxidation, sedinmentation, and filtration are the
primary renoval nechani sns for organi cs and suspended solids.

Nitrogen renobvals are a conbination of plant uptake,
denitrification, and volatilization of ammonia nitrogen. The
dom nant mechanismin a particular situation will depend on
the forms of nitrogen present in the wastewater, the anount
of carbon available, the tenperature, and the rates and
schedul es of wastewater application. Per manent nitrogen
removal by the plants is only possible if the crop is har-
vested and renoved fromthe field. Ammonia volatilization
can be significant if the pH of the wastewater is above 7.
N trogen renoval s usually range from75 to 90%with the form
of runoff nitrogen dependent on tenperature and on
application rates and schedule. Less renoval of nitrate and
amoni um may occur during cold weather as a result of reduced
bi ol ogi cal activity and Iimted plant uptake.

Phosphorus is renmoved by adsorption and precipitation in
essentially the same manner as with the SR and R nethods.
Treatnment efficiencies are sonewhat |imted because of the
limted contact between the wastewater and the adsorption
sites within the soil. Phosphorus renoval s usually range
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from50 to 70% on a nass basis. |Increased renovals may be
obt ai ned by adding alumor ferric chloride to the wastewater
just prior to application on the slope.

1.7 Conbination Systens

In areas where effluent quality nust be very good, or where
a high degree of treatnment reliability nust be maintained,
conbi nations of land treatnent processes may be desirable.
For exanple, either an SR R, or a wetlands treatnment system
could follow an OF systemand would result in better overal
treatnment than the OF alone. In particular, these
conbi nations could be used to i nprove BOD, suspended solids,
ni trogen, and phosphorus renovals.

Simlarly, OF could be used prior to RI to reduce nitrogen
levels to acceptable |evels. This conbination was
denmonstrated successfully in a pilot scale study at Ada,
Okl ahoma, using screened raw wastewater for the OF portion
[12]

Rapid infiltration may also precede SR | and treatnent. I n
this conbination, renovated water quality followwing R is
expected to be high enough that even the nost restrictive
requirenents regarding the use of renovated water on food
crops can be nmet. Al so, the ground water aquifer can be used
to store renovated water to correspond with crop irrigation
schedul es. Some  of these conbinations are shown
schematically in Figure 1-4.

1.8 CCuide to Intended Use of the Manual

This manual is organized simlarly to the original 1977
edition except that the design exanples are included as
appendi xes. Conmpl etely new features in this manual are
chapters on energy, and health and environnental effects.

Chapters 2 through 6 follow, in sequence, a |ogical procedure
for planning and design of land treatnent systens. The
procedure commences (Chapter 2) with screening of the entire
study area to identify potential land treatnent sites. The
Phase 1 planning is based on existing information and data on
| and use, water rights, topography, soils, and geohydrol ogy.
If potentially suitable sites exist, the Phase 2 pl anning
then involves detailed site investigations (Chapter 3) to
determne process suitability and prelimnary design criteria
(Chapters 4, 5, and 6).

Process selection for a particular situation is influenced by
health and environnental issues (Chapter 9) and by energy
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needs (Chapter 8). Thus, Phase 2 planning requires the use
of all the technical chapters in the manual

Small comunities (up to 3,500 population) do not usually
need the sane |evel of planning and investigation that is
essential for large systens. Nor do they always need the
| evel of sophistication that is normally provided, in terns
of equi pnent and nmanagenent procedures, for |large systens.

Procedures and shortcuts that are unique to small |and
treatnment systens are described in Chapter 7. Typi cal
exanples are included to illustrate the level of effort

needed in field work and design.

The final design of a land treatnent system needs only to
draw on the pertinent chapter (4, 5, or 6) for the intended
process. Sone additional field investigation (Chapter 3) nmay
be necessary to optim ze hydraulic |oading rates and ensure
proper subsurface flow conditions. The design chapters do
not present conplete detail on the hardware (i.e., punps,
pi pe materials, sprinkler rigs, etc.) involved. O her
sources wll be needed for these design details. The cost
information in reference [I] or in the CAPDET program is
suitable for planning, conparison of alternatives, and
prelimnary design only. The final construction cost
estimate should be derived in the conventional way (by
materi al take-off, etc.) fromthe final plans.

Appendi xes A, B, and C provi de design exanples of SR R, and
OF and are intended to denonstrate the design procedure.
Ener gy budgets and costs are provided along with the process
desi gn. Appendix D contains a representative |ist of
currently operating mnunicipal (also federal governnent and
sel ected industrial) land treatnment systens in the United
St at es.

Appendix E provides information on designing irrigation
systens for SR facilities. The level of detail in this
appendix is sufficient to develop prelimnary |ayouts and
sizing for distribution system conponents. Appendix F con-
tains a list of communities for which the EPA prograns that
determ ne storage requirenents based on climte (Section
4.6.2) have been run. The final appendix, G provides a
gl ossary of terns and conversion factors fromnetric to U. S.
customary units for all figures and tables.

The design approach for land treatnment has been essentially
enpirical, 1i.e., observation of successful perfornmance
followed by derivation of «criteria and nmathenatica
expressions that describe overall performance. Essentially
t he sanme approach was used to develop design criteria for
activated sludge and other biological treatnment processes.
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The physical, chemcal, and biological reactions and
interactions occurring in all treatnment processes are quite
conplex and are difficult to define mathematically. Such

definition is still evolving for activated sludge as well as
land treatnment. As a result, the design procedures presented
in this nmanual are still conservative and are based on

successful operating experience.

More rational design procedures however, are becom ng
avail able (see Section 6.11). In addition, there are
mat hemat i cal nodel s avail able that may be used to eval uate
the response to a particular constituent (nitrogen

phosphorus, etc.) or used in conbination to describe the
entire system performance. A brief summary of nodels that
are currently available is included in reference [13] . A
nmore detailed discussion of specific nodels for |and
treatment can be found in reference [14]
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CHAPTER 2
PLANNI NG AND TECHNI CAL ASSESSMENT

2.1 Planning Procedure

Adequate planning nust precede any wastewater treatnment
system design to ensure selection of the nbst cost-effective
process that is feasible for the situation under consider-
ation. In many cases, guidelines or specifications for the
pl anni ng procedure are provided by the agency responsible for
the project. The purpose of this chapter is to present those
aspects of the planning procedure that are either unique or
requi re special enphasis because of |and treatnent.

Process selection for |and treatnent systens is nore depen-
dent on site conditions than are nechanical treatnent alter-
natives. This can nean that there is a need for extensive
and, in sone cases, expensive site investigation and field
testing prograns. To avoid unnecessary effort and expense,
a two- phase pl anni ng approach has been devel oped and adopt ed
by nost agencies concerned. As shown in Figure 2-1, Phase 1
invol ves identification of potential sites via screening of
avai l able informati on and experience. |If potential sites for
any of the land treatnment processes are identified, the study
noves into Phase 2. This phase includes field investigations
and an eval uation of the alternatives.

2.2 Phase 1 Pl anning

Early during Phase 1, basic data that are comon to all
wastewater treatnent alternatives nust be collected and
anal yzed along with land treatnment system requirenents to
determ ne whether land treatnent is a feasible concept. |If
no limting factors are identified that would elimnate | and
treatnent fromfurther consideration, the next steps are to
identify potential land treatnent sites and to eval uate the
feasibility of each site.

2.2.1 Prelimnary Data

Service area definition, population forecasts, wastewater
quality and quantity projections, and water quality require-
ments are wusually either specified or determ ned using
procedures established by the responsible authority. Wth
the exception of water quality requirenents, the data are
generally the sane for all forns of wastewater treatnent. A
few aspects are specific to land treatnent and are di scussed
in this section.
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2.2.1.1 Wastewater Quality and Loadi ngs

Maj or constituents in donestic wastewater are presented in
Table 2. Trace el enent concentration ranges are shown in
Table 2—2. The values in these tables may be used for plan-
ni ng purposes when a community*s water quality has not been
det er m ned. O her inportant paraneters in |and treatnent
design can include total dissolved solids, pH potassium
sodi um cal cium nmagnesium boron, barium selenium fluor-
i de, and silver.

TABLE 2-1
| MPORTANT CONSTI TUENTS | N TYPI CAL
DOVESTI C WASTEWATER [ 1]

ng/ L

Type of wastewater

Constituent Strong Medium Weak

BOD 400 220 110
Suspended solids 350 220 100
Nitrogen {total as N} 85 40 20
Organic 35 15 8
Ammonia 50 25 12
Nitrate [¢] 0 4]
Phosphorus (total as P) 15 8 4
Organic 5 3 1
Inorganic 10 5 3
Total organic carbon 290 160 80

For municipal |and treatnent systens, BOD and suspended
solids loadings seldomlimt system capacity. Typical BCD
| oadi ng rates at nunicipal systens are shown in Table 2-3 and
are much lower than rates used successfully in |and treatnent
of food processing wastewaters. Suspended solids |oadings at
these industrial systens would be simlar to the ROD | oadi ngs
shown in Table 2-3.

In contrast, if nitrogen renoval is required, nitrogen | oad-
ing may limt the systemcapacity. N trogen renoval capacity
depends on the crop grown, if any, and on system managenent
practi ces. The engi neer should consult Sections 4.5 and
5.4.3.1 to determ ne whether nitrogen loading will govern
system capacity and, therefore, |and area requirenents.
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TABLE 2-2
COMPARI SON OF TRACE ELEMENTS IN
WATER AND WASTEWATERS

ng/ L
Maximum recommended EPA recommended

Untreateda qongent;ations fgr drinking .
Element wastewater irrigation water water standards
Arsenic 0.003 0.1 0.05
Boron 0.3-1.8 0.5-2.0 No standard
Cadmium 0.004-0.14 0.01 0.01
Chromium 0.02-0.700 0.1 0.05
Copper 0.02-3.36 0.2 1.0
Iron 0.9-3.54 5.0 0.3
Lead 0.05-1.27 5.0 0.05
Manganese 0.11-0.14 0.2 0.05
Mercury 0.002-0.044 No standard 0.002
Nickel 0.002-0.105 0.2 No standard
2inc 0.030-8.31 2.0 5.0

a. The concentrations presented encompass the range of values
reported in references [2-6].

Based on unlimited irrigation at 1.0 m/yr(3 ft/yr).

Reference [7].

TABLE 2-3
TYPI CAL BOD LQOADI NG RATES
kg/ haeyr

Slow rate Rapid infiltration overland flow

Range for
municipal
wastewater 370-1,830 8,000-46,000 2,000-7,500

Note: See Appendix G for metric conversions.

In some cases, other wastewater constituents such as phos-
phorus or trace elenments may control design. For exanple, if
wast ewater trace el enent concentrations exceed the maxi mum
recommended concentrations for irrigation water (Table 2-2),
SR systems may be infeasible or may require special
precauti ons. This is rare, however, and nost nmunici pal
systens will be limted either by hydraulic capacity or
ni trogen | oadi ng.

2.2.1.2 Water Quality Requirenents

Land treatnment systens have sonmewhat unique discharge
requi rements because many of these systens do not have
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conventional point discharges to receiving surface waters.
In the past, the ability of the soil to treat wastewater was
not well recognized. As a result, discharge standards were
often inposed on a wastewater prior to its application on
| and, thereby increasing treatnment costs and energy require-

ments wthout significantly inproving overall treatnent
performance. More recently, |and has been recogni zed as an
i nportant conponent in the treatnent process. For this

reason, discharge requirements now apply to water quality
follow ng | and treatnent.

For systens that discharge to receiving waters, such as OF
systens and sone underdrai ned or naturally draining SR and Rl
systens, renovated water quality nust neet surface discharge
requi rements. For systens where the renovated water remains
under gr ound, EPA has established guidance for three
categories of ground water discharge that neet the criteria
for best practicable waste treatnent. These three categories
are as foll ows:

Case 1 - The ground water can potentially be used for
dri nki ng water supply.

The chem cal and pesticide levels in Table 24
shoul d not be exceeded in the ground water. |If the
exi sting concentration in the ground water of an
i ndi vi dual paraneter exceeds the standards, there
shoul d be no further increase in the concentration
of that paranmeter resulting fromland application
of wastewater.

Case 2 - The ground water is used for drinking water supply.

The sane criteria as Case 1 apply and the bacteri o-
| ogical quality criterion from Table 24 also
applies in cases where the ground water is used
wi t hout di sinfection.

Case 3 - Uses other than drinking water supply.
G ound water criteria should be established by the
Regi onal Adm nistrator in conjunction with appro-
priate state agencies based on the present or
potential use of the ground water.

For each ground water category, discharge requirenments nust
be net at the boundary of the |land treatnent project.
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TABLE 2-4
NATI ONAL | NTERI M PRI MARY
DRI NKI NG WATER STANDARDS, 1977 [7, 8]

Constituent Reason

or characteristic value? for standard
Physical
Turbidity, units 1b Aesthetic

Chemical, mg/L

Arsenic 0.05 Health
Barium 1.0 Health
Cadmium 0.01 Health
Chromium 0.05 c Health
Fluoride 1.4-2.4 Health
Lead 0.05 Health
Mercury 0.002 Health
Nitrates as N 10 Health
Selenium 0.01 Health
Silver 0.05 Cosmetic
Sodium - Health
Bacteriological

Total coliforms,
MPN/100 mL 1 Disease

Pesticides, mg/L

Endrin 0.0002 Health
Lindane 0.004 Health
Methoxychlor 0.1 Health
Toxaphene 0.005 Health
2,4-D 0.1 Health
2,4,5-TP 0.01 Health

a. The latest revisions to the constituents
and concentrations should be used.

b. Five mg/L of suspended solids may be
substituted if it can be demonstrated
that it does not interfere with
disinfection.

c. Dependent on ambient air temperature;
higher limits for lower temperatures.

d. Ground water drinking supplies must be
monitored at least once every 3 years;
surface water supplies must be monitored
at least annually.

For SR systens, individual states often have additional
crop-specific preapplication treatnent requirenents. These
requi renments are usually based on the nethod of wastewater
application, the degree of public contact with the site, and
the disposition of the crop. For exanple, crops for human
consunption generally require higher |evels of preapplication
treatnent than forage crops.

Local and state water quality requirenents may al so apply to
site runoff. Generally, all wastewater runoff nust be con-
tained onsite and reapplied or treated. Stormnater runoff
requirenents will vary fromsite to site and will depend on
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the expected quality of the runoff and the quality of | ocal
surface waters. State and local water quality agencies
shoul d be contacted for nore specific requirenents.

2.2.1.3 Regional Characteristics

Critical regional parameters include climte, surface water
hydr ol ogy and quality, and ground water quality.

Climte

Local climate may affect (1) the water balance (and thus the
acceptabl e wastewater hydraulic loading rate), (2) the length
of the growi ng season, (3) the nunber of days per year that
a land treatnent system cannot be operated, (4) the storage
capacity requirenent, (5) the loading cycle of R systens,
and (6) the anmount of stormmater runoff. For this reason

| ocal precipitation, evapotranspiration, tenperature, and
wi nd val ues nust be determ ned before design criteria can be
establ i shed. \Wenever possible, at |least 10 years of data
shoul d be used to obtain these val ues.

Three publications of The National Cceanic and At nospheric
Adm ni stration (NOAA) provide sufficient data for nost com
munities. The Monthly Summary of dimatic Data provides
basic information, including total precipitation, tenperature
maxi ma and mninma, and relative humdity, for each day of the
nmonth and every weather station in a given area. \Wenever
avai |l abl e, evaporation data are included. An annual summary
of climatic data, entitled Local dimatol ogical Data, is
published for a small nunber of major weather stations.
Included in this publication are the normals, neans, and
extrenes of all the data on record to date for each station

The Cinmate Summary of the United States provides 10 year
summaries of the nonthly climatic data. Oher data included
ar e:

Total precipitation for each nonth of the 10 year
peri od.

Mean nunber of days that precipitation exceeded
0.25 and 1.3 cm (0.10 and 0.50 in.) during each
nmont h

Total snowfall for each nonth of the period

Mean tenperature for each nonth of the period

Mean daily tenperature maxima and m ninma for each
nont h



I Mean nunber of days per nonth that the tenperature
was |less than or equal to 0O °C (32 °F) or greater
than or equal to 32.5 °C (90 °F)

A fourth reference that can be hel pful is EPA*s Annual and
Seasonal Precipitation Probabilities [9]. This publication
includes precipitation probabilities for 93 stations
t hroughout the United States.

Data requirenents for planning purposes are summarized in
Table 2-5. The anmount of water |ost by evapotranspiration
should also be estimated, either by using pan evaporation
data supplied by NOAA or by wusing theoretical nethods
(Section 4.3.2.3). The length of the grow ng season for
perenni al crops is usually assuned to be the nunber of con-
ti nuous days per year that the maxinmumdaily tenperature is
above freezing. Specific information on grow ng seasons can
al so be obtained fromthe |ocal county agent.

TABLE 2-5
SUMVARY OF CLI MATI C ANALYSES

Factor Data required Analysis Use

Precipitation Annual average, Frequency Water balance
maximum, minimum

Rainfall storm Intensity, duration Frequency Runcff estimate

Temperature Days with average Frost free Storage, treatment efficlency,
below freezing period crop growing season

Wind Velocity, direction -~ Cessation of sprinkling

Evapotran- Annual, monthly Annual Water balance

spiration average distribution

Sur f ace Wat er Hydrol ogy

For SR systens (see Chapter 4 for details) best managenent
practices for control of stormwater should be used. Contour
planting (instead of straight-row planting) and incorporating
pl ant residues into the soil to increase the soil organic
content will also mnimze sedinent and nutrient | osses.
When desi gni ng drai nage and runoff collection systens, a 10
year return event should be the m ninuminterval considered.

G ound WAt er Hydrol ogy

| nformati on that should be obtained includes soil surveys,
geol ogi ¢ and ground water resources surveys, well drilling
| ogs, ground water |evel nmeasurenents, and chem cal anal yses
of the ground water. Nunmerous federal, state, county, and
city agencies have this type of information as well as uni-
versities, professional and technical societies, and private
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concerns with ground water related interests. Particularly
good sources are the U S. Ceol ogical Survey (USGS), state
wat er resources departments, and county water conservation
and flood control districts. Mich of the information col-
| ected fromthese agencies and entities will also be useful
during the site identification step. (Figure 2-1).

2.2.2 Land Treatnment System Suitability

Factors that should be considered in determning suitability
of a particular land treatnent process are:

I Process ability to neet treatnent requirenments
(refer to Chapter 1)

Study area characteristics that may dictate or
elimnate certain |l and treatnent processes

Secondary project objectives, such as a desire for
i ncreased water supplies for irrigation or recrea-
tion

Once a prelimnary decision regarding process suitability has
been made, typical hydraulic and nutrient |oading rates can
be used to estimate |and area. M ni mum preapplication
treatnent, storage, and other requirenents are then deter-
m ned, and the feasibility of each type of |and treatnent
process i s eval uated.

2.2.2.1 Process Loadi ng Rates

Sl ow Rate Process

The anobunt of wastewater that can be applied to a given SR
site per unit area and per unit tine is the wastewater hy-
draulic loading rate, which can be estimated by using the
foll owm ng wat er bal ance equati on:

Precipitation + applied wastewater (2-1)
= evapotranspiration + percol ation

Runoff is not included in the equation since SR design is
based on having no runoff of applied wastewater. The perco-
lation rate is the volune of water that nust travel through
the soil, per unit application area and unit time, and is
est abl i shed during systemdesign. To ensure that there is no
runoff, the design percolation rate should never exceed the
saturated hydraulic conductivity, or perneability, of the
nost restrictive layer in the soil profile (i.e., the m ninum
soil perneability), potential evapotranspiration values have
been cal cul ated for various locations in the United States.
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These evapotranspiration values have been used along wth
| ocal precipitation records to plot the difference between
potential evapotranspiration and precipitation as a function
of location [10] . This plot, included as Figure 2-2, can be
used to determ ne rough estimates of the difference between
evapotranspiration and precipitation at any site in the
mai nl and United States.

Experi ence has shown that the maxi num desi gn percolation rate
should equal no nore than a fraction of the m ninmm soi
permeability or hydraulic conductivity measured with clear
water and using typical field and |aboratory procedures
(Sections 3.4 and 3.5). For planning purposes, the fraction
ranges from about 4 to 10% of the mninmum hydraulic
conductivity depending on the uniformty of the soil and the
degree of conservativeness (Sections 4.5.1, 5.4.1). Based on
this relationship, the recormmended maxi num percol ation rate
is plotted in Figure 2-3 as a function of mninum soil
pernmeability as neasured with clear water. To use the plot
during Phase 1, soil perneability nust be estimated from soi
survey information. Then, the range of recommended maxi nmum
percolation rates is read fromthe graph. The recomended
range of annual wastewater hydraulic loading rates is
estimated using Equation 2-1, by adding the difference
bet ween evapotranspiration and precipitation (taken from
Figure 2-2) to the range of percolation rates identified in
Figure 2-3. During Phase 2, hydraulic conductivity
measur enents shoul d be conducted at selected sites and used
to estimate maxi mum percol ati on rates.

The range of percolation rates that have been used in prac-
tice is broader than the maxi num recomended range shown in
Figure 2-3. The range is greater because paraneters other
than soil hydraulic capacity, such as nitrogen | oading, crop
requirenents, and climate, often imt the all owabl e perco-

lation rate of SR systens. For prelimnary planning
pur poses, |loading rates and | and requirenents are estimated
by assum ng that corn or sorghum or forage grasses wll be

grown. Nitrogen requirenents for these crops are discussed
in Section 4.3.

Rapid Infiltration Process

Wast ewater hydraulic loading rates for RI systens are based
on the hydraulic capacity of the soil and on the underlying
soil geology. During phase 1, hydraulic capacity is esti-
mated from soil survey data and other published sources.
Then, the range of percolation rates to use during prelim
inary planning is read from Figure 2-3. This figure (2-3)
shoul d not be used for design.
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During Phase 2, design percolation rates are determ ned by
measuring at | east one of the foll ow ng paraneters:

I Infiltration rate using appropriate tests (Section
3.4)

I Hydraul i c conductivity (perneability) of the soil,
usually in vertical direction

As described in Section 5.4.1, the design percolation rate
will always be a fraction of the test results. Considera-
tions of nutrient renoval and cold weather operation nmay
require adjustnents in the design percolation rate.

Overl and Fl ow Process

Duri ng Phase 1 and phase 2 pl anning, the engineer can assune
a hydraulic loading rate of 6.3 to 20 cniwk (2.5 to 8 in./wk)
for screened raw wastewater and a rate of 10 to 25 cmwk (4
to 10 in./wk) for primary effluent (Section 6.4). Oten, OF
is used to polish wastewater effluent from biol ogical
treat ment processes. In such cases, assunmed wastewater
| oading rates may be as high as 20 to 40 cmiwk (8 to 16
in./wk).

2.2.2.2 Storage Needs

For SR and OF systens, adequate storage nust be provi ded when
climatic conditions halt operations or require reduced
hydraulic |l oading rates. Mst Rl basins are operated year-
round, even in areas that experience cold w nter weather
(Figure 2-4). Rapid infiltration systens may require cold
weat her storage during periods when the tenperature of the
wastewater to be applied is near freezing and the anbient air
tenperature at the site is below freezing. Cenerally, the
probl em occurs only when ponds are used for preapplication
treatnent. Land treatnent systens al so may need storage for
fl ow equal i zati on, system backup and reliability, and system
managenent, including crop harvesting (SR and OF) and
spreadi ng basin maintenance (RI). Reserve application areas
can be used instead of storage for these system managenent
requirenents.

During the planning process, Figure 2-5 may be used to obtain
a prelimnary estimte of storage needs for SR and OF
systens. This figure was devel oped fromdata coll ected and
anal yzed by the National Aimatic Center in Asheville, North
Carolina. The data were used to devel op conputer prograns
that estimte site specific wastewater storage requirenments
based on climate [11], which, in turn, were used to plot
Figure 2-5. The map is based on the nunber of freezing days
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per year corresponding to a 20 year return period. | f
application rates are reduced during cold weather, additional
storage nmay be required. Should there be a need for nore
detail ed data, the engi neer should contact:

Director

National Clinmatic Center

Federal Buil ding

Asheville, North Carolina 28801
(704) 2582850

Any conmuni cations should refer to conputer prograns EPA,
2, and 3 (Section 4.6.2 and Appendix F). Each of these
prograns costs $225 for an initial conmputer run (January
1981) .

FIGURE 2-4
WINTER OPERATION OF RAPID INFILTRATION
AT LAKE GEORGE, NEW YORK

Alternatively, for OF and SR systens, -4 °C (25 °F) can be
assunmed as the mninum tenperature at which a system w ||
successfully operate. Readily avail abl e tenperature data may
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be used by assum ng that systens do not operate below -4 °C
Then, the required storage volune is estimted from the
average cold weather flow and the nunber of days in which the
mean tenperature is less than -4 °C

2.2.3 Land Area Requirenents

The anmount of land required for a land treatnent system
i ncludes the area needed for buffer zones, preapplication
treatnent, storage, access roads, punping stations, and
mai nt enance and adm ni stration buildings, in addition to the
| and actually required for treatnment. Depending on growth
patterns in the study area, and on the accessibility of the
land treatnent site, additional land may be required for
future expansion or for plant energencies.

During planning, the total amount of |and required, excluding
any buffer zones that nmay be required by state agencies, can
be roughly approximated from Figure 2-6. To use the
nonmogr aph shown in this figure, the design wastewater flow
nmust be known. First, the wastewater hydraulic |loading rate
is estimated (Section 2.2.2). Then, the wastewater flow and
hydraulic loading rate are | ocated on the appropriate axes
and a line is drawn passing through themto the pivot |ine.
Next, the nunber of weeks per year that the systemw /|| not
operate, due to weather, crop harvesting, or other reasons,
is estimated. A second line is drawn fromthe pivot point to
t he nunber of nonoperating weeks. The point at which this
second line crosses the axis |abeled “total area” corresponds
to the estinmated required area.

2.2.4 Site ldentification

Potential land treatnment sites are identified using existing
soils, topography, hydro geol ogy, and | and use data, shown by
parameter on individual study area nmaps. Eventual |y, the
data are conbined into conposite study area maps that
i ndicate areas of high, noderate, and low |and treatnent
suitability.

Potential land treatnent sites are identified using a deduc-
tive approach [13]. First, any constraints that mght [imt
site suitability are identified. |In nost study areas, al
land within the area should be evaluated for each |and
treatnent process. The next step is to classify broad areas
of land near the area where wastewater is generated according
to their land treatnent suitability. Factors that should be
consi dered include current and pl anned | and use, topography,
and soils.
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2.2.4.1 Land Use

Land use in nost communities is regulated by |ocal, county,
and regional zoning |laws. Land treatnent systens nust conply
with the appropriate zoning regulations. For this reason

t he pl anner should be fully aware of the actual |and uses and
proposed | and uses in the study area. The planner shoul d
attenpt to develop land treatnent alternatives that conform
to local |and use goals and objectives.

Land treatnent systens can conformw th the follow ng | and
use objectives:

I Protection of open space that is used for |and
t r eat ment

Production of agricultural or forest products using
renovated water on the land treatnent site

Recl amation of land by using renovated water to
establish vegetation on scarred | and

Augnent ati on of parklands by irrigating such | ands
wi th renovated water

Managenment of flood plains by using flood plain
areas for land treatnent, thus precluding I|and
devel opnent on such sites

Formation of buffer areas around major public
facilities, such as airports

To eval uate present and planned | and uses, city, county, and
regi onal |and use plans should be consulted. Because such
plans often do not reflect actual current |land use, site
visits are recommended to determne existing |and use.
Aeri al phot ographic maps nmay be obtained fromthe Soil Con-
servation Service (SCS) or the l|ocal assessor*s office.
O her useful information nmay be available fromthe USGS and
the EPA, including true color, false color infrared, and
color infrared aerial photos of the study area.

Once the current and planned | and uses have been determ ned,
t hey should be plotted on a study area map. Then, |and use
suitability may be plotted using the factors shown in Table
2- 6.

Both | and acquisition procedures and treatnent system opera-
tion are sinplified when few |l and parcels are invol ved and
contiguous parcels are used. Therefore, parcel size is an
i nportant paraneter. Usually, information on parcel size
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can be obtai ned fromcounty assessor or county recorder mnaps.
Again, the information should be plotted on a map of the
study area.

TABLE 2-6
LAND USE SUI TABI LI TY FACTORS FOR
| DENTI FYI NG LAND TREATMENT SI TES [ 14]

Type of system

Agricultural Forest Overland Rapid
Land use factor slow rate slow rate flow infiltration
Open or cropland High Moderate High High
Partially forested Moderate Moderately Moderate Moderate
high
Heavily forested Low High Low Low
Built upon Low Very low Very low Very low

{(residential,
commercial, or
industrial)

2.2.4.2 Topography

Steep grades |imt a site*s potential because the anmount of
runoff and erosion that will occur is increased, crop culti-
vation is nmade nore difficult, if not inpossible, and satur-
ation of steep slopes nmay lead to unstable soil conditions.
The maxi mum accept abl e grade depends on soil characteristics
and the land treatnment process used (Table 1-2).

Grade and elevation information can be obtained from USGS
t opogr aphi ¢ maps, which usually have scales of 1:24,000 (7.5
mnute series) or 1:62,500 (15 mnute series). G ade
suitability may be plotted using the criteria listed in Table
2-7.

TABLE 2-7
GRADE SUI TABI LI TY FACTORS FOR | DENTI FYI NG
LAND TREATMENT SI TES [ 14]

Slow rate systems

Overland Rapid

Grade factor Agricultural Forest flow infiltration
0 to 12% High High High High

12 to 20% Low High Moderate Low

>20% Very low Moderate Eliminate Eliminate
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Relief is another inportant topographical consideration and
is the difference in elevation between one part of a |and
treatnment system and another. The primary inpact of relief
isits effect on the cost of conveying wastewater to the | and
application site. Oten, the econom cs of punping wastewater
to a nearby site nust be conpared with the cost of
constructing gravity conveyance to nore di stant sites.

A site*s susceptibility to flooding also can affect its
desirability. The flooding hazard of each potential site
shoul d be evaluated in terns of both the possible severity
and frequency of flooding as well as the areal extent of
f 1 oodi ng. In sone areas, it may be preferable to allow
flooding of the application site provided offsite storage is
available. Further, crops can be grown in flood plains if
flooding is infrequent enough to make farm ng econom cal .

Overland flow sites can be located in flood plains provided
they are protected fromdirect flooding which could erode the
sl opes. Backwater from flooding, if it does not |ast nore
than a few days, should not be a problem Flood plain sites
for Rl basins should be protected fromfl ooding by the use of
| evees.

Summari es of notable floods and descriptions of severe floods
are published each year as the USGS Water Supply Papers.
Maps of certain areas inundated in past floods are published
as Hydrologic Investigation Atlases by the USGS. The USGS
al so has produced nore recent maps of flood prone areas for
many regions of the county as part of the Uniform National
Program for Managi ng Fl ood Losses. These nmaps are based on
standard 7.5 mnute (1:24,000) topographic sheets and
identify areas that lie within the 100 year flood plain.
Addi ti onal information on flooding susceptibility is
avail able fromlocal offices of the US. Arny Corps of Engi-
neers and |l ocal flood control districts.

2.2.4.3 Soils

Comon soil -texture terns and their relationship to the SCS
textural class nanes are listed in Table 2-8.

Fine-textured soils do not drain well and retain water for
long periods of tine. Thus, infiltration is slower and crop
managenent is nore difficult than for freely drained soils
such as loany soils. Fine-textured soils are best suited for
the OF process. Loany or nmediumtextured soils are desirable
for the SR process, although sandy soils may be used wth
certain crops that grow well in rapidly draining soils. Soi

structure and soil texture are inportant characteristics that
relate to perneability and acceptability for land treatnent.
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Structure refers to the degree of soil particle aggregation.
A well structured soil is generally nore perneable than
unstructured material of the sanme type. The Rl process is
suited for sandy or |oany soils.

TABLE 2-8
SO L TEXTURAL CLASSES AND CGENERAL TERM NOLOGY
USED I N SO L DESCRI PTI ONS

General terms
— Basic soil textural
Common name Texture class names

Sandy soils Coarse Sand
Loamy sand

Moderately coarse Sandy loam
Fine sandy loam

Loamy soils Medium Very fine sandy loam
Loam
Silt loam
Silt

Moderately fine Clay loam
Sandy clay loam
Silty clay loam

Clayey soils Fine Sandy clay
Silty clay
Clay

Soi | surveys are usually available fromthe SCS. Soil sur-
veys normally contain maps show ng soil series boundaries and

textures to a depth of about 1.5 m (5 ft). The scal e of
t hese maps ranges from1:31,680 to 1:15,840 and even 1:7,920
in sonme |ocations. In a survey, limted information on

chem cal properties, grades, drainage, erosion potential
general suitability for locally grown crops, and interpretive
and managenent information is provided. In sone areas,
publ i shed surveys are not available or exist only as detail ed
reports with maps ranging in scale from 1:100,000 to
1: 250, 000. Additional information on soil characteristics
and on soil survey availability can be obtained fromthe SCS
t hrough the | ocal county agent.

Al though soil depth, perneability, and chem cal character-
istics significantly affect site suitability, data on these
paraneters are often not avail able before the site investi-
gation phase. |If these data are available, they should be
plotted on a study area map along with soil texture. I n
identifying potential sites, the planner should keep in mnd
t hat adequate soil depth is needed for root devel opnment and
for thorough wastewater treatnent. Further, perneability
requirenents vary anong the Jland treatnent processes.
Desirabl e perneability ranges are shown by process in Table
2-9 together with desired soil texture. The SCS perneability
class definitions are presented in Figure 2-3.
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Certain geological formations are of interest during Phase 1

Discontinuities and fractures in bedrock may cause
shortcircuiting or other unexpected ground water flow
patterns. |nperneable or sem perneabl e | ayers of rock, clay,
or hardpan can result in perched ground water tables. The
USGS and nany state geol ogi cal surveys have maps indicating
t he presence and effects of geol ogical formations. These
maps and other USGS studies may be used to plot |ocations
within the study area where geological formations may limt
the suitability for land treatnent.

TABLE 2-9
TYPI CAL SO L PERMEABI LI TI ES AND TEXTURAL
CLASSES FOR LAND TREATMENT PROCESSES

Principal processes

Rapid Overland

Slow rate infiltration flow
Soil permeability >0.15 >5.0 <0.5
range, cm/h
Permeability Moderately slow tc Rapid Slow
class range moderately rapid
Textural Clay loams to Sand and Clays and
class range sandy loams sandy loams clay locams
Unified Soil GM-d, SM-d, ML, GW, GP, SW, GM-u, GC,
Classification OL, MH, PT SP SM-u, SC,

CL, OL, CH, OH

Once each of the parameters discussed in the precedi ng para-
graphs have been nmapped, the nmaps are nerged into a conposite
map that indicates areas wth high, noderate, and |ow
suitability. Map overlays may be useful during this process.

2.2.5 Site Screening

During the latter half of Phase 1, each part of the study
area that appears to be suitable for land treatnent nust be
evaluated and rated in ternms of technical suitability and
feasibility. Rating is often acconplished by wei ghting each
of the site selection factors and using a nunerical system
The resulting ratings are used to identify sites that have
hi gh overall suitability and that should be investigated nore
thoroughly. If suitable sites are not available, no further
consideration is given to | and treatnent.
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Site selection factors and wei ghtings should vary to suit the
needs and characteristics of the community. Several factors
that should be considered are listed in Table 2-10. A sanple
rating systemis shown in Table 2-11. This system may be
varied by the planner to reflect available information.

TABLE 2-10
SI TE SELECTI ON GUI DELI NES

Characteristic

Process

Remarks

Soil permeability

Potential ground
water pollution

Ground water storage
and recovery

Existing land uses

Future land use

Size of site

Flooding hazard

Slope

Water rights

Overland flow

Rapid infiltration
and slow rate

Rapid infiltration
and slow rate

Rapid infiltration

processes

All processes

All processes

All processes

All processes

Rapid infiltration

Overland flow

All processes

High permeability soils are more suitable
to other processes.

Hydraulic loading rates increase with
permeability.

Affected by the (1) proximity of the site to
a potential potable aquifer, (2) presence of
an agquiclude, (3) direction of ground water
flow, and (4) degree of ground water recovery
by wells or underdrains.

Capability for storing percolated water and
recovery by wells or underdrains is based

on aquifer depth, permeability, aquiclude
continuity, effective treatment depth, and
ability to contain the recharge mound within
the defined area.

Involves the occurrence and nature of con-
flicting land use.

Future urban develooment may affect the ability
to expand the system.

If there are a number of small parcels, it is
often difficult to purchase or lease the
needed area.

May exclude or limit site use.

Steep grades may (1) increase capital expen-
ditures for earthwork, and (2) increase the
erosion hazard during wet weather.

Steep grades often affect ground water
flow pattern.

Steep grades reduce the travel time over the
treatment area and treatment efficiency. Flat
land requires extensive earthwork to create
grades.

May require disposal of renovated water in a
particular watershed within a particular
stretch of surface water.
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TABLE 2-11

RATI NG FACTORS FOR SI TE SELECTI ON [ 14,

15]

Characteristic

Slow rate systems

Agricultural

Forest

Overland
flow

Rapid
infiltration

Soil depth, m?

0.3-0.6

0.6-1.5

1.5-3.0
>3,0

Minimum depth to
ground water, m

<1l.2
1.2-3,0
>3.0

Permeability, cm/hC

<0.15
0.15~-0.5
0.5-1.5
1.5-5.0
>5.0
Grade, %
0-5
5-10
10-15
15-20
20-30
30-35
>35

Existing or planned land use

Industrial

High density residential/urban
Low density residential/urban
Forested

Agricultural or open space

Overall suitability ratingd

Low
Moderate
High
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<15
15-25
25-35
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<16
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<lé
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Note: The higher the maximum number in each characteristic, the more important

the characteristic; the higher the ranking,

a. Depth of the profile to bedrock.

b. Excluded; rated as poor.

c. Permeability of most restrictive layer in soil profile.

d. Sum of values.
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EXAMPLE 2-1: USE OF RATI NG FACTORS TO DETERM NE
SITE SUI TABI LI TY

An exanple of the use of rating factors is presented in the follow ng two
figures and tables. Exanple soil types are shown in Figure 2-7 as presented in
a portion of a county SCS soil survey. Characteristics of the three soil types
and existing | and uses are presented in Table 2-12. The characteristics are
then conpared to the rating factors in Table 2-11 to obtain the nunerical val ues
in Table 2-13. For exanple, the Bibb silt loamin Table 2-12 has a depth of
soil above bedrock of 1.5 to 3 m(5 to 10 ft). From Table 2-11, this would
correspond to values of 8 for SR, 7 for OF, and 4 for Rl. These values are
entered into Table 2-13.

Wien all factors are evaluated, the nunerical values are added together to
obtain a total and to determine the suitability rating. The high suitability
areas are presented in the soils map in Figure 2-8. By applying this procedure
to all soils within a given radius of the comunity, the nost suitable sites
(generally 3 to 5) are identified for further field investigation and cost—

ef fectiveness eval uation.

Bm

FIGURE 2-7
EXAMPLE AREA QOF SOIL MAP TO BE EVALUATED

TABLE 2-12
CHARACTERI STICS COF SO L SERI ES MAPPED I N FI GURE 2-7

Sassafras fine Evesboro

Bibb silt loam sandy loam loamy sand
Map symbol Bm SaB EoB
Soil depth, m 1.5-3.0 0.6-1.5 >3.0
Depth to ground water, m <1l.2 1.2-3.0 1.2-3
Permeability, cm/h <0.15 1.5-5.0 >5.0
Grade, % 0-5 0-5 0-5
Land use Agricultural Forested Industrial
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TABLE 23

EXAMPLE USE COF RATI NG FACTCRS FOR SI TE SELECTI ON

System Ground Perme- Land
Sgil type type Depth water ability Grade |use Total Suitability
Bibb SR 8 0 1 8 4 21 Mocerate
silt loam OF 7 2 10 8 q 31 Hich
(Bm) RI 4 E E 8 4 --3 Eliminate
Sassafras SR 2 4 8 8 1 24 Moderate
fine sandy OF 4 4 1 8 1 18 Moderate
loam (SaB) RI E 2 6 8 1 --48 Eliminate
Evesboro SR 9 4 8 8 0 29 High
loamy sand OF 7 4 E 8 0 --2 Eliminate
(EOB) RI 8 2 9 8 0 27 High
a. Total not determined because site was clearly eliminated (E) for this

type of land treatment based on one or more site factors.

AN

7/] SR or RI HIGH SUITABILITY

\N

[:] SR or OF MODERATE SUITABILITY

FIGURE 2-8

OF HIGH SUITABILITY
SR MODERATE SUITABILITY

EXAMPLE SUITABILITY MAP FOR SOILS IN FIGURE 2-7
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2.3 Phase 2 Pl anning

Phase 2, the site investigation phase, occurs only if sites
with potential have been identified in Phase 1. During Phase
2, field investigations are conducted at the selected sites
to determne whether land treatnent is technically feasible.
When sufficient data have been coll ected, prelimnary design
criteria are calculated for each potential site. Using these
criteria, capital and operation and maintenance costs are
estimat ed. These cost estimates and other nonnonetary
factors are used to evaluate the sites sel ected during Phase
1 for cost effectiveness. On the basis of this eval uation,
a land treatnent alternative is selected for design

2.3.1 Field Investigations

Field investigations that shoul d be performed during Phase 2
i ncl ude:

1 Characterization of the soil profile to an approxi -
mate depth of 1.5 m(5 ft) for SRRk, 3 m (10 ft) for
R, and 1 m (3 ft) for OF

Measurenments of ground water depth, flow, and
qual ity

Infiltration rate and soil hydraulic conductivity
measur enent s

1 Determ nation of soil chem cal properties
Met hods for these anal yses are detailed in Chapter 3.
2.3.2 Selection of Prelimnary Design Criteria

Frominformation collected during the field investigations,
t he engi neer can confirmthe suitability of the sites for the
identified land treatnent process(es). Usi ng the | oading
rates described previously (Figure 2-3, Section 2.2.2), the
engi neer should then select the appropriate hydraulic |oading
rate for each land treatnent process that is suitable for
each site under consideration. Based on the |oading rate
estimates, |land area, preapplication treatnent, storage, and
ot her systemrequirenments can be estimted. Reuse/recovery
options should also be outlined at this tine.
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2.3.2.1 Preapplication Treatnent

Sone degree of wastewater treatment prior to land application
is usually necessary, for one or nore of the follow ng
reasons:

1 To avoid unnecessary wear on the distribution
system and in particular, punps in the system

To al |l ow wastewater storage prior to |and treatnent
Wi t hout creating nui sance conditions

To m nimze potential public health risks

To reduce soil clogging in R |and treatnent

To obtain a higher overall I|evel of wastewater
t reat nent

I ndustrial pretreatnent should be consi dered when i ndustri al
waste contains materials that (1) could hinder the treatnent
processes; (2) could accunulate in quantities that woul d be
detrinental to the soil-plant system or (3) could pass
through a land treatnent systemand restrict the beneficial
uses of the renovated water or the native ground water.
| ndustrial contam nants of concern include trace organics and
trace elenments. General guidelines and tinme schedules for
i npl enmentation of industrial waste pretreatnent progranms can
be obtained fromthe EPA regional offices.

2.3.2.2 Recovery of Renovated Water

The col |l ection of renovated wastewater follow ng | and treat-
ment nmay be either necessary or desirable. |[If the renovated
wast ewat er can be recl ai ned for beneficial uses, recovery nmay
even be profitable. In many |ocations, water rights may
necessitate recovery of renovated water for disposal at a
specific location in a given watershed. |In sone |ocations,
under drai nage may be needed to control ground water eleva-
tions and all ow site devel opnent.

Met hods used to recover renovated wastewater include under-
drains, recovery wells, surface runoff collection, and tail -
wat er return. Wastewater can also be recovered through
springs and seeps that result from land treatnment or by
subsurface flow fromthe |land treatnent site to the surface
water. These nethods and their applicability to each of the
three major types of land treatnent are summari zed in Table
2-14. Design of recovery systens is discussed in nore detai
in Chapters 4, 5, and 6.
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TABLE 2-14
APPLI CABI LI TY OF RECOVERY SYSTEM5 FOR RENOVATED WATER

Recovery system Slow rate Rapid infiltration Overland flow
Springs, seeps, oOr Often used to Often used to NA
natural drainage maintain water maintain water rights
rights
Underdrains Ground water control Ground water control NA
and effluent reuse and effluent reuse
Recovery wells Usually NA Ground water control NA

and effluent reuse

Surface runoff

Effluent NA NA Collect, discharge®
Stormwater Sediment control NA Collect, dischargea
Tailwater
Sprinkler application NA NA NA
Surface application %?—50% of applied NA NA
ow

NA - not applicable.

a. Disinfect if required before discharge; provide for short-term recycling of waste-
water after extended periods of shutdown if effluent regquirements are stringent.

2.3.3 Evaluation of Alternatives

Land treatnment alternatives should be eval uated on the basis
of capital costs, operation and mai ntenance costs (including
energy consunption), and other nonnonetary factors, such as
public acceptability, ease of inplenentation, environnmental
i npact, water rights, and treatnent consistency and relia-
bility.

2.3.3.1 Costs

For cost anal yses, the EPA cost-effectiveness anal ysis pro-
cedures described in 40CFR 35, Appendix A, nust be used in
sel ecting any municipal wastewater managenment system that
will be funded under PL 92-500 [16]. For nongrant funded
projects, the EPA analysis my be nodified to fit a
communi ty*s specific objectives. The nost cost-effective
alternative is defined as follows [16]

The nost cost-effective alternative shall be the waste
treat nent nmanagenent system which the anal ysis deter-
mnes to have the |owest present worth or equival ent
annual val ue unl ess nonnonetary costs are overriding.
The nost cost-effective alternative nust al so neet the
m ni mum requi renents of appl i cabl e ef fl uent
limtations, gr oundwat er protection, or ot her
appl i cabl e standards established under the Act.
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Curves for estimating capital and operation and mai nt enance
costs may be found in reference [17], or the CAPDET system
can be used for a prelimnary estinate.

Cost comnparisons should include the cost of preapplication
treatment and sludge handling as well as |and treatnent
process conponents, including transm ssion, storage, field
preparation, renovated water recovery, and land. The costs
of resolving any water rights problens al so nust be included.
The EPA cost-effectiveness guidelines require that grant-
funded projects use the follow ng general service |ives:

1 Land Per manent
1 Structures 30 to 50 years
1 Process equi prment 15 to 30 years
1 Auxi | i ary equi pnent 10 to 15 years
Capital costs for land will vary fromsite to site. Land

treatnent systens nust have adequate | and for preapplication
treatnent facilities, storage reservoirs, wastewater appli-
cation, buffer zones, admnistrative and | aboratory buil d-
ings, transmssion pipe easenent, and other facilities.
Costs of relocating residences and ot her buil di ngs depend on
the location but also should be included in capital cost
esti mat es. The local offices of the U S Arny Corps of
Engi neers, U. S Bureau of Reclamation, and state hi ghway
departnments can provide information on relocation cost
esti mat es.

Several options are available for acquisition or control of
the |l and used for wastewater application, including:

1 Qutright purchase (fee-sinple acquisition)
1 Long-term | ease or easenent
1 Purchase and | easeback of land (usually to farnmer

for irrigation) with no direct nunicipal involve-
ment in |and nmanagenent.
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For larger projects, fee-sinple |land acquisition is favored
by nost federal agencies, states, and communities. Further,
outright purchase provides the highest degree of control over
the land application site and ensures uninterrupted |and
availability. Estimates indicate that |and | easing has been
cost effective for several hundred projects nationw de.
Cenerally, these projects are in arid or semarid areas where
renovated water has a high value and land a relatively |ow
val ue. Leasing or easenent arrangenents also can be very
attractive for smaller communities.

Capital costs of land for both | and treatnment processes and
storage prior to land application are eligible for federal
Construction Gants Program funding as specified in EPA
gui dance [18]. During the cost effectiveness anal yses, the
engi neer nust keep in mnd that, unlike many ot her treatnent
conponents, |and has a sal vage value. |In addition, current
EPA gui dance allows the | and value to appreciate 3% per year.
Thus, the sal vage value after 20 years is:

(1 + 0.03)%° x present price = (1.806) (present price)

The present worth of this salvage value is cal cul ated using
the prevailing interest rate, not the 3% appreciation rate.
Long-term easenents or |eases of land for |and application
processes also are eligible for Construction Grants Program
fundi ng, provided that the conditions sunmarized in Table 2-
15 are net.

TABLE 2-15
LEASE/ EASEMENT REQUI REMENTS FOR CONSTRUCTI ON
GRANTS PROGRAM FUNDI NG [ 18]

1 Limt the purpose of the |lease or easenment to land application and activities
incident to |land application.

1 Describe explicitly the property use desired.

1 Wi ve the | andowner*s right to restoration of the property at the term nation of
the | ease/ easenent.

1 Recogni zing the serious risk of premature |ease termination, provide for full
recovery of danages by the grantee in such an event. The grantee nust insure the
capability to operate and neet pernit requirements for the useful life of the
proj ect.

1 Provide for payment of the |ease/easenent in a lump sumfor the full value of the

entire term

! Provide for |eases/easenents for the useful life of the treatnent plant, with an
option of renewal for additional terms, as deenmed appropriate.

Qperation and mai ntenance costs include | abor, materials, and
supplies (including chemcals), and power costs. For cost
conpari son purposes, they are assuned to be constant during
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the planning period. However, if average wastewater flows
are expected to increase significantly during the planning
peri od, operation and mai ntenance costs should be devel oped
for each year of the planning process. Qperation and
mai nt enance cost curves may be found in references [17, 19].

To estimate |abor costs, staffing requirenents for both
preapplication treatnment and |and treatnment nust be deter-
m ned. Staffing requirenments for preapplication treatnent

can be found in reference [19]. Staffing requirenents at
muni ci pally owned and operated | and treatnment systens have
been plotted as a function of flow in Figure 2-9. Land

treatnent systens that are owned and/or operated by farners
wi || have | ower nunicipal staffing requirenents.

Annual costs should include the cost of l|easing land for
wast ewat er application, when appropriate. Annual cost esti-
mat es al so should take into consideration revenues fromcrop
sal es, sale of renovated water, sale of effluent for |and
application, or |easeback of purchased land for farm ng or
ot her purposes. Because of the uncertainty in estimating
t hese revenues, they should be used to offset only a portion
of the operating costs in the cost-effectiveness anal ysis.

Prevailing market values for crops usually can be obtained
fromstate university cooperative extension services. Pre-
limnary yield estimtes should be based on the proposed
application conditions and on typical yields in the |oca
ar ea.

Anot her source of revenue may be the sale of recovered ren-
ovated water, particularly runoff from OF systens or
renovated water fromRl systemrecovery wells. Markets for
renovat ed water nust be investigated on a conmunity by com
muni ty basis. Met hods of assessing the relative val ue of
renovated wastewater for various uses and potential reuse
categories are discussed in reference [20]

2.3.3.2 Energy

Basi c energy requirenents for unit processes and operations
have been described and quantified in reference [21]. The
data in the report were used to conpare | and treatnent energy
requi renents with nechanical system requirenents and to
devel op equations for calculating the energy requirenments of
each unit process [22] . Equations in Chapter 8 can be used
to generate accurate power cost estimates for the cost-
ef fectiveness anal ysi s.
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2.3.3.3 Nonnonetary Consi derations

According to the EPA guidelines, a cost-effectiveness
anal ysis must also consider nonnonetary factors such as
environmental inpacts [23, 24], ease of inplenentation
(magni tude of potential water rights conflicts, public
acceptability), and treatnent consistency and reliability.
Potential water rights conflicts are discussed briefly in
Section 2.4. Public acceptability wll be greatly aided by
an effective public participation program particularly if
there is any chance that local farners will be involved in an
SR system Public participation regulations in the federal
Construction Grants Program are given in 40 CFR Part 35.
These regulations inplenment the public participation
requi renents of 40 CFR Part 25.

Changi ng di scharge requirenents, wastewater characteristics,
growmh rates, and | and uses for areas surrounding and con-
tributing to the treatnent system require treatnent flex-
ibility. The ability of each alternative to adapt to changes
shoul d be eval uat ed.

2.3.4 Plan Sel ection

To select an alternative, each of the factors considered
during the evaluation process should be conpared on an
equi val ent basis. Mnetary factors should be expressed in
terms of total present worth or equivalent annual cost.
Nonmonetary factors should be weighted according to their
| ocal inportance, and reasons cited for abandoning any
alternative for nonnonetary reasons. |If there are no over-
riding nonmonetary factors, the alternative sel ected should
be the plan with the | owest total present worth or equival ent
annual cost.

Actual alternative selection should involve the wastewater
managenent agency, the planner/engineer, advisory groups

citizen and special interest groups, and other interested
governnental agencies. Once an alternative is tentatively
sel ected, and before design begins, mtigation neasures for
mnimzing any identified adverse inpacts should be outlined.

2.4 Water Rights and Potential Water Rights Conflicts

Land application of wastewaters may cause several changes in
dr ai nage and flow patterns [25]:

1. Site drainage may be affected by | and preparation,
soil characteristics, slope, nethod of wastewater
application, cover crops, climte, buffer zones,
and spacing of irrigation equipnent.
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2. Land application may alter the pattern of flow in
the body of water that would have received the
wast ewat er di scharge. Al though this may di m nish
the flowin the body of water, it also may increase
the quality. The change may be continuous or
seasonal

3. Land application may cause surface water diversion,
because wastewaters that previously would have been
carried away by surface waters are now applied to
| and and often diverted to a different watershed.

Two basic types of water rights laws exist in the United
States: riparian | aws, which enphasize the right of riparian
| andowners along a watercourse to use of the water, and
appropriative | aws, which enphasize the right of prior users
of the water [25] . Mst riparian or |and ownership rights
are in effect east of the Mssissippi R ver, whereas npst
appropriative rights are in effect west of the M ssissippi
River. Specific areas where these two doctrines domnate are
shown in Figure 2-10.

Most states divide their water laws into three categories:
(1) waters in well-defined channels or basins (natural
wat ercourses), (2) superficial waters not in channels or
basins (surface waters), and (3) underground waters not in
wel | - defi ned channel s or basins (percolating waters or ground
waters). Potential water rights problens involving each type
of water and each of the three primary types of |[|and
treatnment are summarized in Table 2-16. This table is
intended to aid during planning and prelimnary screening of
alternatives, but is not to be used as the basis for elim
inating any alternatives.

2.4.1 Natural Watercourses

Most | egal problenms regarding natural watercourses involve
the diversion of a discharge with the subsequent reduction in

flow through the watercourse. In riparian states, diversion
of discharges that were not originally part of a stream
should not be cause for |egal action. In appropriative

states, if the diversion would threaten the quantity or
quality of a downstream appropriation, the downstream user
has cause for |egal action. Legal action may be either
injunctive, preventing the diverter from affecting the
di version, or nonetary, requiring the diverter to conpensate
for the damages. |If the area is not water-short and if the
wat ercourse i s not already overappropriated, damages woul d be
difficult if not inpossible to prove.
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TABLE 2-16
POTENTI AL WATER RI GHTS PROBLEMS FOR LAND
TREATMENT ALTERNATI VES*

Land treatment process

wWater definition and Rapid
water rights theory Slow rate infiltration Overland flow

Natural watercourses
Riparian Unlikely Unlikely Unlikely

Appropriative Likelyb Likelyb Depends on location of
discharge from collection ditch

Combination LikelyP LikelyP Depends on location of
discharge from collection ditch

Surface waters

Riparian Unlikely Unlikely LikelyC
Appropriative Unlikely Unlikely Likely®
Combination Unlikely Unlikely Likely®

Percolating or
ground waters

Riparian Unlikely Possible Unlikely
Appropriative Likely Likely Unlikely
Combination Likely Likely Unlikely

a. For existing conditions and alternative formulation stage of the planning
process onlv. It is also assumed that the appropriative situations are
water-short or overappropriated.

b. If effluent was formerly discharged to stream.

c. If collection/discharge ditch crosses other properties to the
natural watercourse.

2.4.2 Surface Waters

For surface waters, riparian and appropriative rights are
very simlar. |f renovated water from a |and treatnent
system crosses private property, a drainage or utility ease-
ment will be necessary.

2.4.3 Percolating Waters (G ound Waters)

Water rights conflicts may be caused either by a rise in the
ground water table that damages |ands adjoining a |and
treatnent system or by the appearance of trace contam nants
in nearby wells. In riparian states, the |andowner nust
prove that his ground water is continuous with and down-
gradient from ground water underlying the land treatnent

site. |If the alleged damages are not the result of negligent
treatnent site operation, cause for legal action will be
difficult to show In appropriative states, increases in

ground water table elevations would not wusually threaten
anyone*s appropriative right. Thus, there would be no cause
for legal action.
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2.4.4 Sources of Information

For larger systens and in problemareas, the state or |ocal
wat er master or water rights engineer should be consulted.
G her references to consider are the publications, A Summary-
Digest of State Witer Laws, available fromthe National
Wat er Conm ssion 125], and Land Application of WAstewater
and State Water Law, Volunes | and Il 1126, 27]. |If problens
develop or are likely wth any of the feasible alternatives,
a water rights attorney should be consulted.
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Chapter 3
FI ELD | NVESTI GATI ONS

3.1 Introduction

In contrast to conventional technologies, the analysis and
design of |land treatnment systens requires specific inform-
tion on the properties of the proposed site or sites. Too
little field data may | ead to erroneous conclusions while too

much will result in unnecessarily high costs with little
refinenment in the design concept. Experience indicates that
where uncertainty exists, it is prudent to adopt a

conservative posture relative to data gathering requirenents.

Figure 3-1 is a flow chart which presents a |ogical sequence
of field testing for a land treatnment project. At severa
points, available data are used for cal cul ati ons or deci sions
that may then necessitate additional field tests. These
additional tests are usually directed toward estimation of
new paraneters, required for extending the analysis.
However, in sonme cases, additional field tests may al so be
required sinply to refine prelimnary estinmates.

Gui dance on testing for wastewater constituents and soil
properties is provided for each land treatnent process in
Tabl e 3-1. Normal Iy, relatively nodest prograns of field
testing and data analysis will be satisfactory. 1In certain
i nstances, however, nore conplex investigations and anal yses
are required with higher levels of expertise in soil testing
and eval uation procedures. Firns specializing in these areas
are available for assistance if expertise does not exist
within the firm having general design responsibility.

3.2 Physical Properties
Prelimnary screening, as described in Chapter 2, of a

potential site (or sites) will ordinarily be based on exist-
ing field data available froma SCS county soil survey and

ot her sources. The next step involves sone physical
exploration on the site. This prelimnary exploration is of
critical inportance to subsequent phases of the project. |Its

two purposes are: (1) verification of existing data and (2)
identification of probable, or possible, site limtations;
and it should be perfornmed with reasonable care. For
exanple, the presence of wet areas, water-loving plant
species, or surficial salt crusts should alert the designer
to the need for detailed field studies directed toward the
probl em of drai nage. The presence of rock outcroppings
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would signify the need for nore detailed subsurface
i nvestigations than mght normally be required. |If a stream
were | ocated near the site, there would need to be additional
study of the surface and near-surface hydrol ogy; wells would
create a concern about details of the ground water flow, and

so on. These points may seem obvi ous. However, there are
exanpl es of systens that have failed because of just such
obvious conditions: limtations that were not recognized

until after design and construction were conpl ete.
TABLE 3-1
SUVWWARY OF FI ELD TESTS FOR
LAND TREATMENT PROCESSES
Processes
Rapid
Properties Slow rate (SR) infiltration (RI) Overland flow (OF)
Wastewater Nitrogen, phosphorus, BOD, SS, nitrogen, BOD, SS, nitrogen,
constituents SARAa, ECa, boron phosphorus phosphorus

Soil physical
properties

Soil hydraulic
properties

Soil chemical
properties

Depth of profile
Texture and structure
Infiltration rate

Subsurface
permeability

PH, CEC, exchangeable
cations (% of CEC),
EC2, metalsP, phos-
phorus adsorption
(optional)

Depth of profile
Texture and structure
Infiltration rate

Subsurface
permeability

pH, CEC, phosphorus
adsorption

Depth of profile
Texture and structure

Infiltration rate
(optional)

pH, CEC, exchangeable
cations (% of CEC)

a. May be more significant for arid and semiarid areas.

b. Background levels of metals such as cadmium, copper, or zinc in the soil should
be determined if food chain crops are planned.

3.2.1

Following the initial
expl oration wll
consists of digging pits,
carefully selected
profile for

| ayers,
wor k gravel

For OF site eval uations,
can be the top 1 m (3 ft) or
extend to 1.5 m(5 ft) for SRand 3 m (10 ft) or

syst ens.

Shal | ow Profil e Eval uati on

be needed.

or that point

and ot her

| ocati ons.
i nspection and sanpling,
identify subsurface features that
l[imtations,
Condi tions such as fractured
evidence of nottling in the profile,
anomal i es should be carefully noted.
profile eval uation
The eval uation should

field reconnai ssance,
In the prelimnary stages,
usually with a backhoe,
Besi des exposing the soil
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3.2.2 Profile Evaluation to G eater Depths

In some site evaluations, the 2.5 to 3.7 m(about 8 to 12 ft)
deep pits that can be excavated by a backhoe will not yield
sufficient information on the profile to allow all the
desired analyses to be nade. For exanple, it my be
necessary to |l ocate both the ground water table and the depth
to the closest inperneable |ayer. These depths together with
hori zontal conductivity values and certain other data are
required to nake nounding analyses, desi gn drai nage
facilities, and for contam nant mass bal ance cal cul ati ons.

Auger hol es or bore holes are frequently used to expl ore soi

deposits below the limts of pit excavation. Augers are
useful to relatively shall ow depths conpared to other boring
techniques. Depth |imtation for augering varies wth soi

type and conditions, as well as hole dianeter. I n
unconsol i dated material s above water tables, 12.7 cm (5 in.)
di ameter holes have been augered beyond 35 m (115 ft).
Cuttings that are continuously brought to the surface during
augering are not suitable for logging the soil materials.
Wt hdrawal of the auger flights for renoval of the cuttings
near the tip represents an inprovenent as a |ogging
technique. The best nethod is to withdraw the flights and
obtain a sanple with a Shel by tube or split-spoon sanpler

Boring nethods, which can be used to probe deeper than
augering, include churn drilling, jetting, and rotary
drilling. Wen using any of these nethods it is preferable
to clean out the hole and secure a sanple fromthe bottom of
the hole with a Shel by tube or split-spoon sanpler.

3.3 Hydraulic Properties

The planning and design work relative to land treatnent
systens cannot be acconplished w thout estinates of several
hydraulic properties of the site. The capacity of the soi
to accept and transmt water is crucial to the design of R
systens and may be limting in the design of sone SR systens
as well. In addition, tracking the novenent and inpacts of
the wastewater and its constituents after application wll
al ways be an inportant part of design.

For purposes of this manual, hydraulic properties of soil are

considered to be those properties whose neasurenent involves
the flow or retention of water within the soil profile.
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3.3.1 Saturated Hydraulic Conductivity

A material is considered perneable if it contains intercon-
nected pores, cracks, or other passageways through which
water or gas can flow. Hydraulic conductivity (synonynous
with the termperneability in this manual) is a neasure of
the ease with which liquids and gases pass through soil. The
termis nore easily understood if a few basic concepts of
water flowin soils are introduced first.

In general, water noves through soils or porous nedia in
accordance wth Darcy’ s equati on:

= 9 - rdH (3-1)
4= %7 fT
where q = flux of water, the flow, Q per unit
cross sectional area, A cm h
(in./h)
K = hydraulic onductivity
(perneability), cmh (in./h)
dH/ dl = hydraulic gradient, mim (ft/ft)

The total head (H) can be assuned to be the sum of the soil—
wat er pressure head (h), and the head due to gravity (2Z), or
H=h+ Z  The hydraulic gradient is the change in tota
head (dH) over the path length (dl).

The hydraulic conductivity is defined as the proportionality
constant, K The conductivity (K) is not a true constant but
a rapidly changing function of water content. Even under
conditions of constant water content, such as saturation, K
may vary over tinme due to increased swelling of clay
particles, change in pore size distribution due to
classification of particles, and change in the chem cal
nature of soil-water. However, for nost purposes, saturated
conductivity (K) can be considered constant for a given soil.

The K value for flow in the vertical direction will not
necessarily be equal to Kin the horizontal direction. This
condition is known as anisotropic. It is especially apparent

in layered soils and those with large structural units.

The conductivity of soils at saturation is an inportant
paraneter because it is used in Darcy*s equation to estinate
ground water flow patterns (see Section 3.6.2) and is useful
in estimating soil infiltration rates. Conductivity is
frequently estimated from ot her physical properties but much
experience is required and results are not sufficiently
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accurate for design purposes [1-5]. For exanple, hydraulic
conductivity is largely controlled by soil texture: coarser
mat eri al s having higher conductivities. However, in sone
cases the soil structure may be equally inportant: well
structured fine soils having higher conductivities than
coarser unstructured soils.

In addition, hydraulic conductivity for a specific soil may
be affected by variables other than those relating to grain
size, structure, and pore distribution. Tenperature, ionic
conposition of the water, and the presence of entrapped air
can alter conductivity values [1].

3.3.2 Infiltration Capacity

The infiltration rate of a soil is defined as the rate at
which water enters the soil fromthe surface. Wen the soi
profile is saturated with negligible ponding above the
surface, the infiltration rate is equal to the effective
saturated conductivity of the soil profile.

When the soil profile is relatively dry, the infiltration
rate is higher because water is entering |arge pores and

cracks. Wth tinme, these large pores fill and clay particles
swell reducing the infiltration rate rather rapidly until a
near steady-state value is approached. This change in
infiltration rate with time is showm in Figure 3-2 for
several different soils. The effect of both texture and
structure on infiltration rate is illustrated by the curves
in Figure 3-2. The Aiken clay |oam has good structura
stability and actually has a higher final infiltration rate
than the sandy |loamsoil. The Houston bl ack clay, however,

has very poor structure and infiltration drops to near zero.

For a given soil, initial infiltration rates nmay vary
consi derably, depending on the initial soil noisture |evel.
Dry soil has a higher initial rate than wet soil because
there is nore enpty pore space for water to enter. The short
termdecrease in infiltration rate is primarily due to the
change in soil structure and the filling of |arge pores as
clay particles absorb water and swell. Thus, adequate tine
nmust be all owed when running field tests to achieve a steady
i nt ake rate.

Infiltration rates are affected by the ionic conposition of
the soil-water, the type of vegetation, and tillage of the
soil surface. Factors that have a tendency to reduce
infiltration rates include clogging by suspended solids in
wast ewater, classification of fine soil particles, clogging
due to biol ogical growhs, gases produced by soil mcrobes,
swelling of soil colloids, and air entrapped during a wetting
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event [6, 7]. These influences are all likely to be
experienced when a site is developed into a |and treatnent
system The net result is to restrict the hydraulic | oadings
of land treatnment systens to val ues substantially |less than
those predicted from the steady state intake rates (see

Figure 3-2), requiring reliance on field-devel oped
correlations between clean water infiltration rates and
satisfactory operating rates for full-scale systens. | t

shoul d be recogni zed that good soil managenent practices can
mai ntain or even increase operating rates, whereas poor
practices can |l ead to substantial decreases.
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FIGURE 3-2
INFILTRATION RATE AS A FUNCTION
OF TIME FOR SEVERAL SOILS (3]

Al t hough the nmeasured infiltration rate on the particular
site may decrease in tinme due to surface cl oggi ng phenonena,
the subsurface vertical perneability at saturation wll
generally remain constant. That is, clogging in depth does
not generally occur. Thus, the short-term neasurenent of
infiltration serves reasonably well as an estimate of the
long-termsaturated vertical perneability if infiltration is
measured over a large area. Once the infiltration surface
begins to clog, however, the fl ow beneath the cl ogged | ayers
tends to be unsaturated and at unit hydraulic gradient.



The short-termchange in infiltration rate as a function of
tinme is of interest in the design and operation of SR
systens. A know edge of how cumul ative water intake varies
wWth time is necessary to determne the tine of application
necessary to infiltrate the design hydraulic [ oad. The
design application rate of sprinkler systens should be
sel ected on the basis of the infiltration rate expected at
the end of the application period.

3.3.3 Specific Yield

The termspecific yield is nost often used in connection with
unconfined aquifers and has also been called the storage
coefficient and drainable voids. It is usually understood to
be the volune of water released from a unit volunme of
unsaturated aquifer material drained by a falling water
table. Although the termfillable porosity has occasionally
been used as a synonym for the above three terns, it is
actually a somewhat snaller quantity because of the effect of
entrapped air. The primary use of specific yield values is
in conputing aquifer properties, for exanple, to perform
ground wat er nound hei ght analyses. For relatively coarse-
grained soils and deep water tables, it is wusually
satisfactory to consider the specific yield a constant val ue.
As conputations are not extrenmely sensitive to small changes
in the value of specific yield, it is usually satisfactory to
estimate it from know edge of other soil properties, either
physical as in Figure 3-3 [8], or hydraulic as in Figure 3-4
[9]. To clarify Figure 3-3, specific retention is equal to
the porosity mnus the specific yield.

A note of caution, however. For fine-textured soils, espe-
cially as the water table noves higher in the profile, the
specific yield may not have a constant value because of
capillarity. D scussion of this conplication may be found in
references [10, 111. The effect of decreasing specific yield
with increasing water table height can lead to serious
difficulties wth nmound hei ght analysis (Section 5.7.2).

3.3.4 Unsat ur at ed Hydraulic Conductivity

The conductivity of soil varies dramatically as water content
is reduced bel ow saturation. As an air phase is now present,
the flow channel is changed radically and now consists of an
irregular solid boundary and the air-water interface. The
flow path beconmes nore and nore tortuous with decreasing
wat er cont ent as t he | ar ger por es enpty and
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fl ow beconmes confined to the smaller pores. Conpounding the
ef fect of decreasing cross-sectional area for flow is the
effect of added friction as the flow takes place cl oser and
closer to solid particle surfaces. The conductivity of sandy
soi |l s, although nmuch higher at saturation than | oany soils,
decreases nore rapidly as the soil becones |ess saturated.
I n nost cases, the conductivities of sandy soils eventually
become | ower than finer soils. This relationship explains
why a wetting front noves nore slowy in sandy soils than
medi um or fine soils after irrigation has stopped and why
there is little horizontal spreading of noisture in sandy
soils after irrigation.

Esti mati ng water novenent under unsaturated conditions using
Darcy*s equation and unsaturated K values is conplex. A
di scussion of such calculations is outside the scope of this
manual . The user is referred to references [1, 10, 12, 13]
for further details and solution of special cases.

3.3.5 Profil e Drai nage

For SR systens that are operated at application rates
considerably in excess of crop irrigation requirenents, it is
often desirable to know how rapidly the soil profile wll
drain and/or dry after application has stopped. This know
| edge, together with know edge of the limting infiltration
rate of the soil and the ground water novenent and buil dup,
allows the designer to make a reasonable estimate of the
maxi mum vol une of water that can be applied to a site and
still produce adequate crops. A typical noisture profile and
its change with tine followng an irrigation is illustrated
in Figure 3-5 for an initially saturated profile. Misture
profile changes may be determned in the field wth
tensioneters [4].

3.4 Infiltration Rate Measurenents

The value that is required in land treatnment design is the
| ong-term acceptance rate of the entire soil surface on the
proposed site for the actual wastewater effluent to be
applied. The value that can be neasured is only a shortterm
equi l i brium acceptance rate for a nunber of particul ar areas
within the overall site

There are many potential techniques for nmeasuring infiltra-
tion including flooding basin, cylinder infiltroneters,
sprinkler infiltronmeters and air-entry perneaneters. A
conparison of these four techniques is presented in Table 3-
2. In general, the test area and the volune of water used
should be as large as practical. The two main categories of
measur enent techni ques are those involving flooding (ponding
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over the soil surface) and rainfall simulators (sprinkling
infiltronmeter). The flooding type of infiltrometer supplies
water to the soil wthout inpact, whereas the sprinkler
infiltrometer provides an inpact simlar to that of natural
rain. Flooding infiltroneters are easier to operate than
sprinkling infiltrometers, but they al nost al ways gi ve higher
equilibrium infiltration rates. In sonme cases, the
difference is very significant, as shown in Table 3-3.
Neverthel ess, the flooding neasurenent techniques are
general ly preferred because of their sinplicity.
Rel ati onshi ps between infiltration rates as obtained by
various flooding techniques and the loading rates of R
systenms are discussed in Section 5.4.1. The air entry
pernmeaneter is described in Section 3.5. 2.

0 —p-WATER CONTENT SATURATION

N

)

FIGURE 3-5

TYPICAL PATTERN OF THE
CHANGING MOISTURE PROFILE DURING DRYING AND DRAINAGE

SOIL DEPTH H— ©=

If a sprinkler or flood application is planned, the test

should be conducted in surficial materials. If R is
pl anned, pits nust be excavated to expose | ower horizons that
wll constitute the bottonms of the basins. If a nore

restrictive layer is present below the intended plane of
infiltration and this layer is close enough to the intended
plane to interfere, the test should be conducted at this
| ayer to ensure a conservative estimate.
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TABLE 3-2
COMPARI SON OF | NFI LTRATI ON
MEASUREMENT TECHNI QUES

Water Time

Measurement use per per test, Equipment

technique test, L h needed Comments

Flooding 2,000-10,000 4-12 Backhoe Tensiometers

basin or blade may be used

Cylinder 400-700 1-6 Cylinder Should use large diameter

infiltrometer or earthen cylinders (1 m diameter)
berm

Sprinkler 1,000-1,200 1.5-3 Pump, pres- For sprinkler applications,

infiltrometer sure tank, soil should be at field
sprinkler, capacity before test
cans

Air entry 10 0.5-1 AEP Measures vertical hydraulic

permeameter apparatus, conductivity. If used to

(AEP) standpipe measure rates of several

with resevoir different soil layers, rate
is harmonic mean of conducti-
vities from all soil layers.

Note: See Appendix G for metric conversions.

TABLE 3-3
SAMPLE COMPARI SON OF | NFI LTRATI ON MEASUREMENT
USI NG FLOODI NG AND SPRI NKLI NG TECHNI QUES [ 14]

Equilibrium infiltration
rate, cm/h

Measurement Overgrazed Pasture, grazed but
technique pasture having good cover

Double-cylinder
infiltrometer (flooding) 2.82 5.97

Type F rainfall
simulator (sprinkling) 2.90 2.87

Infiltration test results are typically plotted as shown in
Figures 3-2 and B-3. The derivation of design values from
these test results is presented in Appendi x B.

Before di scussing the infiltration neasurenent techniques, it
shoul d be pointed out that the U S. public Health Service
(USPHS) percol ation test used for establishing the size of
septic tank drain fields [15] is definitely not recomended
as a nethod for estimating infiltration.
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3.4.1 Fl oodi ng Basi n Techni ques

Pilot-scale infiltration basins represent an excellent tech-

nique for determning vertical infiltration rates. The
| arger the test area is, the less the relative error due to
| ateral noisture novenent wll be and the better the

estimate. \Were such basins have bean used, the plots have
generally ranged from about 0.9 nf (10 ft ) to 0.1 ha (0.25
acre). In sonme cases, pilot basins of large scale (2 to 3.2
ha or 5 to 8 acres) have been used to determne infiltration
rates and denonstrate feasibility wth the thought of
i ncorporating the test basins into a subsequent full-scale
system[16]. Figure 3-6 is a photograph of a pilot basin.

F1GURE 3-6
FLOODING BASIN USED FOR MEASURING INFILTRATION

The Corps of Engineers has used flooding basin tests to
determne infiltration rates on three existing |and treatnent
sites [17]. Basins of 6.1 m (20 ft) and 3 m (10 ft) dianeter
were used and it was concluded that the 3 m (10 ft) dianeter
basin was | arge enough to provide reliable infiltration data.
About 4 man-hours were required for conpleting an
installation and less than 1,000 L (265 gal) of water would
probably be adequate to conplete a test. As this testing
procedure wll undoubtedly becone nore wdely adopted,
Figures 3-7 and 3-8 are included to show the details of
installation [18].
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An inportant assunption in any flooding type infiltration
test is a saturated (or nearly so) condition in the upper
soil profile. Thus, an essential part of this nmethod is the
installation of a nunber of tensionmeters within the test area
at various depths to verify saturation by their approach to
a zero value of the matric potential, before obtaining any
head drop (water |evel) neasurenents. In the Corps of
Engi neers studies, six tensioneters were installed in a 1 m
(3.3 ft) dianmeter circle concentric with the center of the 3
m (10 ft) dianmeter test basin as shown in Figure 3-8. Table
3-4 gives their suggested depths of placenent in a soil of
wel | - devel oped horizons; however, any reasonable spacing
above strata of |ower conductivity, if such exist, should be
adequate. In soils |acking welldevel oped horizons, a uniform
spaci ng down to about 60 cm (24 in.) should suffice. A
seventh tensioneter installed at a depth of about 150 cm (60
in.) is also suggested, but is not critical.

TABLE 3-4
SUGGESTED VERTI CAL PLACEMENT OF
TENSI OVETERS | N BASI N | NFI LTROMETER TESTS [ 18]

Soil

No. horizon Placement
1 A Midpoint of A
2 B 1/5 distance between A/B and B/C interfaces
3 B 2/5 distance between A/B and B/C interfaces
4 B 3/5 distance between A/B and B/C interfaces
5 B 4/5 distance between A/B and B/C interfaces
6 c 15 em below B/C interface

Following installation and calibration of the tensioneters,
a few prelimnary flooding events are executed to achieve
saturation. Evi dence of saturation is the reduction of
tensioneter readings to near zero through the upper soi
profile. Then a final flooding event is nonitored to derive
a cunul ative intake versus tinme curve. A best fit to the
data plotted on |og-log paper allows calculation of the
infiltration paraneters, as shown in Figure 3-9. Subsequent
observation of tensioneters can then provide data on profile
dr ai nage.
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3.4.2 Cylinder Infiltrometers

The equi pnent and basic nethodol ogy for this popul ar nea-
surenment technique are described in references [9, 19, 20].
The equi pnment setup for a test is shown in Figure 3-10.

To run a test, a netal cylinder is carefully driven or pushed
into the soil to a depth of about 10 to 15 cm (4 to 6 in.).
Measurenment cylinders of from 15 to 35 cm (6 to 14 in.)
di aneter have generally been used in practice, with | engths
of about 25 to 30.5 cm (10 to 12 in.). D vergent fl ow,
partially obstructed by the portion of the cylinder beneath
the soil surface, is further mnimzed by neans of a “buffer
zone” surrounding the central ring. The buffer zone is
comonly provided by another cylinder 40 to 70 cm (16 to 30
in.) dianmeter, driven to a depth of 5to 10 cm (2 to 4 in.)
and kept partially full of water during the time of
infiltration. This particular node of nmaking neasurenents
has cone to be known as the doubl e-cylinder or double-ring
infiltrometer nmethod. Care nmust be taken to maintain the
water levels in the inner and outer cylinders at the sane
| evel during the neasurenents. Alternately, buffer zones are
provi ded by di king the area around the intake cylinder with
low (7.5 to 10 cmor 3 to 4 in.) earthen dikes.

If the cylinder is installed properly and the test carefully
perfornmed, the technique should produce data that at |east
approxi mate the vertical conponent of flow In nost soils,
as the wetting front advances downward through the profile,
the infiltration rate will decrease with time and approach a
steady—state value asynptotically. This may require as
little as 20 to 30 mnutes in sone soils and nany hours in
others. Certainly, one could not termnate a test until the
steady—state condition was attained or the results woul d be
totally neaningless (see Figure 3-2).

Anyone contenplating the use of this neasurenent technique
because of its apparent sinplicity should also be aware of
its limtations. D scussions dealing specifically with the
probl em of separating the desired vertical conmponent fromthe
total noisture flux, which may include a large |ateral
conponent, can be found in references [21, 22].

A nore promsing direction is suggested in reference [19] in
whi ch the main conclusion is applicable: to mnimze errors
in the use of the cylinder infiltronmeter technique; use only
| ar ge- di anet er cylinders and car ef ul installation
t echni ques. The specific recommendation as to cylinder
dianeter is a mnimumof 1 m (3.3 ft).
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Installation should disturb the soil as little as possible.
This generally requires thin-walled cylinders with a bevel ed
edge and very careful driving techni ques. In soft soils,
cylinders may be pushed or jacked in. In harder soils, they
must be driven in. The cylinders nust be kept straight
during this process, especially avoiding a “rocking” or
tilting notion to advance them downward. I n cohesionl ess
coarse sands and gravels, a poor bond between the soil and
the netal cylinder often results, allow ng seepage around the
edge of the cylinder. Such conditions may call for speci al
met hods to be devised. One such nethod is to construct the
test area by formng | ow di kes and covering the inside walls
with plastic sheet to prevent |ateral seepage [19]. Thi s
begins to approach the basin flooding nethod described in
Section 3.4.1.

Measurenments of infiltration capacity of soils often show
wide variations within a relatively small area. Hundredfold
di fferences are common on sone sites. Assessing hydraulic
capacity for a project site is especially difficult because
test plots may have adequate capacity when tested as isol ated
portions, but may prove to have inadequate capacity after
water is applied to the total area for prolonged periods.
Probl em areas can be anticipated nore readily by field study
followi ng spring thaws or extended periods of heavy rainfall

and recharge [23]. Runof f, ponding, and near saturation
conditions may be observed for brief periods at sites where
drainage problens are likely to occur after extensive

appl i cation begins.

Al though far too few extensive tests have been nmade to gat her
meani ngful statistical data on the cylinder infiltroneter
techni que, one very conprehensive study is available from
whi ch tentative concl usi ons can be drawn.

Test results fromthree plots (357 individual tests) |ocated
on the sanme honobgeneous field were conpared. In addition

test results from single-cylinder infiltrometers with no
buffer zone were conpared with those from doubl e-cylinder
infiltrometers. The inside cylinders had a 15 cm (6 in.)
di aneter; the outside cylinders, where used, had a 30 cm (12

in.) diameter. For this particular soil, the presence of a
buffer zone did not have a significant effect on the neasured
rates. These data, although very carefully taken

overestimate the field average by about 40% i ndicating that
smal | diameter cylinders will consistently overestimate the
true vertical infiltration rate [14].
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3.4.3 Sprinkler Infiltrometers

Sprinkler infiltrometers are used primarily to determ ne the
[imting application rate for systens using sprinklers. To
measure the soil intake rate for sprinkler application, the
met hod presented in reference [24] can be used. The equip-
ment needed includes a trailer-nmounted water recirculating
unit, a sprinkler head operating inside a circular shield
with a small side opening, and approximately 50 rain gages.

A schematic diagramof a typical sprinkler infiltrometer is
presented in Figure 3-11. A 1,814 kg (2 ton) capacity
trailer houses a 1,135 L (300 gal) water supply tank and 2
self-primng centrifugal punps. The sprinkler punp should
have sufficient capacity to deliver at least 6.3 L/s (100
gal/m) at 34.5 Ncnf (50 Ib/in.?) to the sprinkler nozzle,
and the return flow punp should be capable of recycling al
excess water from the shield to the supply tank. The
circular sprinkler shield is designed to permt a revol ving
head sprinkler to operate nornmally inside the shield. The
opening in the side of the shield restricts the wetted area
to about one-eighth of a circle. Prior to testing, the soil
in the wetted area is brought up to field capacity. Rai n
gages are then set out in rows of three spaced at 1.5 m (5
ft) intervals outward fromthe sprinkler in the center of the
area to be wetted. The sprinkler is operated for about 1
hour . The intake of water in the soil at various places
between gages is observed to determne whether the
application rate is less than, greater than, or equal to the
infiltration rate.

The area selected for neasurenent of the application rate is
where the applied water just disappears fromthe soil surface
as the sprinkler jet returns to the spot. At the end of the
test (after 1 hour), the anmount of water caught in the gages
is nmeasured and the intake rate is calculated. The
calculated rate of infiltration is equal to the limting
application rate that the soil system can accept wthout
runof f .

D sadvantages of the technique are the tinme and expense
involved in determning intake rates using a sprinkler
infiltrometer. There is, in fact, little reason to try to
measure maxi mum i ntake rates on soils that are going to be
| oaded far below these maxi num rates, as is the case for
nmost SR system designs. However, where econonics dictate
the wuse of application rates far in excess of the
consunptive use (CU) of the proposed crop on soils of known
or suspected hydraulic limtation, a test such as descri bed
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above shoul d be given careful consideration. Local SCS field
personnel or irrigation specialists should be consulted for
opi nions on the advisability of making such tests.

3.5 Measurenent of Vertical Hydraulic Conductivity

The rate at which water percolates through the soil profile
during application depends on the “average” saturated
conductivity (K) of the profile. If the soil is uniform K
is assunmed to be constant with depth. Any differences in
nmeasured val ues of K are then due to normal variations in the
measur enment techni que. Thus, average K may be conputed as
the arithmetic mean of n sanples

ees + -2
K - K] + Ky + Ky + K (3-2)
am
n
where K, = arithnmetic nean vertical conductivity

Many soil profiles. approxinmate a | ayered series of uniform
soils with distinctly different K values, generally de-
creasing with depth. For such cases, it can be shown that
average Kis represented by the harnonic nmean of the K val ues
fromeach | ayer [25]:

Khm = D (3-3)

wher e D= soil profile depth

d, = depth of nth |ayer

Kim = harnoni ¢ nean conductivity
If a bias or preference for a certain K value is not
i ndicated by statistical analysis of field test results, a
random di stribution of K for a certain layer or soil region
must be assunmed. In such cases, it has been shown that the

geonetric nean provides the best estimate of the true K [25,
26, 27]:

Kgm = (Kl * Kz * K3 N Kn)l/n (3_4)

where Ky, = geonetric nean conductivity
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The rel ati onshi ps between vertical hydraulic conductivity and
the loading rates for Rl systens are discussed in Section
5.4.1.

There are many in situ nmethods avail able to neasure vertical
saturated conductivity. For convenience, these may be
divided into nmethods in the presence of and in the absence of
a water table. In addition, there are several |aboratory
t echni ques which are used to estimate saturated conductivity
in soil sanples taken from pits or bore holes. Ei t her
constant-head or falling-head perneaneters can be used for
t hese estimates. Detailed test procedures may be found in
any good soil nechanics text. The main criticisns of the use
of | aboratory techniques are the disturbance of the sanple
during collection by pushing or driving a sanpler into it and
the small size of sanple tested. These criticisns are
entirely valid. Nonetheless, when estimtes of conductivity
are needed fromdeep lying strata that physically cannot be
examned in situ, then sanpling and | aboratory neasurenent
may be the only feasible technique.

The only inportant test used below a water table is the pipe
cavity, or piezoneter tube method [28], described in
practical terns in reference [29]. This test is especially
hel pful when the soils below the water table are |ayered

with substantially different vertical conductivities in each
strata. |In such cases, a separate test should be run in each
of the layers of interest in order to apply Equation 3-3.
The nost inportant application occurs when there is evidence
of vertical gradients that could transport percol ate downward
to lower lying aquifers.

Met hods avail abl e to neasure vertical saturated conductivity
in a soil region above, or in the absence of a water table,
include the ring perneaneter [9, 30], the gradient-intake
[1, 31], the double-tube [1, 30] and the air-entry
pernmeaneter [1, 32, 33]. Wth the devel opnent of the newer
techni ques, the ring perneaneter nethod, which requires an
el aborate setup and uses a lot of water per test, is no
| onger in w despread use. The gradient-intake technique is
primarily used as a site screening nethod, for ranking the
relative conductivities of different soils. Conductivity
val ues obtai ned by this nmethod are considered conservative as
they often prove to be |lower than those produced by other
met hods.

In practice, the double-tube and air-entry perneaneters have
found favor and are used nore frequently than the other
t echni ques. Therefore, only these two nethods wll be
di scussed. Enough information will be given here to enable
the user to wunderstand the basic neasurenent concepts.
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Procedural details are covered nore conpletely in the refer-
ences suppli ed.

3.5.1 Doubl e- Tube Met hod

The test is run in a hole augered to the depth of the soi

| ayer whose vertical conductivity is desired. Certainly that
of the nobst restrictive layer is needed as a mninm
Additional layers in the profile should be investigated to
ensure proper characterization. The value of K which is
conputed from double-tube includes a snall horizontal
conponent but primarily reflects vertical flow. The appara-
tus (comrercially available*) is shown in Figure 3-12. To
performa test, it is first necessary to create a saturated
zone of soil beneath the enbedded tubes. This is
acconpl i shed by appl yi ng water through both tubes for several
hours. Then two sets of neasurenents are required:

1. Water |level versus tinme readings for the inner tube
with the supply to this tube stopped while naintaining
the supply to the outer tube.

2. Water level versus tinme readings for the inner tube
with the supply to this tube and to the outer tube
st opped. The level in this outer tube is held
(closely) the sane as that in the inner tube during
this second set of readings by mani pulating a valve (C
in Figure 3-12).

The curves of water |evel decreases versus tine are then
plotted to the sane scale and Kis calculated. Details of
the cal cul ation and curves needed to obtain a di nensionless
factor for the calculation are to be found in references [1,
30] and are supplied by the manufacturer of the equi pnent.

3.5.2 Air-Entry Perneaneter

The air-entry perneaneter was devised to investigate the
significance of flows in the capillary zone [32]. Using the
device as shown in Figure 3-13, the soil-water pressure at
which air entered the saturated voi ds was approxi mat ed.

*Soiltest, Inc., Evanston, Illinois 60202. Mention of prop-
rietary equi pnent does not constitute endorsenent by the U S
Gover nnent .
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Assum ng a relationship between this value and the pressure
just above the advancing front of a wetted zone, the
conductivity of a mass of soil absorbing water to the point
of saturation can be calculated. Because of the availability
of research data to indicate that this conductivity value is
closely equal to one-half the saturated  hydraulic
conductivity, a new nethod of determi ning vertical hydraulic
conductivity at saturation becane avail abl e.

Al though the method may appear to have the limtation of
requi ring several assunptions, it conpares favorably wth
ot her accepted nethods and has sonme distinct advantages. The
equi pnent is relatively sinple; the test does not take much
time; and, perhaps nost inportant, not nuch water is
required. A fewliters of water will generally suffice for
a single test.

In operation, water is added through the supply valve with
the air valve open until the enbedded cylinder becones ful
(the function of the disk is to act as a splash plate). On
filling the cylinder, the air valve is closed and water is
allowed to infiltrate downward, the reservoir being kept
full.

Wen the wet front, L;, has reached the desired depth,
dependent on soil texture and structure (see subsequent
remarks), no nore water is added to the reservoir. The drop
in water level with tinme is nmeasured in order to calculate an
intake rate. Now the supply valve is closed and the pressure
on the vacuum gage is noted periodically. At sonme point it
w |l reach a maxi mum (m ni mum pressure) and then begin to
decrease again. This mninum pressure corresponds closely to
the air-entry pressure, P, of the wetted zone when corrected
for gage height, G and depth of wetted zone, L;.

When the air-entry perneaneter is enployed at the soil
surface, it is essentially an infiltronmeter and as such
could readily be listed with the nethod of Section 3.4.2.
Several investigators [32, 33] have used the nethod to
develop vertical conductivity profiles. It has been
suggested that digging a trench with an inclined bottom
then noving the air-entry pernmeaneter to selected points
al ong the trench bottomis a good nmethod of acconplishing
t his.

A criticismof the original technique [32] was based on the
suggest ed net hods of defining the depth of the wetted zone
beneath the cylinder. These called for digging around the
bottom of the cylinder after conpletion of the neasurenents
to locate the wet front or using a netal rod to probe the
soil, attenpting to detect the depth at which penetration
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resi stance increases. However, the air-entry perneaneter was
nodi fied by adding a fine tensioneter probe through the lid
of the device. By setting the probe to correspond to the
desired depth of wetted zone, L; (about 15 cmor 6 in. in
sand and 5 cmor 2 in. in massive clay), it was possible to
detect the arrival of the wetted front during, rather than
after operation of the pernmeanmeter. This nodification also
allows the nethod to be used in sonmewhat wetter soils than
t hose previously required.

Referring to Figure 3-13, the vertical hydraulic conductivity
of the "rewet” zone, i.e., the zone being saturated, is
cal cul ated from Equati on 3-5.

« 2 2 Lt (3-5)
A (Hr + Lf + Hl)
where: Q = volunetric intake rate through area, A, of the
per meamnet er
H, = the matric potential of the soil just bel ow
the wetting zone, assuned to be 0.5 P,. It is
| ess than atnospheric pressure and therefore a
negative quantity in Equation 3-5
P, = air-entry value, calculated as P,;, + L + G
al so a negative pressure
Prin = m ni mum pressure (maxi num vacuum read from
t he vacuum gage after stopping the water
suppl y
G = hei ght of the vacuum gage above the soil
surface
L; = depth of the wetted zone
H = height of the water level in the reservoir

above the soil surface

Then, as stated previously, the vertical hydraulic conduc-
tivity at saturation is assuned to be two tinmes the val ue of
K as cal cul ated from Equati on 3-5.

3.6 G ound Water

In nost land treatnent systens, and especially for the
hi gher rate systens, interaction with the ground water is
i npor t ant and nust be considered carefully in the
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prelimnary analysis phase. Problens w th nounding,
drai nage, offsite travel and ultinmate fate of contam nants
in the percolate will have to be addressed during both the
anal ysi s and design phases. Early recognition of potenti al
problenms and analysis of mtigating neasures are necessary
for successful operation of the system This cannot be
acconpl i shed wi thout conpetent field investigation. Sonme key
gquestions to be answered are:

1. How deep beneath the surface is the (undisturbed)
wat er tabl e?

2. How does the natural water table depth fluctuate
seasonal | y?

3. How will the ground water table respond to the
proposed wast ewat er | oadi ngs?

4. In what direction and how fast will the m xture of
percol ate and ground water nove from beneath the area
of application? |Is there any possibility of transport
of contam nants to deeper potable aquifers?

5. What will be the quality of this mxture as it flows
away fromthe site boundaries?

6. If any of the conditions nmeasured or predicted above
are found to be unacceptabl e, what steps can be taken
to correct the situation?

3.6.1 Depth/Hydrostatic Head

A ground water table is defined as the contact zone between
the free ground water and the capillary zone. It is the
|l evel assuned by the water in a hole extended a short
di stance below the capillary zone. Gound water conditions
are regul ar when there is only one ground water surface and
when the hydrostatic pressure increases linearly with depth.
Under this condition, the piezonetric pressure level is the
sanme as the free ground water |evel regardl ess of the depth
below the ground water table at which it is nmeasured.
Referring to Figure 3-14, the water |level in the “piezoneter”

would stand at the same level as the “well” in this
condi tion.
In contrast to a well, a piezoneter is a small dianmeter open

pi pe driven into the soil such that (theoretically) there can
be no | eakage around the pipe. As the piezoneter is not
slotted or perforated, it can respond only to the hydrostatic
head at the point where its | ower open end is |ocated. The
basic difference between water |evel neasurenent with a well
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and hydrostatic head neasurenment with a piezoneter is shown
in Figure 3-14.

VL PIEZOMETER
GROUND SURFACE
IRy LT R:C GROUND WATER TABLE -7
- A O B
SN Nl -
— A -~ o2 |
o [N
TT = ‘W\ .
.E}A

FIGURE 3-14
WELL AND PIEZOMETER INSTALLATIONS

Cccasionally there may be one or nore isolated bodies of
wat er “perched” above the main water table because of |enses
of inpervious strata that inhibit or even prevent seepage
past them to the main body of ground water bel ow O her
“irregular” conditions are described by Figure 3-15.

Reliable determnation of either ground water |evels or
pressures requires that the hydrostatic pressures in the bore
hol e and the surrounding soil be equalized. Attainnent of
stable levels may require considerable tinme in inperneable
materials. This is called hydrostatic time-lag and nay be
fromhours to days in materials of practical interest (K >
10" cm's).

Two or nore piezoneters |ocated together, but term nating at
different depths, can indicate the presence, direction and
magni tude (gradient) of conponents of vertical flowif such
exi sts. Their use is indicated whenever there is concern
about novenent of contam nants downward to |ower |ying
aqui fers. Figure 3-15, taken from reference [34], shows
several observable patterns with explanations. Descriptions
of the proper nethods of installation of both observation
wel | s and piezoneters may be found in references [9, 34].
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3.6.2 FI ow
Exact mathematical description of flows in the saturated
zones beneath and adjacent to (usually downgradient) I|and
treatment systens is a practical inpossibility. However, for

the majority of cases the possession of sufficient field data
will allow an application of Darcy*s equation (Equation 3-1).
Answers can thus be obtained which are satisfactory for
maki ng design decisions. |In particular, there are questions
which recur for each proposed project, and which may be
approached in the manner suggest ed.

1. What volune of native ground water flows beneath the
proposed site for dilution of percolate? This is a
direct application of Equation 3-1. The width of the
site nmeasured normal to the ground water flow |ines
times the aquifer thickness equal s the cross-sectional
area used to conpute the total flow

2. Wat is the nmean travel tine between points of entry
of percolate into the ground water and potential
poi nts of discharge or w thdrawal ? Again, Equation 3-1
is used to conpute the flux, q. Dividing the flux by
the aquifer porosity (Figure 3-3) gives an average
ground water velocity. Travel tine is conputed as the
di stance between the two points of interest (they nust
both Iie on the sane flow line) divided by the average
vel ocity.
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3. What changes in hydraul i c gr adi ent ( mound
configuration) will be required to convey the proposed
quantity of percolate away from beneath the area of
application? Methods of answering this question are
presented in Section 5.7.2.

The field data and hydrogeol ogi c estimates required to answer
t hese questions i ncl ude:

1. Ceonetry of the flow system including but not limted
to

a. Depth to ground water
b. Depth to inperneabl e barrier; generally taken to

be any | ayer which has a hydraulic conductivity
| ess than 10% of that of the overlying deposits

[ 35] .
C. Ceonetry of the recharge (application) area.
2. Hydraulic gradient —conputed from water levels in

several observation wells (assumng only horizontal
flow), know ng distances between wells.

3. Specific yield (see Section 3.3.3). |In sonme areas of
the United States, the SCS has investigated the soi
profiles sufficiently to provide an estimate of
specific yield for a particular site [5].

4. Hydraulic conductivity in the horizontal direction
Fi el d neasurenent of this paranmeter by the auger-hole
method is covered in the foll ow ng section.

3.6.2.1 Horizontal Hydraulic Conductivity

Hori zontal conductivity cannot be assunmed from a know edge of
vertical conductivity (Section 3.5). In field soils,
isotropic conditions are rarely encountered, although they
are frequently assumed for the sake of convenience.
“Apparent” ani sotropic conductivity often occurs in
unconsol i dat ed nedi a because of interbedding of fine-grained
and coarse-grained materials wthin the profile. Such
i nterbedding restricts vertical flow much nore than it does
| ateral flow [25]. Al though the interbedding represents
nonhonogeneity, rather than anisotropy, its effects on the
conductivity of a large sanple of aquifer nmaterial may be
approximated by treating the “aquifer” as honpbgeneous but
ani sotropic. A considerable ambunt of data is available on
the cal cul ated or neasured rel ationshi ps between vertical and
hori zontal perneability for specific sites. The possible
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spread of ratios is indicated in Table 3-5, which is based on
field neasurenments in glacial outwash deposits (Sites 1-5)
[36] and in a river bed (Site 6) [37]. Both authors claim
with justification, that the reported values would not |ikely
be observed in any | aboratory tests with small quantities of
di sturbed aquifer material.

TABLE 3-5
MEASURED RATI OS OF HORI ZONTAL TO
VERTI CAL CONDUCTI VI TY [36, 37]

Effective
horizontal
permeability,
Site Ky, m/d Kp/Ky Remarks
1 42 2.0 Silty
2 75 2.0 -
3 56 4.4 --
4 100 7.0 Gravelly
5 72 20.0 Near terminal moraine
6 72 10.0 Irregular succession of
sand and gravel layers
(from K measurements in
field)
6 86 16.0 (From analysis of

recharge flow system)

It is apparent that if accurate information regarding hori -
zontal conductivity is required for an analysis, field
measurenents will be necessary. O the nmany field nmeasure-
ment techni ques avail able, the nost useful is the auger hole
technique [38]. Details of the test technique may al so be
found in [1, 9, 30, 34]. Although auger hole neasurenents
are certainly influenced by the vertical conponent of flow,
studies have denonstrated that the technique primarily
nmeasures the horizontal conponent [39]. A definition sketch
of the neasurenent systemis shown in Figure 3-16 and the
experinmental setup is shown in Figure 3-17. The technique is
based on the fact that if the hole extends bel ow the water
table and water is quickly renoved fromthe hole (by bailing
or punping), the hole will refill at a rate determned by the
conductivity of the soil, the dinensions of the hole, and the
hei ght of water in the hole. Wth the aid of either fornulas
or graphs, the conductivity is calculated fromneasured rates
of rise in the hole. The total inflowinto the hole should
be sufficiently small during the period of neasurenent to
permt calculation of the conductivity based on an “average”
hydraulic head. This is usually the case.
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In the fornmul as and graphs that have been derived, the soi
is assuned to be honpbgeneous and isotropic. However, a
nodi fication of the basic technique [39] allows determnation
of the horizontal and vertical conponents (K, and K, in
ani sotropi c soils by conbining auger hole neasurenents with
pi ezonet er neasurenents at the sane depth. |[|f the auger hole
termnates at (or in) an inperneable |ayer, the follow ng
equation applies (refer to Figure 3-16 for synbol s):

log g (yp/yy)

K, = 523,000a° it (3-6)
wher e a = auger hole radius, m
it = time for water torise vy, s
K = horizontal conductivity, md
Yo, Y1 = depths defined in Figure 3-16, any units,

usual ly cm

If an inpernmeable layer is encountered at a great depth bel ow
the bottom of the auger hole, the equation becones:

. -(L1:045,000 da? \_ <l°910(Yo/Y1) (3-7)
h ~ (2d + a) ; At
where d = depth of auger hole, m

Charts for both cases are available in references [29, 34].
An alternative fornula, claimed to be slightly nore accurate,
has been devel oped [40]. This equation enploys a table of
coefficients to account for depth of inpernmeable or of very
permeabl e material bel ow the bottom of the hole.

There are several other techniques for evaluating horizontal
conductivity in the presence of a water table. Slug tests,
such as described in reference [41] can be used to cal cul ate
K, fromthe Thiem equation after observing the rate of rise
water in a well followng an instantaneous renoval of a
volune of water to create a hydraulic gradient. Punpi ng
tests, which are already famliar to many engi neers, would
certainly provide a neaningful estimate. A conprehensi ve
di scussion of punping tests, as well as other ground water
problenms is presented in reference [42] ; exanple problens
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and tables of the mathematical functions needed to eval uate
conductivity from drawdown neasurenents are al so presented.

There are sone limtations to full-scale punping tests. The

first is the expense involved in drilling and installation.
Thus, if a well is not already |ocated on the site, the
punpi ng test technique woul d probably not be considered. |If

an existing production well fulfills the conditions needed
for the technique to be valid, it should probably be used to
obtain an estimate. However, this estimate may still require
nodi fication through the wuse of supplenentary “point”
determ nations, especially if the site is very large or if
the soils are quite heterogeneous.

Measur ement of horizontal conductivity may occasionally be
necessary in the absence of a water table. A typical case
m ght involve the presence of a caliche |ayer or other

hardpan formation near the surface. If the layer was
restrictive enough to vertical flow, a perched water table
woul d result upon application of wastewater. |In such cases,

t he nmound hei ght anal ysis described in Section 5.7.2 should
be used to determ ne whether perching would be a problem
Al t hough noundi ng cal culations are presented in Chapter 5
(dealing with RI), it is quite possible that noundi ng may

occur beneath SR systens as well. The user of this nmanua
shoul d be aware of this possibility. The analysis requires
an estimate of the horizontal conductivity. Either a

nodi fi ed version of the doubl e-tube techni que described in
Section 3.5.1 [31] or the shallow well punp-in test [1, 9,
30] can be used to estinmate K. The latter of these two
testing nethods is, in principle, the reverse of the auger-
hol e test.

3.6.2.2 Per col at e/ G ound Water M xi ng

An analysis of the mxing of percolate with native ground
water is needed for SR or R systens that discharge to ground
water if the quality of this mxture as it flows away from
the site boundaries is to be determ ned. The concentration
of any constituent in this mxture can be calculated as
fol |l ows:

Chiy = Cpr + ngng (3-8)
mlx o) )
p gw
where G,, = concentration of constituent in mxture
G, = concentration of constituent in percolate
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Q = flow of percolate

Cow
o

The fl ow of ground water can be cal cul ated from Darcy*s Law
(Equation 3-1) if the gradient and horizontal hydraulic
conductivity are known. This is not the entire ground water
flow, but only the flow wthin the mxing depth.
Rel ati onships of the percolate flow and concentrations of
constituents are discussed in Chapters 4 and 5. Equation 3-8
is valid if there is conplete m xing between the percol ate
and the native ground water. This is usually not the case.
M xing in the vertical direction my be substantially |ess
than m xing in the horizontal direction.

concentration of constituent in ground water

fl ow of ground water

An alternative approach to estimating the initial dilution is
to relate the dianeter of the nound developed by the
percolate to the dianmeter of the application area. Thi s
rati o has been estimated to be 2.5 to 3.0 [43, 44]. This
ratio indicates the relative spread of the percolate and can
be used to relate the mxing of percolate wth ground water.
Thus, an upper limt of 3 for the dilution ratio can be used
when ground water flowis substantially (5 to 10 tinmes) nore
than the percolate flow |If the ground water flow is |ess
than 3 tinmes the percolate flow, the actual ground water flow
shoul d be used in Equation 3-8.

3.6.3 Ground Water Quality

It is reconmended that where a water table is known to exi st
that coul d possibly be inpacted by the project, that baseline
ground water quality data be coll ected. The details of
nunber, |ocation, depth, etc. of sanpling wells are best
left until after a prelimnary hydrogeol ogic study of the
site has been conpl eted. Then follow ng reasonably well
establ i shed guidelines [23, 45, 46, 47], sanpling wells may
be designed in sonething approachi ng an opti mum manner.

The paranmeters that shoul d be neasured in sanples taken from
the ground water are those specified under the “Nationa
Interim Primary Drinking Water Regulations” [48]. An
exception is made for nondrinking water aquifers or where
nore stringent state regul ations apply.

3.7 Soil Chem cal Properties
The chem cal conposition of the soil is the major factor

affecting plant growth and a significant determ ning factor
in the capacity of the soil to renovate wastewater. There
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are 16 el enments known to be essential for crop growh. Three
of these--nitrogen, phosphorus, and potassium-are deficient
in many soils. Secondary and m cronutrient deficiencies are
found less often with sulfur, zinc, and boron being the nost
common. Soil pH and salinity can I[imt crop growh and
sodi um can reduce soil perneability. Chem cal properties
shoul d be determ ned prior to design to evaluate the capacity
of the soil to support plant growh and to renovate
wast ewater. Soils should be nonitored during operation to
avoi d detrinmental changes in soil chem stry.

3.7.1 Interpretation of Soil Chem cal Tests

Several chem cal properties, having nothing directly to do
with nutrient status, are nonetheless inportant. Soil pH has
a significant influence on the solubility of wvarious
conpounds, the activities of various m croorgani snms, and the
bondi ng of ions to exchange sites. Rel ative to this | ast
phenonenon, soil clays and organic matter (known collectively
as the soil colloids), are negatively charged. Thus, they
are able to adsorb cations fromthe soil solution. Cations
adsorbed in this way are call ed exchangeabl e cations. They
can be replaced by other cations from the soil solution
wi t hout appreciably altering the structure of the soi
col | oi ds. The quantity of exchangeable cations that a
particular soil can adsorb is known as cation exchange
capacity (CEC) and is neasured in terns of mlliequivalents
per 100 grans (neq/100 g) of soil. The percentage of the CEC
that is occupied by a particular cation is called the percent
saturation for that cation. The sum of the exchangeabl e Na,
K, Ca and My expressed as a percentage of the CECis called
percent base saturation

There are optinmum ranges for percent base saturation for
various crop and soil type conbinations. Also, for a given
percent base saturation, it is desirable that Ca and My be
the dom nant cations rather than K and (especially) Na. H gh
percentages of the alkali netals, in particular Na, wll

create severe problens in many fine-texture soils. The
exchangeabl e sodi um percentage (ESP) shoul d be kept bel ow 15%
(Section 4.9.1.4). It is inportant to realize that
regardl ess of the cation distribution in a natural soil, it

can be altered readily as a result of agricultural practices.
Both the quality of the irrigation water and the use of soi
amendnments, such as |I|ime or gypsum can change the
di stribution of exchangeabl e cati ons.
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Anot her chem cal property affecting plant growth is salinity,
the concentration of soluble ionic substances. It is
salinity in the soil solution in the root zone that is of
primary interest. Unfortunately, there is no sinple relation
between this quantity and the salinity of the irrigation
water, the salt balance being conplicated by nvisture
transfers through evapotranspiration and deep percol ation.
The di agnostic tool usually enployed is a check on the el ec-
trical conductivity (EC) of the irrigation water and the soi
sol uti on. Guidelines exist for various types of crops
according to their salt tolerance. Procedures for conputing
t he deep percol ation (Il eaching requirenent) needed to control
root zone salinity are given in references [9, 29].

Because of the variable nature of the soil, few standard
procedures for chem cal analysis of soil have been devel oped.
Several references that describe analytical nethods are
avai l able [49, 50, 51]. A conplete discussion of analytical
met hods and interpretation of results for the purpose of
evaluating the soil nutrient status is presented in reference
[521. The significance of the major chem cal properties is
summari zed in Tabl e 3-6.

3.7.2 Phosphorus Adsorption Test

Adsorption isotherns for phosphorus can be developed to
predict the renoval of phosphorus by the soil. Sanples of
soil are taken into the |aboratory and are added to sol utions
cont ai ni ng known concentrations of phosphor us.
Concentrations normally range from1l to 30 ng/L. After the
soil is mxed into the solutions and allowed to conme into
equi libriumfor a period of tinme (up to several days), the
solution is filtered and the filtrate is tested for
phosphor us. The difference between the initial and fina
sol ution concentrations is the anpbunt adsorbed for a given
tinme. Details of the test are available in reference [53].

A procedure for using adsorption isothermdata to estimte
phosphorus retention by soils is suggested in reference [47].
An inportant consideration discussed is the possibility of
sl ow reacti ons between phosphorus and cations present in the
soil which may “free up” previously used adsorption sites for
addi tional phosphorus retention. Cal cul ations involving
adsorption isotherm data, which ignore these reactions,
greatly underesti mate phosphorus retention.
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3.8

TABLE 3-6

| NTERPRETATI ON OF SO L CHEM CAL TESTS

Test result

Interpretation

pH of saturated soil paste

<4.,2
5.2-5.5
5.5-8.4
>8.4

CEC, meg/l00 g

1-10

12-20

>20
Exchangeable cations,
% of CEC

Sodium

Calcium

Potassium

ESP, % of CEC
<5
>10
>20
EC, mmhos/cm at 25°
of saturation extract
<2
2-4
4-8
8-16
>16

Too acid for most crops to do well
Suitable for acid-tolerant crops
Suitable for most crops

Too alkaline for most crops, indicates a
possible sodium problem

Sandy soils (limited adsorption)
Silt loam (moderate adsorption)

Clay and organic soils (high adsorption)

Desirable range
<

-5

60-70

5-10

Satisfactory
Reduced permeability in fine-textured soils

Reduced permeability in coarse-textured soils

No salinity problems

Restricts growth of very salt-sensitive crops
Restricts growth of many crops

Restricts growth of all but salt-tolerant crops

Only a few very salt-tolerant crops make
satisfactory yields
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CHAPTER 4
SLOW RATE PROCESS DESI GN

4.1 Introduction

The key elenents in the design of slowrate (SR) systens are
indicated in Figure 4-1. Inportant features are: (1) the
iterative nature of the procedure, and (2) the input
information that nust be obtained for detail ed design.

Determ ning the design hydraulic loading rate is the nost
i nportant step in process design because this paranmeter is
used to determne the land area required for the SR system
The design hydraulic loading rate is controlled by either
soil perneability or nitrogen limts for typical nunicipa
wastewater. Cop selection is usually the first design step
because preapplication treatnent, hydraulic and nitrogen
| oadi ng rates, and storage depend to sone extent on the crop.
Preapplication t r eat ment sel ection usual |y pr ecedes
determnation of hydraulic |oading rate because it can affect
the wastewater nitrogen concentration and, therefore, the
ni trogen | oadi ng.

4.2 Process Perfornmnce

The nmechanisnms responsible for treatnent and renoval of
wast ewat er constituents such as BOD, suspended solids (SS),
ni trogen, phosphorus, trace elenents, mcroorganisns, and
trace organics are discussed briefly. Level s of renoval
achieved at various SR sites are included to show how
renovals are affected by loading rates, crop, and soil
characteristics. Chapter 9 contains discussion on the health
and environnental effects of these constituents.

4.2.1 BOD and Suspended Sol i ds Renoval

BCD and SS are renoved by filtration and bacterial action as
t he applied wastewater percolates through the soil. BOD and
SS are normal Iy reduced to concentrations of less than 2 ng/L
and less than 1 ng/L, respectively, following 1.5 m (5 ft) of
percol ati on. Typical loading rates of BOD and SS for
muni ci pal wastewat er SR systens, regardless of the degree of
preapplication treatnment, are far below the | oading rates at
whi ch performance is affected (see Section 2.2.1.1). Thus

|l oading rates for BOD and SS are normally not a concern
in the design of SR systenms. Renovals of BOD achieved
at five selected sites are presented in Table 4-1.
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TABLE 4-1
BOD REMOVAL DATA
FOR SELECTED SR SYSTEMS [ 1- 5]

Annual BOD
waste- :
water Concentration Concentration )
loading in applied in treated Sampling
rate, Surface wastewater, water, Removal, depth,
Location cm/yr soil mg/L mg/L % m
Dickinson,. 140 Sandy loams 42 <l >98 <5
North Dakota and loamy
sands
Hanover,
New Hampshire 130-780 Sandy loam 40-92 0.9-1.7 96-98 1.5
and silt
loam
Muskegon, 130-260 Sands and 24 1.3 94 4
Michigan loamy sands
Roswell, 80 Silty clay 42 <1 >98 <30
New Mexico loams
San Angelo, 290 Clay and 89 0.7 99 2.1
Texas clay loam

Note: See Appendix G for metric conversions.

4.2.2 Ni t rogen

For SR systens |ocated above potable aquifers, nitrogen
concentration in percolate nust be |ow enough that ground
water quality at the project boundary can neet drinking water
nitrate standards. N trogen renoval mechanisns at SR systens
i nclude crop uptake, nitrification-denitrification, ammonia
vol atilization, and storage in the soil. Percolate nitrogen
concentrations less than 10 ng/L can be achieved wth SR
systens if the nitrogen |loading rate is nmaintained within the
conbi ned renoval rates of these nmechani sns. The nitrogen
removal rates and |loading rate are, therefore, inportant
desi gn paraneters. Percol ate nitrogen |evels achieved at
selected SR sites are given in Table 4-2.

Crop wuptake is normally the primary nitrogen renova

mechani sm operating in SR systens. The anount of nitrogen
renoved by crop harvest depends on the nitrogen content of
the crop and the crop yield. Annual nitrogen uptake rates
for specific crops are given in Section 4.3.2.1. Maxi mum
nitrogen renoval can be achieved by selecting crops or crop
conbi nations wth the highest nitrogen uptake potential.
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TABLE 4-2
NI TROGEN REMOVAL DATA FOR SELECTED
SR SYSTEMS [1, 3-8]

Total nitrogen

Total nitrogen concentration Total nitrogen
concentration in percolate concentration
in applied or affected Sampling in background
wastewater, ground water, Removal, depth, ground water,
Location mg/L as N mg/L as N 3 m mg/L as N
Dickinson, 11.8 3.9 67 11 1.9
North Dakota
Hanover, 27-28 7.3 72 1.5 -
New Hampshire
Helen, 18.0 3.5 80 1.2 0.17
Georgia?
Roswell, 66.2 10.7 84 30 2.2
New Mexico
San Angelo, 35.4 6.1 83 10 -
Texas
a. Forest system. All others are agricultural systems.

Nitrogen 1loss by denitrification depends on severa
environnmental factors including the oxygen level in the soil.
Assum ng that nost of the applied nitrogen is in the organic
or ammonium form increased nitrogen renoval due to
denitrification can be expected wunder the follow ng
condi tions:

I Hi gh levels of organic matter in the soil and/or
wast ewat er, such as the concentrations found in
primary effl uent

Hi gh soil cation exchange capacity--a character-
istic of fine-textured and organi c soils.

Neutral to slightly al kaline soil pH

Alternating saturated and unsaturated soil
nmoi sture condi tions

1 VWAr m t enper at ur es

Denitrification |osses typically are in the range of 15 to
25% of the applied nitrogen, although neasured | osses have
ranged from3 to 70%[4, 9]. The range of 15 to 25% shoul d
be used for conservative design. Wen conditions are
favorabl e, the maxi numrate nmay be used. Lower val ues should
be used when conditions are | ess favorable.

Ammoni a vol atilization | osses can be significant (about 10%
if the soil pHis above 7.8 and the cation exchange capacity
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is low (sandy, low organic soils). For design,
volatilization |l osses nay be considered included in the 15 to
25% used for denitrification

Storage of nitrogen in the soil through plant uptake and
subsequent conversion of roots and unharvested residues into
soil hurmus can account for nitrogen retention rates up to 225
kg/ haeyr (200 I b/acreeyr) in soils of arid regions initially
lowin organic matter (less than 29 . In contrast, nitrogen
storage will be near zero for soils rich in organic matter.
In either case, if nitrogen input remains constant, the rate
of nitrogen storage will decrease with tinme because the rate
of decay and release of nitrogen increases wth the
concentration of soil organic nitrogen. Eventual ly, an
equilibriumlevel of organic nitrogen nmay be obtai ned and net
storage then ceases. Therefore, for design purposes, the
nost conservative approach is to assune net storage wll be
zero.

4.2.3 Phosphor us

Phosphorus is renoved primarily by adsorption and pre-
cipitation (together referred to as sorption) reactions in
the soil. Crop uptake can account for phosphorus renovals in
the range of 20 to 60 kg/ha-yr (18 to 53 I|b/acre yr)
depending on the crop and yield (Section 4.3.2.1). Percolate
phosphorus concentrations at several SR sites are presented
in Table 4-=3.

The phosphorus sorption capacity of a soil profile depends on
the amobunts of clay, alum num iron, and cal ci um conpounds
present and the soil pH In general, fine textured m neral
soils have the highest phosphorus sorption capacities and
coarse textured acidic or organic soils have the | owest.

For systenms with coarse textured soils and limts on the

concentration of percol ate phosphorus, a phosphorus
adsorption test should be conducted using soil from the
sel ected site. This test, described in Section 3.7.2,
determ nes the amount of phosphorus that the soil can renove
during short application periods. Act ual phosphor us
retention at an operating system will be at least 2 to 5

times the value obtained during a 5 day adsorption

test [13].
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For purposes of design and operation, the soil profile can be
considered to have a finite phosphorus sorption capacity
associated with each |ayer. Eventually, the sorption
capacity of the entire soil profile may reach saturation and
sol ubl e phosphorus will appear in the percolate. |In cases
where effluent quality requirements limt the concentration
of phosphorus in the percolate, the useful life of the SR
systemmay be limted by the phosphorus sorption capacity of
the soil profile. An enpirical nodel to predict the usefu

life of an SR system has been devel oped [9].

4.2.4 Trace El enents

Trace elenment renoval in the soil is a conplex process
i nvol ving the nechani sns of adsorption, precipitation, ion
exchange, and conpl exati on. Because adsorption of nost trace
el ements occurs on the surfaces of clay mnerals, netal
oxi des, and organic matter, fine textured and organic soils
have a greater adsorption capacity for trace elenents than
sandy soils.

Rermoval of trace elenents fromsolution is nearly conplete in
soils suitable for SR systens. Consequently, trace el enent
renmoval is not a concern in the design procedure.
Performance data from sel ected SR systens are presented in
Tabl e 4-4.

Al t hough sonme trace elenents can be toxic to plants and
consuners of plants, no universally accepted toxic threshold
values for trace elenment concentrations in the soil or for
mass additions to the soil have been established. Maximum
| oadi ngs over the life of a systemfor several trace el enents
have been suggested for soils having low trace elenent
retention capacities and are presented in Table 4-5.

Toxicity hazards can be mnimzed by maintaining the soil pH
above 6.5. Mst trace elenents are retained as unavail abl e
i nsol ubl e conpounds above pH 6.5. Methods for adjusting soi
pH are discussed in Section 4.9.1. 3.

4.2.5 M cr oor gani sns

Renoval of m croorgani sns, including bacteria, viruses, and
parasitic protozoa and hel mnths (wornms), is acconplished by
filtration, adsorption, desiccation, radiation, predation,
and exposure to other adverse conditions. Because of their
| arge size, protozoa and helmnths are renoved primarily by
filtration at the soil surface. Bacteria also are renoved by
filtration at the soil surface, although adsorption may be
i nportant. Viruses are renoved alnost entirely by
adsor pti on.
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TABLE 4-5
SUGGESTED MAXI MUM APPLI CATI ONS OF
TRACE ELEMENTS TO SO LS W THOUT
FURTHER | NVESTI GATI O\

Mass application Typical b
Element to soil, kg/ha concentration, mg/L
Aluminum 4,570 10
Arsenic 92 0.2
Berylium 92 0.2
Boron 680 1.4€
Cadmium 9 a.02
Chromium 92 0.2
Cobalt 46 0.1
Copper 184 0.4
Fluoride 920 1.8
Iron 4,570 10
Lead 4,570 10
Lithium -- 2.54
Manganese 184 0.4
Molybdenum 9 0.02
Nickel 184 0.4
Selenium 18 0.04
Zinc 1,840 4

a. Values were based on the tolerances of
sensitive crops, mostly fruits and vegetables,
grown on soils with low capacities for
retaining elements in unavailable forms
[15, 16]).

b. Based on reaching maximum mass application in
20 years at an annual application rate of
2.4 m/yr (8 ft/yr).

c. Boron exhibits toxicity to sensitive plants at
values of 0.75 to 1.0 mg/L.

d. Lithium toxicity limit is suggested at 2.5 mg/L
concentration for all crops, except citrus which
uses a 0.075 mg/L limit. Soil retention is
extremely limited.

As noted in Table 1-3, fecal colifornms are normally absent
after wastewater percolates through 1.5 m (5 ft) of soil.
Coliformrenoval s at several operating SR systens are shown
in Table 4-6. Coliform renoval in the soil profile is
approximately the same when primary or secondary
preapplication treatnment is provided [4]. Virus renovals are
not as well docunmented. State agencies nmay require secondary
treatnent if edible crops are grown or if public contact is
unlimted. M croorgani sm__renoval IS not a limting
factor in the SR design procedure.
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TABLE 4-6
COLI FORM DATA FOR SEVERAL
SR SYSTEMS [ 1, 4, 5, 8, 12]

Concentration Concentration Distance Concentration
in applied in percolate of in background
Preapplication wastewater, or ground water, travel, ground water,
Location treatment Coliforms MPN/100 mL MPN/100 mL m MPN/100 mL
Camarillo, Activated Total 57 x 107 7 0.5 4
California sludge and 29 1.0 27
disinfection
Fecal 220 <2 0.5 <2
<2 1.0 4
Dickinscn, Aerated ponds Total TNTC: 12 30-150 1
North Dakota and disin- Fecal TNTC 0 30-150 0
fection
Hancver, Primary Fecal 1.2 x 10%- a-1 1.5 -
New Hampshire 3.1 x 10°
Mesa, Trickling Total 3.09 x 106 <2 0.5 20
Arizona filters 9 1.0 60
Fecal 1.05 x 10° <2 0.5 <2
9 1.0 25
Roswell, Trickling Total NTCc? T~NTC? <6 -
New Mexico filters and Fecal TNTCA 52 <6 -
disinfection

a. At least one sample too numerous to count.

4.2.6 Trace Organics

Trace organics are renoved by several nechani sns, including
sorption, degradation, and volatilization. One study at
Muskegon, M chigan, evaluated the effectiveness of trace
organics renoval during preapplication treatnent (aerated
ponds) and SR treatnent. Al though 59 organic pollutants were
identified in the raw wastewater, renovated water from
drainage tiles underlying the irrigation site contained only
| ow | evel s of 10 organi c conpounds, including two from non-
wast ewat er sources. Benzene, chloroform and trichloro-
ethyl ene were nonitored for several days; results are shown
in Table 4-7.

Results from pilot SR studies at Hanover, New Hanpshire
indicate that significant levels of volatile trace organics
are renmoved during sprinkler application [4]. Measurenents
of chloroform toluene, nethylene chloride, 1,1 dichloro-
et hane, bronodi chl oronet hane, and tetrachl oroet hyl ene showed
that an average of 65% of these six conpounds were
vol atilized during the sprinkling process, wth individual
removal s ranging from57% for toluene to 70% for nethyl ene
chl ori de.
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TABLE 4-7
BENZENE, CHLOROFORM AND TRI CHLOROETHYLENE
I N MUSKEGON WASTEWATER TREATMENT SYSTEM [ 17]

Concentration, ng/L®

Sampling
Pollutant pointb 8/10/76 8/11/76 B/12/76 9/7/76 9/8/76
Benzene 1 6 53 6 41 32
2 7 2 <1 8 5
3 <1 <1 <1 3 2
4 <1 <1 <1 <1 8
Chloroform 1 425 440 480 360 2,645
2 105 61 81 365 610
3 12 9 4 100 75
4 3 3 1 13 10
Trichloroethylene 1 13 6 10 110 120
2 16 3 5 35 33
k| 7 4 1 11 6
4 6 3 2 10 8

a. Average for duplicate samples.

b. Sampling Point 1 - influent
Sampling Point 2 - aerated lagoon effluent
Sampling Point 3 -~ storage lagoon effluent
Sampling Point 4 - renovated water from drainage tiles

Based on these results, it appears that a typical SR system
is quite effective in renoving trace organics. However, if
a community*s wastewater contains |arge concentrations of
trace organics from industrial contributions, industrial
pretreatnent should be considered. |f hazardous chlorinated
trace organics result from wastewater chlorination, the
engi neer nust decide in consultation wth regulatory
authorities whether it is nore inportant to renove pathogens
or to reduce trace organic levels. This decision should take
into consideration the type of crop and the nethod of
di stribution.

4.3 Crop Selection

The crop is a critical conponent in the SR process. |t
renoves nutrients, reduces erosion, maintains or increases
infiltration rates, and can produce revenue where narkets
exi st.

4.3.1 CQuidelines for Crop Sel ection

| mportant characteristics or properties of crops that shoul d
be consi dered when selecting a crop for SR systens include:
(1) nutrient uptake capacity, (2) tolerance to high soi

moi sture conditions, (3) consunptive use of water and
irrigation requirements, and (4) revenue potential. A
relative conparison of these characteristics for several
types of crops is presented in Table 4-8 as a general guide
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to selection. Characteristics of secondary inportance
include (1) effect on soil infiltration rate, (2) crop water
quality requirenments and toxicity concerns, and (3)
managenent requirenents.

Most SR systens are designed to mnimze |and area by using
maxi mum hydraulic | oading rates. Crops that are conpatible
with high hydraulic loading rates are those having high
ni trogen uptake capacity, high consunptive water use, and
hi gh tolerance to noist soil conditions. O her desirable
crop characteristics for this situation are | ow sensitivity
to wastewater constituents, and mninmum nmanagenent
requi renents. Crops grown for revenue nust have a ready
| ocal market and be conpatible with wastewater treatnent
obj ecti ves.

4.3.1.1 Agricultural Crops

Agricultural crops nost conpatible with the objective of
maxi mum hydraulic |loading are the forage and turf grasses.
Forage crops that have been used successfully include: Reed
canarygrass, tall fescue, perennial ryegrass, Italian
ryegrass, orchardgrass, and bernudagrass. I f forage
utilization and value are not a consideration, Reed
canarygrass is often a first choice inits area of adaptation
because of high nitrogen uptake rate, w nter hardi ness, and
persi stence. However, Reed canarygrass is slow to establish
and should be planted initially with a conpanion grass
(ryegrass, orchardgrass, or tall fescue) to provide good
initial cover.

Of the perennial grasses grown for forage utilization and
revenue under high wastewater |oading rates, orchardgrass is
generally considered to be nore acceptable as animl feed
than tall fescue or Reed canarygrass. However, orchardgrass
is prone to | eaf diseases in the southern and eastern states.
Tall fescue is generally preferred as a feed over Reed
canarygrass but is not suitable for use in the northern tier
of states due to lack of w nter—hardiness. Agai n, ot her
crops may be nore suitable for local conditions and advi ce of
| ocal farm advisers or extension specialists will be hel pful
in maki ng the crop sel ection.

Corn will grow satisfactorily where the water table depth is
about 1.5to 2 m (5to 7 ft) but alfalfa requires naturally
wel | -drai ned soils and water table depths of at least 3 m (10
ft) for persistence. The alfalfa cultivar selected should be
high yielding wth resistance to root rot and bacterial wlt
in the grow ng region, especially when high hydraulic |oading
rates (>7.5 cmiwk or 3 in./wk) are used.
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TABLE 4-8
RELATI VE COVPARI SON OF CROCP
CHARACTERI STI CS [ Adapted from 18]

Pot enti al Pot enti al Pot enti al
as revenue as water as nitrogen Mbi sture
producer? user® user® t ol erance®
Field crops
Bar| ey Mar g Mbd Mar g Low
Corn, grain Exc Mbd Good Mbd
Corn, silage Exc Mbd Exc Mbd
Cotton (lint) Good Mbd Mar g Low
Grain, sorghum Good Low Mar g Mbd
Cat s Mar g Mbd Poor Low
Ri ce Exc Hi gh Poor Hi gh
Saf f | ower Exc Mod Exc Mod
Soybeans Good Mbd Good- exc® Mbd
Wheat Good Mod Good Low
Forage crops
Kent ucky bl uegrass Good Hi gh Exc Mbd
Reed canarygrass Poor Hi gh Exc Hi gh
Alfalfa Exc Hi gh Good- exc® Low
Br onegr ass Poor Hi gh Good Hi gh
Cl over Exc Hi gh Good- exc® Mbd- hi gh
Or char dgr ass Good Hi gh Good- exc® Mbd
Sor ghum—sudan Good Hi gh Exc Mbd
Ti not hy Mar g Hi gh Good Hi gh
Vet ch Mar g Hi gh Exc Hi gh
Tall fescue Good Hi gh Good- exc Hi gh
Turf crops
Bent gr ass Exc Hi gh Exc Hi gh
Ber nudagr ass Good Hi gh Exc Hi gh
Forest crops
Har dwoods Exc Hi gh Good- excf Hi gh?
Pi ne Exc Hi gh Good' Mod- | ow?
Dougl as-fir Exc Hi gh Good' Mod
a. Potential as revenue producers is a judgnental estimate based on

nati onwi de demand. Local market differences may be substanti al
enough to change a margi nal revenue producer to a good or

excel | ent revenue producer and vice versa. Sonme of the forages
are extrenely difficult to market due to their coarse nature
and poor feed val ues.

Water user definitions expressed as a fraction of alfalfa
consunpti ve- use.

Hi gh 0.8-1.0
Mbder at e ( Mod) 0.6-0.79
Low -<0.6
Ni trogen user ratings (kg/ha)
Excel | ent (Exc) >200
Good 150- 200
Mar gi nal (Marg) 100- 150
Poor <100
Mbi sture tol erance ratings:
Hi gh - withstands prolonged soil saturation >3 days.
Mbderate - w thstands soil saturation 2-3 days.
Low - withstands no soil saturation.

Legumes will al so take nitrogen from the atnosphere.
Hi gher nitrogen uptake during juvenile growmh stage after crowning.
Speci es dependent, check with the State Extension Forester.
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A mxture of alfalfa and a persistent forage grass, such as
or chardgrass, can be used on soils that are not naturally
wel | drained. At high hydraulic loading rates, the alfalfa
may not persist over 2 years, but the forage grass will fill
in the areas in the thinned alfal fa stand.

The nost comon agricultural crops grown for revenue using
wastewater are corn (silage), alfalfa (silage, hay, or
pasture), forage grass (silage, hay, or pasture), grain
sorghum cotton, and grains [18]. However, any crop,
i ncluding food crops, nmay be grown with recl ai ned wast ewat er
after suitable preapplication treatnent.

In areas with a long growing season, such as California

selection of a double crop is an excellent neans of
increasing the revenue potential as well as the annual

consunpti ve water use and nitrogen uptake of the crop system
Doubl e crop conbinations that are comonly used include (1)
short season varieties of soybeans, silage corn, or sorghum
as a summer crop; and (2) barley, oats, wheat, vetch, or
annual forage grass as a winter crop.

A growi ng practice in the East and Mdwest is to provide a
conti nuous vegetative cover with grass and corn. This “no-
till” corn managenent consists of planting grass in the fall
and then applying a herbicide in the spring before planting
the corn. Wen the corn conpletes its growh cycle, grass is
reseeded. Thus, cultivation is reduced; water use is
maxi m zed; nutrient uptake is enhanced; and revenue potenti al
IS increased.

4.3.1.2 Forest Crops

The nobst common forest crops used in SR systens have been
m xed hardwoods and pines. A summary of representative
operational systenms and types of forest crops used is
presented in Table 4-9.

The grow h responses of a nunber of tree species to a range
of wastewater |oadings are identified in Table 4-10. The
hi gh growm h response colum is nost suitable for wastewater
appl i cation because of nitrogen uptake and productivity. The

growh response wll vary in accordance with a nunber of
factors; one of the nost inportant is the adaptability of the
sel ected species to the local clinmate. Local foresters

should be consulted for specific judgnents on the likely
response of sel ected species.
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TABLE 4-9
SUMVARY OF OPERATI ONAL FOREST LAND TREATMENT
SYSTEMS | N THE UNI TED STATES RECEI VI NG
MUNI CI PAL WASTEWATER

Hydraulic
Flow, Date loading,

Location m3/d Forest type started cm/wk Other conditions
Clayton County, 73,800 Loblolly pine 1981 6.3 Ground water to be
Georgia plantation and recycled as drinking

natural hardwood water
Helen, Georgia 76 Mixed hardwood 1973 7.6 -
and pilne
Kings Bay 1,250 Slash pine 1981 1.3 Site drainage with
Submarine Support plantation open ditches
Base, St. Marys,
Georgia
Mackinaw City, 760 Aspen, white 1976 11.3 Frost free, seasonal
Michigan pine birch application
Mt. Sunapee State 26 Mixed hardwood 1971 5.0 Water stored and
Park, Newbury, applied in June and
New Hampshire July only
State College, 11,350 Mixed hardwood; 1963 2.0~ Ground water to be
Pennsylvania red pine plantation: 7.5 recycled as drinking
(Penn State spruce, old field water
University)
West Dover, 2,080 Northern hardwoods; 1976 26.3 Operates at air
Vermont balsam, hemlock, temperatures above
spruce in understory -18 °C

TABLE 4-10
HEI GHT GROWMH RESPONSE COF SELECTED
TREE SPECI ES [ Adapted from 19]

Height growth response class

Low Intermediate High

Slash pine Tulip poplar Cottonwood

Cherry-laurel Bald cypress Sycamore

Arizona cypress Saw-tooth ocak Green ash

Live oak Red cedar Black cherry

Holly Laurel oak Sweetgum

Hawthorne Magnolia Black locust

Northern white cedar Nuttall oak Red bud

Red pine Cherry bark oak Catalpa
Loblolly pine Chinese elm
Shortleaf pine wWhite pine

Virginia pine
Douglas-fir

4.3.2 Crop Characteristics

Ref erence data and infornmation on the crop characteristics
of (1) nutrient uptake, water quality requirenents, and
toxicity concerns; (2) water tolerance; (3) consunptive
wat er use; and (4) effect on soil hydraulic properties are
presented in this section for both agricultural crops and
forest crops.
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4.3.2.1 Nut ri ent Upt ake

Adgricul tural Crops

In general, the largest nutrient renovals can be achieved
wi th perennial grasses and | egunes that are cut frequently at
early stages of growmh. It should be recognized that |egunes
can fix nitrogen fromthe air, but they are active scavengers
for nitrate if it is present. The potential for harvesting
nutrients with annual crops is generally less than wth
perenni al s because annuals use only part of the available
grow ng season for grow h and active uptake. Typical annual
uptake rates of the mjor plant nutrients--nitrogen,
phosphorus, and potassium-are listed in Table 4-31 for
several commonly sel ected crops.

The nutrient renoval capacity of a crop is not a fixed
characteristic but depends on the crop yield and the nutrient
content of the plant at the time of harvest. Desi gn
estimates of harvest renovals shoul d be based on yield goals
and nutrient conpositions that |ocal experience indicates can
be achieved with good managenent on simlar soils.

TABLE 4- 11
NUTRI ENT UPTAKE RATES FOR
SELECTED CROPS
kg/ haeyr

Nitrogen Phosphorus Potassium

Forage crops

Alfalfad 225-540 22-35 175-225
Bromegrass 130-225 40-55 245
Coastal bermudagrass 400-675 35-45 225
Kentucky bluegrass 200-270 45 200
Quackgrass 235-280 30-45 275
Reed canarygrass 335-450 40-45 315
Ryegrass 200-280 60-85 270-325
Sweet clover?d 175 20 100
Tall fescue 150-1325 30 300
Orchardgrass 250-350 20-50 225-315

Field crops

Barley 125 15 20
Corn 175-200 20-30 110
Cotton 75-110 15 40
Grain sorghum 135 15 70
Potatoes 230 20 245-325
Soybeans?@ 250 10-20 30-55
Wheat 160 15 20-45

a. Legumes will also take nitrogen from the atmosphere.
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The rate of nitrogen uptake by crops changes during the
growi ng season and is a function of the rate of dry matter
accunulation and the nitrogen content of the plant.
Consequently, the pattern of nitrogen uptake is subject to
many environnmental and nmanagenent variables and is crop
specific. Exanples of nmeasured nitrogen uptake rates versus
time are shown in Figure 4-2 for annual crops and perenni al
forage grasses receiving wastewater.

The anounts of phosphorus in applied wastewaters are usually
much hi gher than plant requirenents. Fortunately, nost soils
have a high sorption capacity for phosphorus and very little
of the excess passes through the soil (see Section 4.2.3).

Potassium is used in large anounts by nmany crops. but
t ypi cal wastewater is relatively deficient in_this
elenent. In nost cases, fertilizer potassium nmay be needed
to provide for optimal plant growth, depending on the soi

and crop grown (see Section 4.9.1.2). Oher macronutrients
taken up by crops include magnesium cal cium and sulfur;
deficiencies of these nutrients are possible in sone areas.
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NITROGEN UPTAKE VERSUS GROWING DAYS
FOR ANNUAL AND PERENNIAL CROPS [20,21]
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The mcronutrients inportant to plant growh (in descending
order) are: iron, manganese, zinc, boron, copper, nolybdenum
and, occasionally, sodium silicon, chloride, and cobalt.
Most wastewat ers contain an anple supply of these el enents;
in some cases, phytotoxicity may be a consideration.

Forest Crops

Veget ati ve uptake and storage of nutrients depend on the
species and forest stand density, structure, age, |ength of
season, and tenperature. In addition to the trees, there is
al so nutrient uptake and storage by the understory tree and
her baceous vegetation. The role of the understory vegetation
is particularly inportant in the early stages of tree
est abl i shment .

Forests take up and store nutrients and return a portion of
those nutrients back to the soil in the formof leaf fall and
ot her debris such as dead trees. Upon deconposition, the
nutrients are released and the trees take them back up.
During the initial stages of growh (1 to 2 years), tree
seedlings are establishing a root system bionmass production
and nutrient uptake are relatively slow To prevent |eaching
of nitrogen to ground water during this period, nitrogen
| oading nust be limted or understory vegetation nust be
established that will take up and store applied nitrogen that
is in excess of the tree crop needs. Managenent of
understory vegetation is discussed in Section 4.9.

Following the initial gromh stage, the rates of growh and
nutrient uptake increase and remain relatively constant until
maturity is approached and the rates decrease. Wen growh
rates and nutrient uptake rates begin to decrease, the stand
should be harvested or the nutrient |oading decreased.
Maturity may be reached at 20 to 25 years for southern pines,
50 to 60 years for hardwoods, and 60 to 80 years for sone of
the western conifers such as Douglasfir. O course,
harvesting may be practiced well in advance of maturity as
with short-termrotation managenent (see Section 4.9.2.5).

Estimates of the net annual nitrogen storage for a nunber of
fully stocked forest ecosystens are presented in Table 4-12.
These estimates are maxi mum rates of net nitrogen uptake
considering both the understory and overstory vegetation
during the period of active tree grow h.
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TABLE 4-12
ESTI MATED NET ANNUAL NI TROGEN UPTAKE I N THE
OVERSTORY AND UNDERSTORY VEGETATI ON OF FULLY
STOCKED AND VI GOROUSLY GROW NG FOREST
ECOSYSTEMS | N SELECTED REG ONS OF THE UNI TED STATES [ 22]

Average annual

Tree nitregen uptake,
age, yr kg/ha-yr
Eastern forests
Mixed hardwoods 40-60 220
Red pine 25 110
0lad field with‘white 15 280
s?ruce plantation 5-15 280
Pioneer succession
Southern forests
Mixed hardwoods 40-60 340
Southern pine with 20 2202
no understory
Southern pine 20 320
with understory
Lake states forests
Mixed hardwoods 50 110
Hybrid poplarP 5 185
Western forests
Hybrid poplarP 4-5 300-400
Douglas~fir 15-25 150-250

Plantation

a. Principal southern pine included in these
estimates is loblolly pine.

b. Short-term rotation with harvesting at 4-5 yr;
represents first growth cycle from planted
seedlings (see Section 4.9.2.4).

Because nitrogen stored within the biomass of trees is not
uniformy distributed anong the tree conponents, the anount
of nitrogen that can actually be renoved with a forest crop
systemw || be substantially |less than the storage estinmates
given in Table 4-12 unl ess 100% of the aboveground bi omass is

harvested (whole—+tree harvesting). | f only t he
nerchantable stens are renoved fromthe system the net
amount of nitrogen renpved by the systemw |l be |ess than

30% of the anmpunt stored in the biomass. The distributions
of biomass and nitrogen for naturally grow ng hardwood and
coni fer (pines, Douglas-fir, fir, larch, etc.) stands in
tenperate regions are shown in Table 4-13. For deci duous
speci es, whol e-tree harvesting nust take place in the sumer
when the | eaves are on the trees if maxi num nitrogen renoval
is to be achieved.
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TABLE 4-13
Bl OVASS AND NI TROGEN DI STRI BUTI ONS BY TREE
COVPONENT FOR STANDS | N TEMPERATE REG ONS [ 23]
Per cent

Conifers Hardwoods

Tree component Biomass Nitrogen Biomass Nitrogen

Roots 10 17 12 18
Stems 80 50 65 32
Branches 8 12 22 42
Leaves 2 20 1 8

The assimlative capacity for both phosphorus and trace
metals is controlled nore by soil properties than plant
uptake. The relatively low pH (4.2 to 5.5) of nobst forest
soils is favorable to the retention of phosphorus but not
trace netals. However, the high level of organic matter in
forest soil inproves the netal renoval capacity. The anount
of phosphorus in trees is small, usually less than 30 kg/ ha
(27 I blacre); therefore, the amount of annual phosphorus
accurmul ation is quite small.

4.3.2.2 Mbi sture Tol erance

Crops that can be exposed to prol onged periods of high soi
noi sture without suffering danmage or yield reduction are said
to have a high nmpoisture or water tolerance. Thi s
characteristic is desirable in situations (1) where hydraulic
| oading rates nust be nmaximzed, (2) where the root zone
contains a slowy perneable soil, or (3) in humd areas where
sufficient noisture already exists for plant gromh. Refer
to Table 4-8 for a conparison of crop noisture tol erances.
Alfalfa and red pine, for exanple, have |ow noisture
t ol er ances.

4.3.2.3 Consunptive Water Use

Consunptive water use by pl ant s IS also terned
evapotranspiration (ET). Consunptive water use varies wth
t he physical characteristics and the growh stage of the
crop, the soil noisture level, and the local clinmate. I n
sone states, estimates of maxi mum nonthly consunptive water
use for many crops can be obtained from | ocal agricultural
extension offices or research stations or the SCS. Wher e
this information is not available, it will be necessary to
make estimates of evapotranspiration using tenperature and
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other climatic data. Several nmethods of estimating
evapotranspiration are available and are detailed in
publications by the Anerican Society of G vil Engineers
(ASCE) [24], the Food and Agriculture Organization (FAO of
the United Nations [25], and the SCS [ 26].

Adgricul tural Crops

In hum d regions estimates of potential evapotranspiration

(PET) are wusually sufficient for perennial, full-cover
Crops. Exanples of estimated PET for humd and subhumd
climates are shown in Table 4-14. Exanpl es of nonthly

consunptive use in arid regions are shown in Table 4-15 for
several California crops. These table values are specific
for the location given and are intended to illustrate
variation in ET due to crop and climate. The designer shoul d
obtain or estimate ET values that are specific to the site
under design

TABLE 4-14
EXAMPLES OF ESTI MATED MONTHLY POTENTI AL
EVAPOTRANSPI RATI ON FOR HUM D AND SUBHUM D CLI MATES

cm

paris, Central Brevard, Jonesboro, Hanover, Seabrook,
Month Texas Missouri North Carolina Georgia New Hampshire New Jersey
Jan 1.5 0.7 0.2 1.3 0.0 0.2
Feb 1.5 1.3 0.3 1.3 0.0 0.3
Mar 3.6 3.0 2.1 3.0 0.1 2.0
Apr 6.8 6.6 4.6 5.8 2.9 4.0
May 9.9 10.8 7.6 10.9 8.2 7.4
Jun 14.7 14.5 10.2 14.7 12.9 11.4
Jul 16.0 16.9 11.4 15.7 13.7 13.9
Aug 16.2 15.2 10.4 15.0 11.9 13.6
Sep 9.7 10.3 7.4 10.9 7.4 9.9
Oct 6.4 6.3 4.6 5.8 4.0 4.9
Nov 2.7 2.6 1.6 2.5 0.3 2.1
Dec 1.4 1.1 0.3 1.3 0.0 0.3
Annual 90.4 89.3 60.7 88.2 61.4 70.0

In arid or semarid regions, water in excess of consunptive
use nust be applied to (1) ensure proper soil noisture
conditions for seed germ nation, plant energence, and root
devel opnment; (2) flush salts from the root zone; and (3)
account for nonuniformty of water application by the
di stribution system (see Section 4.7). This requirenent is
the irrigation requirenent and exanples are shown in Table 4-
15. Local irrigation specialists should be consulted for
speci fic val ues.
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TABLE 4-15
CONSUMPTI VE WATER USE AND | RRI GATI ON REQUI REMENTS FOR
SELECTED CROPS AT SAN JOAQUI N VALLEY, CALIFORN A* [27, 28]
Depth of Water in cm

Double crop

Pastures or alfalfab barley and grain sorghum® Cotton 4 Sugar beets €

Consumptive Irriqation Consumptive Irrigation Consumptive Irrigation Consumptive Irrigation

Month use requirements use requirements use requirements use requirements
Jan 2.3 3.0 2.5 - - -- -~ --
Feb 5.1 6.9 5.1 -- - 38.1 - -
Mar 9.7 13.0 9.7 15.2 - - - 12.7
Apr 13.2 17.8 13.2 15.2 1.5 - 2.5 22.9
May 17.8 23.9 6.6 - 3.0 - 6.4 12.7
Jun 21.8 29.2 -— 25.49 9.1 12.7 12.7 22.9
Jul 23.9 32.0 11.4 17.8 18.3 30.5 17.8 19.1
RAug 22.1 29.7 20.3 30.1 21.3 30.5 20.3 11.4
Sep 14.7 19.8 15.2 22.9 15.2 - - -
Oct 10.9 14.7 7.6 —-— 6.4 - -- -
Nov 5.1 6.9 - - -- -- - 15.29
Dec 2.5 3.3 2.5 25.4 - -= i -
Total 149.1 200.2 94.1 152.0 74.8 111.8 59.7 116.9

a. Other crops having similar growing seasons and ground cover will have similar consumptive use.

b. Estimated maximum consumptive use {evapotranspiration) of water by mature crops with nearly complete ground
cover throughout the year.

c. Barley planted in November-December, harvested in June. Grain sorghum planted June 20-July 10, harvested
in November-December.

d. PRooting depth of mature cotton: 1.8 m. Planting dates: March 15 to April 20. Harvest: October, November,
and December.

e. Rooting depth: 1.5 to 1.8 m. Planting date: January. Harvest: July 15 to September 10.
f. Preirrigation should wet soil to 1.5 to 1.8 m depth prior to planting.

g, Preirrigation is used to ensure germination and emergence. First crop irrigations are heavy in order to
provide deep moisture.

Forest Crops

The consunptive water use of forest crops under high soi

nmoi sture conditions may exceed that of forage crops in the
sane area by as much as 30% For design purposes, however

the potential ET is used because there is little information
on water use of different forest species. The seasona
pattern of water use for conifers is nore uniformthan for
deci duous trees.

4.3.2.4 Ef fect on Soil Hydraulic Properties

In general, plants tend to increase both the infiltration
rate of the soil surface and the effective hydraulic
conductivity of the soil in the root zone as a result of root
penetration and addition of organic matter. The nmagnitude of
this effect varies anong different crops. Thus, the crop
sel ected can affect the design application rate of sprinkler
di stribution systens, which is based on the steady state
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infiltration rate of the soil surface. Steady state
infiltration rate is equivalent to the saturated perneability
of surface soil. Design sprinkler application rates can be
i ncreased by 50% over the perneability value for nost full-
cover crops and by 100% for mature (>4 years old), well-
managed pernmanent pastures (see Appendix E). The design
application rate (cmih or in./h) should not be confused with
hydraulic loading rate (cmiwk or cnino) which is based on the
perneability of the nost restrictive layer in the soil
profile. This layer, in many cases, is below the root zone
and is unaffected by the crop.

Forest surface soils are generally characterized by high
infiltration capacities and high porosities due to the
presence of high levels of organic matter. The infiltration
rates of nost forest surface soils exceed all but the nost
extrenme rai nfal l intensities. Ther ef or e, surface
infiltration rate is not wusually a |imting factor in
establishing the design application rate for sprinkler
distribution in forest systens.

In addition, the perneability of subsurface forest soil
hori zons is generally inproved over that found under other
vegetation systens because there is: (1) no tillage, (2)
m ni num conpaction fromvehicular traffic, (3) deconposition
of deep penetrating roots, and (4) a well-devel oped structure
due to the increased organic matter content and m crobi al
activity. \Where subfreezing tenperatures are encountered,
the forest floor serves to insulate the soil so that soi
freezing, if it does occur, occurs slowy and does not
penetrate deeply. Consequently, wastewater application can
often continue through the winter at forest systens.

4.3.2.5 Crop Water (Quality Requirenents and
Toxi city Concerns

Wast ewaters may have constituents that: (1) are harnful to
pl ants (phytotoxic), (2) reduce the quality of the crop for
mar keting, or (3) can be taken up by plants and result in a
toxic concern in the food chain. Thus, the effect of
wast ewat er constituents on the crop itself and the potenti al
for toxicity to plant consunmers nust be considered during the
crop selection process. Agricultural crops are of primary
concern.

A summary of commopn wastewater constituents that can
adversely affect certain crops either through a direct toxic
effect or through degradation of crop quality is given in
Table 4-16. A so indicated in the table are the constituent
concentrations at which problens occur. These effect are
di scussed in further detail in Chapter 9.

4-23



TABLE 4-16
SUMVARY OF WASTEWATER CONSTI TUENTS
HAVI NG POTENTI AL ADVERSE EFFECTS

Constituent level
Problem and No Increasing Severe
related constituent problem problems problems Crops affected
Salinity (ECy), <0.75 0.75-3.0 >3.0 Crops in arid climates only
mmho/cm (see Table 9-4)

Specific ion toxicity
from root absorption
Boron, mg/L <0.5 0.5-2 2.0-10.0 Fruit and citrus trees -
0.5-1.0 mg/L; field crops -
1.0-2.0 mg/L; grasses -
2.0-10.0 mg/L
Sodium, adj-SAR3 <3 3.0-9.0 >9.0 Tree Crops

Chloride, mg/L <142 142-355 >355 Tree crops

Specific ion toxicity
from foliar absorption

Sodium, mg/L <69 >69 -— Field and vegetable
crops under sprinkler
Chloride, mg/L <106 >106 - application
Miscellaneous
NH4-N + NO3-N, mg/L <5 5-30 30 Sugarbeets, potatoes,
cotton, grains
HCO3, mg/L <90 90-520 »>520 Fruit
pH, units 6.5-8.4 4.2-5.5 <4.2 and Most crops
>8.5

a. Adjusted sodium adsorption ratio.

Trace el enments, particularly zinc, copper, and nickel are of
concern for phytotoxicity. However, the concentration of
these elenments in wastewaters is well below the toxic |eve
of all crops and phytotoxicity could only occur as a result
of long-termaccunul ati on of these elenents in the soil.

4.4 Preapplication Treat nent
Preapplication treatnent is provided for three reasons:

1. Protection of public health as it relates to human
consunption of crops or crop byproducts or to direct
exposure to applied wastewater

2. Prevention of nuisance conditions during storage

3. Prevention of operating problenms in distribution
systens

Preapplication treatnment is not necessary for the SR process
to achi eve maxi numtreatnent, except in the case of harnfu
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or toxic constituents fromindustrial sources (see Section
4.4.3). The SR process is capable of renoving high | evels of
nost constituents present in nunicipal wastewaters, and
maxi mum use shoul d be made of this renovative capacity in a

conplete treatnent system Therefore, the level of
preapplication treatnent provided should be the m ninmm
necessary to achieve the three stated objectives. In

general, any additional preapplication treatnent wll result
i n higher costs and energy use.

The EPA has issued general guidelines for assessing the
| evel of preapplication treatnent necessary for SR systens
[ 30] . The guidelines are intended to provide adequate
protection for public health:

A Primary treatnent - acceptable for isolated
| ocations with restricted public access and when
limted to crops not for direct human consunpti on.

B. Bi ol ogi cal treatnent by ponds or inplant processes
plus control of fecal coliformcount to |ess than
1,000 MPN100 nL - acceptable for <controlled

agricultural irrigation except for human food crops
to be eaten raw

C. Bi ol ogi cal treatnent by ponds or inplant processes
with additional BOD or SS control as needed for
aesthetics plus disinfection to | og nmean of 200/100
nm. (EPA fecal coliformcriteria for bathing waters)
- acceptable for application in public access areas
such as parks and gol f courses.

I n nost cases, state or local public health or water quality
control agencies regulate the quality of nunicipal wastewater
that can be used for SR The appropriate state and | oca
agenci es should be contacted early in the design process to
determ ne specific restrictions on the quality of applied
wast ewat er .

4.4.1 Preapplication Treatnent for Storage and
During Storage

Obj ectionabl e odors and nuisance conditions can occur if
anaer obi c conditions devel op near the surface in a storage
pond. Two preapplication treatnent options are available to
prevent odors:

1. Reduce t he oxygen demand of the wastewater prior to
st or age.
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2. Design the storage pond as a deep facultative pond,
usi ng appropri ate BOD | oadi ng.

Conpl ete  bi ol ogi cal t reat nent and disinfection are
unnecessary prior to storage. The level of treatnent
provi ded shoul d not exceed that necessary to control odors.
For storage ponds with short detention tinmes (less than 10 to
15 days), a reduction in the BOD of the wastewater to a range
of 40 to 75 ng/L should be sufficient to prevent odors. An
aerated cell is are normally used for BOD reduction in such
cases. For storage ponds with |onger detention tines, BOD
reduction before storage is normally not required because the
storage pond is serving as a stabilization pond.

Wast ewat er undergoes treatnment during storage. Suspended
solids, oxygen demand, nitrogen, and mcroorganisns are
reduced. 1In general, the extent of reduction depends on the
length of the storage period. In the case of nitrogen,
renoval during storage can affect the design and operation of
the SR process because the allowable hydraulic |oading rate
may be governed by the nitrogen concentration of the applied

wast ewater. N trogen renoval in storage reservoirs can be
substantial and depends on several factors including
detention tinme, tenperature, pH and pond depth. A

prelimnary nodel to estimate nitrogen renovals in ponds
during ice—free periods has been devel oped [31]:

N = N, e 007st (4-1)

wher e N = nitrogen concentration in pond effluent
(total N), ng/L

N, = nitrogen concentration entering pond
(total N), ng/L

t = detention tine, d

A nore precise nodel for predicting ammonia nitrogen renoval s
in ponds is presented in the Process Design Mnual on
Wast ewat er Treat ment ponds [ 32].

Nitrogen in pond effluent is predom nantly in the ammoni a or
organic form In nost cases, it is desirable to apply
nitrogen in these forms to SR systens because they are held
at least tenporarily in the soil profile and are avail able
for plant uptake for longer periods than nitrate, which is
mobile in the soil profile. Amoni a and organi c nitrogen
which is converted to anmonia, are particularly desirable in
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forest systens because many tree species do not take up
nitrate as efficiently as ammoni a.

A nmodel describing the renoval of fecal coliforns in pond
systens has al so been devel oped [ 33]:

o Kt 2(T-20)

G =G (4-2)
wher e G = effluent fecal coliformconcentration,

No. /100 nL
G = entering fecal coliformconcentration,

No. /100 nL
K = 0.5 warm nont hs;

0. 03 col d nont hs
t = “actual” detention tine, d
2 = 1.072
T = liquid tenperature, °C

Based on this nodel, actual detention tines of about 17 days
and 21 days woul d be necessary at 20 °C (68 °F) to reduce the
coliformlevel of a typical domestic wastewater to 1, 000/100
nmL and 200/100 nlL, respectively. Thus, effluent from storage
reservoirs, in many cases, my neet the EPA coliform
recomendations for SR systens w thout disinfection.

Renmoval of wviruses in ponds is also quite rapid at warm
tenperatures. Essentially conplete renmpval of Coxsackie and
polio viruses was observed after 20 days at 20 C [ 34]

4.4 .2 Preapplication Treatnent to Protect
Di stribution Systens

Deposition of settleable solids and grease in distribution
| aterals or ditches can cause reduction in the flow capacity
of the distribution network and odors at the point of
application. Coarse solids can cause severe clogging
problems in sprinkler distribution systens. Renoval of
settleable solids and oil and grease (i.e., primary
sedinentation or equivalent) is therefore recommended as a
m nimum | evel of preapplication treatnent. For sprinkler
systens, it has been recommended that the size of the |argest
particle in the applied wastewater be | ess than one-third the
di aneter of the sprinkler nozzle to avoid plugging.
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4.4.3 | ndustrial pretreatnent

Pol lutants that are conpatible with conventional secondary
treatnent systens would generally be conpatible with |and
treatmnent systens. As with conventional systens, pre-
treatnent requirements will be necessary for such constit-
uents as fats, grease and oils, and sulfides to protect
collection systens and treatnent conponents. Pr et r eat nent
requi rements for conventional biological treatnment wll also
be sufficient for land treatnent processes.

4.5 Loading Rates and Land Area Requirenents

The hydraulic loading rate is the volume of wastewater
applied per unit area of land over at |east one | oading
cycle. Hydraulic loading rate is commonly expressed in cnml wk
or in/fyr (in./wk or ft/yr) and is used to conpute the | and
area required for the SR process. The hydraulic |oading rate
used for design is based on the nore restrictive of two
l[imting conditions—the capacity of the soil profile to
transmt water (soil perneability) or the nitrogen
concentration in water percolating beyond the root zone.

A separate case is considered for those systens in arid
regi ons where crop revenue is inportant and the wastewater is
used as a valuable source of irrigation water. For such
systens, the design hydraulic loading rate is usually based
on the irrigation requirenents of the crop.

4.5.1 Hydraulic Loading Rate Based on Soi
pernmeability

The general water bal ance equation with rates based on a
monthly tinme period is the basis of this procedure. The
equation, with runoff of applied water assumed to be zero,
is:

L, = ET - Pr + P, (4-3)
wher e L, = wastewater hydraulic |oading rate
ET = evapotranspiration rate
Pr = precipitation rate

P, = percolation rate
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The basic steps in the procedure are:

1

Determ ne the design precipitation for each nonth
based on a 5 year return period frequency analysis
for nonthly precipitation. Alternatively, use a 10
year return period for annual precipitation and
distribute it nonthly based on the ratio of average
monthly to average annual precipitation.

Estimate the nonthly ET rate of the selected crop
(see Section 4.3.2.3).

Determine by field test the mninum clear water
pernmeability of the soil profile. I f the m ni num
soil perneability is variable over the site,
determ ne an average m ni num perneability based on
areas of different soil types.

Establish a maxi mum daily design percolation rate
that does not exceed 4 to 10% of mninmum soil
perneability (see Figure 2-3). Percentages on the
| ower end of the scale are recommended for variable
or poorly defined soil conditions. The percentage
to use is a judgnent decision to be nmade by the
designer. The daily percolation rate is determ ned
as follows:

Pa(dai | y) = permeability, cmih (24 h/d)(4 to 10%

Calculate the nonthly percolation rate wth
adj ustments for those nonths having periods of
nonoperati on. Nonoperation may be due to:

I Crop managenent. Downtinme rmust be allowed for harvesting,
pl anting, and cultivation as applicable.

I Precipitation. Downtime for precipitation is already
factored into the water bal ance conputation. No adjust-
ments are necessary.

I Freezing tenperatures. Subfreezing tenperatures cause soil
frost that reduces surface infiltration rate. Operation is
usual ly stopped when this occurs. The nost conservative
approach to adjusting the nmonthly percolation rate for
freezing conditions is to allow no operation for days
during the nonth when the nean tenperature is less than O
°C (32 F). A less conservative approach is to use a | ower
m ni mum tenperature. The reconmended |owest nean
tenperature for operation is -4 'C (25 'F). Data sources
and procedures for determ ning the number of subfreezing
days during a nonth are presented in Sections 2.2.1.3,
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2.2.2.2, and 4.6. Nonoperating days due to freezing con-
ditions may also be estimated using the EPA-1 conputer
program without precipitation constraints (see Section
4.6.2). For forest crops, operation can often continue
during subfreezing conditions.

1 Seasonal crops. When single annual crops are grown,
wastewater is not normally applied during the wnter
season, although applications my occur after harvest and
before the next planting. The design nonthly percolation
rate may be cal cul ated as foll ows:

Purontniyy = [ Pwaaity]l X (No. of operating d/no)

6. Cal cul ate the nmonthly hydraulic | oading rate using
Equation 4-3. The nonthly hydraulic |oadings are
sunmmed to yield the allowable annual hydraulic
| oading rate based on soil perneability [Lyp]. The
conputation procedure is illustrated by an exanple
for both arid and humd climates in Table 4-27. The
exanple is based on systens grow ng pernmanent
pasture and having simlar wnter weather and soi
condi tions. Downtime is allowed for freezing
condi tions, but pasture nmanagenent does not require
harvesting downti ne.

The allowable hydraulic loading rate based on soi
perneability calculated by the above procedure L,pis the
maximumrate for a particular site and operating conditions,
and this rate will be used for design if there are no other
constraints or limtations. |If other limtations exist, such
as percolate nitrogen concentration, it is necessary to
cal culate the all owabl e hydraulic | oading rate based on these
limtations and conpare that rate with the Lyr. The |ower
of the two rates is used for design.

4.5.2 Hydraulic Loading Rate Based on
Nitrogen Limts

In munici pal wastewaters applied to SR systens, nitrogen is
usually the limting constituent when protection of potable
ground water aquifers is a concern. |f percolating water
froman SR systemw ||l enter a potable ground water aquifer,
then the system should be designed such that the
concentration of nitrate nitrogen in the receiving ground
wat er at the project boundary does not exceed 10 ng/L.
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TABLE 4317
WATER BALANCE TO DETERM NE HYDRAULI C LOADI NG
RATES BASED ON SO L PERMEABI LI TY

cm
(2) (3) (4)=(2)~(3) (5) (6)=(4)+(5)
ET, Prl 'w{ r
Evapotrans- precip- Py, a wastewgter
Month piration itation Net ET Percolation hydraulic loading
Arid
climates
Jan 2.3 3.0 -0.7 5.1 4.4
Feb 5.1 2.8 2.3 12.6 14.9
Mar 9.7 2.8 6.9 16.3 23.2
Apr 13.2 2.0 11.2 18.0 29.2
May 17.7 0.5 17.2 18.0 35.2
Jun 21.8 0.3 21.5 18.0 39.5
Jul 23.9 -- 23.9 18.0 41.9
Aug 22.1 - 22.1 18.0 40.2
Sep 14.7 0.3 14.4 18.0 32.4
Ooct 10.9 0.8 10.1 18.0 28.1
Nov 5.1 1.3 3.8 17.0 20.8
Dec 2.5 2.5 0.0 14.1 14.1
Annual 149.0 16.3 132.7 191.1 323.8
Humid
climates
Jan 1.3 13.5 -12.2 5.1 0.oP
Feb 1.3 13.0 -11.7 12.6 0.9
Mar 3.0 15.5 -12.5 16.3 3.8
Apr 5.8 11.3 - 5.5 18.0 12.5
May 10.9 11.1 - 0.2 18.0 17.8
Jun 14.7 11.7 3.0 18.0 21.0
Jul 15.7 13.3 2.4 18.0 20.4
Aug 15.0 11.1 3.9 18.0 21.9
Sep 10.9 9.1 1.8 18.0 19.8
Oct 5.8 8.0 - 2.2 18.0 15.8
Nov 2.5 8.0 - 5.5 17.0 11.5
Dec 1.3 12.8 -11.5 14.1 2.6
Annual 88.2 138.4 -50.2 191.1 148.0

a. Based on a soil profile with a moderately slow permeability
(0.5 to 1.5 cm/h), P,(max} = (0.5 cm/h) (24 h/d) (30 d/mo) (0.05) = 18.0

b. L, cannot be less than zero.

The approach to neeting this requirenent involves first
estimating an allowable hydraulic | oading rate based on an
annual nitrogen balance (L,,), and conparing that to the
previously calculated Ly, to &eternine whi ch val ue controls.
The detailed steps in this procedure are:

1. Cal cul ate the allowable annual hydraulic | oading
rate based on nitrogen limts using the follow ng
equat i on:

C,) (Pr - ET) + (U)(10) -
Lw (n) ( ‘_) (4-4)

(1-£) (Cy) - Cp
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wher e

Lwn = al | owabl e annual hydraulic loading rate
based on nitrogen limts, cnlyr
G = ni trogen concentration in percol ating
wat er, ng/L
Pr = precipitation rate, cmyr
ET = evapotranspiration rate, cnlyr
U= ni trogen uptake by crop, kg/haeyr

(Tabl es 4-2, 4-11, 4-12)

G = nitrogen concentration in applied
wastewater, ng/L (after losses in
preapplication treatnent)

f = fraction of applied nitrogen renoved by
denitrification and volatilization
(4.2.2).

Conpare the value of L., wth the value of L,

calcul ated previously (Section 4.5.1). If Ly, Is
greater than L., do not continue the procedure and
use Ly, for design. |If Ly, is less than or equa

to Ly, design should be based on L,,. The value
of Lyn calculated in Step 1 above may be used to
estimate | and requi renents for purposes of Phase 2
pl anning, but for final design the procedure
outlined in Steps 3 and 4 shoul d be used.

Cal culate an allowable nmonthly hydraulic | oading
rate based on nitrogen limts using Equation 4-4
with nonthly values for Pr, ET, and U. Mont hl y
values for Pr and ET wll have been determ ned
previously for the water bal ance table (see Section
4.5.1). Monthly values for crop uptake (U) can be
estimated by assum ng that annual crop uptake is
di stributed nonthly according to the same ratio as
monthly to total grow ng season ET.

| f data on nitrogen uptake versus tinme, such as that
shown in Figure 42, are available for the crops and
climatic region specific to the project under
desi gn, then such information may be used to devel op
a nore accurate estimate of nonthly nitrogen uptake
val ues.

Conpare each nmonthly value of Ly, wth the
corresponding nonthly value of Ly, calculated
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previously (Section 4.5.1). The |lower of the two
val ues should be used for design. The design
nmonthly hydraulic |oading rates are sunmed to yield
t he desi gn annual hydraulic |oading rate.

The above procedure is illustrated in Exanmple 432
for an arid climate and a humd clinmate using the
climatic and operating conditions given in Table
4-17.

EXAVMPLE 4-1: CALCULATION TO ESTIMATE DESIGN HYDRAULIC
LOADI NG RATE

Conditions

Humid Arid
climate climate

1. Applied wastewater nitrogen concentration (Cp), mg/L 25 25

2. Crop nitrogen uptake (U), kg/ha-yr 336 336

3. Denitrification + volatilization

(as a fraction of applied nitrogen) 0.2 0.2
4. Limiting percolate nitrogen concentration (Cp), mg/L 10 10
S. Precipitation (Pr) and evapotranspiration (ET) (see
Table 4-17).
Calculations

1. Calculate allowable annual I () using Equation 4-4.

Lw(n) =

(Cp) (Pr = ET) + (U)(10)

(1-6(Cn - ¢
Humid climate Arid climate

(10) (138.4 - 88.2) + (336) (10) (10) (16.3 - 149) + (336) (10)

Iw(n) = (T - 0.2)(25) - 10 Lw(n) = {1 = 0.2)(25) - 10

= 386.2 cm/yr = 203.3 cm/yr

2. Compare Ly(n) with Ly (p)-

Humid climate Arid climate
Lw(n) = 386.2 cm/yr Lw(n) = 203.3 cm/yr
Lw(p) = 148.0 cm/yr Lw(p) = 323.8 cm/yr
--Lw(p) controls. Use Ly (p) for .~ Ly(n) controls. Continue to
design (see Table 4-17) Step 3.

3. Compute allowable monthly Ly (n) using Equation 4-4 and estimated monthly nitrogen
uptake and monthly (Pr - ET) values. Compare with monthly Lw(p) and use lower

value for design. Tabulate results. (Arid climate only)

Month (Pr - ET), cm (U), kg/ha Ly(p), cm Lw(p), cm Design Ly, cm
Jan 0.7 5.2 5.9 4.4 4.4
Feb -2.3 11.5 9.2 17.5 9.2
Mar -6.9 21.9 15.0 23.2 15.0
Apr -11.2 29.8 18.6 29.2 18.6
May -17.2 39.9 22.6 35.2 22.6
Jun -21.5 49.2 27.6 39.5 27.6
Jul -23.9 53.9 30.0 41.9 30.0
Aug -22.1 49.8 27.9 40.2 27.9
Sep -14.4 33.1 18.7 32.4 18.7
Oct -10.1 24.6 14.5 28.1 14.5
Nov -3.8 11.5 7.7 20.8 7.7
Dec 0.0 5.6 5.6 14.1 5.6
Annual -132.7 336 203.3 323.8 201.8
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The above procedure for calculating allowable hydraulic
| oading rate based on nitrogen limts is based on the
foll owm ng assunpti ons:

1. Al'l percolate nitrogen is in the nitrate form
2 No storage of nitrogen occurs in the soil profile.
3. No mxing and dilution of the percolate with in situ

ground wat er occurs.

Use of these assunptions results in a very conservative
estimate of percolate nitrogen. This procedure should ensure
that the nitrogen concentration in the ground water at the
proj ect boundaries will be I ess than the specified val ue of

C,.

As indicated by the exanple, nitrogen loading is nore |ikely
to govern the design hydraulic |oading rate for systens in
arid climates than in humd clinmates. The reason for this is
that the net positive ET rate in arid climtes causes an
increase in the concentration of the nitrogen level in the
percol ati ng wat er.

For systens in arid climates, it is possible that the design
mont hly hydraulic | oading rates based on nitrogen limts wll
be less than the irrigation requirements (IR) of the crop
The desi gner should conpare the design L, with the irrigation
requirenment to determne if this situation exists. If it
does exist, the designer has three options available to
increase L, sufficiently to nmeet the IR

1. Reduce the concentration of applied nitrogen (G)
t hrough preapplication treatnent.

2. Denonstrate that sufficient mxing and dilution (see
Section 3.6.2) will occur with the existing ground
water to permt higher values of percol ate nitrogen
concentration (C) to be used in Equation 4-4.

3. Select a different crop with a higher nitrogen
upt ake (U)
4.5.3 Hydraul i ¢ Loadi ng Rate Based on

Irrigation Requirenents
For SR systens in arid regions that have crop production for

revenue as the objective, the design hydraulic |loading rate
can be determned on the basis of the crop irrigation
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requi rement (see Section 4.3.2.1) using a nodified water
bal ance equati on:

L, = IR —Pr (4-5)
wher e L, = hydraulic |l oading rate
IR = crop irrigation requirenent
Pr = precipitation

The annual hydraulic loading rate is determ ned by sunm ng
the nonthly hydraulic | oading rates conputed using Equation
4-5. The conputational procedure is simlar to that outlined
in Section 4.5. 1.

The nonthly hydraulic |oading rate based on IR should be
checked agai nst the allowable rate based on nitrogen limts
(Lyn) as discussed in Section 4.5.2.

4.5. 4 Land Area Requirenents

The land area to which wastewater is actually applied is
termed a field. In addition to the field area, the tota
land area required for an SR system includes l|and for
preapplication treatnent facilities, admnistration and
mai nt enance buil dings, service roads, buffer zones, and
storage reservoir. Field area requirenents and buffer zone
requirenents are discussed in this section. Storage area
requirenents are discussed in Section 4.6 and area
requirenents for preapplication treatnent facilities,
buil di ngs, and service roads are determned by standard
engi neering practice not included in this manual .

4.5.4.1 Field Area Requirenents

The required field area is determined from the design
hydraulic | oading rate according to the foll ow ng equati on:

(Q)(365)(d/yr) + AVS (4-6)
Aw = C(L,)
wher e A, = field area, ha (acre)

Q= average daily comunity wastewater flow
(annual basis), nf/d (ft3 /d)
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)V, = net loss or gain in stored wastewater
vol unme due to precipitation, evaporation
and seepage at storage pond, n¥ yr(ft3 yr)

C = constant, 100 (3, 630)
L, = design hydraulic loading rate, cnliyr
(in./yr)

The first calculation of field area nust be nade w thout
considering net gain or |loss from storage. After storage
pond area is conputed, the value of )V, can be conputed from
preci pitation and evaporation data. Field area then nust be
recal cul ated to account for )V,.

Using the design hydraulic loading rate for the arid climte
in Exanple 4-1, the field area for a daily wastewater flow of
1,000 m¥/d, neglecting )V, is:

= (1,000)(365) = 18.1 ha
Aw (104)(201.8)(0.01)

4.5.4.2 Buf f er Zone Requirenents

The objectives of buffer zones around |and treatnment sites
are to control public access, and in sone cases, inprove
proj ect aesthetics. There are no universally accepted
criteria for determning the width of buffer zones around SR
treatnment systens. |In practice, the widths of buffer zones
range fromzero for renote systens to 60 m (200 ft) or nore
for systenms using sprinklers near popul ated areas. |In many
states, the width of buffer zones is prescribed by regul atory
agencies and the designer should determne if such
requi renents exist.

The requirenents for buffer zones in forest systens are
general ly less than those of other vegetation systens because
forests reduce wind speeds and, therefore, the potential
movenent of aerosols. Forests also provide a visual screen
for the public. A mninumbuffer zone width of 15 m (50 ft)
that is managed as a nultistoried forest canopy wll be
sufficient to neet all objectives. The multistoried effect
is achieved by maintaining mature trees on the inside edge of
the buffer next to the irrigated area and filling beneath the
canopy and out to the outside edge of the buffer with trees
that grow to a noderate height and have full, dense canopi es.
Evergreen species are the best selection if year-round
operation is planned. |[If existing natural forests are used
for the buffer, a mnimumw dth of 15 mmy be sufficient to
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meet the objectives, if there is an adequate vegetation
density.

4.6 Storage Requirenents

In alnost all cases, SR systens require sone storage for
periods when the anount of avail able wastewater flow exceeds
the design hydraulic |oading rate. The approach used to
determne storage requirenents is to first estinmate a storage
volunme requirenment using a water balance conputation or
conput er prograns devel oped to estimte storage needs based
on observed climatic variations throughout the United States.
The final design volune then is determ ned by adjusting the
estimated volume for net gain or loss due to precipitation
and evaporation using a nonthly water bal ance on the storage
pond. These estimating and adjustnment procedures are
described in the foll ow ng sections.

Sonme states prescribe a m ninumstorage volune (e.g., 10 days
st orage) . The designer should determne if such storage
requi renents exist.

Al applied wastewater does not need to pass through the

storage reservoir. In cases where primary effluent is
suitable for application, only the water that nust be stored
need receive prestorage treatnent. Stored and fresh

wastewater is then bl ended for application.

4.6.1 Estimati on of Volunme Requirenents Using
St orage Wat er Bal ance Cal cul ati ons

An initial estimate of the storage vol unme requirenents nmay be
determ ned using a water bal ance cal cul ati on procedure. The
basic steps in the procedure are illustrated using the arid
climte exanple from Exanpl e 4-:

1. Tabul ate the design nonthly hydraulic |loading rate
as indicated in Table 4-47.

2. Convert the actual volunme of wastewater avail able
each nonth to wunits of depth (cm using the
foll owi ng rel ati onshi p.

-2
W, = (Q,) (10 <) (4-7)
A,

where W depth of avail abl e wastewater, cm

vol une of avail abl e wastewater for the
nmont h, n?

4- 37



A, = field area, ha

Insert the results for each nonth into a water
bal ance table, as illustrated by the exanple in
Table 4-18. In some comunities, i nfl uent
wastewater flow varies significantly with the tine
of vyear. The values used for Q, should reflect
nmonthly flow variation based on historical records.
In this exanple, no nonthly flow variation is
assumned.

TABLE 418
ESTI MATI ON OF STORAGE VOLUME REQUI REMENTS
USI NG WATER BALANCE CALCULATI ONS

cm
(1) (2) (3) (4) (5)
Ly =(3)-(2)
wastewater Wa, Change )
hydraulic available in Cumulative
Month loading wastewater® storage storage
oct 14.5 16.8 2.3 -0.2b
Nov 7.7 16.8 9.1 2.3
Dec 5.6 16.8 11.2 11.4
Jan 4.4 16.8 12.4 22.6
Feb 9.2 16.8 7.6 35.0
Mar 15.0 16.8 1.8 42.6
Apr 18.6 16.8 - 1.8 44 .4€
May 22.6 16.8 - 5.8 42.6
Jun 27.6 16.8 ~-10.8 36.8
Jul 30.0 16.8 -13.2 26.0
Aug 27.9 16.8 -11.1 12.8
Sep 18.7 16.8 - 1.9 1.7
Annual 201.8 201.6

a. Based on a field area of 18.1 ha and 30,438 m3/mo
of wastewater.

b. Rounding error. Assume 2zero.

Maximum storage month.

Compute the net change in storage each nonth by
subtracting the nonthly hydraulic |oading fromthe
avai |l abl e wastewater in the sane nonth.

Conmpute the cunul ative storage at the end of each
mont h by adding the change in storage during one
month to the accunul ated quantity fromthe previous
nont h. The conputation should begin with the
reservoir enpty at the beginning of the |argest
storage period. This nonth is usually Cctober or
Novenber, but in some humd areas it may be February
or March.
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5. Conpute the required storage volune using the
maxi mum cunul ati ve storage and the field area as
i ndi cat ed bel ow.

Requi red storage vol une
(44.4 cm (18.1 ha) (102 micm (10* nt /ha)
8.04 x 10* nv¥

The advantage of wusing this water balance procedure to
estimate storage volume requirenents is that all factors that
af f ect st or age, including (1) seasonal changes in
preci pitation, evapotranspiration, and wastewater flow and
(2) downtinme for precipitation or crop managenent are
accounted for in the design hydraulic |oading rate. The
di sadvantage of this procedure is that downtinme for cold
weather has to be determ ned separately and added in by
reduci ng all owed nont hly percol ati on.

4.6.2 Estimted Storage Volune Requirenents
Usi ng Conput er Prograns

The National. dimatic Center in Asheville, North Carolina,
has conducted an extensive study of climatic variations
t hroughout the United States and the effect of these
variations on storage requirenments for soil treatnent systens
[ 35]. Based on this study, three conputer prograns, as
presented in Tabl e 4219, have been devel oped to estimate the
storage days required when inclenent weather conditions
preclude | and treatnent system operation.

TABLE 4-19
SUMVARY OF COVPUTER PROGRAMS FOR DETERM NI NG
STORAGE FROM CLI MATI C VARI ABLES [ 36]

EPA

program Applicability Variables Remarks

EPA-1 Cold climates Mean temperature, Uses freeze index
rainfall, snow depth

EPA-2 Wet climates Rainfall Storage to avoid

surface runoff

EPA-3 Moderate climates Maximum and minimum Variation of EPA-1
temperature, rainfall, for more temperate
snow depth regions

Dependi ng on the domnant climatic conditions of a region,
one of the three conmputer prograns will be nost suitable.
The program best suited to a particular region is shown in
Figure 4-3. The storage days are cal culated for recurrence
intervals of 2, 4, 10, and 20 years. A list of stations
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with storage days for 10 and 20 year recurrence intervals
from EPA conputer prograns is presented in Appendi x F. A
list of 244 stations for which EPA-1 has been run is included
in reference [35]. To use these prograns, contact the
National Cdimtic Center of the National OCceanic and
At nospheric Admnistration in Asheville, North Carolina
28801; a fee is required.

Storage days required for crop nmanagenent activities
(harvesting, planting, etc.) nmust be added to the conputer
estimated storage days due to weather to obtain the tota
storage days required in each nonth. The estimted required
storage volunme is then calculated by nmultiplying the
estimated nunber of storage days in each nonth tines the
average daily flow for the correspondi ng nont h.

4.6.3 Fi nal Design Storage Vol unme Cal cul ations

The estimated storage volune requirenment obtained by water
bal ance cal cul ati on or conputer prograns nust be adjusted to
account for net gain or loss in volune due to precipitation
or evaporation. The nmass bal ance procedure is Illustrated by
Exanple 4-2 using arid climate data from Exanple 4-1 and the
estimated storage volunme from Table 4-18. An exanple for a
systemin a nore humd climate is given in Appendi x E

EXAVPLE 4-2: CALCULATI ONS TO DETERM NE FI NAL STORAGE VOLUME
REQUI REMENTS

1. Using the initial estimated storage volume and an assumed storage pond depth
compatible with local conditions, calculate a required surface area for the
storage pond:

Ag = Vs (est) (4-8)
s

where As = area of storage pond, m?

Vs (est) = estimated storage volume, m3
dg = assumed pond depth, m
For the example, assume dg = 4 m
As = (8.024x 104 m3)
m
=2 x 104 m?

2. Calculate the monthly net volume of water gained or lost from storage due to
precipitation, evaporation, and seepage:

Vg = (Pr - E - seepage) (Ag) (1072 m/cm) (4-9)
where AVg = net gain or loss in storage volume, m3
Pr = design monthly precipitation, cm
E = monthly evaporation, cm
Ag = storage pond area

Estimated lake evaporation in the local area should be used for E, if available.
Potential ET values may be used if no other data are available. Tabulate monthly
values and sum to determine the net annual AVg.

For example, assume:
E ET
Seepage o]

Results are tabulated in Column (2) of Table 4-20.

non
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TABLE 4-20
FINAL STORAGE VOLUME REQUIREMENT CALCULATIONS

m3 x 103

(2) (3 (4) (5) =(2) + (3) - (4)

AVg Qm Vw AVg

Net Available Applied Cumulative
Month gain/loss wastewater wastewater Change in storage storage
Oct -2.0 30.4 24.3 4.1 -0.22
Nov -0.7 30.4 12.9 16.8 4.1
Dec 0.0 30.4 9.4 21.0 20.9
Jan 0.1 30.4 7.4 23.1 41.9
Feb -0.5 30.4 15.4 14.5 65.0
Mar ~-1.4 30.4 25.2 3.8 79.5
Apr -2.2 30.4 31.2 -3.0 83.3b
May -3.4 30.4 37.9 -10.9 80.3
Jun -4.3 30.4 46.3 -20.2 69.4
Jul -4.8 30.4 50.3 -24.7 49,2
Aug -4.4 30.4 46.8 -20.8 24.5
Sep -2.9 30.4 31.4 -3.9 3.7
Annual -26.5 365 338.5

a. Rounding error (assume zero).

b. Maximum design storage volume.

Tabulate the

volume of wastewater available each month (Qy) accounting for any

expected monthly flow variations. For the example, monthly flow is constant.

Calculate an
volume.

where Ay' =
LAaVs =

IOm =

L\i =

(1,000 m3/d) (365 d/yr)
12 mo/yr

= 30.4 x 103 m3/mo

Qm =

adjusted field area to account for annual net gain/loss in storage

IAVs + IQ
(Ly) (109 m</ha) (1074 m/cm)

adjusted field area, ha

Aw'

(4-10)

annual net storage gain/loss, m3

annual available wastewater, m3

design annual hydraulic lecading rate, cm

For the example:

365 x 103 - 26.5 x 103
Ay {201.8) (10%) (10-2)

16.8 ha

Note: The final design calculation reduced the field area
from 18.1 ha to 16.8 ha.

Calculate the monthly volume of applied wastewater using the design monthly
hydraulic loading rate and adjusted field area:

Vy = (Ly) (By) (104 m2/ha) (1072 m/cm) (4-11}

where V,, = monthly volume of applied wastewater, m3

Lw = design monthly hydraulic loading rate, cm
Ay' = adjusted field area, ha
Results are tabulated in Column (4) of Table 4-20.

Calculate the net change in storage each month by subtracting the monthly
applied wastewater (Vy) from the sum of available wastewater (Qp) and net
storage gain/loss (AVg) in the same month. Results are tabulated in
Column (5) of Table 4-20.

Calculate the cumulative storage volume at the end of each month by adding
the change in storage during one month to the accumulated total from the
previous month. The computation should begin with the cumulative storage
equal to zero at the beginning of the largest storage period. The maximum
monthly cumulative volume is the storage volume requirement used for design.

Results are tabulated in Column (6) of Table 4-20.

Design Vs = 83.3 x 103 m3
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€. Ad-ust the assumed value of stcrage poné depth (ds' to yield the reguired
design storage volume using Eguation 4-12.
Cg = Vg/Ag 14-12,
For the example -
B3.3 x 103 x°

dg =

2 x 10% m
= 4.16
If the pond depth cannot be adiusted due tc subsurface constraints, ther the
scrface area must be alzustecd tc obtain the recguirec desigr vclume. However,
1% the surface arez is changeZ, another iteratior of the above procedure will
te necessary because the value of net stcorage gair,loss 'Vg,will be cifferernt
for a rew pond area.
4.6.4 St orage Pond Desi gn Consi derations

Most agricul tural storage ponds are constructed of
honmogeneous earth enbanknents, the design of which conforns

to the principles of small dam design. Dependi ng on the
magni tude of the project, state regulations nmay govern the
desi gn. In California, for exanple, any reservoir wth

enbanknments higher than 1.8 m (6 ft) and a capacity in excess
of 61,800 n? (50 acre-ft) is subject to state regul ations on
desi gn and construction of danms, and plans nust be revi ewed
and approved by the appropriate agency. Design criteria and
information sources are included in the U S Bur eau of
Recl amati on publication, Design of Small Dans [37]. |In many
cases, it will be necessary that a conpetent soils engineer
be consulted for proper soils anal yses and structural design
of foundations and enbanknents.

In addition to storage volunme, the principal design
paraneters are depth and area. The design depth and area
depend on the function of the pond and the topography at the
pond site. If the storage pond is to also serve as a
facul tative pond, then a mnimum water depth of at |east 0.5
to 1 m(1.5to 3 ft) should be nmaintained in the pond when
the stored volune is at a mninmum The area nust also be
sufficient to neet the BOD pond l|oading criteria for the
| ocal climte. The wuse of aerators can reduce area
requirenents. The maxi mum depth depends on whether the
reservoir is constructed with di kes or enbanknments on |evel
ground or is constructed by danmng a natural water course or
ravi ne. Maxi mum depths of di ked ponds typically range from
3to6 m(9to 18 ft). Oher design considerations include
wind fetch, and the need for riprap and |ining. These
aspects of design are covered in standard engineering
references and assistance is also available fromlocal SCS
of fices.
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4.7 Distribution System

Design of the distribution systeminvolves two steps: (1)
selection of the type of distribution system and (2)
detailed design of system conponents. Enphasis in this
section is placed on criteria for selection of the type of
di stribution system Design procedures for SR distribution
systens are presented in Appendi x E. Only basic design
principles for each type of distribution systemare presented
in the manual, and the designer is referred to several
standard agricultural engineering references for further
design details. Certain design requirenents of distribution
systens for forest crop systens do not conformto standard
agricultural irrigation practice and are discussed under a
separ at e headi ng.

4.7.1 Surface Distribution Systens

Wth surface distribution systens, water is applied to the
ground surface at one end of a field and allowed to spread
over the field by gravity. Conditions favoring the selection
of a surface distribution systeminclude the foll ow ng:

1. Capital is not available for the initial investnent
requi red for nore sophisticated systens.

2. Skilled labor is available at reasonable rates to
operate a surface system

3. Surface topography of land requires little
addi tional preparation to nmake uniform grades for
surface distribution.

The principal Iimtations or di sadvantages of surface systens
i ncl ude the foll ow ng:
1. Land leveling costs may be excessive on uneven
terrain.
2. Uni formdistribution cannot be achieved with highly

per meabl e soils.

3. Runof f control and a return system nust be provi ded
when appl yi ng wast ewat er .

4. Skilled labor is usually required to achi eve proper
per f or mance.

5. Peri odi c mai ntenance of |eveled surface is required
to mai ntain uniform grades.
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Surface distribution systenms may be classified into two
general types: ridge and furrow and graded border (also
termed berned cell). The distinguishing physical features of
these nethods are illustrated in Figure 4-4. A summary of
variations of the basic surface nethods and conditions for
their use is presented in Table 4-21. Details of prelimnary
design are presented in Appendi x E.

4.7.2 Sprinkler Distribution Systens

Sprinkler distribution systens sinulate rainfall by creating
a rotating jet of water that breaks up into small droplets
that fall to the field surface. The advantages and
di sadvant ages of sprinkler distribution systens relative to
surface distribution systens are summarized in Table 4-22.

4.7.2.1 Types of Sprinkler Systens

In this manual, sprinkler systens are classified according to
their nmovenent during and between applications because this
characteristic determ nes the procedure for design. There
are three major categories of sprinkler systens based on
movenment: (1) solid set, (2) nove-stop, and (3) continuous
move. A summary of the various types of sprinkler systens
under each category is given in Table 4-23 along wth
respective operating characteristics.

4.7.2.2 Sprinkler D stribution Systens for Forest

The requirenments of distribution systens for forests are
somewhat different from those for agricultural and turf
crops. Solid-—set irrigation systens are the nost commonly
used systens in forests. Buried systens are | ess susceptible
to damage fromice and snow and do not interfere with forest
managemnment activities (t hi nni ng, har vesti ng, and
regeneration). A center pivot irrigation system has been
used in Mchigan for irrigation of Christnas trees because
their growm h hei ght woul d not exceed the height of the pivot
arns. Traveling guns have al so been used to irrigate short-
termrotation hardwod pl antations.

As discussed in Section 4.3.2.4, the design sprinkler
application rate is usually not limted by the infiltration
capacity of nost forest soils. Steep grades (up to 35%, in
general, do not limt the design hydraulic |oading rate per
application for forest systens. |In fact, hydraulic | oadings
per application nmay be increased up to 10% on grades greater
t han 15% because of the higher drainage rate. Precautions
must be taken to nmake sure that water draining through the
surface soil does not appear as runoff further down the
sl ope.
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(a) RIDEE AND FURROW METHOD
USING GATED PIPE

(b) GRADED BORDER METHOD

FIGURE 4-4
SURFACE DISTRIBUTION METHODS
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TABLE 4-22
ADVANTAGES AND DI SADVANTAGES OF SPRI NKLER
DI STRI BUTI ON SYSTEMs RELATI VE TO SURFACE
DI STRI BUTI ON SYSTEMS

Advantages

Disadvantages

Can be used on porous and variable soils.
Can be used on shallow soil profiles.

Can be used on rolling terrain.

Can be used on easily eroded soils.

Can be used with small flows.

Skilled labor not required.

Can be used where high water tables exist.

® N O N b w N e

Can be used for light, frequent
applications.

O

Control and measurement of applied water
is easier.

10. Interference with cultivation is minimized.

11. Higher application efficiencies are
usually possible.

12. Tailwater control and reapplication
not usually required.

8.
9.

Initial capital cost can be high.

Energy costs are higher than for surface
systems.

Higher humidity levels can increase
disease potential, for some crops.

Sprinkler application of high salinity
water can cause leaf burn.

Water droplets can cause blossom damage to
fruit crops or reduce the quality of some
fruit and vegetable crops.

Portable or moving systems can get stuck
in some clay soils.

Higher levels of preapplication treatment
generally are required for sprinkler systems
than for surface systems to prevent operating
problems {(clogging).

Distribution is subject to wind distortion.

wind drift of sprays increases, the potential
for public exposure to wastewater.

TABLE 4-\23
SPRI NKLER SYSTEM CHARACTERI STI CS

Labor
required Nozzle Size of Maximum
Typical per pressure single crop
application application, range, system, Shape of Maximum height,
rate, cm/h h/ha N/cm2 ha field grade, % m
Solid set
Permanent 0.13-5.08 0.02-0.04 21-69 Unlimited Any shape - -
Portable 0.13-5.08 0.08-0.10 21-41 Unlimited Any shape - -
Move-stop
Hand move 0.03-5.08 0.2-0.6 21-41 <l-16 Any shape 20 -
End tow 0.03-5.08 0.08-0.16 21-41 B-16 Rectangular 5-10 -
Side wheel roll 0.25-5.08 0.04-0.12 21-41 B-32 Rectangular 5-10 1-1.2
Stationary gun 0.64-5.08 0.08-0.16 35-69 B-16 Any shape 20 -
Continuous move
Traveling gun 0.64-2.54 0.04-0.12 35-69 16-41 Any shape - -
Center pivot 0.51-2.54 0.02-0.06 10-41 16-65 Circular?® 5-15 2.4-3
Linear move 0.51-2.54 0.02-0.06 10-41 16-130 Rectangular 5-15 2.4-3

a. Travelers are available to allow irrigation of any shape field.
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Solid set sprinkler systens for forest crops have sone
speci al design requirenments. Spacing of sprinkler heads nust
be cl oser and operating pressures lower in forests than other
vegetation systens because of the interference from tree
trunks and | eaves and possi bl e damage to bark. An 18 m (60
ft) spacing between sprinklers and a 24 m (80 ft) spacing
between | ateral s has proven to be an acceptabl e spacing for
forested areas [39]. This spacing, with sprinkler overl ap,
provi des good wastewater distribution at a reasonabl e cost.
Qperating pressures at the nozzle should not exceed 38 N cnt
(55 Ib/in? ), although pressures up to 59 Ncnt (85 |b/in?
may be used with mature or thickbarked hardwood species. The
sprinkler risers should be high enough to raise the sprinkler
above nost of the understory vegetation, but generally not
exceeding 1.5 m (5 ft). Lowtrajectory sprinklers should be
used so that water is not thrown into the tree canopies,
particularly in the winter when ice buildup on pines and
ot her evergreen trees can cause the trees to be broken or
upr oot ed.

A nunber of different nethods of applying wastewater during
subfreezing tenperatures in the wi nter have been attenpted.
These range from various nodifications of rotating and
nonr ot at i ng sprinklers to furrow and subt er ranean
applications. Ceneral practice is to use lowtrajectory,
single nozzle inpact-type sprinklers, or low trajectory,
doubl e nozzle hydraulic driven sprinklers. A spray nozzle
used at West Dover, Vernont, is shown in Figure 4-5.

Installation of a buried solid-set irrigation system in
exi sting forests nust be done with care to avoid excessive
damage to the trees or soil. Al ternatively, solid-set
systens can be placed on the surface if adequate |ine
drai nage is provided (see Figure 4-6). For buried systens,
sufficient vegetation nust be renoved during construction to
ensure ease of installation while mnimzing site disturbance
so that site productivity is not decreased or erosion hazard
increased. A 3 mwde (10 ft) path cleared for each |l ateral
nmeets these objectives. Foll owi ng construction, the
di sturbed area nust be nulched or seeded to restore
infiltration and prevent erosion. During operation of the
land treatnent system a 1.5 m9 ft) radius should be kept

cl ear around each sprinkler. This practice allows better
di stribution and nore convenient observation of sprinkler
operation. Spray distribution patterns will still not neet

agricultural standards, but this is not as inportant in
forests because the roots are quite extensive.
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a. SPRAYING b. DRAINING

BRASS TUBE IN LEFT HALF DRAINS QUICKLY,
UNTIL LIQUID LEVEL IS BELOW ITS TOP.
THEN ONLY RIGHT HALF CONTINUES TO DM IN.

c. LINE DRAINED d. NEXT SPRAY CYCLE
SNALL AMOUNT OF VCE HAS FORMED TO BLOCK WATER INITIALLY SPRAVS THROUGH THE BRASS
RIGHT HALF OF NOZZLE. BRASS TUBE LEFT TUBE ON THE LEFT SIDE. THE HEAT FROM
NALF IS OPEN AND READY FOR NEXT SPRAY THE L1QUID MELTS THE ICE PLUG BLOCKING
CYCLE. THE RIGHT HALF OF THE NOZZLE AND SPRAY-
ING RESUMES IN THE NORMAL MANNER AS
SHOWN IN 2.
FIGURE 4-5

FAN NOZZLE USED FOR SPRAY APPLICATION AT WEST DOVER, VERMONT
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FIGURE 4-6
SOLID SET SPRINKLERS WITH
SURFACE PIPE IN A FOREST SYSTEM
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4.7.3 Service Life of Distribution System

Conponent s
The expected service life of the distribution system
conponents is a design consideration and nust be used to
devel op detailed cost conparison. The suggested service

Iives of common distribution system conponents are listed in
Tabl e 4-24.

4.8 Drainage and Runoff Contro

Provisions to inprove or control subsurface drainage are
sonmeti nmes necessary with SR systens to renpbve excess water
fromthe root zone or to renove salts fromthe root zone when
these conditions adversely affect crop growh. Control of
surface runoff is necessary for SR systens using surface
di stribution methods. In humd areas with intense rain—
falls, control of surface drainage is necessary to prevent
erosion and may be hel pful in reducing the anmount of water
entering the soil profile and thereby reducing or elimnating
the need for subsurface drai nage. Design considerations for
dr ai nage and runoff control provisions are discussed in the
foll ow ng sections.

4.8.1 Subsurface Drai nage Systens

Subsurface drai nage systens are used in situations where the
natural rate of subsurface drainage is restricted by
relatively inperneable layers in the soil profile near the
surface or by high ground water. As a result of the
restrictive layer, shallow ground water tables can formthat
extend into the root zone and even to the soil surface.

The major consideration for wastewater treatnent is the
mai nt enance of an aerobic zone in the upper soil profile.
Many of the wastewater renoval mechani snms require an aerobic
environment to function nost effectively. A travel distance
of 0.6 to 1 m(2to 3 ft) through aerobic soil is considered
the m ni mum di stance to achieve treatnent by the SR process.
Therefore, a water table depth of 1 m (3 ft) or nore is
desirable froma wastewater treatnment standpoint.
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TABLE 4-24
SUGGESTED SERVI CE LI FE FOR COVPONENTS OF
DI STRI BUTI ON SYSTEM [ 40]

Service life?

Hoursb Vears

1o
[

wWell and casing -

Purp plant housing -- R
Pump, turbine

Bowl {about 50% of cost of pump unit} 16,000 3

Column, etc. 32,000 le
Pump, centrifugal 32,000 le
Power transmission

Gear head 30,000 15

V-belt €,000 3

Flat belt, rubber and fabric 10,000 5

Flat belt, leather 20,000 10
Power units

Electric motor 50,000 25

Diesel engine 28,000 14

Gasoline or distillate

Air cooled 8,040 B
Water cooled 18,000 9

Propane engine 28,000 14
open farm ditches (permanent) -- 20
Concrete structures - 20
Concrete pipe systems -- 20
wood flumes - 3
Pipe, surface, gated -- 10
Pipe, water works class -- 40
Pipe, steel, coated, underground -- 20
Pipe, aluminum, sprinkler use - 15
Pipe, steel, coated, surface use only -- 10
Pipe, steel galvanized, surface only -- 15
Pipe, wood buried -- 20
Sprinkler heads -- 8
Solid set sprinkler system -- 20
Center pivot sprinkler system - 10-14
Side roll traveling system - 15-20
Traveling gun sprinkler system -- 10
Traveling gun hose system - 4
Land grading® -- None
Reservoirsd - None

a., Certain irrigation equipment may have a shorter life
when used in a wastewater treatment system.

b. These hours may be used for year-round operation.
The comparable period in years was based on a
seasonal use of 2,000 h/yr.

c. Some sources depreciate land leveling in 7 to 15
years. However, if proper annual maintenance is
practiced, figure only interest on the leveling
costs. Use interest on capital invested in water
right purchase.

d. Except where silting from watershed above will fill
reservoir in an estimated period of years.
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For SR systens where wastewater treatnent and maxi mum
hydraulic loading rate are the design objectives, the
presence of excess noisture in the root zone is of limted
concern for crops because water tol erant crops are generally
sel ected for such systens. However, restrictive subsurface
| ayers and resulting high water tables limt the allowable
percol ation rate and, therefore, the design hydraulic | oading
rate. Subsurface drains placed above the restrictive |ayer
elimnate the effect of that |ayer on percolation and all ow
the design percolation rate to be based on nore perneabl e
overlying soil horizons. The design hydraulic |oading rate
i's thereby increased.

In arid regions, the additional problemof salinity control
is encountered. Wth such systens, excess water is applied
to renove salts that concentrate in the root zone (Section
4.3.2.3). Wiere the natural drainage rate is insufficient to
renove salty | eaching water fromthe root zone within 2 to 3
days, crop damage due to salinity may occur dependi ng on the
tol erance of the crop and the salinity of the applied water
(see Section 4.3.2.5). In such cases, the objectives of a
subsurface drai nage systemare to (1) prevent the persistence
of high water tables when |eaching is practiced, and (2) to
keep the water table sufficiently | ow between growi ng seasons
to mnimze evaporation fromthe water table and resulting
salt accumulation in the root zone. As a rule of thunb, the
wat er table should not be permtted to cone cl oser than about
125 cm (49 in.) from the surface to prevent salt
accunul ati on. This mnimum depth is greater than those
generally used in humd areas. Any drainage water fromcrop
revenue systens that is discharged to surface waters nust
nmeet applicabl e di scharge requirenents.

The decision to use subsurface drains nust be based on the
econom ¢ benefit to be gained fromtheir use. For exanple,
the cost of installing and maintaining a subsurface drain
system should be conpared to the value of developing an
ot herwi se unsuitable site or to the cost of a larger I|and
area that wll be required if subsurface drains are not used.

Buried plastic, concrete, and clay tile lines are normally
used for underdrains. The choice usually depends on price
and availability of materials. Were sulfates are present in
the ground water, it is necessary to use a sul fate-resistant
cement, if concrete pipe is chosen, to prevent excess
internal stress fromcrystal formation. Mst tile drains are
mechanically laid in a machine dug trench or by direct
pl owi ng. Qpen trenches can be used for subsurface drainage,
but if closely spaced, they can interfere with farmng
operations and consune usabl e | and.
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Underdrains are nornmally buried 1.8 to 2.4 m(6 to 8 ft) deep
but can be as deep as 3 m (10 ft) or as shallowas 1 m (3
ft). Drains are normally 10 to 15 cm (4 to 6 in.) in
dianeter. Spacings as small as 15 to 30 m (50 to 100 ft) may
be required for clayey soils. For sandy soils, 120 m (400
ft) is typical wwth the range being from®60 to 300 m (200 to
1,000 ft).

Procedures for determning the proper depth and spaci ng of
drain lines to maintain the water table bel ow a m ni nrum depth
are discussed in Section 5.7. Addi tional detailed design
procedures and engineering aspects of subsurface drai nage
systens are described in references [41, 42, 43].

4.8.2 Surface Drai nage and Runoff Control

Drai nage and control of surface runoff 1is a design
consideration for SR systens as it relates to tailwater from
surface distribution systens and stormvater runoff from al
syst ens.

4.8.2.1 Tai | water Return Systens

Most surface distribution systens will produce sone runoff,
which is referred to as tailwater. Wen partially treated
wastewater is applied, tailwater nmust be contained within the
treatnment site and reapplied. Thus a tailwater return system
is an integral part of an SR system wusing surface
di stribution methods. A typical tailwater return system
consists of a sunp or reservoir, a punp(s), and return
pi pel i ne.

The sinplest and nost flexible type of systemis a storage
reservoir systemin which all or a portion of the tailwater
flow from a given application is stored and either
transferred to a main reservoir for later reapplication or
reapplied fromthe tailwater reservoir to other portions of
the field. Tailwater return systens should be designed to
distribute collected water to all parts of the field, not
consistently to the sane area. If all the tailwater is
stored, punping can be continuous and can commence at the
conveni ence of the operator. Punps can be any conveni ent
size, but a mninmum capacity of 25% of the distribution
system capacity is recomended [44]. If a portion of the
tailwater flow is stored, the reservoir capacity can be
reduced but punping nust begin during tailwater collection.

Cycling punp systens and continuous punpi ng systens can be
designed to mnimze the storage volunme requirenents, but
these systens are nuch less flexible than storage systens.
The designer is directed to reference [44] for design
pr ocedur es.
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The principal design variables for tailwater return systens
are the volune of tailwater and the duration of tailwater
flow. The expected values of these paraneters for a well-
operated systemdepend on the infiltration rate of the soil.
Quidelines for estimating tailwater volume, the duration of
tailwater flow, and suggested maxi num design tailwater vol une
are presented in Table 4-25.

TABLE 4-25
RECOMVENDED DESI GN FACTORS
FOR TAI LWATER RETURN SYSTENMS [ 44]

Maximum duration Estimated Suggested_maximum
Permeability of tailwater tailwater volume, design tailwater

flow, % of % of application volume, % of appli-

Class Rate, cm/h Texture range application time volume cation volume
Very slow 0.15-0.5 Clay to clay 33 15 30
to slow loam
Slow to 0.5-1.5 Clay loam to 33 25 50
moderate silt loam
Moderate to 1.5-15 Silt loams to 75 35 70
moderately sandy loams

rapid

Runoff of applied wastewater from sites wth sprinkler
di stribution systens should not occur because the design
application rate of the sprinkler systemis |less than the
infiltration rate of the soil—vegetation surface. However,
some runoff from systens on steep (10 to 30% hillsides
should be anticipated. In these cases, runoff can be
tenporarily stored behind small check dans | ocated in natural
dr ai nage courses. The stored runoff can be reapplied with
portabl e sprinkling equi pnent.

4.8.2.2 St or mvat er Runoff Provi sions

For SR systens, control of stormwater runoff to prevent
erosion is necessary. Terracing of steep slopes is a well
known agricultural practice to prevent excessive erosion

Sedi nent control basins and other nonstructural control

measures, such as contour plowing, no-till farmng, grass
border strips, and stream buffer zones can be used. Since
wast ewat er application wll usually be stopped during storm
runoff conditions, recirculation of stormrunoff for further
treatnent is usually unnecessary. Channels or waterways that
carry stormmvater runoff to discharge points should be
designed with a capacity to carry runoff froma stormof a
specified return frequency (10 year m ni mum.
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4.9 System Managenent
4.9.1 Soi | Managenent

Managenent of the soil involves tillage operations and
mai nt enance of the proper soil chem cal properties including
plant nutrient levels, pH sodium levels, and salinity
| evel s. Much of what is discussed under soil managenent
refers to agricultural crop systens, since nost forest crop
systens require very little soil managenent.

4.9.1.1 Till age Operations

One of the principal objectives of tillage operations is to
mai ntain or enhance the infiltration capacity of the soil

surface and the perneability of the entire soil profile. In
general, tillage operations that expose bare soil should be
kept to a mninum Mnimum tillage and no—till nethods

conserve fuel, reduce |abor costs, and m nimze conpaction of
soils by heavy equi pnrent. Conventional plowng (20 to 25 cm
or 8 to 10 in.) and preparation of a seedbed free of weeds
and trash are necessary for nobst vegetables and root crops.
Many field crops, however, can be planted directly in sod or
residues froma previous crop or after partial incorporation
of residues by shallow disking. Crop residues |left on the
surface or partially incorporated to a depth of 8 or 10 cm (3
or 4 in.) provide protection against runoff and erosion
during intervals between crops. The deconposition of
residues on or near the soil surface helps to maintain a
friable, open condition conducive to good aeration and rapid
infiltration of water. Actively deconposing organic matter
also helps to reduce the concentration of other soluble
pol lutants and can hasten the conversion of toxic organics,
i ke pesticides, to | ess toxic products.

At sites where clay pans have fornmed and reduce the effective
perneability of the soil profile, it may be necessary to plow
very deeply (60 to 180 cmor 2 to 6 ft) to m x inperneable
subsoil strata wth nore perneable surface nmaterials.
| nper meabl e pans fornmed by vehicular traffic (plow pans) or
by cenentation of fine particles (hard pans) can be broken up
by subsoiling equi pent that | eaves the surface protected by
vegetation or stubble. To be effective, however, the
subsoi | i ng equi prent nust conpletely break through the pan
layers. This is difficult if the pan |layers are nore than 30
cm (1 ft) thick. Local soil conservation district personnel
shoul d be consulted regarding tillage practices appropriate
for specific crops, soils, and terrain.
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4.9.1.2 Nutri ent Status

During design, it is recommended that the nutrient status of
the soil be evaluated. Periodic evaluation is recommended as
part of the system nonitoring program (Section 4.10).

Sufficient nitrogen, phosphorus, and nost other essenti al
nutrients for plant growh are generally supplied by nobst
wast ewat er s. Potassiumis the nutrient nost likely to be
deficient since it is usually present in |ow concentrations
i n wastewater. For soils having low levels of natural
potassium the follow ng rel ati onship has been devel oped to
estimate potassiumfertilizer requirenents:

Ki = 0.9U —K,, (4-13)
wher e Ki = annual fertilizer potassium needed, kg/ha

U = estimated annual crop uptake of nitrogen,
kg/ ha

Kw = anmount of potassium applied in wastewater,
kg/ ha

On the basis of comonly used test nethods for available
nutrients, the University of California Agricultura
Extension Service has developed a sunmary of adequate
avai lable levels in the soil of the nutrients nost commonly
deficient for sonme selected crops. This summary is presented
in Table 4-26. Citical values for nitrogen are not included
because there are no well accepted nmethods for determ ning
avai |l abl e nitrogen

Tabl e 4-26
APPROXI MATE CRI Tl CAL LEVELS OF NUTRI ENTS
IN SO LS FOR SELECTED CROPS | N CALI FORN A

Approximate
Nutrient critical range, ppm Test method
Phosphorus 0.5 M NaHCO3 extraction
Range and pasture 10 at pH 8.5
Field crops and warm 5-9
season vegetables
Cool season vegetables 12-20
Potassium 1.0 N ammonium acetate
Grain and alfalfa 45-55 extraction at pH 7.0
Cotton 55-65
Potatoes 90-110
Zinc 0.4-0.6 DPTA extraction
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4.9.1.3 Soi | pH Adj ust nent

In general, a pHless than 4.2 is too acid for nost crops and
above 8.4 is too alkaline for nost crops. The optinmm pH
range for crop growth depends on the type of crop. Extrenes
in the soil pH also can affect the performance of an SR
system or indicate problem conditions. Bel ow pH 6.5, the
capacity of the soil to retain netal is reduced. A soil pH
above 8.5 generally indicates a high sodium content and
possi bl e perneability problens.

The pH of soils can be adjusted by the addition of |imng
materials or acidulating chemcals. A pH adjustnent program
shoul d be based on the recomendations of a professiona
agricultural consultant or county or state farm adviser.

4.9.1. 4 Exchangeabl e Sodi um Contro

Soil s containing excessive exchangeable sodium are terned
“sodic” soils. A soil is considered sodic when the
percentage of the total cation exchange capacity (CEC)
occupi ed by sodi um the exchangeabl e sodi um percent age (ESP)

exceeds 15% Hgh levels of sodium cause |ow soil
permeability, poor soil aeration, and difficulty in seedling
ener gence. Fine-textured soil may be affected at an ESP

above 10% but coarse-textured soil may not be damaged unti l
the ESP reaches about 20% The ESP shoul d be determ ned by
| aboratory anal ysis before design if sodic soils are known to
exist in the area of the site. Sodic soil conditions may be
corrected by adding soluble calciumto the soil to displace
t he sodi umon the exchange and renovi ng the di spl aced sodi um
by | eachi ng. Advice on correcting sodic soils should be
obtai ned fromagricultural consultants or farm advisers.

4.9.1.5 Salinity Control

Salinity control may be necessary in arid climtes where
natural rainfall is insufficient to flush salts fromthe root
zone. The salinity level of a soil is usually neasured on
the basis of the electrical conductivity of an extract
solution from a saturated soil (EC). Saline soils are
defined as those yielding an EC, value greater than 4,000
m cromhos/cmat 25 'C (77 'F).

Soils that are initially saline may be reclai nmed by | eaching;
however, managenent of the |eachate is often required to
protect ground water quality. The U. S Departnent of
Agri cul ture*s Handbook 60 [45] deals with the diagnosis and
i nprovenent of such soils for agricultural purposes. This
reference can be used as a practical guide for managing
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sal[ne and saline-sodic soil conditions in arid and sem ari d
regi ons.

4.9.2 Crop Managemnent

Because of their substantially different requirenents, the
managenent of agricultural crops and forest crops are
di scussed separately.

4.9.2.1 Agricultural Crop Planting and Harvesting

Local extension services or simlar experts should be
consul ted regardi ng planting techni ques and schedul es. Most
crops require a period of dry weather before harvest to
mature and reach a noisture content conpatible wth
harvesting equi pnent. Soil noisture at harvest tinme should
be | ow enough to mnimze conpaction by harvesting equi pnent.
For these reasons, application should be discontinued well in
advance of harvest. The time required for drying will depend
on the soil drainage and the weather. A drying time of 1 to
2 weeks is usually sufficient if there is no precipitation.
However, advice on this should be obtained from | ocal
agricultural experts.

Harvesting of grass crops and alfalfa involves regular
cuttings, and a decision regarding the trade-off between
yield and quality nmust be nade. Advice can be obtained from
| ocal agricultural experts. In the northeast and north
central states, three <cuttings per season have been
successful wth grass crops.

4.9.2.2 Grazing

Grazing of pasture by beef cattle or sheep can provide an
economc return for SR systens. No health hazard has been
associated with the sale of the animals for human
consunpti on.

Grazing animals return nutrients to the ground in their waste
products. The chemcal state (organic and amoni a nitrogen)
and rate of release of the nitrogen reduces the threat of
nitrate pollution of the ground water. Much of the
ammoni a—Ai trogen vol atilizes and the organic nitrogen is held
in the soil where it is slowly mneralized to amoni um and
nitrate forns. Steer and sheep manure contain approxi mately
20% nitrogen after volatile |osses, of which about 40% is
mneralized in the first year, 25%in the second, and 6% in
successive years [41].

In terns of pasture managenent, cattle or sheep nust not be
allowed on wet fields to avoid severe soil conpaction and
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reduced soil infiltration rates. Wt grazing conditions can
al so lead to ani mal hoof diseases. Pasture rotation should
be practiced so that wastewater can be applied imediately
after the livestock are renoved. |In general, a pasture area
shoul d not be grazed |onger than 7 days. Typical regrowth
peri ods between grazings range from 14 to 35 days. Depending
on the period of regrowh provided, one to three water
applications can be nmade during the regrowh period.
Rotation grazing cycles for 3 to 8 pasture areas are given in
Table 4-27. At least 3 to 4 days drying tinme follow ng an
application should be allowed before |ivestock are returned
to the pasture.

Tabl e 4-27
GRAZI NG ROTATI ON CYCLES FOR
DI FFERENT NUMBERS OF PASTURE AREAS

No. of Rotation Regrowth Grazing
pasture areas cycle, days period, days period, days

3 21 14 7
4 28 21 7
5 35 28 7
© 36 30 6
7 35 28 7
8 32 28 4

4.9.2.3 Agricul tural Pest Control

Problens with weeds, insects, and plant diseases are
aggravat ed under conditions of frequent water application,
particularly when a single crop is grown year after year or
when no-till practices are used. Most pests can be
controlled by selecting resistant or tolerant crop varieties
and by wusing pesticides in conbination with appropriate
cul tural practices. State and |ocal experts should be
consulted in devel oping an overall pest control programfor
a given situation

4.9.2. 4 Forest Crops

The type of forest crop managenent practice selected is
determ ned by the species mx grown, the age and structure of
the stand, the nethod of reproduction best suited and/or
desired for the favored species, terrain, and type of
equi pnent and techni que used by |ocal harvesters. The nobst
typical forest managenent situations encountered in |and
treatment are rmanagenent of existing forest stands,
reforestation, and short-termrotation.
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Exi sting Forest Ecosystens

The general objective of the forest managenent programis to
maxi m ze bi omass production. The conprom se between fully
attaining a forest*s growth potential and the need to operate
equi pnent efficiently (distribution and harvesting equi pnent)
requires fewer trees per unit area. These operations wll
assure mai ntenance of a high nutrient uptake, particularly
nitrogen, by the forest.

For uneven—aged forests, the desired forest conposition,
structure, and vigor can be best achieved through thinning
and sel ective harvest. However, excessive thinning can nmake
trees susceptible to wind throw and caution is advised in
w ndy areas. The objective of these operations would be to
mai ntain an age class distribution in accordance wth the
concept of optinmumnutrient storage (see Section 4.3). The
mai nt enance of fewer trees than normal would permt adequate
sunlight to reach the understory to pronote reproduction and
grow h of the understory. Thinning should be done initially
prior to construction of the distribution system and only
once every 10 years or so to mnimze soil and site damage.

In even-aged forests, trees will all reach harvest age at the
sanme tinme. The usual practice is to clear-cut these forests
at harvest age and regenerate a stand by either planting
seedlings, natural seeding, sprouting from stunps (called
coppice), or a conbination of several of the nethods. Even-
aged stands nmay require a thinning at an internediate age to
mai nt ai n maxi num bi onmass production. Coniferous forests, in
general , must be repl anted, whereas hardwood forests can be
reproduced by coppice or natural seeding.

The concept of “whol e-tree harvesting” should be considered
for all harvesting operations, whether it be thinning,
selection harvest, or «clear-cut harvest. Whol e-tree
harvesting renoves the entire standing tree: stem branches,
and | eaves. Thus, 100% of the nitrogen accunmulated in the
aboveground bi omass woul d be renpoved (see Section 4.3.2.1).

Prescribed fire is a combn managenent practice in many
forests to reduce the debris or slash left on the site during
conventional harvesting nethods. During the operation, a
portion of the forest floor is burned and nitrogen is
vol atilized. Although this represents an i medi ate benefit
in terns of nitrogen renoval from the site, the buffering
capacity that the forest floor offers is reduced and the
likelihood of a nitrate leaching to the ground water is
i ncreased when application of wastewater is resuned.
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Ref or est ati on

Wastewater nutrients often stinulate the growh of the
her baceous vegetation to such an extent that they conpete
wi th and shade out the desirable forest species. Herbaceous
vegetation is necessary to act as a nitrogen sink while the
trees are becomng established, and therefore, cultural
practices nust be designed to control but not elimnate the
her baceous vegetation. As the tree crowns begin to close,
t he herbaceous vegetation will be shaded and its role in the
renovation cycle reduced. Another alternative to control of
t he herbaceous vegetation is to elimnate it conpletely and
reduce the hydraulic and nutrient Iloading during the
est abl i shnment peri od.

Short -Term Rot ati on

Short—+termrotation forests are plantations of closely spaced
hardwood trees that are harvested repeatedly on cycles of
| ess than 10 years. The key to rapid growh rates and
bi omass devel opnent is the rootstock that remains in the soi
after harvest and then resprouts. Short-term rotation
harvesting systens are readily mechani zed because the crop is
uniformand rel atively snall

Usi ng conventional tree spacings of 2.5to 4 m(8 to 12 ft),
research on systens where wastewater has been applied to
short—+termrotation plantations has shown that high growth
rates and high nitrogen renoval are possible [16]. Planted
stock will produce only 50% to 70% of the biomass produced
following cutting and resprouting [47, 48]. |If nitrogen and
other nutrient uptake is proportional to biomass, the first
rotation from planted stock will not renove as nuch as
subsequent rotations from coppice. Therefore, the initial
rotation must receive a reduced nutrient |oad or other
her baceous vegetation nust be enployed for nutrient storage.
Alternatively, closer tree spacings nay be used to achieve
desired nutrient uptake rates during initial rotation.

4.10 System Monitoring

The broad objectives of a nonitoring programfor an SR system
are to determne if the effluent quality requirenents are
being net, to determne if any corrective action i s necessary
to protect the environnent or maintain the renovative
capacity of the system and to aid in system operation. The
conmponents of the environnment that need to be observed
include water quality, the soils receiving wastewater, and in
sone cases, vegetation growing in soils that are receiving
wast ewat er .
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4.10.1 Water Quality Monitoring

Monitoring of water quality for |and application systens can
be nore complex than for conventional treatnent systens
because nonpoi nt discharges of systemeffluent are invol ved.
Moni toring of applied wastewater and renovated water quality

is useful for process control. For SR systens, renovated
wat er woul d only be nonitored in cases where underdrains are
used. Monitoring of receiving waters, surface or ground

wat er, may be required by regulatory authorities.

I n nost cases, a water quality nonitoring program including
constituents to be anal yzed and frequency of analysis, wll
be prescribed by local regulatory agencies. It may be
desired to nonitor additional constituents or paraneters for
pur poses of crop and soil managenent.

Ground water nonitoring data are difficult to interpret
unl ess sanpling wells are |ocated properly and correct
sanmpling procedures are followed. |In addition to quality,
the depth to ground water should be neasured at the sanpling
wells to determne if the hydraulic response of the aquifer
is consistent with what was anticipated. For SR systens, a
rise in water table levels to the root zone woul d necessitate
corrective action such as reduced hydraulic |oading or adding
under dr ai nage. The appearance of seeps or perched ground
water tables mght also indicate the need for corrective
action.

4.10.2 Soil's Monitoring

I n some cases, application of wastewater to the land w |
result in changes in soil properties. Results of soil
sanpling and testing wll serve as the basis for deciding
whet her or not soil properties should be adjusted by the
application of chem cal anmendnments. Annual nonitoring of the
soil properties described in Section 4.9.1 is sufficient for
nost systens.

It is recommended that the |level of trace el enents of concern
(see Chapter 9) in the soil be nonitored every few years so
that the rate of accunulation can be observed and toxic
| evel s avoided. Total netal analysis by hot acid digestion
is recomended for nonitoring and conpari son purposes.
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4.10.3 Veget ati on Monitoring

Pl ant tissue analysis is nore revealing than soil analysis
with regard to deficient or toxic levels of elenents. | f
visual synptons of nutrient deficiencies or toxicities
appear, plant tissue testing can be used for confirnmation,
and corrective action can be taken. A regular plant tissue
nonitoring programcan often detect deficiencies or toxicity
before visual synptons and damage to the plant occurs.

Nitrate should be determ ned in forages or |eafy vegetables
if there is reason to suspect concentrations which m ght be
toxic to livestock. Detailed information on plant sanpling
and testing may be found in references [49, 50]. Extension
specialists or local farm advisers should be consulted
regardi ng plant tissue testing.

4.11 Facilities Design Quidance

The purpose of this section is to provide gui dance on aspects
of facilities design that my be wunfamliar to sone
envi ronnment al engi neers.

1 Standard surface irrigation practice is to produce
| ongi tudi nal slopes of 0.1 to 0.2% w th transverse
sl opes not exceeding 0.3%

Step 1. Rough grade to 5 cm (0.15 ft) at
30 m (100 ft) grid stations.

Step 2. Finish grade to £3 cm (0.10 ft) at
30 m (100 ft) grid stations with no
reversals in slope between stations.

Step 3. Land plane with a 18 m (60 ft) m ni num
wheel base, l|and plane to a “near
perfect” finished grade.

Access to sprinklers or distribution piping should
be provided every 390 m (1,300 ft) for convenient
mai nt enance.

Bot h asbestos-cenment and PVC irrigation pipe are
rather fragile and require care in handling and
instal |l ation.

D aphragm oper at ed gl obe val ves are recommended for
controlling flowto | aterals.

I Al | electric equi pnment should be grounded,
especially when associated wth center pivot
syst ens.
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Aut omat i c controls can be el ectrically,
hydraulically, or pneumatically operated. Sol enoid
actuated, hydraulically operated (by the wastewater)
valves wth small orifices will clog from the
sol i ds.

Val ve boxes, 1 m (36 in.) or larger, should be nade
of corrugated netal, concrete, fiber glass, or pipe
material. Valve boxes should extend 15 cm (6 in.)
above grade to exclude stormater.

Low pressure shutoff valves should be used to avoid
continuous draining of the |owest sprinkler on the
| ateral .

Aut omatic operation can be controlled by tiner
clocks. It is inportant that when the tinmer shuts
the systemdown for any reason that the field val ves
cl ose automatically and that the sprinkling cycles
resunme as schedul ed when sprinkling commences. The
clock should not reset to tine zero when an
i nterruption occurs.

High flotation tires are recommended for |and
treatment systemvehicles. Recomrended soil contact
pressures for center pivot nmachines are presented in
Tabl e 4-28.

TABLE 4-28
RECOMVENDED SO L CONTACT PRESSURE
¢ fines N/cm2 1b/in.2
20 17 25
40 11 16
50 8 12

Note: To illustrate the use of this table,
if 20% of the soil fines pass through a
200-mesh screen, the contact pressure of the
supporting structure_to the groqu should be
no more than 17 N/cm? (25 1b/in.%) If this
is exceeded, one can expect wheel tracking
problems to occur.
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CHAPTER 5
RAPI D | NFI LTRATI ON PROCESS DESI GN
5.1 Introduction

The design procedure for rapid infiltration (RI) 1is
diagramred in Figure 5-1. As indicated by this figure, there
are several mmjor elenents in the design process and the
design approach is sonewhat iterative. For exanple, the
anount of land required for an R systemis a function of the
| oading rate, which is affected by the | oading cycle and the
| evel of preapplication treatnent. If the engineer initially
assunes a |level of preapplication treatnment and a | oadi ng
cycle that result in a loading rate requiring nore |and than
is available at the selected site, the level of
preapplication treatnent and | oadi ng cycle can be reeval uated
to reduce the | and area required.

5.1.1 RI Hydraulic Pat hway

The engi neer and the community nust decide which hydraulic
pat hway (see Figure 1-2) is appropriate for their situation.
This decision is based on the hydrogeol ogi c characteristics
of the selected site and regul atory agency deci si ons.

5.1.2 Site Wrk

For Rl design, the results of the field investigations
(Chapter 3) nust be analyzed and interpreted. Backhoe pits
and drill holes are needed to establish the depth and
hydraulic conductivity of the perneable material and the
depth to ground water. Sufficient subsurface information nust
be obtained in the Phase 2 planning process (Chapter 2) to
all ow the engi neer to cal cul ate:

1. Infiltration rate (Section 5.4)
2. Subsurface flow (Section 5.7)
1 Potential for nounding
1 Drai nage (i f needed)
1 Nat ural seepage (if adequate)
3. M xing of percolate wth ground water (if
critical to neet performance requirenents)



WASTEWATER

CHARACTERISTICS
(SECTION 2.2.1)

!

WATER QUALITY
REQUIRERENTS
(SECTION 2.2.1)

1

{

SITE
CHARACTERISTICS
(SECTIONS 2.2.1,
2.3.1)

{

RI
HYDRAULIC PATHWAY
(SECTION 5.1.1)

Y

PREAPPLICATION

TREATMENT LEVEL
(SECTION 5.3)

A

LOADING
(SECTION 5.4.)

LOADINE CYCLE

(SECTION 5.4.2)

LAND
REQUIREMENTS
(SECTION 5.5)

BASIN DESIGN
AND LAYOUT
(SECTION 5.8)

b

A

DRAINAGE AND /OR
RECOVERY
(SECTION 5.7)

MONITORING AND
MAINTENANCE
REQUIREMENTS
(SECTION 5.8)

FIGURE 5-1
RAPID INFILTRATION DESIGN PROCEDURE

5-2




5.2 Process Performance

The R nechani sns for renoval of wastewater constituents such
as BOD, suspended solids, nitrogen, phosphorus, trace
el ements, mcroorgani sns, and trace organics are discussed
briefly along with typical results from various operating
systenms. Chapter 9 contains discussions of the health and
environnental effects of these constituents.

5.2.1 BOD and Suspended Soli ds

Particulate BOD and suspended solids are renoved by
filtration at or near the soil surface. Soluble BOD may be
adsorbed by the soil or may be renoved fromthe percolating
wast ewater by soil bacteria. Eventually, nost BOD and
suspended solids that are renoved initially by filtration are
degraded and consunmed by soil bacteria. BOD and suspended
solids renovals are generally not affected by the |evel of
preapplication treatnment. However, high hydraulic | oadi ngs of
wast ewaters with high concentrations of BOD and suspended
solids can cause clogging of the soil. Typical BOD | oadings
(Table 2-3) are less than 130 kg/haed (115 Ib/acresd) for
nmuni ci pal wastewaters. Renovals achieved at selected R
systens are presented in Table 5-4. Sone systens have been
oper ated successfully at hi gher | oadings.

5.2.2 N trogen

The primary nitrogen renoval nmechanism in R systens is
nitrification-denitrification. This mechani sm involves two
separate steps: the oxidation of ammobnia nitrogen to nitrate
(nitrification) and the subsequent conversion of nitrate to
nitrogen gas (denitrification). Ammonium adsorption also
pl ays an inportant internediate role in nitrogen renoval.

Both nitrification and denitrification are acconplished by
soi|l bacteria. The optinumtenperature for nitrogen renova
is 30 °Cto 35 °C (86 °F to 95 °F). Both processes proceed
slowy between 2 °C and 5 °C (36 °F and 41 °F) and stop near
the freezing point of water. Nitrification rates decline
sharply in acid conditions and reach a |limting value at
approximately pH 4.5. The denitrification reaction rate is
reduced substantially at pH val ues below 5.5. Thus, both soi
tenperature and pH nust be considered if nitrogen renoval is
i mportant (Section 5.4.3.1). Furthernore, alternating aerobic
and anaerobic conditions nust be provided for significant
nitrogen renoval (Section 5.4.2). Because aerobic bacteria
depl ete soil oxygen during flooding periods, resting and
fl oodi ng periods nust be alternated to result in alternating
aer obi ¢ and anaerobic soil conditions.
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TABLE 5-1
BOD REMOVAL DATA FOR
SELECTED Rl SYSTEMS [ 1- 6]

BOD
Average
loading Treated
Preapplication Sampling rate, a water concen- Removal,
Location treatment depth, m kg/ha-d tration, mg/L %
Calumet, Untreated 3.3 80 11° 86
Michigan
Fort Devens, Primary 20 87 12 86
Massachusetts
Hollister, Primary 8 177 8¢ 95
California
Lake George, Trickling 3 53 1.2 98
New York filters
Milton, Activated 8-29 155 1.0-19.0 88-99
Wisconsin sludge
Phoenix, Activated 6=-9 45 0-1 98-100
Arizona sludge
Vineland, Primary 2-14 48 6.5° 86

New Jersey

a. Total kg/ha-yr applied divided by the number of days in the operating
season (365 days for these cases).

b. Soluble total organic carbon.

c. Average value from several wells.

Note: See Appendix G for metric conversions,

Organic carbon is needed in the applied wastewater to supply
energy for the denitrification reaction. Approximtely 2 ng/L
of total organic carbon (TOC) is needed to denitrify 1 ng/L
of nitrogen. Because the BOD concentration decreases as the
| evel of preapplication treatnent increases, preapplication
treatment nust be limted if denitrification is to occur in
the soil. Thus, if the goal of R is nitrogen renoval,
primary preapplication treatnment is preferred.

N trogen renoval efficiencies at various operating R systens
are shown in Table 5-2. As shown in this table, nitrogen
renovals of approxinmately 50% are typical. G eater anounts
can be renoved using special nmanagenent procedures (Section
5.4.3.1).
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TABLE 5-2
NI TROGEN REMOVAL DATA FOR SELECTED Rl
SYSTEMS [1, 2, 4, 6- 9]

Concentration Concentration in

in applied Leading Flooding renovated water, mg/L Removal,
wastewater: rate, BOD:N to drying 3 of
Location total N, mg/L m/yr ratio time ratio NO3—N Total N total N
Boulder, 16.5 48.8 2.3:1 1:3 6-16 9-16 10-20
Colorado
Brookings, 10.9 12.2 2:1 1:2 5.3 6.2 43
South Dakota
Calumet, 24.4 17.1 3.6:1 1:2 3.4 7.1 71
Michigan
Disney World, -- 54.9 0.3:1 150:14 -- -- 12
Florida
Fort Devens, 50 30.5 2.4:1 2:12 13.5 19.6 61
Massachusetts
Hollister, 40.2 15.2 5.5:1 1:14 0.9 2.8 93
California
Lake George, 11.5 58.0 2:1 1:4 - 7.70 33
New York 12.0 58.0 2:1 1:4 - 7.50 38
Phoenix, 27.4 61.0 1:1 9:12 6.2 9.6. 65

Arizona

At sonme sites the goal of Rl may be only nitrification (for
exanpl e, Boul der, Colorado). Cenerally, nitrification occurs
i f wastewater application periods are short enough that the
upper soil layers remain aerobic. For this reason, if
nitrification is the objective of RI, short application
peri ods foll owed by sonewhat |onger drying periods are used.
Because the nitrification rate decreases during wnter
mont hs, reduced loading rates my be required in cold
climates. Under f avor abl e tenperature and noisture
conditions, up to 50 ppm amoni a nitrogen (as nitrogen) per
day (soil basis) may be converted to nitrate [10]. Assum ng
that nitrification only occurs in the top 10 cm (4 in.) of
soil, this corresponds to nitrification rates of up to 67
kg/ haed (60 | b/acreed). At the Boul der, Col orado, Rl system
t he percol ate amoni a concentrati on remai ned below 1 ng/L on
a year-round basis.

5.2.3 Phosphorus

The primary phosphorus renoval nmechanisns in Rl systens are
the sanme as described in Section 4.2.3 for SR Phosphorus
renoval s achieved at typical R systens are provided in Table
5- 3.
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TABLE 5-3
PHOSPHORUS REMOVAL DATA FOR SELECTED
R SYSTEMS [1, 2, 4-9]

Average Average
concentration concentration
in applied Distance of travel, m in renovated
wastewater, wastewater, Removal,
Location mg/L Vertical Horizontal ng /L 2
Boulder, 6.2 2.4-3.0 0 0.2-4.5 40-97
Colorado
Brookings, 3.0 0.8 [ 0.45 85
South Dakota
Calumet, 3.5 3-9 0-125 0.1-0.4 89-97
Michigan 3.5 B 1,700 0.03 39
Fort Devens, 9.0 15 30 0.1 99
Massachusetts
Hollister, 10.5 6.8 0 7.4 29
California
Lake George, 2.1 3 0 <1l >52
New York 2.1 --C 600€¢ 0.014 99
Phoenix, 8~11 9.1 0 2-5 40-80
Arizona® 7.9 6 30 0.51 94
Vineland, 4.8 2~18 0 1.54 68
New Jersey 4.8 4-16 260-530 0.27 94
a. Total phosphate measured.
b. Soluble phosphate measured.
c. Seepage.
5.2.4 Trace Elenments
Trace elenent renoval i nvol ves essentially the sane

mechani snms di scussed in Section 4.2.4 for SR systens. The
results presented in Table 5-4 conpare trace elenent
concentrations in wastewater at Hollister, California, to
drinking water and irrigation requirenents.

At Rl sites, trace elenents accunulate in the upper soil
| ayers. Data from Cape Cod, Massachusetts, reflect this
phenonmenon and are presented in Table 5-5. As indicated in
this table, the percent retention of nost of the netals is
quite high. For exanple, 85% of the copper applied over 33
years was retained in the top 0.52 m (1.7 ft). The
distribution of the retained netals is also shown in Table 5-
5.
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TABLE 5-4
COMPARI SON OF TRACE ELEMENT LEVELS TO
| RRI GATI ON AND DRI NKI NG WATER LI M TS [ 6]

nmg/ L
Hollister,
Maximum California,
Recommended maximum concentration average
in irrigation in drinking wastewater

Element waters waters concentration
Ag (silver) --a 0.05 <0.008
As (arsenic) 0.1 0.05 <0.01
Ba (barium) --a 1.0 <0.13
Cd (cadmium) 0.01 0.010 <0.004
Co (cobalt) 0.1 --2 <0.008
Cr (chromium) 0.05 0.05 <0.014
Cu {copper) 0.2 --a 0.034
Fe (iron) 5.0 --2 0.39
Hg (mercury) --a 0.002 <0.001
Mn (manganese) 0.2 --2 0.070
Ni (nickel) 0.2 --a 0.051
Pb (lead) 5.0 0.05 0.054
Se {(selenium) 0.02 0.01 <0.001
zn (zinc) 2.0 --2 0.048
a. None set.

TABLE 5-5
HEAVY METAL RETENTI ON I N AN
| NFI LTRATI ON BASI N
Per cent
Depth, m Cadmium Chromium Copper Lead Zinc
0-0.04 84 87 76 88 82
0.04-0.06 12 10 23 12 13
0.14-0.16 1 0 0.4 0 1
0.24-0.26 1 2 0.4 0 2
0.29-0.31 1 0 0.1 0 0.8
0.44-0.46 0.5 1 6.1 ¢] 1.2
0.50-0.52 0.5 _0 0.0 0 0
Total 100 100 100 100 100
Percent;
retention
of 33 year
loads
0-0.52 113 62 85 129 49

a. Adapted

from reference [1l1].



5.2.5 M croorgani sns

Renoval nmechanisns for mcroorganisns are discussed in
Section 4. 2.5.

Fecal coliformrenoval efficiencies obtained at sel ected R
sites are given in Table 5-6. As shown in this table,
effective renoval of fecal colifornms can be achieved with
adequat e travel distance.

TABLE 5- 6
FECAL COLI FORM REMOVAL DATA FOR
SELECTED RI SYSTEMS [1, 3-6, 12]

Fecal coliforms, MPN/100 mL
Distance of

Locatilon Soil type Applied wastewater Renovated water travel, m
Hemet, Sand 60,000 11 2
California
Hollister, Sandy 12,406,000 171,000 7
California loam
Lake George, Sand 359,000 72 2
New York 359,000 0 7
Landis, Sand and TNTC? 16 1-2
New Jersey gravel
Milton, Gravelly oNTC? Q 8-17
Wisconsin sands
Phoenix, Sand 244,071 104 30
Arizona 244,071 9] 90
Santee, Gravelly 130,000 580 61
California sands 130,000 <2 762
Vineland, Sand and TNTC® 0 6-7
New Jersey gravel

a. At least one sample too numerous to count.

The primary renoval nmechanism for viruses is adsorption.
Because of their small size, viruses are not renoved by
filtration at the soil surface, but instead, travel into the
soil profile. Only a limted nunber of studies have been
conducted to determ ne the efficiency of virus renoval. At
Phoeni x, Arizona, results indicate that 90 to 99% of the
applied virus is renmoved within 10 cm (4 in.) of travel when
either primary or secondary effluent is applied [13, 14] and
that 99.99% renoval is achieved during travel through 9 m (30
ft) of soil follow ng the application of secondary effl uent
[ 15].

The only Rl sites at which viruses have been detected in

ground water, and the distances traveled by the virus prior
to detection are listed in Table 5-7. As noted in the table,
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all four of these sites are |ocated on coarse sand and gravel
type soils. Infiltration rates on these soils are relatively
hi gh, allowng constituents in the applied wastewater to
travel greater distances than normally expected. Thus, the
coarser the soil is, the higher the loading rate, and the
hi gher the virus concentration, the greater the risk of virus
m gration.

TABLE 5-7
REPORTED | SCLATI ONS CF VIRUS AT Rl SI TES [ 16]

Distance of migration, m

Location Soil type Vertical Horizontal

East Meadows, Sands and 11.3 3

New York gravel

Fort Devens, Sands and 18.3 183
Massachusetts gravel

Holbrook, Sands and 6.1 45.7
New York gravel

Vineland, Sands and 16.8 250
New Jersey gravel

a. Application of unchlorinated primary effluent.
5.2.6 Trace Organics

Trace organics can be renoved by volatilization, sorption,
and degradation. Degradation may be either chem cal or
bi ol ogical; trace organic renoval fromthe soil is primarily
the result of biological degradation.

Studies to determne trace organic renoval efficiencies
during Rl were conducted at the Vineland and MIlton sites [3,
5]. At these two systens, applied effluent and ground water
were analyzed for six pesticides and the results of the
studies are sunmarized in Table 5-8. At both |ocations, the
concentrations of 2,4-D, 2,4,5-TP silvex, and |lindane were
wel |l below the maxi mum concentrations for donestic water
supplies established in the National Primary Drinking Water
Regul ati ons.

If local industries contribute large concentrations of
synthetic organic chemcals and the R system overlies a
potable aquifer, i ndustri al pr et r eat ment should be

considered. Further, since chlorination prior to |I|and
application causes formation of chlorinated trace organics
that may be nore difficult to renmove, chlorination before
application should be avoi ded whenever possi bl e.

5-9



TABLE 5-8
RECORDED TRACE ORGANI C CONCENTRATI ONS
AT SELECTED R SITES [ 3, 5]

ng/ L
Vineland, New Jersey? Milton, Wisconsin
Shallow Control Shallow Control
ground ground groungd Down- c ground
Pesticide Applied water water Applied water gradient water
Endrin <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
Lindane 2,830- 453- 21.3 41 157.6 3.9 7.4
1,227 1,172
Methoxychlor <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Toxaphene <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
2,4-D 9.5- 16.4- 10.4 53.8 92.4 23.6 31.0
10.5 13.0
2,4,5-TP 72 26.8- 185 16.2 41.2 38.7 76.8
silvex 120

a. If two values are listed, the first is for the Vineland site and the second
is for the Landis site (see reference [5]). If one value is listed, results
were the same at both sites.

Shallow ground water was sampled directly below infiltration basins.

Ground water sampled approximately 45 m (148 ft) downgradient from the infil-
tration basins.

5.3 Determnation of Preapplication Treatnent Level

The first step in designing an Rl systemis to determ ne the
appropriate |level of preapplication treatnent. This section
describes the factors that should be considered as well as
the | evels of preapplication treatnent that should be used to
nmeet various treatnent objectives.

5.3.1 EPA Cui dance

EPA has issued gui delines suggesting the follow ng | evel s of
preapplication treatnent for R systens [17]:

I Primary treatnent in isolated |ocations that
have restricted public access

Bi ol ogical treatnent by |agoons or in—plant
processes at urban sites that have controlled
public access

5.3.2 Water Quality Requirenents and Treatnent Coal s
Preapplication treatnent is used to reduce soil clogging and
to reduce the potential for nuisance conditions (particularly

odors) devel oping during tenporary storage at the application
site. |If surface discharge is required and ammoni a di scharge
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requi rements are stringent, the treatnment objective should be
to maximze nitrification. In all other cases, system design
is based on achieving the maxi mum cost—effective |oading
rate that provides the required | evel of overall treatnent.

For all systens, the equivalent of primary treatment is the
m ni mum r ecomrended preapplication treatnent. This | evel of
treatment reduces wear on the distribution system prevents
unmanageabl e soils clogging, reduces the potential for
nui sance conditions, and allows the potential for maxinmm
nitrogen renoval

Nitrification nay be achieved using either prinmary or
secondary preapplication treatnent. For this reason, the
selection of a preapplication treatnent |evel to maxim ze
nitrification at a specific site is based on the sane factors
that influence the selection of a preapplication treatnent
level for maximzing infiltration rates.

In mld climates, ponds can be used if land is relatively
pl enti ful and not expensive. In areas that experience cold
wi nter weather, it may not be possible to operate Rl systens
t hat use ponds for preapplication treatnment. Al so, if ponds
are used prior to infiltration, algae carryover may increase
the potential for soil clogging. Ponds can also be used to
reduce the nitrogen | oading (Section 4.4.1).

Recommended | evel s of preapplication treatnment are sunmmari zed
in Table 5-9. This table should be used only as a guide; the
desi gner should select preapplication treatnent facilities
that reflect local conditions, including |ocal preapplication
treatment requirenents and existing wastewater treatnent
facilities.

TABLE 5-9
SUGGESTED PREAPPLI CATI ON TREATMENT LEVELS

Preapplication
RI system objective treatment level
Maximize infiltration
rates or nitrification
General case Primary
Limited land Secondary
High quality effluent Secondary or
polishing higher
Maximize nitrogen
removal
General case Primary
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5.4 Determnation of Hydraulic Loading Rate

Selection of a hydraulic |loading rate is the nost inportant
and, at the sane tinme, the nost difficult step in the design
procedure. The loading rate is a function of the site--
specific hydraulic capacity, the |loading cycle, the quality
of the applied wastewater, and the treatnent requirenents.

5.4.1 Measured Hydraulic Capacity

Hydraulic capacity varies from site to site and is a
difficult paranmeter to neasure. For design purposes,
infiltration tests are usually used to estimate hydraulic
capacity. The nobst commonly enployed neasurenent for R
desi gn IS t he basin infiltration t est; cyl i nder
infiltrometers are used when basin testing is not feasible.
Bot h net hods are described in Section 3.4.

Saturated vertical hydraulic conductivity (also called
perneability) is sonetinmes neasured. However, saturated
vertical hydraulic conductivity is a constant with tineg,
whereas infiltration rates decrease as wastewater solids clog
the soil surface. Thus, vertical conductivity neasurenments
overestimate the wastewater infiltration rates that can be
mai nt ai ned over |ong periods of time. For this reason, and to
al l ow adequate tine for drying periods and for proper basin
managenent, annual hydraulic |loading rates should be limted
to between 4 and 10% of the neasured clear water perneability
of the nost restrictive soil |ayer.

Al though basin infiltration tests are nore accurate than soi
hydraulic conductivity neasurenments and are the preferred
nmet hod, the small areas usually used allow a larger fraction
of the wastewater to flow horizontally through the soil from
the test site than from an operating basin. The result is
that infiltration rates at the test sites are higher than
rates operating systenms would achieve. Thus, design annual
hydraulic | oading rates should be no greater than 10 to 15%
of neasured basin infiltration rates.

Cylinder infiltroneters greatly overestimte operating
infiltration rates. Wien cylinder infiltrometer neasurenents
are used, annual hydraulic |oading rates should be no greater
than 2 to 4% of the mninmum neasured infiltration rates.
Annual hydraulic | oading rates based on air entry pernmeaneter
test results should be in the same range. Annual | oading
rates and corresponding infiltration rates for several
operating R systens are presented in Table 5-10. Suggested
| oading rates are summari zed in Table 5-11
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TABLE 5-11
SUGGESTED ANNUAL HYDRAULI C LOADI NG RATES

Field measurement Annual loading rate
Basin infiltration test 10-15% of minimum measured
infiltration rate
Cylinder infiltrometer 2-4% of minimum measured
and air entry permeameter infiltration rate
measurements
Vertical hydraulic 4-10% of conductivity of most

conductivity measurements restricting soil layer

The total hydraulic load includes both precipitation and
wastewater. |If the local precipitation is significant,
wast ewat er | oadi ng rates shoul d be adjusted accordingly.

Once the hydraulic capacity has been neasured, the engineer
nmust cal cul ate an annual hydraulic | oading rate. Experience
inthe United States with treatnent systens using R has been
l[imted to annual |oading rates of about 120 m (400 ft) or
| ess.

filtration rate is 3.6 cmh

For exanple, if the basin test infil
| oading rate is cal cul ated

n
(1.4 in./h), the annual hydraulic
to equal

3.6 cmh x 24 h/d x 365 d/yr x 1 mM100 cmx (0.1 to 0.15)
=31.5to 47.3 in/yr (103 to 155 ft/yr)

It is necessary to ensure that BOD and suspended solids are
within typical ranges (Sections 2.2.1.1 and 5.2.1) at the
cal cul ated annual l|oading rate. If the applied wastewater
contains 150 ng/L BOD and 100 ng/L suspended solids, at a
loading rate of 31 in/yr (102 ft/yr), the BOD and SS | oadi ngs
woul d average 127 kg/had (114 | b/acreed) and 85 kg/haed (76
| b/ acreed), respectively. These quantities are within the
typi cal BOD range given in Table 2-3 and the suspended solids
range di scussed in Section 2.2.1.1.

5.4.2 Selection of Hydraulic Loading Cycle and
Application Rate

Wast ewater application is not continuous in R, instead,
application periods are alternated with drying periods. This
i nproves wastewater treatnment efficiency, maxi mzes | ong—term
infiltration rates, and allows for periodic basin
mai nt enance.
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Loading cycles are selected to maxim ze either the infil-
tration rate, nitrogen renoval, or nitrification. To maxi mze
infiltration rates, the engineer should include drying
periods that are long enough for soil reaeration and for
drying and oxidation of filtered solids.

Loadi ng cycles used to nmaximze nitrogen renoval vary with
the | evel of preapplication treatnment and with the climte
and season. In general, application periods nust be |ong
enough for soil bacteria to deplete soil oxygen, resulting in
anaer obi ¢ conditions.

Nitrification requires short application periods foll owed by
| onger drying periods. Thus, hydraulic |oading cycles used to
achieve nitrification are essentially the sane as the cycles
used to maxim ze infiltration rates.

Hydraulic | oading cycles at selected RI sites are presented
in Table 5-12. Recommended cycles are sumari zed in Table 5-
13. Cenerally, the shorter drying periods shown in Table 5-13
should be used only in mld climates; R systens in cooler
climates should use the longer drying periods. In areas that
experience extrenely cold weat her, even |onger drying periods
than those presented in Table 5-13 may be necessary. The
cycles suggested in Table 5-13 are presented only as
gui del i nes; the actual cycle selected should be suitable and
fl exi ble enough for the community*s climate, flow, and
treatnment site characteristics.

Application rates can be cal cul ated fromthe annual | oading
rate and the | oading cycle. For exanple, the annual | oading
rate is 31 in/yr (102 ft/yr) and the |oading cycle is 3 days
of application followed by 11 days of drying.

1 Total cycle time = 3 + 11 = 14 d
1 Nunmber of cycles per year = 365/14 = 26
I Loadi ng per cycle = 31/26 = 1.19 in/cycle
1 Application rate = (1.19 mcycle)/ (3 d)
= 0.4 md

The application rate can then be used to calculate the
maxi mum depth of applied wastewater. For exanple, if the
basin infiltration test rate of 3.6 cmh (1.4 in./h) is
mai nt ai ned over the 3 day application period, the application
rate of 0.4 md (1.3 ft/d) should not result in standing
wat er at the end of 3 days:
(0.4 md x 100 cmlin) — (3.6 cmh x 24 h/d)
= -46.4 cm (-18.3 in.)
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TABLE 5-12
TYPI CAL HYDRAULI C LOADI NG CYCLES [6, 9,

18,

19]

Preapplication Application Resting
Locatien treatment Cycle objective period period Bed surface
Boulder, Trickline filters Maximize nitrifi- <1 d <3 1/2 & sSand {(disked),
Colorado cation and infil- solids turned
tration rates into soil
Calumet, Untreated Maximize infil- 1-2 a 7-14 4 Sand (not
Michigan tration rates cleaned)
Flushing Meadows, Activated sludge
Arizona
Year-round Maximize nitrifi- 2.d 5 d sand (cleaned)?®
cation
Summer Maximize infil- 2 wk 10 d sand (cleaned)?
tration rates
Wincer Maximize infil- 2 wk 20 d Sand (cleaned)?
tration rates
Year-round Maximize nitrogen 9 d 12 d Sand (cleaned)}?
remeval
Fort Devens, Primary
Massachusetts
Year-round Maximize infil- 24 14 & Weeds (not
tration rates cleaned
Year-round Maximize nitrogen 7 4° 14 4 Weeds (not
removal cleaned)
Hellister, Primary
California
Summer Maximize infil- 14 14-21 4 Sand
tration rates
Winter Maximize infil- 1d 10-16 4 Sand
tration rates
Lake George, Trickling filters
New York
Summer Maximize infil- 9 h 4-5 d sand (cleaned)?
tration rates
Winter Maximize infil- 9 h 5-10 4 sSand (cleaned;?®
tration rates
Tel Aviv, Ponds, lime preci- Maximize 5-6 d 10~12 & Sand®
Israel pitation, and polishing
ammonia stripping
Vineland, Primary Maximize infil- 1-2 d 7-1C0 @ Sand (disked)
New Jersey tration rates solids turned
into soil
Westby, Trickling filters Maximize infil- 2 wk 2 wk Grassed
Wisconsin tration rates
Activated sludge Maximize infil- 9 h 15 h Pea gravel

Whittier Narrows,
California

with filtrationd

tration rates

a. Cleaning usually involved physical removal of surface solids.
b. Caused clogging and reduced long-term hydraulic capacity.

c. Maintenance of sand cover is unknown.
d. Treated wastewater blended with surface waters before application.
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TABLE 5-13
SUGGESTED LOADI NG CYCLES

Load%ng gycle Applied Application Drying
objective wastewater Season period, d2 period, d
Maximize Primary Summer 1-2 5-7
infiltration Winter 1-2 7-12
rates
Secondary Summer 1-3 4-5
Winter 1-3 5-10
ngimize Primary Summer 1-2 10-14
nitrogen Winter 1-2 12-16
removal
Secondary Summer 7-9 10-15
Winter 9-12 12-16
Maximize Primary Summer 1-2 5-7
nitrification Winter 1-2 7-12
Secondary Summer 1-3 4-5
Winter 1-3 5-10

a. Reggrdless of season or cycle objective, application
periods for primary effluent should be limited to
1-2 days to prevent excessive soil clogging.

If the calculated depth is a positive nunber, the maxi mum
desi gn wast ewat er depth should not exceed 46 cm (18 in.); a
maxi mum depth of 30 cm (12 in.) is preferable because soi
cl oggi ng and al gae grow h decrease as the | oading depth and
detention tinme decrease. If the cal cul ated depth exceeds 46
cm (18 in.) either the application period nust be | engthened
or the loading rate decreased. Fromthis exanple, it is clear
that infiltration rates nmust be determ ned as accurately as
possible. If the infiltration rate is overesti mted, basin
depth will be underestimated and difficulties will arise when
system operati on begins.

5.4.3 O her Considerations

The follow ng three subsections describe other factors that
can affect the loading cycle and | oading rate and nust be
consi dered by the designer.

5.4.3.1 Ni t rogen Renova

The anount of nitrogen that theoretically (under optimal
conditions) can be renoved by denitrification can be
descri bed by the equation [19].

TOC - K (5-1)

N =
A 2
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where )N

change in total nitrogen concentration, ng/L

TOC = total organic carbon concentration in the
applied wastewater, ng/L (see Table 2-1)

K= TOC remaining in percolate, assuned to
equal 5 ng/L

The equation is based on experinental data that indicated 2
grans of wastewater carbon are needed to denitrify 1 gram of
wast ewat er nitrogen [19].

Equation 5-1 can be used to determ ne whether a wastewater
contains enough carbon to renove the desired amount of
nitrogen. For exanple, if the applied wastewater contains 42
ng/L TOC and 25.8 ng/L total nitrogen, it is only possible to
remove (42-5)/2 ng/L or 18.5 ng/L of nitrogen and to reduce
the total nitrogen concentration from25.8 ng/L to 7.3 ny/L.
Thus, using this wastewater, conplete nitrogen renoval could
not be achieved. If the applied wastewater contains 248 ny/L
TOC and 40.2 ng/L total nitrogen, there is sufficient carbon
to renmove 121 ng/L of nitrogen. This means that,
t heoretically, under proper managenent, all of the nitrogen
could be renmoved during R (although total renoval m ght

never be achieved in practice). If nitrogen renoval is
i nportant, the engineer should use Equation 5-1 to determ ne
whet her nitrogen renoval is feasible using R. If so, a

| oadi ng cycle should be selected that maximzes nitrogen
renoval .

Ni trogen renoval from secondary effluent is nore difficult
than nitrogen renoval from a wastewater that contains high
concentrations of organic carbon. Ntrogen renoval s
especially difficult when infiltration rates are high,
because nitrates tend to pass through the soil profile before
they can be converted to nitrogen gas. In fact, nitrogen
removal from secondary effluent increases exponentially as
the infiltration rate decreases [20]. This relationship is
shown in Figure 5-2.

Al though Figure 5-2 is based on data fromsoil colum studies
using loany sand, data from operating systenms in warm
climates indicate that the figure can be used to obtain
conservative estimates of a simlar soil*s nitrogen renoval
potential. Thus, if secondary effluent infiltrates at a rate
of 30 cmd (12 in./d), using a |loading cycle that pronotes
nitrogen renoval, it should be possible to renove at |east
30% of the applied nitrogen. To achi eve 80% nitrogen renoval ,
the soil colum studies indicated maximuminfiltration rates
ar e:
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20 cmd (8 in./d) for primary preapplication
t r eat ment

15 cmd (6 in./d) for secondary preapplication
t r eat ment

If nitrogen renoval is inportant and these suggested rates
are exceeded, soil colum studies or pilot testing should be
conducted to determne how much nitrogen can be renoved

Also, infiltration rates can be reduced sonmewhat by
decreasing the depth of the applied wastewater, or by
conpacting the soil surface.

80
80 |-
70
60 -
50

By

-4 40 b

-

>

Q

=

(V)

o 30

z

ad

(<]

o

[- 3

[

z 20
ID 1 1 1 1 1

10 20 a0 40 50 60

INFILTRATION RATE, cm/d

FI1GURE 5-2
EFFECT OF INFILTRATION RATE ON NITROGEN REMOVAL [2@]

5-19



5.4.3.2 phosphor us Renova

The anount of phosphorus that is renmoved during R at neutral
pH can be estimated fromthe follow ng equation [19, 21]:

Cy = coe-kt (5-2)
wher e C, = total phosphorus concentration at a
di stance x along the percolate flow path,

ng/ L

G = total phosphorus concentration in the
appl i ed wastewater, ng/L

k = instantaneous rate constant and equals
0.002 h! at neutral pH
t = detention time = X2/1, h
where x = distance along the flow path, cm

2 = volunetric wat er cont ent ,
cnt/ cn¥, use 0.4

= infiltration rate during system
operation, cmh (use basin test
results, 20%of cylinder infiltration
results, or horizontal conductivity
for horizontal flow

Because the m ni mum phosphorus precipitation rate occurs at
neutral pH, this equation can be used to conservatively
estimate phosphorus renoval. I|f the cal cul ated phosphorus
concentration is an acceptable value, phosphorus con-
centrations froman operating R systemshould be well within
limts. However, if the cal cul ated phosphorus concentration
at a distance x exceeds acceptable values, a phosphorus
adsorption test should be perforned. This test neasures the
ability of a specific soil to renove phosphorus and is
described in Section 3.7.2.

For exanple, consider a site where wastewater percolates
through the soil to the ground water table, which is 15 m (49
ft) below the soil surface. The initial phosphor us
concentration is 10 ng/L and the basin infiltration test rate
is 40 cnmd (16 in./d). By the tinme the water reaches the
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ground water table, the phosphorus concentration should be
| ess than:

15 m x 0.40\/24 h
_ -1 = 4,9 mg/L
(10 mg/L)e~0-002h < 0.4 m/d )( d >

If the novenent is then predom nantly horizontal, with the
renovated water seeping into a creek 200 m (650 ft) fromthe
infiltration site, and the horizontal hydraulic conductivity
is 120 cmd (47 in./d), the phosphorus concentration in the
seepage shoul d be | ess than:

200 m x 0.40\/24 h)_
_ -1 = 0.2 mg/L
(4.9 mg/L)e~0.002h ( 1.2 m/d )< d

/

5.4.3.3 Cimte

In regions that experience cold weather, |onger | oading
cycles may be necessary during winter nonths (Section 5.4.2).
Nitrification, denitrification, oxidation (of accunulated
organics), and drying rates all decrease during cold weat her,
particularly as the tenperature of the applied wastewater
decreases. Longer application periods are needed for
denitrification so that the application rate can be reduced
as the rate of nitrogen renoval decreases. Simlarly, |onger
resting periods are needed to conpensate for reduced
nitrification and drying rates.

Conmbined with the reduced hydraulic capacity experienced
during cold weather, the need for |onger |oading cycles
changes the all owabl e wastewat er | oading rate. Cold weat her
| oading rates are sonewhat |ower than warm weat her rates;
therefore, nore land is required during cold weat her as | ong
as winter and sunmer wastewater flows are equal. If |oading
rates nust be reduced during cold weather, either the cold
weat her |oading rate should be used to determne |and
requi renents or cold weat her storage should be included.

In communities that use ponds as preapplication treatnent and
experience cold wnter weather, wnter storage nmay be
required. This is because the tenperature of the wastewater
becomes quite low prior to land treatnent and nakes the
appl i ed wastewater susceptible to long-termfreezing in the
basin. Alternatively, R may be continued through cold
weat her if warner wastewater fromthe first cell of the pond
system (if possible) is applied. In such communities, the
engi neer nust keep in mnd that the annual |oading rate
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actually applies only to the portion of the year when Rl is
used.

5.5 Land Requi renents

An Rl site nust have adequate land for infiltration basins,
buf fer zones, and access roads. At sone systens, land is al so
needed for preapplication treatnent facilities, storage, or
future expansion.

5.5.1 Infiltration Basin Area

If wastewater flow equalization is provided (including
treatnent ponds), the land area required for infiltration
only (ignoring land required between and around basins) is
sinply the average annual wastewater flow divided by the
annual wastewater |oading rate. For exanple, if the annual
average daily flow is 0.3 n¥/s (6.8 Mal/d) and the
wastewater |oading rate is 25 in/yr (82 ft/yr), the area
required for infiltration is:

(0.3 m3/s) (86,400 5/d) (365 d/Yr) - 37.8 ha (93.5 acres)
(25 m/yr) (104 m?/ha)

If the wastewater flow varies with season and seasonal flows
are not equalized, the highest average seasonal flow should
be used. An R site nust either have enough basins so that at
| east one basin can be dosed at all tinmes or have adequate
storage for equalization between application periods.

5.5.2 Preapplication Treatnment Facilities

The communities that already have preapplication treatnent
facilities wll, in general, only need additional |and for
facilities to convey wastewater to the R site. In
communities that are constructing a conpletely new treatnent
facility, land requirenents for preapplication treatnment wl|
vary with the |l evel and nethod of preapplication treatnent.

5.5.3 Oher Land Requirenents

Addi tional |and may be needed for buffer zones, access roads,
storage or flow equalization (when provided), and future
expansi on. Buffer zones can be used to screen Rl sites from
public view. Preapplication treatnent facilities, access
roads, and storage or flow equalization may be included in
the buffer area.
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Access roads nust be provided so that equi pnent and | abor can
reach the infiltration basins. Mintenance equi pnment nust be
able to enter each basin (for scarification or surface
mai nt enance).

Typically, access roads should be 3 to 3.7 in (10 to 12 ft)
wi de. In any case, access roads should be w de enough for the
sel ect ed mai nt enance equi pnent and curves shoul d have | arge
enough radii to all ow mai ntenance equi pnment to turn safely.

Land requirenents for flow equalization or storage vary with
the type and anmount of storage provided. This subject is
di scussed in greater detail in Section 5.6.2.

5.6 Infiltration System Design

Itens that nmust be addressed during Rl system design include
wast ewat er distribution, basin |ayout and di nensi ons, basin
surfaces, and flow equalization or storage. In areas that
experience cold wnter weather, <cold weather system
nodi fi cations should al so be consi dered.

5.6.1 Distribution and Basin Layout

Al t hough sprinklers may be used, wastewater distribution is
usually by surface spreading. This distribution technique
enpl oys gravity flow from pi ping systens or ditches to fl ood
the application area. To ensure uniform basin application,
basi n surfaces should be reasonably flat.

Overflow weirs may be used to regul ate basin water depth.
Water that flows over the weirs is either collected and
conveyed to holding ponds for recirculation or distributed to
other infiltration basins. If each basin is to receive equal
flow, the distribution piping channels should be sized so
that hydraulic |osses between outlets to basins are
insignificant. Design standards for distribution systens and
for flow control and neasurenent techni ques are published by
the Anerican Society of Agricultural Engineers (ASAE)
Qutlets used at currently operating systens include valved
risers for underground piping systens and turnout gates from
distribution ditches. An infiltration basin outlet and spl ash
pad are shown in Figure 5-3. An adjustable weir used as an
interbasin transfer structure is shown in Figure 5-4.

Basin layout and dinensions are controlled by topography,
di stribution systemhydraulics, and | oading rate. The nunber
of basins is also affected by the selected | oading cycle. As
a mninmm the system should have enough basins
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FIGURE 5-3
INFILTRATION BASIN OUTLET AND

SPLASH PAD
| 150 cwm |
{- —1 REMOVABLE RINGS
(W00D, PLASTIC, OR NONCORRODING
METAL ALL SUITABLE)

(15 cm INCREMENTS)

40 cm

CONCRETE FILL

FI1GURE 5-4
INTERBASIN TRANSFER STRUCTURE WITH ADJUSTABLE WEIR
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so that at |east one basin can be |oaded at all tines, unless
storage is provided. The m ni mnum nunber of basins required
for continuous wastewater application is presented as a
function of |oading cycle in Table 5—24. The engi neer should
keep in mnd that if the m ni rum nunber of basins is used,
the resulting | oading cycle may not be exactly as planned.
For exanple, if the selected |oading cycle is 2 application
days followed by 6 days of drying and 4 basins are
constructed, the resulting |oading cycle will be the sane as
the sel ected | oading cycle. However, if a cycle of 2 days of
application followed by 9 days of drying is selected
initially and 6 basins are constructed, the resulting | oading
cycle will actually be 2 days of application followed by 10
days of drying.

TABLE 5314
M NI MUM NUMBER OF BASI NS REQUI RED FOR
CONTI NUOUS WASTEWATER APPLI CATI ON

Loading Cycle Minimum

application drying number of
period, period, infiltration

d d basins
1 5-7 6-8

2 5-7 4-5
1 7-12 8-13
2 7-12 5-7

1 4-5 5-6

2 4-5 3-4

3 4-5 3

1 5-10 6-11
2 5-10 4-6

3 5-10 3-5

1 10-14 11-15/
2 10-14 6-8

1 12-16 13-17
2 12-16 7-9

7 10-15 3-4

8 10-15 3

9 10-15 3

7 12-16 3-4

8 12-16 3

9 12-16 3

The nunber of basins al so depends on the total area required
for infiltration. Qptinum basin size can range fromO0.2 to 2
ha (0.5 to 5 acres) for small to nediumsized systens to 2 to
8 ha (5 to 20 acres) for large systens. For a 25 ha (62 acre)
system if the selected |oading cycle is 1 day of wastewater
application alternated with 10 days of drying, a typica
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desi gn woul d include 22 basins of 1.14 ha (2.8 acres) each.
Using 22 basins, 2 basins would be flooded at a tinme and
there would be anple tinme for basin maintenance before each
fl oodi ng peri od.

At many sites, t opography nmakes equal -sized basins
inpractical. Instead, basin size is limted to what wll fit
into areas having suitable slope and soil type (Section
2.3.1). Relatively uniformloading rates and | oadi ng cycl es
can be maintained if nultiple basins are constructed.
However, sone sites will require that |oading rates or cycles
vary with individual basins.

In flat areas, basins should be adjoining and should be
square or rectangular to maxim ze |and use. In areas where
ground water nmounding is a potential problem (Section 5.7.2),
| ess nmoundi ng occurs when long, narrow basins with their
| ength normal to the prevailing ground water flow are used
t han when square or round basins are constructed. Basins
should be at least 30 cm (12 in.) deeper than the maxi num
design wastewater depth, in case initial infiltration is
sl ower than expected and for enmergencies. Basin walls are
normal |y conpacted soil with slopes ranging from1l:1 to 1:2
(vertical distance to horizontal distance). In areas that
experience severe winds or heavy rains, basin walls should be
planted with grass or covered with riprap to prevent erosion.

| f basin nmaintenance will be conducted from within the
basins, entry ranps should be provided. These ranps are
formed of conpacted soil at grades of 10 to 20% and are from
3.0to 3.7 m(10 to 12 ft) wide. Basin surface area for these
ranps and for wall slopes should not be considered as part of
the necessary infiltration area.

The basin surface may be bare or covered with vegetation

Veget ati ve covers tend to renove suspended solids by filtra-
tion and maintain infiltration rates. However, vegetation
also limts the application depth to a value that avoids
drowni ng of vegetation, increases basin maintenance needs,
requires an increased application frequency to pronote
grow h, and reduces the soil drying rate. At Lake CGeorge, New
York, allowng grass to grow in the basins inproved the
infiltration rate when floodi ng depths exceeded 0.3 m (1 ft)
but decreased the rate at shallower wastewater depths [1]
Gravel covered basins are not recommended. The |ong-term
infiltration capacity of gravel covered basins is |ower than
the capacity of sand covered basins, because sludge-Ilike
solids collect in the voids between gravel particles and
because gravel prevents the underlying soil fromdrying [4]
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5.6.2 Storage and Fl ow Equal i zation

Al t hough Rl systens usually are capabl e of operating during
adverse climatic conditions, storage may be needed to
regul ate wastewater application rates or for energencies.
Fl ow equalization may be required if significant daily or
seasonal flow peaking occurs. Equalization also nay be
necessary to store wastewater between application periods,
particularly when only one or two infiltration basins are
used and drying periods are nuch |onger than application
peri ods.

One exanple of flow equalization at an Rl site occurs at the
MIton, Wsconsin, system MIlton discharges secondary
effluent to three | agoons. One of these | agoons is used as an
infiltration basin; the other two |agoons are used for
storage. In this way, MIton is able to maintain a continuous
flowinto the infiltration basin [3].

In contrast, the Gty of Hollister fornmerly equalized flow
with an earthen reservoir that was ahead of the treatnent
pl ant headworks. In addition, one infiltration basin was kept
in reserve for primry effluent during periods when
wast ewater flows were excessive [6].

Wnter storage may be needed if the soil perneability is on
the low end for RI. In such cases, the water may not drain
fromthe profile fast enough to avoid freezing.

5.6.3 Cold Wather Modifications

Rapid infiltration systens that operate successfully during
cold winter weather w thout any cold weather nodifications
can be found in Victor, Montana; Calunet, M chigan; and Fort
Devens, Massachusetts. However, a few different basin
nmodi fications have been wused to inprove cold weather
treatnment in other communities. First, basin surfaces that
are covered with grass or weeds should be nowed during fall.
Mow ng fol |l owed by disking should prevent ice fromfreezing
to vegetation near the soil surface. Floating ice helps
insul ate the applied wastewater, whereas ice that freezes at
the soil surface prevents infiltration. Problens with ice
freezing to vegetati on have been reported at Brookings, South
Dakota, where basins were not nowed and ponds are used for
preapplication treatnment [7].

Anot her cold weather nodification involves digging a ridge
and furrow systemin the basin surface. Follow ng wastewater
application, ice forns on the surface of the water and forns
bridges between the ridges as the water |evel drops.
Subsequent | oadings are applied beneath the surface of the
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ice, which insulates the wastewater and the soil surface. For
bridging to occur, a thick layer of ice nmust formbefore the
wast ewat er surface drops below the top of the ridges. This
nmodi fi cati on has been used successfully in Boul der, Col orado,
and West by, W sconsi n.

The third type of basin nodification involves the use of snow
fencing or other materials to keep a snow cover over the
infiltration basins. The snow insulates both applied
wast ewat er and soil .

5.7 Drai nage

Rapid infiltration systens require adequate drainage to
maintain infiltration rates and treatnment efficiencies. The
infiltration rate may be limted by the horizontal hydraulic
conductivity of the underlying aquifer. Also, if there is
i nsufficient drainage, the soil will remain saturated with
water and reaeration will be inadequate for oxidation of
ammoni a nitrogen to occur.

Renovated water may be isolated to protect either or both the
ground water or the renovated water. In both cases, there
nmust be sone net hod of engi neered drai nage to keep renovated
water fromm xing with native ground water.

Nat ural drainage often involves subsurface flow to surface
waters. If water rights are inportant, the engineer nust
determ ne whether the renovated water will drain to the
correct watershed or whether wells or underdrains will be
needed to convey the renovated water to the required surface
wat er . In all cases, the engineer needs to determne the
direction of subsurface flow due to drainage from Rl basins.

5.7.1 Subsurface Drainage to Surface Waters

| f natural subsurface drainage to surface water is planned,
soil characteristics can be analyzed to determne if the
renovated water will flow from the recharge site to the
surface water. For subsurface discharge to a surface water to
occur, the width of the infiltration area nust be limted to
values equal to or less than the width calculated in the
foll ow ng equation [22]:

W = KDH dL (5-3)

where W= total width of infiltration area in direction of
ground water flow, n(ft)
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K= perneability of aqui fer in direction of
groundwater flow, md (ft/d)

D= average thickness of aquifer below the water
table and perpendicular to the direction of
flow, m(ft)

H = elevation difference between the water |evel
of the water course and the maxi num al |l owabl e
wat er table bel ow the spreading area, m(ft)

d = lateral flow distance frominfiltration area to
surface water, m(ft)

L = annual hydraulic loading rate (expressed as
daily rate), nmd (ft/d)

Exanpl es of these paraneters are shown in Figure 5-5.

WATER TABLE A= /

\’ JNPERMEABLE LAYER

FIGURE 5-5
NATURAL DRAINAGE OF RENOVATED WATER
INTO SURFACE WATER [22]
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As an exanple, consider an infiltration site | ocated above an
aqui fer whose perneability is 1.1 in/d (3.6 ft/d) and whose
average thickness is 9 m (30 ft). The annual hydraulic
| oading rate is 30 in/yr or 0.082 md (98 ft/yr or O0.27
ft/d). The surface water elevationis 6 m (20 ft) below the
infiltration site, and the water table should remain at | east
1.5 m(5 ft) below the soil surface. The infiltration site is
251in (82 ft) fromthe surface water. Thus,

W= (L1 d) (9 m(6 m—1.51) =22 m(72 ft)
(25 m (0.082 nid)

Under these conditions, either a single basin 22 m (72 ft)
wi de or nmultiple basins having a conbined wdth of 22 mcould
be constructed. If nore infiltration area is needed,
additional basins could be built in the two directions
perpendicular to the direction of ground water flow Four
basins oriented in this manner are illustrated in Figure 5-6.

If the calculated wdth is quite small (less than about 10 m
or 33 ft), natural subsurface drainage to surface waters is
not feasi ble and engi neered drai nage shoul d be provided.

5.7.2 Gound Water Mundi ng

During R, the applied wastewater travels initially downward
to the ground water, resulting in a tenporary ground water
mound beneath the infiltration site. This condition is shown
schematically in Figure 5-7. Munds continue to rise during
the flooding period and only recede during the resting
peri od.

Excessive mounding will inhibit infiltration and reduce the
effectiveness of treatnment. For this reason, the capillary
fringe above the ground water nound should never be closer
than 0.6 m (2 ft) to the bottom of the infiltration basin
[23]. This distance corresponds to a water table depth of
about 1 to 2 m(3 to 7 ft), depending on the soil texture.
The distance to ground water should be 1.5 to 3 m(5 to 10
ft) below the soil surface within 2 to 3 days following a
wast ewat er application. The foll owi ng paragraphs describe an
anal ysis that can be used to estimate the nmound hei ght that
wi Il occur at various |oading conditions. This nmethod can be
used to estimate whether a site has adequate natural drainage
or whether mounding will exceed the recommended val ues
W t hout constructed drai nage.
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SURFACE WATER

LENGTH BASED ON NECESSARY
INFILTRATION AREA

DIRECTION OF
GROUND WATER FLOW

FIGURE 5-6
EXAMPLE DESIGN FOR SUBSURFACE FLOW TO SURFACE WATER
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FI1GURE 5-7

SCHEMATIC OF GROUND WATER MOUND
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G ound wat er nmoundi ng can be estimted by applying heat-fl ow
theory and the Dupuit—orchhei mer assunptions [24]. These
assunptions are as foll ows:

1. Fl ow wi t hi n ground water occurs al ong hori zont al
flow lines whose velocity is independent of
dept h.

2. The velocity along these horizontal streanlines
is proportional to the slope of the free water
sur f ace.

Using these assunptions, heat #+low theory has been
successfully conpared to actual ground water depths at
several existing R sites.

To conpute the height at the center of the ground water
mound, one nust calculate the values of y//z5¢ and Rt

wher e W= width of the recharge basin, m(ft)
"= KDV, nt/d (ft?d)

where K = aquifer (horizontal) hydraulic
conductivity, md (ft/d)

D = saturated thickness of the
aquifer, m(ft)

V = specific yield or fillable pore space
of the soil, n¥/n¥ (ft3/ft3)
(Figures 3-5 and 3-6)

t

| ength of wastewater application, d

R=1/V, md (ft/d)
where | = infiltration rate or volune of water
per wunit area gf soil surface,
n*H,0/ nfed (ft3H,0/ ft2ed)
The paraneters that can be shown schematically are illustra-

ted in Figure 5-5.

Once the value of y//4q¢ is obtained, one can use di mension-
|l ess plots of y,/zq¢ versus h,/Rt, provided as Figures 5-8
(for square recharge areas) and 5-9 (for rectangul ar recharge
areas), to obtain the value of h/ R, where h, is the rise at
the center of the nound. Using the cal cul ated value of Rt
one can solve for h,.
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For exanple, an R systemis planned above an aquifer that is
4 m(13 ft) thick. Auger hole nmeasurenments (Section 3.6.2.1)
have indicated that the hydraulic conductivity is (5 nB/d)/
4 mor 1.25 md (4.1 ft/d). Using Figure 3—6 with this hy-
raulic conductivity, the specific yield is 15% The basins
are to be 12 m (39 ft) wide and square; the basin infiltra-
tionrate is 0.20 md (7.9 in./d); and the application period
will be 1 day long. Using these data, the follow ng
cal cul ati ons are perforned.

o = (1.25 m/d)(4 m)

0.15
= 33.3 m2/d (360 ft2/d)
2 - 0.20 m/d
0.15
= 1.3 m/d (4.3 ft/d)
Rt = (1.3 m/d)(1 d)
= 1.3 m (4.3 ft)
12 m
-
W/vant = T I n2 a) L d) 172
- 1.0

Using Figure 5-8, ho/Rt equals 0.53.

Thus, ho equals (0.53)(1.3 m or O. m 2.3 ft). If the
initial ground water depth is 6.0 n1(20 ft), the depth after
wast ewat er application is still 5.3 m (17 ft) and engi neered
drai nage i s unnecessary. Should the cal culations indicate
that the ground water table will rise to within less than 1
to 2 m(3.3to 6.6 ft) bel ow the basin, additional drainage
w |l be needed.

Figures 530 (for square recharge areas) and 5-41 (for
recharge areas that are twice as long as they are wi de) can
be used to estimate the depth to the nound at various
di stances fromthe center of the recharge basin. Again the
values of y,//75¢ and Rt nust be determined first. Then, for
a given value of x/'W where x equals the horizontal distance
fromthe center of the recharge basin, one can obtain the
value of ho/Rt fromthe correct plot. NUItipIying t hi s nunber
by the calculated value of Rt results in the rise of the
mound, h,, at a distance x fromthe center of the recharge
site. The depth to the nmound fromthe soil surface is sinply
the difference between the distance to the ground water
before recharge and the rise due to the nound.
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To eval uate noundi ng beneath adjacent basins, Figures 5-30
and 5—1 should be used to plot ground water table nounds as
functions of distance fromthe center of the plot and tine
el apsed since initiation of wastewater application. Then

critical mounding tinmes should be determ ned, such as when
adj acent or relatively close basins are being flooded, and
t he noundi ng curves of each basin at these tinmes should be
superinposed. At sites where drainage is critical because of
severe land limtations or extrenely high ground water
tabl es, the engineer should use the approach described in
reference [25] to eval uate noundi ng.

In areas where both the water table and the inperneabl e | ayer
underneath the aquifer are relatively close to the soi
surface, it may be possible to avoid the conplicated noundi ng
anal ysis by using the foll ow ng procedure:

1. Assume underdrai ns are needed and cal cul ate the
underdrai n spacing (Section 5.7.3).

2. | f the <calculated underdrain spacing is
relatively narrow, between 15 and 50 m (50 and
160 ft), underdrains wll be required and there

is no need to verify that the nound will reach
the soil surface.
3. I f the cal cul ated spacing is | ess than about 10

m (30 ft), the loading rate may have to be
reduced for the project to be economcally
f easi bl e.

4. | f the cal cul ated spacing is greater than about
50 m (160 ft), nounding should be evaluated to
determne if any underdrains will be necessary.

This procedure is not appropriate for wunconfined or
rel atively deep aquifers. For such aquifers, nmounding should
al ways be eval uat ed.

5.7.3 Underdrains

For RI systens |located in areas where both the water table
and the inperneable |ayer underneath the aquifer are
relatively close to the soil surface, renovated water can be
collected by open or closed drains. In such areas, when
drains can be installed at depths of 5 m (16 ft) or |ess,
underdrains are nore effective and |less costly than wells for
renovi ng renovated water fromthe aquifer. Horizontal drains
have been used to collect renovated river water from R
systens in western Holland, where polluted Rhine water is
treated, and at Dortnund, Germany, where water fromthe Ruhr
River is pretreated for a nunicipal water supply [23]. At

5-38



Santee, California, an open ditch was used to intercept
reclai med water [23].

Rapid infiltration systens using underdrains may consi st of
two parallel infiltration strips with a drain m dway between
the strips or a series of strips and drains. These two types
of configurations are shown in Figures 512 and 5—23. In the
first system the drains are left open at all tinmes during
the | oading cycle. If the second systemis used, the drains
below the strips receiving wastewater are closed and
renovated water is collected fromdrains beneath the resting
strips. Wien infiltration beds are rotated, the drains that
were closed before are opened and those that were open are
cl osed. This procedure allows maxi num under ground detention
times and travel distance.

To determne drain placenent, the following equation is
useful [27]:

- [ _4xH 1/2 (5-4)
s = [m(zd + H)]

where S = drain spacing, m(ft)

K = horizontal hydraulic conductivity of the soil,
md (ft/d)
H = height of the ground water nound above the

drains, m(ft)

L, = annual wastewater |oading rate, expressed as a
daily rate, md (ft/d)

P = average annual precipitation rate, expressed as
a daily rate, md (ft/d)

d = distance fromdrains to underlying inperneable
layer, m(ft)

| MPERMEABLE

FIGURE 5-12
CENTRALLY LOCATED UNDERDRAIN [26]
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FIGURE 5-13
UNDERDRAIN SYSTEM USING ALTERNATING
INFILTRATION AND DRYING STRIPS [26]

For clarification, these paraneters are shown in Figure 5-24.
When L, P, K, and the maxi num acceptable value of H are
known, this equation can be used to determne S for various
val ues of d. For exanple, consider an RI system | oaded at an
average rate of 44 myr or 0.12 mid (144 ft/yr or 0.40 ft/d).
Usi ng Equation 54, the drain spacing can be cal cul ated usi ng
the foll ow ng data:

K=12 md (39 ft/d)
H=1m(3.28 ft)
d=106m(2ft)
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FIGURE 5-14
PARAMETERS USED IN DRAIN DESIGN [26]

The application rate nmust include precipitation as well as
wast ewat er. Therefore, a design stormof 0.03 mid (0.10 ft/d)
is added to the 0.12 mid (0.40 ft/d) wastewater |oad for a

total of 0.15 md (0.50 ft/d). The drain spacing 1is
cal cul ated as:

S = [4KH L, + P)] (2d + H

= 42 m/d)(1m _13(0.6 m) + 1 m]

0.12 m/d + 0.03 m/d

704 nt

S

26 m (85 ft)

Cenerally, drains are spaced 15 m (50 ft) or nore apart and
are at depths of 2.5 to 5.0 m (8 to 16 ft). In soils with
high lateral perneability, spacing may approach 150 m (500
ft). Al though closer drain spacing allows nore control over
the depth of the ground water table, as drain spacing
decreases the cost of providing underdrains increases. Wen
designing a drainage system different values of d should be
selected and used to calculate S, so that the optinum
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conbination of d, H and S can be determned. Detailed
informati on on drainage may be found in the U S. Bureau of
Recl amati on Drai nage Manual [28] and in the Anerican Society
of Agronony manual, Drainage for Agriculture [29].

Once the drain spacing has been calculated, drain sizing
shoul d be determ ned, usually, 15 or 20 cm (6 in. or 8 in.)
drainage laterals are used. The laterals connect to a
collector main that nust be sized to convey the expected
drai nage flows. Drainage |laterals should be placed so that
they will be free flow ng; the engi neer shoul d check drai nage
hydraulics to determ ne necessary drain sl opes.

5.7.4 \Wlls

Rapid infiltration systens that wutilize wunconfined and
relatively deep aquifers should use wells to inprove drai nage
or to renove renovated water. Wells are used to collect
renovated water directly fromthe R sites at both phoeni x,
Arizona, and Fresno, California. Wells are also involved in
the reuse of recharged wastewater at Wiittier Narrows,
California; however, the wells punp ground water that happens
to contain reclainmed water, rather than punping specifically
for renovated water.

The arrangenent of wells and recharge areas varies; wells may
be | ocated m dway between two recharge areas, may be pl aced
on either side of a single recharge strip, or may surround a
central infiltration area. These three configurations are
illustrated in Figure 5-15. Well design is beyond the scope
of this manual but is described in detail in reference [30].

5.8 Mnitoring and M ntenance Requirenents

The purpose of discussing nonitoring and maintenance
requirenents is to enable the engineer to determne | abor and
equi pnment needs. The engineer nust know these needs to
conplete a thorough cost estimate and to ensure that the
necessary | abor and equi pnent are avail abl e.

5.8.1 Monitoring
There are two distinct reasons for nonitoring R systens:
1. To docunent t hat the system neets any
requi renents est abl i shed by appropriate

regul atory agencies and to confirm that the
desi gn provi des adequate treatnent
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WELL CONFIGURATIONS [26]
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2. To provide data needed to nmake managenent
deci si ons

A noni toring program may include neasurenents of ground water
quality, soil characteristics applied water quality, and,
when appropriate, the quality of water renoved from the
aqui fer for reuse. Representative neasurenents of ground
water quality are difficult to obtain. Because constituent
movenent is slower than in surface water, a ground water
sanpl e can contain contributions fromseveral years past that
do not accurately reflect treatnment occurring at the R site.
For this reason, it is inportant to place sanpling wells in
positions that mnimze the tinme period between wastewater
appl i cation and appearance of wastewater constituents in the
observation wells. Techniques for nonitoring well design and
sanmpling procedures are included in references [31, 32].
Gui dance in determ ning what paraneters and site conditions
to nonitor can be obtained from federal, state, and |oca
agenci es.

Al t hough soil nmonitoring is not required at many sites, it is
periodically desirable. Below pH 6.5, soil retention of
nmet al s decreases substantially and the possibility of ground
wat er contam nation by heavy netals increases. Potential soi
perneability problens nmay be indicated by either a high pH
(above 8.5) or a high percent of sodiumon the soil exchange
conpl ex (over 10 to 15%. H gh soil pH can indicate a high
sodiumcontent. This condition nmay be corrected by displ acing
the sodiumw th sol ubl e cal ci um

Both applied wastewater and any renovated water collected
fromthe aquifer for reuse or discharge should be nonitored.
Appl i ed wast ewat er anal yses are necessary for process control
to ensure that the design hydraulic |oading is maintained.
Renovated water that is recovered for any purpose mnmust neet
what ever water quality criteria have been established for
t hose purposes.

5.8.2 Mai ntenance

Basi ¢ mai ntenance requirenents are as foll ows:

1 Periodic scarification or scraping of R basin
surfaces
1 Peri odi ¢ now ng of vegetated surfaces

As a result of bacterial activity and solids deposition, a
mat forns on the surfaces of infiltration areas and reduces
infiltration rates. Furthernore, wastewater applications my
cause classification of the underlying soils, allow ng the
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fines to mgrate to the top and to seal the soil surface.
Periodically, basin surfaces nust be scarified (raked,
harrowed, or disked) to break up the mat and | oosen the soi
surface. Alternatively, the mat nay be scraped fromthe soi
surface with a front-end | oader [4] and landfilled or buried.
These operations shoul d be perforned whenever regul ar drying
fails to restore infiltration rates to acceptable levels. If
scraping alone does not restore the initial infiltration
rate, the soil surface should be |oosened by disking or
harrow ng. Basin surfaces may be scarified follow ng each
drying period if time, |abor, and equi pnent are avail abl e;
basin scarification or scraping should be done at | east once
every 6 nonths to 1 year.

| f grasses or other vegetation are grown on basin surfaces,
the vegetation can be allowed to grow and die wthout
mai nt enance. Heavy nechani cal equi pnent that woul d conpact
the soil surface should not be operated on the infiltration
basi ns. For aesthetic reasons, periodic now ng of the grass
or harrow ng of the soil surface may be desirable. In cold
weat her climtes, vegetation should be nowed during |ate
Cctober or early Novenber to prevent ice chunks fromfreezing
to the vegetation and thereby cooling the applied wastewater.

5.9 Design and Construction CGui dance

Sonme specific itenms that are unique to R design and
construction should be consi dered:

1 Underdrains will operate only in saturated soil.
If the water table does not rise, or is not
already at the elevation of the drains, they
w Il not recover any water.

A filter sock can be used in place of a gravel
envel ope around plastic drain pipe in sandy
soil. The filter sock wll clog, however, wth
fines if used alone in silty clay soils.

Rl basins, when constructed, should be ripped to
alleviate traffic conpaction. After ripping, the
surface should be snoothed and |eveled, but
never conpact ed.

If soils at the R site contain varying
percentages of clay or silt, the heavier soils
shoul d be segregated and used for berns. Berns
shoul d be conpacted, but infiltration surfaces
shoul d not be conpact ed.
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CHAPTER 6
OVERLAND FLOW PROCESS DESI GN

6.1 Introduction

The design procedure for overland flow (OF) is presented in
Figure 6-1. Application rate and hydraulic loading rate
determ nations are the nost inportant design steps because
t hese val ues plus the storage requirenent fix the | and area
requi renents. Preapplication treatnment can be increased if
i nadequate | and area is avail abl e.

6.1.1 Site Characteristics and Eval uati on

Overland flow is best suited for use at sites having surface
soils that are slowy perneable or have a restrictive |ayer
such as a claypan at depths of 0.3 to 0.6 m (1 to 2 ft).
Overland flow can al so be used on noderately perneable soils
usi ng higher |loading rates than woul d be possible with an SR

system It is possible to design an OF system on very
perneable soils by constructing an artificial barrier to
prevent downward water novenent through the soil, although

the capital costs of such construction nmay be prohibitive for
all but the smallest systens.

Overland flow may be used at sites wth gently sloping ter-
rain with grades in the range of 1 to 12% Sl opes can be
constructed on nearly level terrain and terraced construction
can be used when the natural slope grade exceeds about 10%
Topogr aphi ¢ maps of proposed sites with 0.3 m (1 ft) contour
intervals should be used in detailed site eval uation.

6.1.2 Water Quality Requirenents

Most of the treated water | eaving an OF site occurs as sur-
face runoff, and discharge requirenments to receiving waters
must be net. Protection of ground water quality at OF sites
is generally ensured by the fact that little water (usually
| ess than 20% percolates and the heavy clay soils renove
nost of the pollutants. Based on [imted experience wth OF
on noderately perneable soils, a long-term decrease in the
percol ation rate can be expected due to clogging of soi
pores and a relatively small percentage of the applied
wastewater wll percolate. |[If OF is considered for use on
noderately perneable soils, however, it is recomended that
consi deration be given to ground water inpacts as discussed
for SR systens in Chapters 4 and 9.
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6.1.3 Desi gn and Operating Paraneters

The basic design and operating paraneters are defined in
Tabl e 6- 1.

TABLE 6-1
OF DESIGN AND OPERATING PARAMETERS

Range of values

Parameter Definition in practice
Hydraulic Average flowrate divided 0.6-6.7 cm/d
loading rate by the wetted slope area 6.3-40 cm/wk
Application Flowrate applied to the 0.03-0.24 m3/m'h
rate slope per unit width of slope
Application Length of time per day of 5-24 h/d
period wastewater application
Application Number of days per week 5-7 d/wk
frequency that wastewater is applied

to the slope

Note: See Appendix G for metric conversions.

6.2 Process Perfornmance

Knowl edge of the relationship of process performance and
design criteria for OF systens is necessary before the design
can be acconplished. The renpoval nechani sns di scussed in
this section relate to operating paraneters, slope |engths,
and | evels of preapplication treatnent. A sunmary of design
and operating characteristics for existing nunicipal OF
systens is presented in Tables 6-2 and 6-3. Heal th and
environnmental effects of trace elenents and trace organics
are discussed in Chapter 9.

6.2.1 BOD Renoval

Bi ol ogi cal oxidation is the principal nmechani smresponsible
for the renoval of soluble organic materials in the
wast ewater. The diverse mcrobial populations in the soi

and the surface organic |ayer sorb and subsequently oxidize
t hese substances into stable end products much like the
bi ol ogi cal shines on trickling filter nedia. Suspended and
colloidal organic materials, which contribute about 50% of
the BOD load in raw donestic sewage, are renoved by
sedi nentation and filtration through the surface grass and

organic | ayers. Subsequent breakdown of the degradable
settled particulate materials is al so achieved by the m cro-
organi sns on the sl ope. Typical renovals of BOD are

presented in Table 6-2.
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The performance of OF systens treating primary and secondary
effluent in cold regions was evaluated in Hanover, New
Hanpshire [4]. For primary effluent, it was found that
runof f BOD concentration was not substantially affected by
tenperature until the soil tenperature dropped to about 10 °C
(50 °F). Bel ow 10 °C, effluent BOD |evels increased with
decreasing tenperatures. At soil tenperatures below 4 °C (39
°F) effluent BOD |evels exceeded 30 ny/L. For secondary
effluent, OF effluent BOD val ues renai ned below 15 ng/L at
soil tenperatures of 4 °C. Storage may be required during
cold weather to neet stringent BOD di scharge requirenents.

Rel ati onshi ps bet ween BCOD renpoval and the process operating
paraneters are not well defined. However, results of recent
st udi es conducted to devel op rational design nmethods for OF
indicate that, for primary effluent, BOD renoval is largely
a function of application rate and slope length and is inde-
pendent of hydraulic loading rate within the ranges used at
existing systens [5, 8] (see Section 6.11).

6.2.2 Suspended Sol i ds Renoval

Suspended and col |l oidal solids are renoved by sedi nentati on,
filtration through the grass and litter, and adsorption on
the biological slime |ayer. Because of the low flow
vel ocities and shall ow fl ow dept hs on the OF sl opes, nobst SS
are renoved wthin a few neters from the point of
appl i cation.

Renoval of algae from stabilization pond effluent by OF
systens i s somewhat variable and depends on the nature of the
algae. If OF is not being used in the locality for treatnent
of pond effluent, pilot studies may be advised to ascertain
treatability.

Renoval of SS requires that a thick stand of vegetation be
mai nt ai ned and that gullies or other short-circuiting down
the slopes be avoided. Renoval of SS is relatively
unaffected by cold weather or changes in process |oading
paraneters conpared to BOD renoval .

6.2.3 Ni t rogen Renova
| mportant mechani snms responsi ble for nitrogen renoval by OF
i ncl ude crop upt ake, bi ol ogi cal nitrification-
denitrification, and anmonia volatilization. Renoval of

nitrogen by crop harvest depends on the nitrogen content of
the crop and the dry matter yield of the crop as discussed in
Section 4.3.2.1. The water tolerant forage grasses used for
OF generally have high nitrogen uptake capacities.
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Annual nitrogen uptake neasured at the Utica, M ssissippi,
systemfor a grass m xture of Reed canary, Kentucky 31 tal
fescue, perennial ryegrass, and commobn Bernuda ranged between
222 and 179 kg/ha (198 and 160 | b/acre). Crop uptake at the
Utica system accounted for approximtely 11 and 33% per cent
of the applied nitrogen at the high and | ow hydraulic | oading
rates, respectively (see Table 6-3) [7].

Ammnia volatilization i1s knowm to occur during OF.
Researchers at the Wica site estimated volatilization |osses
to be about 9% of the applied pond effluent nitrogen [7].

Nitrification-denitrification is usually the major renoval
mechanism At Uica, the | osses attributable to denitrifi-
cation ranged from 34 to 42% of the applied nitrogen [7].

Nitrification takes place in the aerobic environment at the
soil surface. The nitrates then diffuse through the organic-
rich surface materials where anaerobic conditions necessary
for denitrification exist. Denitrification requires the
presence of a readily avail able carbon source. Consequently,
the best nitrogen renovals are found using raw wast ewater or
primary effluent that have high carbon to nitrogen ratios
(>3). Lesser nitrogen renovals are found using secondary or
pond effluent when the carbon to nitrogen ratios are about
one.

Typical effluent values for the different nitrogen forns are
indicated in Table 6-3. The effects of operating paraneters
on nitrogen renoval are not well understood. Specific design
and operating criteria to optimze nitrogen renoval or
amoni a conversi on have not been established. However, sone
general relationships can be stated:

1. Total nitrogen and ammoni a renoval is inversely
related to application rate and directly
related to slope |ength.

2. The rate of nitrification is reduced if
wastewater is applied continuously.

3. The overall nitrogen renoval and ammonia
conversion efficiency is reduced as the soil
tenperature drops below 13 to 14 °C (55 to 57
°F). Wth pond effluent at the Uica system
nitrogen renoval efficiency decreased from 90%
in the spring and summer to |ess than 80%

during the winter [12]. Resul ts obtai ned at
t he Hanover systemw th primary and secondary
ef fl uent s, showed that nitrogen renoval

efficiency dropped to about 30% during the
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inter [5]. The reduced efficiency in col der
tenperatures is attributed to the decreased
rate of t he bi ol ogi cal nitrification-
denitrification process as well as reduced
pl ant upt ake.

6.2.4 Phosphorus Renoval

The maj or nmechani sns responsi bl e for phosphorus renoval by OF
i ncl ude sorption on soil clay colloids and precipitation as
i nsol ubl e conpl exes of calcium iron, and al um num Wen | ow
perneability surface soils are present, as is the case for
most OF systens, much of the applied wastewater flows over
the surface and does not contact the soil matrix and
phosphorus adsorption sites. As a result of this limted
soil contact, phosphorus renpvals achieved at existing OF
systens generally range from40 to 60% phosphorus data from
sone OF systens are shown in Table 6-3.

| nproved phosphorus renoval efficiency can be achi eved by the
addition of alumnum sulfate to the wastewater prior to
application to the land. Applications of alum numsulfate to
raw sewage at a concentration of 20 ng/L reduced the
phosphorus concentration from 8.8 ng/L to 1.5 ng/L or 85%
removal efficiency in experinents at Ada, Oklahoma [9].

Addition of alumnumsulfate to stabilization pond effl uent

in ampunts equal to 1:1, alum num to phosphorus, prior to
application resulted in significant reduction of phosphorus
in the runoff to about 1 ng/L or renoval efficiency better

than 80% at the Utica system|[10].

6.2.5 Trace El enent Renoval

The maj or nmechani sns responsi ble for trace el enent renova
i nclude sorption on clay colloids and organic natter at the
soil surface layer, precipitation as insoluble hydroxy
conpl exes, and formation of organonetal lic conplexes with the
organic matter at the slope surface. The |argest proportion
of the heavy netals accunulate in the bionass on the soi
surface and close to the point of effluent application.
Trace netal renoval data reported fromthe Uica systemare
presented in Table 6-4 to illustrate the renoval |evels that
can be achieved with CF.

6.2.6 M cr oor gani sm Renova

The maj or mechani snms responsi ble for renoval of m croorgan-
isns in OF systens include sedinentation, filtration through
surface organic |ayer and vegetation, sorption to soil par-
ticles, predation, irradiation, and desiccation during drying
peri ods.
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TABLE 6- 4
REMOVAL EFFI Cl ENCY OF HEAVY METALS
AT DI FFERENT HYDRAULI C RATES AT
UTI CA, M SSI SSIPPI [ 7]

Hydraulic Runoff concentration, mg/L . Removal efficiency, %
loading - - -
rate, cm/d Cadmium Nickel Copper Zinc Cadmium Nickel Copper Zinc

1.27 0.0046 0.0131 0.0129 0.0558 85.4 92.1 93.1 88.4
2.54 0.0036 0.0217 0.0293 0.0525 90.9 87.6 82.4 87.4
3.81 0.0079 0.0302 0.0382 0.0757 77.7 79.6 73.5 78.8
5.08 0.0142 0.0486 0.0524 0.0853 63.2 66.0 64.4 75.4
Cenerally, the renoval, efficiency of OF systens for

pat hogeni ¢ organi sns such as viruses and i ndi cator organi sns
is conparable to that which is achieved in conventional
secondary treatnment systens without chlorination. Disinfec-
tion nmay be required by the regul atory agency.

6.2.7 Trace Organi cs Renoval
Renmoval of trace organics in OF systens is achieved by the

mechani sms of sorption on soil clay colloids or organic
matter, biodegradation, photodeconposition, and volatiliza-

tion. The inportance of one or a conbination of these
mechani sns will depend on the nature of the trace organic
subst ance.

6.2.8 Ef fect of Rainfall

The effect of rainfall on OF process performance was studied
at Paris, Texas; Uica, Mssissippi; Ada, lahoma; and
Hanover, New Hanpshire [11, 7, 4]. In all of these studies,
it was observed that precipitation events occurring during
application did not significantly affect the concentration of

the major constituents in the runoff. However, the nass
di scharges of constituents did increase due to the increased
water volume from the storm events. In situations where

di scharge permts are based on mass discharge, discussions
with regulatory officials should be held to determne if
permts can be witten to reflect background I oadings
occurring as a result of rainfall runoff fromOF fields or to
al I ow hi gher mass di scharges during periods of high flowin
receiving waters. |In some cases, collection and recycle of
stormvat er nmay be necessary.
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6.2.9 Ef fect of Slope G ade

The effect of slope grade on treatnent performance has been
eval uated at several systens [2, 7, 8]. The conclusion from
all studies was that slope grade in the range of 2 to 8% does
not significantly affect treatnent performance when systens
are operated wthin the range of application rates reported
in Table 6-2.

6.2.10 Performance During Startup

A period of slope aging or acclimation is required foll ow ng
initial startup before process performance approaches sati s-
factory levels. During this period, the mcrobial population
on the slopes is increasing and sline layers are form ng.
The initial acclimation period may be as long as 3 to 4
months. |If a variance to allow discharge during this period
can not be obtained, provisions should be nmade to store
and/or recycle the effluent until effluent quality inproves
to the required |evel.

An acclimation period also should be provided follow ng
W nter storage periods for those systens in cold climtes.
Acclimation followng w nter shutdowmn should require |ess
than 1 nonth. Acclimation is not necessary follow ng shut-
down for harvest unless the harvest period is extended to
nore than 2 or 3 weeks due to inclenment weather.

6.3 Preapplication Treat nment

Preapplication treatnment before OF is provided to (1) prevent
operating problens with distribution systens and, (2) prevent
nui sance conditions during storage. Preapplication treatnent
to protect public health is not usually a consideration with
CF systens because public contact with the treatnent site is
usually <controlled and no crops are grown for human
consunpti on.

Except in the case of harnful or toxic substances from
industrial sources (see Section 4.4.3), preapplication
treatment of nunicipal wastewater is not necessary for the OF
process to achieve maxi mum treatnent. The OF process is
capabl e of renoving higher levels of constituents than are
normal |y present in municipal wastewater and maxi num use
shoul d be made of this renovating capacity. Consequently,
the | evel of preapplication treatnment provided should be the
m ni num necessary to achieve the two stated objectives. Any
additional treatnment, in nost cases, will only increase costs
and energy use, and, in sone cases, can inpair or reduce the
consi stency of process performance. Al gal solids have proven
difficult to renove from sone stabilization pond effluents
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and reduced nitrogen renovals have been observed wth
secondary effluents. These statenents do not inply that
existing treatnment facilities should not be considered for
use in preapplication treatnent.

The EPA has issued guidelines for assessing the |evel of
preapplication treatnent necessary for OF systens. The
gui delines are as foll ows:

1. Screening or comm nution--acceptable for isolated
sites with no public access.

2. Screening or conm nution plus aeration to control
odors during storage or application--acceptable for
urban | ocations with no public access.

Muni ci pal wastewater contains rags, paper, hair, and other
|arge articles that can blind and clog orifices and valves in
surface and sprinkler distribution systens. Conm nution is
generally not sufficient to elimnate clogging problens.
Fine screening or primary sedinmentation with surface skinm ng
IS necessary to prevent operating difficulties. For
sprinkler distribution systens, screen sizes should be |ess
than one-third the dianeter of the sprinkler nozzle. Static
inclined screens with 1.5 nm (0.06 in.) openings have been
used successfully for raw wastewater screening.

Git renoval is advisable for wastewaters containing high
grit loads. Git reduces punp life and can deposit in | ow
vel ocity distribution pipelines.

6.4 Design Criteria Selection

The princi pal OF design and operating paraneters are defined
in Section 6.1 and val ues used at existing systens are given
in Table 6-1. Traditionally, OF design and operation has
been an enpirical procedure based on a set of general guide-
i nes established through successive trials with the various
process paraneters at different OF systens. The guidelines,
as presented here, reflect successful construction and oper-
ation of full-scale systens, but the degree of conservation
i nherent in the guidelines has not been established. The
design criteria shown in Table 6-5 have been used at existing
OF systens during spring, sumer, and fall to achieve
ef fl uent BOD and suspended solids concentrations |ess than 20
ng/L, total nitrogen |less than 10 ng/L, ammoni a nitrogen | ess
than 5 ng/L, and total phosphorus less than 6 ng/L.
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TABLE 6-5
OVERLAND FLOW DESI GN GUI DELI NES

Hydraulic Application Application Application Slope
Preapplication loading rate, rate, period, frequency, length,
treatment cm/d m3/m-h h/d d/wk m
Screening 0.9-3 0.07-0.12 8-12 5-7 36-45
Primary sedimentation 1.4-4 0.08-0.12 8-12 5-7 30-36
Stabilization pond 1.3-3.3 0.03-0.10 8-18 5-7 45
Complete secondary 2.B-6.7 0.10-0.20 8-12 5-7 30~36
biological
6.4.1 Hydraul i ¢ Loadi ng Rate

Traditionally, hydraulic |oading rate has been used as the
princi pal OF design parameter. Current guidelines call for
hydraulic loadings rates to be varied with the degree of
preapplication treatnent as indicated in Table 6-5. For
systens operating year-round, the hydraulic |oading rates
general ly have been reduced during the winter to conpensate
for the reduction in BCD and nitrogen renoval efficiency when
soil tenperatures drop below 10 to 15 °C (50 to 59 °F) (see
Sections 6.2.1 and 6.2.3). Reductions in hydraulic | oading
rates during the wi nter have been sonewhat arbitrary and
gui delines are not well established. A 30% reduction from
summer rates has been used at the Ada system while a 50%
reducti on has been recomended at the Utica system

The performance of OF systens is dependent on the detention
time of the wastewater on the slope. The detention tinme is
inturn directly related to the application rate. Therefore,
it is possible to conpensate for |ower w nter tenperatures by
decreasing the application rate and increasing the
application period while maintaining the hydraulic | oading
rate constant. It is also possible to increase hydraulic
| oading rates for short periods, such as when a portion of
the system is shutdown for harvesting or repair, wthout
af fecting performance, by increasing the application period
and mai ntaining the application rate constant.

6.4.2 Application Rate

Design guidelines for application rates based on existing
systens are presented in Table 6-5. Values at the high end
of the range may be used during spring, sunmer, and fall

whil e values at the | ow end shoul d be used when soil tenper-
atures drop below about 10 °C or if nmaxinmm renoval
efficiency for any constituent is desired. These rates are
based on slope lengths in the range of 30 to 40 m (98 to 131
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ft). Application rates | ess than the m ni mrum val ues shown in
Table 6-5 may be difficult to distribute uniformy wth
surface distribution systens.

Hydraulic loading rate is related to application rate,
period, and the slope |length as shown in Equation 6-1.

L, = Ba_)sﬁfl (100 cm/m) (6-1)

wher e L, = hydraulic loading rate, cnd
R, = application rate, n¥/h-m
P = application period, h/d
S = slope length, m

The cal cul ation can be started in one of two ways:

1. Sel ect application rate, period, and slope length
and cal cul ate hydraulic | oading rate, or

2. Select application period, slope Ilength, and
hydraulic loading rate and cal cul ate application
rate.

6.4.3 Application Period

A wi de range of application periods has been used success-
fully, ranging fromjust a few hours to as high as 24 h/d.
The application periods that have been used nost frequently
in existing OF projects range between 6 and 12 h/d.

Use of design application periods of 12 h/d or less allows
nore operating flexibility during periods when parts of the
system nust be shutdown for harvest or repair. For instance,
if the design application period is 8 h/d, wastewater
normal Iy woul d be applied to one-third of the total |and area
at any given tinme assum ng a 24-hour system operation. | f
one-third of the system were shutdown for harvest, the
application period could be increased to 12 h/d on the
remaining two portions of the system and the entire flow
coul d be applied wi thout increasing the application rate.

Systens generally are designed to operate on a 24 hour basis

to mnimze |land requirenents. For small systens, it nay be
nore conveni ent or cost effective to operate only during one
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wor ki ng shift. In this case, the entire land area would
receive the full design daily wastewater flow during the 8
hour application period. Storage facilities would be
required to hold wastewater flow during the 16 hour nonoper -
ating peri od.

6.4.4 Appl i cation Frequency

A design application frequency of 7 d/wk is generally used to
mnimze |land area requirenents and elimnate or reduce

storage requirenents. There does not appear to be any
advantage in terns of process perfornmance to using |ess
frequent applications. For small systems wth storage

facilities, it my be nore convenient to use an application
frequency of 5 d/wk and shut down on weekends.

6.4.5 Constituent Loadi ng Rates

Hi storically, OF design and operation has not been based on
mass | oading rates of wastewater constituents such as BOD
suspended solids, and nitrogen. The rates used at existing
systens apparently are well below those that m ght affect
process performance, since no correl ations between process
performance and constituent |oading have been found.

6.4.6 Sl ope Length

In general, OF process performance has been shown to be
directly related to slope length and inversely related to
application rate (see Section 6.11). Thus, | onger sl ope
| engths should be used with higher application rates or,
conversely, shorter slope | engths should be used with | ower
application rates to achi eve an equi val ent degree of treat-
ment . The conbi nations of slope lengths and application
rates that are suggested for design are indicated in Table
6- 5.

The mnimum slope lengths indicated have been used wth
surface distribution systens or | ow pressure spray systens
that distribute the wastewater across the top of the sl ope.
Traditionally, |longer slope lengths (45 to 60 mor 150 to 200
ft) have been used with full-circle, high-pressure inpact
sprinkl ers. However, nearly all of the experience wth
i npact sprinkler OF distribution systens has been with high
strength food processing wastewater. There are no data to
indicate the need for Ilonger slope |engths when using
sprinklers to apply nunicipal wastewater. Wt hout such
information, the recomended mninmum slope length for
sprinkler distribution systenms is 45 m (150 ft) for part
circle sprinklers. For full circle sprinklers, the
recomended m ni mum slope length is the sprinkler dianeter
pl us about 20 m (65 ft).
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From a process control standpoint, it is desirable to have
all slopes approximately the sane | ength. However, this may
not al ways be possible due to the shape of the site bound-
aries or site topography. If slope length nust differ
substantially (>10 mor 33 ft) from the design value, then
the application rate used on these slopes nmay need to be
adjusted. For design, a first approximation to the adjusted
rate may be made by equalizing the hydraulic |oading rate on
all slopes. Equation 6-1 nmay be used to estinmate the neces-
sary application rate. Adjustment in the field during oper-
ation may be necessary to achi eve equival ent treatnent.

6.4.7 Sl ope Grade

Al t hough sl ope grades ranging fromless than 1%to 10 or 12%
have been used effectively for O experience has shown the
opti mumrange to be between 2 and 8% Sl ope grades | ess than
2% i ncrease the potential for ponding, while those greater

than 8% increase the risk of erosion. It has been shown
t hrough several studies that slope grades in the range of 2
to 8% do not affect process performance. Therefore, there is
no need to adjust slope length or application rate for

changes in slope grade within this range. Sl ope grades
greater than about 8% also increase the risk of short

circuiting and channeling and may require | ower application
rates or longer slope |lengths to achi eve adequate treatnent,

al though there are no performance data to confirmthis.

Al t hough there exi st some circunstances where natural ground
contours can provide the slope grade necessary for effective
treatnment, few sites offer conditions that are ideal for the
snmoot h sheet flow of water along the ground surface, which is
inportant to the OF concept. Therefore, it is alnost always
necessary to reshape the site into a network of sl opes that
conform to the length and grade guidelines outlined
previously. The grade of each slope is established by the
existing site conditions. For exanple, if the site has a
general slope grade of 4% the slope should also be shaped to

4% gr ades. If the site is very flat, 2% grades should be
used. If the site is quite steep, the slope grades shoul d be
reduced to 8% This procedure will mnimze the cost

required to reshape the site. Since natural grades can vary
considerably within the confines of a specific site, the
i ndi vidual OF slopes can vary in grade al though each should
be within the 2 to 8% range.

6.4.8 Land Requirenents
The area of land to which wastewater is actually applied is

termed slope area. In addition to the slope area, the total
|l and area required for an OF systemincludes |land for pre-
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application treatnent, adm nistration and mai nt enance

bui | di ngs, service roads, buffer zones (see Section 4.5.4.2),
and storage facilities. At existing systens, other area
requirenents (not including buffer zones or storage
facilities) have ranged from 15 to 40% of the sl ope area.

For systens where storage is provided, the slope area
requi rement may be cal cul ated using the foll ow ng equations.

Q(365 d/yr) + AvVg

AL = (6-2)
S 7 (Dg) (L) (104 m2/ha) (10-2 m/cm)
where A, = sl ope area, ha
AV, = net loss or gain in storage volune due to
preci pitation, evaporation, and seepage, n¥/ yr

Q= average daily flow, m/d
D, = nunber of operating days/yr
L, = design hydraulic loading rate, cmd

The value of aV, depends on the area of the storage
reservoir. Thus, the final design slope area nmust be deter-
m ned after the storage reservoir dinmensions are determ ned.

Conbi ning equations 6-1 and 6-2 allows calculation of A
based on application rate and slope | ength. Equations and 6-
3 can al so be used for systens with no storage since the term
AV;wi |1 then be equal to zero.

Q(365 d/yr) + AvVg

Bs = 10, (Ry (@) o)
S (104 m2/ha)
where A, = sl ope area, ha
Q= average daily flow, m/d
AV, = net storage gain or loss, nt /yr
D, = nunber of operating days per year
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R, = desi gn application rate, n¥/h-m

P desi gn application period, h/d
S

sl ope length, m

Equations 6-2 and 6-3 nmay al so be used for systens in warner
climates that operate year-round w thout reducing hydraulic
loading rates during the winter. As stated previously, it is
possi ble to conpensate for |ower renoval efficiency at |ow
soil tenperatures, wthout reducing hydraulic |oading rates,
by decreasing the application rate and increasing the
application period. This winter operating procedure wll
m nimze slope area requirenents and elimnate the need for
any w nter storage.

If lower hydraulic |oading rates are used during the w nter,
for a system operating year-round, the designer has two
al ternative approaches that may be used to determ ne the
slope area requirenments. Under the first alternative, slope
area requirenment is based only on the winter hydraulic | oad-
ing rate, in which case no winter storage will be required.
Under the second alternative, slope area would be based on
t he higher hydraulic |oading rates used during the rest of
the year, in which case a portion of the winter flow would
have to be stored. The first approach would result in
maxi mum | and area requirenents and conservative | oadings
during the warner periods of the year, but would elimnate
st orage requirenents. The second approach would mnimze
| and area requirenment but may require preapplication treat-
ment facilities for storage. An econom c analysis should be
performed to determne which alternative is nost cost-effec-
tive. |If storage facilities are going to be provided for
ot her reasons (see Section 6.5), then the second alternative
wi || probably prove nost cost effective.

Sl ope area requirenents using the first alternative may be
conmputed using the follow ng equation, assuming a 7 d/wk
application frequency:

_ 0
A, = e (6-4)
% (Lyy) (10% m2/ha) (1072 m/cm)

where A, = slope area, ha
Q, = average daily flow during winter, n¥/d

Lw = Winter hydraulic loading rate, cnmd
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Sl ope area requirenments using the second alternative may be
conput ed using the foll owm ng equati on:

(Q) (365 d/yr) + AVg

A =
S -
(L) (D) + (Lyg) (Dag) (104 m?/ha) (1072 m/em)
where A, = slope area, ha
Q = annual average daily flow, n¥/d

AV, = net gain or loss of water from storage, n¥/yr

Lw = Winter hydraulic loading rate, cnld

D,, = nunber of operating days at winter rate

L, = non-winter hydraulic loading rate, cmd

D, = nunber of operating days at non-winter rates

6.5 Storage Requirenents

Storage facilities may be required at an OF systemfor any of
the follow ng three reasons:

1. Storage of water during the winter due to reduced
hydraulic | oading rates or conpl ete shut down.

2. Storage of stormmater runoff to neet mass di scharge
l[imtations.

3. Equal i zation of incomng flows to permt constant

application rates.

Estimati ng storage volunme requirenents for the above reasons
is discussed in this section. Storage reservoir design
consi derations are discussed in Section 4.6. 3.

6.5.1 Storage Requirenents for Cold Weat her

Due to the limted operating experience with OF in different
parts of the country, cold weather storage requirenents are
not well defined. |In general, OF systens nust be shut down
for the winter when effluent quality requirenents cannot be
met due to cold tenperatures even at reduced application
rates or when ice begins to formon the slope. The duration
of the shutdown period and, consequently, the required stor-
age period wll, of course, vary with the Iocal climte and
the required effluent quality.
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In studies at the Hanover system a storage period of 112
days including acclimation was estinmated to be required when
treating primary effluent to BOD and suspended solids limts
of 30 my/L [4]. This estimate was reasonably close to the
130 storage days predicted by the EPA-I programusing 0 °0C
(32 °F) nean tenperature (see Section 4.6.2). For design
pur poses, the EPA-I or EPA-3 prograns nay be used to conser-
vatively estimate wnter storage requirenents for OF. A map
show ng estimted storage days from the EPA-1 program is
shown in Figure 2-5 and tabulated data are presented in
Appendix F. I n areas of the country bel ow the 40 day storage
contour, OF systens generally can be operated year-round.
However, w nter tenperature data at the proposed OF site
should be conpared with those at existing systens that
operate year-round to determne if all year operation is
f easi bl e.

Storage is required at OF systens that are operated year-
round but at reduced hydraulic loading rates during the

winter. The required storage volune for such systens can be
estimated using the foll ow ng equation:

Ve = (Q) (D) —(A) (Lw) (Ds) (102 ncm (6-6)
where V, = storage vol une, n?

Q, = average daily flow during winter, n¥/d

D, = nunber of days in wi nter period
A, = sl ope area,
L. = hydraulic loading rate during winter, cnmd

D,, = nunber of operating days in w nter period

The duration of the reduced |oading period at existing
systens generally has been about 90 days.

Unl ess the winter storage reservoir is an integral part of
the preapplication treatnment system the w nter storage
reservoir shoul d be bypassed during the warm season operation
to mnimze al gae production in the applied wastewater and to
m ni mze energy costs for prestorage treatnent. Stored water
should be blended with fresh incomng wastewater before
application on the OF sl opes.

6.5.2 Storage for Stormwater Runoff
In sone cases, discharge permts may allow discharge of
stormmater runoff fromthe COF systembut require nonthly mass
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di scharges for certain constituents to be within specified
limts. In such cases, stormwater runoff may need to be
stored and discharged at a later tinme when mass discharge
limts would not be exceeded. A procedure for estimating
storage requirenents for stormmater runoff is outlined bel ow

1. Determne the nmaximum nonthly mass discharge
allowed by the permt for each regulated
constituent.

2. Det erm ne expected runoff concentrations of regu-
| ated constituents wunder normal operation (no
precipitation).

3. Estimate nonthly runoff volunmes from the system
under normal operation by subtracting estinmated
monthly ET and percolation |osses from design
hydraul i ¢ | oadi ng.

4. Estimate the nonthly mass di scharge under normal
operation by multiplying the values from Steps 2
and 3.

5. Cal culate the allowable nass discharge of regu-

| ated constituents resulting from storm runoff by
subtracting the estimated nonthly mass di scharge in
Step 5 fromthe permt value in Step 1

6. Assuming that storm runoff contains the sane
concentration of constituents as runoff during
normal operation, calculate the volune of storm
runoff required to produce a nmass di scharge equal
to the value in Step 5.

7. Estimate runoff as a fraction of rainfall for the
particular site soil conditions. Consult the | ocal
SCS of fice for guidance.

8. Calculate the total rainfall required to produce a
mass discharge equal to the value in Step 5 by
dividing the value in Step 6 by the value in Step
7.

9. Determ ne for each nonth a probability distribu-
tion for rainfall anpbunts and the probability that
the rainfall anount in Step 8 will be exceeded.

10. In consultation with regulatory officials, deter-
m ne what probability is an acceptable risk before
stormrunoff storage is required and use this val ue
(Py) for design.
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11. St orage nust be provided for those nonths in which
total rainfall probability exceeds the design val ue
(Py) determned in Step 10.

12. Determ ne the change in storage volune each nonth
by subtracting the allowable runoff volume in Step
6 from the runoff volune expected from rainfal

havi ng an occurrence probability of P,. In nonths
when the expected storm runoff exceeds the
al l owable storm runoff, the difference wll be
added to storage. In nonths when all owabl e runoff
exceeds expected runoff, water is discharged from
st or age.

13. Determ ne cumul ative storage at the end of each
nmont h by adding the change in storage during one
month to the accunul ated quantity fromthe previous
nmont h. The conputation should begin at the start
of the wettest period. Cunulative storage cannot
be | ess than zero.

14. The required storage volune is the | argest val ue of
cunul ative storage. The storage volune nust be
adjusted for net gain or |loss due to precipitation
and evaporation (see Section 4.6.3).

|f stored storm runoff does not neet the discharge permt
concentration limts for regulated constituents, then the
stored water nmust be reapplied to the OF system The anount
of stored stormrunoff is expected to be small relative to
the total volune of wastewater applied, and therefore,
i ncreases in slope area should not be necessary. The addi -
tional water volune can be accommpdated by increasing the
application period as necessary.

6.5.3 Storage for Equalization

From a process control standpoint it is desirable to operate
an OF system at a constant application rate and application
period. For systens that do not have storage facilities for
ot her reasons, snmall equalizing basins can be used to even
out flow variations that occur in nunicipal wastewater
systens. A storage capacity of 1 day flow should be suffi-
cient to equalize flow in nost cases. The surface area of
basi ns should be mnimzed to reduce intercepted precipita-
tion. However, an additional half day of storage can be
considered to hold intercepted precipitation in wet clinates.

For systens providing only screening or primary sedi nentation

as preapplication treatnent, aeration should be provided to
keep the basin contents m xed and prevent anaerobic odors.
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The added cost of aeration, in nost cases, wll be offset by
savings resulting from reduced punp sizes and peak power
demands. The desi gner shoul d anal yze the cost effectiveness
of this approach for the systemin question.

6.6 Distribution

Wast ewat er distribution onto OF sl opes can be acconplished by
surface nethods, |ow pressure sprays, and high pressure

i npact sprinklers. The choice of system should be based on
the follow ng factors:

1. M nim zation of operational difficulties, such as
1 Uneven wastewater distribution onto the slopes

and the creation of short-circuiting and
channel i ng

Sol i ds accunmul ation at the point of
application

Physi cal damage due to mmi ntenance activities
and freezing

2. Capital, operating, and energy costs
6.6.1 Sur face Met hods

Surface distribution nmethods include gated alum num pipe
commonly used for agricultural irrigation (Section 4.7.2),
and slotted or perforated plastic pipe. Comercially avail -
abl e gated pi pe can have gate spaces ranging from0.6 to 1.2
m(2 to 4 ft) and gates can be placed on one or both sides of
the pipe (see Figure 6-2). A 0.6 m (2 ft) spacing is
recomrended to provide operating flexibility. Slide gates
rather than screw adjustable orifices are recomrended for
wast ewat er distribution. Gates can be adjusted manually to
achieve reasonably wuniform distribution along the pipe.
However, the pipe should be operated under | ow pressure, 1.5
to 3.5 NNcm (2 to 5 Ib/in.?), to achieve good uniformty at
the application rates recomended in Table 6-5, especially
with long pipe lengths. Pipe lengths up to 520 m (1,700 ft)
have been used, but shorter |engths are recommended. For
pi pe lengths greater than 100 m (300 ft), inline valves
shoul d be provided along the pipe to allow additional flow
control and isolation of pipe segnents for separate
oper ati on.
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FI1GURE 6-2
SURFACE DISTRIBUTION USING GATED PIPE FOR OF

Slotted or perforated plastic pipe have fixed openings at
intervals ranging from 0.3 to 1.2 m (1 to 4 ft). These
systens operate under gravity or very |low pressure and the
pi pe nmust be | evel to achieve uniformdistribution. Conse-
quently, such nethods should be considered only for snall
systenms having relatively short pipe |lengths that can be
easily | evel ed.

The princi pal advantages of surface systens are | ow capital
cost and | ow energy consunption and power costs. The major
di sadvantage wth surface systens is the tendency of
di scharge orifices to accunul ate debris and becone partially
pl ugged; Consequently, orifices nust be inspected regularly
and cleaned as necessary to nmaintain proper distribution
Anot her di sadvantage of surface systens is the potential for
deposition of solids at the point of application when
treating wastewaters with high concentrations of suspended
sol i ds. Deposition problens have not been reported wth
surface distribution systens applyi ng nmuni ci pal wast ewat er,
either screened raw or primary effluent, at conventiona
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hydraulic loading rates and application rates. However,
sol ids buildup has occurred when applying food processing
wastewater with solids concentrations >500 ng/L.

6.6.2 Low Pressure Sprays

Low pressure, 10 to 15 Ncnt (15 to 20 Ib/in. 3, fan spray
nozzl es nounted on fixed risers that distribute wastewater
across the top of the slope have been used successfully with
stabilization pond effluent (see Figure 6-3). However,
experience using this nmethod for screened raw wastewater has
been m xed. Preapplication treatnent with fine screens is
essential for this nethod to be used wth raw wastewater or
primary effl uent.

.-Vil' 2 :

FIGURE 6-3
DISTRIBUTION FOR OF USING LOW PRESSURE FAN SPRAY NOZZLES
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Low pressure fan nozzles nmounted on rotating boons were used
previously but found to require too much mai ntenance to be
practical .

6.6.3 Hi gh Pressure Sprinklers

Hi gh pressure, 35 to 55 Ncnf (50 to 80 Ib/in. 2), inpact
sprinkl ers have been used successfully with food processing
wast ewat ers cont ai ni ng suspended solids concentrations >500
nmg/ L. The position of the inpact sprinkler on the slope
depends on whether the sprinkler rotation is fullcircle or
hal f-circle and on the configuration of the slopes. Several
possi bl e sprinkler location configurations are illustrated in
Figure 6-4. Wth configuration (a), slope lengths in the
range of 45 to 60 m (150 to 200 ft) are required to prevent
spraying into runoff channels and to provi de sone downsl ope
di stance beyond the spray pattern. Use of half-circle
sprinklers, configurations (c) and (d), or full-circle
sprinkler in configuration (b) allows the use of slope
| engths |l ess than 45 m (Section 6.4.6).

The spacing of the sprinkler along the slope depends on the
design application rate and nust be determ ned in conjunction
with the sprinkler discharge capacity and the spray di aneter
The rel ationship between OF application rate and sprinkler
spaci ng and discharge capacity is given by the follow ng
equat i on:

-3 3
_ (Qg) (1077 m” /L) (3,600 s/h) (6=7)
(Sg)
where q = OF application rate, nf/h-m
Q = sprinkler discharge rate, L/s
S, = sprinkler spacing, m

The sprinkl er spacing should allow for sonme overlap of spray
di anet ers. A spacing of about 80% of the spray dianeter
shoul d be adequate for OF. Using the design OF application
rate and the above criteria for spray dianmeter, a sprinkler
can be selected from a manufacturer*s catal og. Spri nkl er
selection is discussed in Appendix E. Application rate can
be adjusted by regulating the sprinkler operating pressure.
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Sprinkler distribution systens are capable of providing a
uni formdistribution across the slope and distributing a high
solids load over a large area to avoid accunulation.
Qperator attention requirenents are expected to be less with
sprinkler systenms than with surface systens. D sadvantages
associated with sprinkler distribution include relatively
hi gh capital costs, high energy requirenments, and potenti al
short—eircuiting due to wind drift of sprays. Preapplication
treatment nust be sufficient to prevent nozzle clogging
(Section 6.3).

6. 6. 4 Buri ed Versus Aboveground System

Low pressure sprays and sprinkler systenms nmay have either
aboveground or buried piping. Surface piping generally has
a lower capital cost, but buried pipe has a |onger service
life and is not as susceptible to danmage from freezing or
harvesti ng equi pnent.

6.6.5 Aut omat i on

Both gravity and pressure distribution systens can be
automated to any degree that is desired. The val ue of
automation increases with the size of the system The
conponents required to effectively automate an OF system are
relatively sinple and trouble-free. Care should be exercised
to avoid over-designing an automatic control system The
primary objective is to allow the operator to program any
portion of the systemto operate at any time for any length
of time. Pneumatically or hydraulically operated di aphragm
val ves, tied into a centrally located control station, are
comonly used. A clock-tinmer systemcoupled with a liquid
| evel controller for the punping systemis usually adequate
to provide a satisfactory control system

6.7 Vegetative Cover
6.7.1 Veget ati ve Cover Function

A cl ose growi ng grass cover crop is essential for efficient
performance of OF systens. The cover crop serves the
follow ng functions in the process.

1. Erosion protection — <crop provides surface
roughness which acts to spread the water flow over
the surface and reduces the velocity of surface
flow thus hel ping to prevent channeling.

2. Support nedia for mcroorganisns - the biological
slinme | ayer that develops on the slope surface is
supported by the grass shoots and vegetative
litter.
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3. Nutrient wuptake - crop takes up nitrogen and
phosphorus whi ch can be renoved by harvesti ng.

6.7.2 Veget ati ve Cover Sel ection

An OF cover crop should have the foll ow ng characteristics:
perenni al grasses; high noisture tolerance; |ong grow ng
season; high nutrient uptake; and suited for the | ocal
climate and soil conditions.

A m xture of grasses is generally preferred over a single
speci es. The m xture should contain grasses whose growth
characteristics conplinment each other, such as sod farners
and bunch grasses and species that are dormant at different
tinmes of the year. Another advantage of using a mxture is
that, due to natural selection, one or two grasses will often
predom nate. One particular mxture which has been found to
be quite successful is Reed canarygrass, tall fescue, redtop,
dal | i sgrass, and ryegrass. In northern climtes,
substitution of orchardgrass for the redtop and dalli sgrass
is suggested. Although this m xture has proven effective in
a variety of climates, it is always best to consult with a
| ocal agricultural advisor when selecting a seed mx to neet
the criteria given above.

Salt sensitive plants, such as nobst varieties of clover

shoul d be avoi ded. Pure stands of grasses whose growh
characteristics are dom nated by a single seed stal k such as
Johnson grass, yellow foxtail, and nost of the grains should
be avoi ded. In the early stages of growh, these grasses
provide a quick and effective cover. However, as the pl ant
mat ures, the bottom | eaves w ther and di sappear, |eaving only
the primary seed stal k which eventually produces the grain
crop. When this happens, the value of these crops as OF
cover vegetation is greatly reduced. O course, crops having
| ow noi sture tol erance, such as alfalfa, should not be used.

6.8 Sl ope Construction
6.8.1 System Layout

The general arrangenent of individual slopes should be such
that gravity flow fromthe slopes to the runoff collection
channels and finally to the main collection channels wll be
possible. A grading plan should be prepared that will mni-
mze earthwork costs. Criteria for selecting slope grades
are given in Section 6.4.7. From an operational standpoint,
it is preferable to have the grading plan result in a single
final discharge point, occasionally, however, existing
terrain features will make a single point discharge inprac-
tical. In such cases, it is usually nore cost effective to
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create multiple discharge points (and nonitoring stations)
rather than attenpt to overcone the terrain constraints with
ext ensi ve eart hwork.

6.8.2 G adi ng Operations

Since the principle of smooth sheet flow down the slope is of
critical inportance to consistent OF process perfornmance,
appropriate enphasis nust be placed on the proper
construction of the slopes. Naturally occurring slopes, even
if they are within the required length and grade range

sel dom have the wuniform overall snoothness required to
pr event channel i ng, short-circuiting, and pondi ng.
Therefore, it is necessary to conpletely clear the site of
all vegetation and to regrade it into a series of OF slopes
and runoff collection channels. The first phase of the
gradi ng operation is commonly referred to as rough grading
and shoul d be acconplished within a grade tol erance of 3 cm
(0.1 ft). If a buried distribution systemis being used, the
rough gradi ng phase is generally followed by the installation
of the distribution piping and appurtenances.

After the slopes have been fornmed in the rough grading
operation, a farmdi sk should be used to break up the cl ods,
and the soil should then be snobothed with a | and pl ane (see
Figure 6-5). Usually, a grade tolerance of plus or mnus 1.5
cm (0.05 ft) can be achieved with three passes of the |and
pl ane. Surface distribution piping may be installed at this
st age.

Soil sanples of the regraded site should be taken and
anal yzed by an agricultural |aboratory to determ ne the
amounts of line and fertilizer that are needed. The
appropriate quantities should then be added prior to seeding.
A light disk should be used to elimnate any wheel tracks on
the sl opes as final preparation for seeding.

6.8.3 Seedi ng and Crop Establishnment
It has been found that a Brillion seeder is capable of doing
an excellent job of seeding the slopes. The Brillion seeder

carries a precision device to drop seeds between cul ti packer -
typer rollers so that the seeds are firnmed into shall ow
depressions, allowing for quick germnation and protection
agai nst erosion. Hydroseeding may al so be used if the range
of the distributor is sufficient to provide coverage of the
sl opes so that the vehicle does not have to travel on the
sl opes. Wien seeding is conpleted, regardl ess of the neans,
t here should be no wheel tracks on the sl opes.
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FIGURE 6-5
LAND PLANE USED FOR FINAL GRADING

It is inmportant to establish a good vegetative cover prior to
applying wastewater to the slopes. Good planning wll
mnimze the effort and cost required to achieve this. The
construction scheduling should be organized so that the
seedi ng operation is acconplished during the optinum peri ods
for planting grass in the particular project locality. This
is generally sometine during the fall or spring of each year.
During these periods, sufficient natural precipitation is
often available to devel op grow h. In arid and semarid
climates or whenever seed is planted during a dry period, it
may be necessary to irrigate the site wwth fresh water, if
wast ewater is unavail able, to establish the grass crop. In
t hese cases, a portable sprinkler irrigation system should be
used to provided irrigation water coverage over the entire
sl ope area, since use of the OF distribution system would
cause erosion of the bare slopes. It may be necessary to sow
additional seed or to repair erosion that may occur as a
result of heavy rains prior to the stabilization of the
sl opes.

As a general rule, wastewater should not be applied at design
rates until the crop has grown enough to receive one cutting.
Cut grass fromthe first cutting may be left on the slope to
help build an organic mat as long as the clippings are short
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(0.3 mor 1 ft); long clippings tend to remain on top of the
cut grass thus shading the surface and retardi ng regrow h.

6.9 Runoff Collection

The purpose of the runoff collection channels is to transport
the treated runoff and storm runoff to a final discharge
poi nt and allow runoff to flow freely off the slopes. The
collection channels are usually vegetated with the sane
speci es of grasses growi ng on the slopes and shoul d be graded
to prevent erosion. There are sone cases, however, where
additional construction is necessary. Sharp bends or steep
grades al ong runoff channels will increase the potential for
erosion, and it may be necessary to provide additional
protection in the form of riprap, concrete, or other
stabilizing agent at these points. Runoff channels should be
graded to no greater than 25% of the slope grade to prevent
cross flow on the slope.

In humd regions, particularly where the topography is quite
flat and the runoff channels have small grades, grass covered
channels may not dry out entirely. This may increase channel
mai nt enance probl ens and encourage nosquito populations. In
these cases, concrete or asphalt can be used or a nore
el aborate system i nvol ving porous drai nage pipe lying in the
channel beneath a gravel cover. It should be enphasized

however, that it is usually not necessary to go to these
lengths to obtain free-flow ng yet erosion-protected runoff
channels. Small channels are normally Vshaped, while major
conveyance channel s have trapezoi dal cross—sections.

In addition to transporting treated effluent to the fina
di scharge point, the runoff channels nust al so be capabl e of
transporting all stormwater runoff from the sl opes. The
channel s should be designed, as a mnimum to carry runoff
froma stormwith a 25 year return frequency. Both intensity
and duration of the storm nust be considered. A frequency
analysis of rainfall intensity nust be perforned and a
rainfall-runoff relationship developed to estimate the
flowate due to storm runoff that nust be carried in the
channels. The local SCS office can provide assistance in
performng this design. Ref erences [12, 13] can also be
consulted. In sonme cases, it may be desirable to provide a
perinmeter drainage channel around the OF site to exclude
offsite stormmvater fromentering the OF drai nage channel s.
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6. 10 System Moni tori ng and Managenent

The primary objective of the OF system is to produce a
treated effluent that is within the permt requirenents.
Therefore, a nonitoring program and a preventive mai ntenance
program are necessary to ensure continued conpliance with
di scharge requirenents.

6.10.1 Moni tori ng
6.10.1.1 | nfl uent and Effl uent

The influent and effluent nonitoring requirenents wll
usual ly be dictated by the discharge permt established for
the system by the regulatory authorities. An open channel
fl ow neasuring device (Parshall flunme, weir, etc.) equipped
with a continuous flow recorder is generally satisfactory for
monitoring the treated effluent. Mst types of portable or
per manent automatic sanplers can be used for sanpling.

6.10.1.2 G ound Wat er

The need to install ground water nonitoring wells wll

generally be determ ned by the regulatory authorities. In
certain cases, the authorities will also establish the nunber
and | ocation of nonitoring wells. | f those decisions are

left to the designer, however, it is advisable to consider a
m ni mum of two ground water nonitoring wells, one |ocated
upstream of ground water novenent through the treatnment site
which wll serve as a background well, and the second
i medi ately downstreamfromthe site to show any inpacts from
the treatnment operation.

6.10.1.3 Soils and Vegetation

Suggested nonitoring prograns for soils and vegetation given
in Sections 4.10.2 and 4.10.3 for SR systens are al so appli -
cable to OF systens. |If the vegetation on the treatnment site
is harvested and used for fodder, sanples may be taken at
each harvest and anal yzed for various nutritive paraneters
such as percent protein, fiber, total digestible nutrients,
phosphorus, and dry matter.

6. 10. 2 Syst em Managenent
6.10.2.1 Operation and Mai ntenance
Process control involves regulating the distribution system
to provide design application rates and application periods,

and adding water to and rel easing water from storage at the
appropriate times (see Section 6.4 and 6.5). A routine
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operation and maintenance schedule should be followed
including a daily inspection of system conponents (punps,
val ves, sprinklers, distribution orifices on surface systens,
floweters). Application rates and periods shoul d be checked
and maintained within design [imts.

6.10.2.2 Crop Management

After the cover crop has been established, the slopes wll
need little, if any, maintenance work. It will, however, be
necessary to now the grass periodically. A few systens have
been operated without cutting, but the tall grass tends to
interfere with mai ntenance operations. Normal practice has
been to cut the grass two or three times a year. As
mentioned previously, the first cutting may be left on the
sl opes. After that, however, it is desirable to renove the
cut grass. The advantages of doing so are that additional
nutrient renoval is achieved, channeling problens may be nore
readi |y observed, and revenue can sonetinmes be produced by
the sale of hay. Depending on the |ocal narket conditions,
the cost of harvesting can at | east be offset by the sale of
hay.

Sl opes nust be allowed to dry sufficiently such that now ng
equi prent can be operated wi thout |eaving ruts or tracks that
will later result in channeling of the flow The drying tinme
required before nmowing varies wth the soil and climatic
conditions and can range froma few days to a few weeks. The
downtine required for harvesting can be reduced by a week or
nore if green-chop harvesting is practiced instead of now ng,
raki ng, and baling. However, |ocal markets for green-chop
must exist for this nethod to be feasible.

It is coomon for certain native grasses and weeds to begin
growi ng on the sl opes. Their presence usually has little
i npact on treatnent efficiency and it is generally not
necessary to elimnate them However, there are exceptions
and the |ocal extension services should be consulted for
advi ce.

Proper managenent of the slopes and the application schedul e
wll prevent conditions conducive to nosquito breeding.
O her insects are usually no cause for concern, although an
i nvasi on of certain pests such as arny worns nmay be harnfu

to the vegetation and may require periodic insecticide
appl i cation.
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6.11 Alternative Design Mthods

Recently, two rational nethods have been devel oped for
determning OF design criteria. One, based on detention tine
on the slope, was developed at the U S. Arny Cold Regions
Research and Engi neering Laboratory (CRREL) [14]. The ot her,
based on sl ope distance and application rate was devel oped at
the University of California, Davis [15] . Both approaches
have been validated with results from ot her studies and have
been used for prelimnary or pilot scale design of OF
systens. A design exanple conparing the traditional
enpirical approach with these two nethods can be found in
Appendi x C.

6.11.1 CRREL Met hod
6.11.1.1 Method Description

The basis of the CRREL nethod is a relationship between
detention tinme and mass BCOD reduction using performance data
fromthe CRREL system and validated with data fromthe Ui ca
and University of California, Davis, systens. Wth this
rel ati onship, the required detention tinme can be cal cul ated
for a specified mass BOD reduction. This detention tinme is
then used in an equation which relates detention tine, slope
| ength, and sl ope grade to application rate. Thus, for an CF
slope with a given length and grade, the required application
rate can be determned for a specified detention tine or,
indirectly, for a specified BOD reduction. The application
rate is then used to calculate. the required | and area.

6.11.1.2 Design Procedure
1. Cal cul ate detention tine.

The rel ati onship between detention tine and mass BOD reduc-
tion is expressed as:

E=(1—Ae")100 (6-8)
where E = percent mass BOD renova
A = nonsettleable fraction of BOD in applied
wast ewat er (constant = 0.52)
K = average kinetic rate constant (0.03 mnt)
t = detention tine, mn
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2. Cal cul ate average OF rate.

The average OF rate needed to obtain this required detention
time is calculated using the foll ow ng equation:

q = (0.078S)/(G'3t) (6-9)

where q = average OF flowate (Gapplied + %unoff’”? myh~m
of slope width

| ength of section, m
G = slope of section, nim

t = detention tinme, mn

To use Equation 6-9, section length (S) and section slope (G
must first be determned by an investigation of the proposed
site. This investigation should yield a section with Iength
and w dth dinmensions and with a specific section slope which
will be used when determ ning area requirenents. Actually,
nore than one section size can be selected if the topography
of the site is such that less |land form ng would be required
if the site were not conposed of uniform sections. Equation
6-9 woul d then be used with the paraneters from each section
to determ ne the average OF rate for each section.

3. Cal cul ate application rate.
The follow ng equation is used to determ ne the application
rate for each section:

Q=qgwr (6-10)

where Q = application rate, n¥/ h per section

average OF flowate [Qappiied *

q
qrunoff] /21 rﬁ/hm

w = width of section, m

,
I

(1.0 + runoff fraction)/2

The runoff fraction is the fraction of the applied waste-
wat er which reaches the runoff collection ditches. The
runoff fraction nust be assuned in order to use Equation 6-
10. The runoff fraction ranges fromO0.6 to 0.9 dependi ng on
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the perneability of the soil and evaporation | osses.
4. Cal cul ate annual | oading rate.

The annual loading rate (n¥ /yr) nust be determ ned for each
section. To do this, the nunber of days of application per
year nust be calculated and the application period nust be
sel ect ed. G ven these values and the |oading rates, the
annual | oading rates for each section can be cal cul at ed.

5. Cal cul ate total annual water vol une.

An estimate of the volune of precipitation m nus evapotrans-
piration that will collect in the storage or preapplication
treat nent basin nmust be made and added to the annual waste-
wat er volunme to obtain the total annual water vol une.

6. Cal cul ate | and area requirenents.

The nunber of sections are calcul ated using the total annual
wat er volune and annual application rate to each section
However, the nunber of sections of a particular size may be
determ ned by physical constraints at the site. The | and
requirenment is now calculated by nultiplying the nunber of
sections of each particular size by its area.

6.11.2 University of California, Davis, (UCD) Method
6.11.2.1 Method Description

The basis for the UCD nethod is a nodel which describes BOD
removal as a function of slope |ength and application rate,
where the application rate has the units m /hm of slope
wi dth. This nodel was devel oped using performance data from
the UCD system and was substantiated using data from the
CRREL system By knowi ng the influent BOD requirenents, the
nodel can predict either the required slope length or
application rate, once the other paraneter has been fixed.
Once both paraneters are known and a design daily flowate is
given, the area requirenents can be determ ned.

6.11.2.2 Design procedure
1. Determ ne sl ope length or application rate.
Either slope length or application rate can be cal cul at ed,
once the other paraneter has been fixed, using the follow ng
equat i on:

GG = A[(-KS/(q"] (6-11)
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where C, = concentration BOD at point S, ng/L

G = initial BOD concentration, ng/L

A = constant = 0.72

K= rate coefficient (constant = 0.01975 ni h)
S = distance downsl ope, m

g = application rate, n¥/h-m sl ope w dth

n = exponent (constant = 0.5)

Site conditions may dictate the allowable slope length, in
whi ch case slope length would be the independent paraneter
and application rate would be the conputed paraneter. | f
slope length is not restricted, then application rate should
be used as the independent paraneter. Currently, the nodel
is valid in the range of 0.08 to 0.24 m/hem and so the
application rate selected for a design should be within this
range.

The effect of water | oss due to evaporation and percol ation
is incorporated into the rate coefficient (K). Significant
changes in the value of K are not expected as a result of
changes in water |osses normally experienced with OF systens.
Additional field testing is necessary to confirmthis.

2. Sel ect an application period.

See Section 6.4.4 for a discussion on selecting an applica-
tion period.

3. Conmpute the average daily flow to OF system

To conpute the average daily flowate, the application season
(days of application per year) nust be calculated. Al so, the
vol une of precipitation mnus evapotranspiration that wll
collect in the storage basin or preapplication treatnent
basin nust be estinmated. Wth this information and the
average daily wastewater flowate, the average daily flowto
the OF system can be cal cul at ed.

4. Conmpute the required wetted area.

The wetted area is conputed using the follow ng equation:

Area = QS/gP (6-12)
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wher e = average daily flowto the OF system n¥/d

Q

S = slope length, m

q = application rate, n¥/ h-m
P

= application period, h/d

6.11. 3 Conparison of Alternative Methods
Al t hough the CRREL and UCD equations appear different, the
basi ¢ approach and calculation nethod are quite simlar

Conmbi ni ng and rearrangi ng Equations 6-8 and 6-9 from the
CRREL net hod produces:

M/ M = 0.52e(-0.00234S)/ ( G'3q) (6-13)

wher e

mass of BOD at point S, kg

ass of BOD at top of slope, kg

sl ope length, m

M
M
S
G = sl ope grade, mm
q

average overland flow, n¥/ h-m

This is quite simlar to the UCD Equation 6-11:

C./GC, = 0.72e(-0.0l 9755/ q° ) (6-14)

Al ternms are defined previously.
The major differences in these two rational approaches are:

1. Use of slope grade as a variable in CRREL equation
and not in UCD equati on.

2. Use of mass units in CRREL equation and concen-
tration units in UCD equation.

3. Val ue of exponents and coefficients.
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CHAPTER 7
SMALL SYSTEMS

7.1 Introduction

The procedures in this chapter are intended primarily for
systens with wastewater flows of 950 m/d (250,000 gal/d) or
| ess, but, in sone situations, nmay be used for flows up to
3,785 m/d (1 Mal/d). The objectives for land treatnent
systens are the sane regardless of the community size.
However, the design of small systens shoul d include special
enphasis on the ease of operation and on mnimzing
construction and operating costs. Mst comunities in this
size range cannot hire full-tinme treatnent plant operators,
and the treatnent system nust be capable of providing
consistent, reliable treatnent in the absence of frequent
attention. In general, nost treatnent systens that neet
t hese obj ectives are nonnechani cal and have no di scharge to
surface waters.

The procedures described in this chapter can be used to
stream ine Phase 1 of the planning process. Limted field
wor k shoul d be conducted during phase 2 to verify Phase 1
assunptions and to optimze design criteria, particularly
when designing Rl systens. \When nore detail ed planning or
desi gn procedures are needed, the engineer should refer to
Chapters 4, 5, and 6.

7.2 Facility Planning

The procedures for planning and design of small systens are
simlar to, but less detailed than, the requirenents for
large facilities. Maxinmumuse is nade of |ocal expertise and
exi sting published information. The area Soil Conservation
Service (SCS) staff, the county agent, and | ocal farnmers can
all provide assistance and advice. The types of information
that shoul d be obtained fromthese | ocal or published sources
are summari zed in Table 7-1. The | evel of detail and the
period over which data have been recorded wll vary with the
comunity.

7.2.1 Process Consi derati ons

Any of the three major |and treatnent processes (SR, R, and
CF) or conbi nations of these processes are suitable for small
communities. Seepage ponds have been used successfully in
many snmall comunities and are simlar to R in that
relatively high hydraulic l|oading rates are used and
treatment occurs as wastewater percolates through the soil.
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The primary difference is that seepage ponds are | oaded
continuously, whereas RI systens use a |oading cycle that
i ncludes both application and drying periods, resulting in
i nproved treatnment and maxinumlong-terminfiltration rates.
O her processes, including conplete retention and controlled
di scharge pond systens, also have potential for snall
communities. Information on these pond systens can be found
in the EPA Process Design Mnual for Wastewater Treatnent
Ponds [1].

TABLE 7-1
TYPES AND SOURCES OF DATA REQUI RED FOR DESI GN
OF SMALL LAND TREATMENT SYSTEMS

Type of data Principal sources

Wastewater quantity and quality Local wastewater authorities

Soil type and permeability SCS so0il survey

Temperature (mean monthly and SCS soil survey, NOAA, local airports,
growing season) newspapers

Precipitation (mean monthly, SCS soil survey, NOAA, local airports,
maximum monthly) newspapers

Evapotranspiration and SCS soil survey, NOAA, local ai;ports, ]
evaporation (mean monthly) newspapers, agricultural extension service
Land use SCS soil survey, aerial photographs from

the Agricultural Stabilization and
Conservation Service, and county assessors'
plats

Zoning Community planning agency, city or county
zoning maps

Agricultural practices SCS soil survey, agricultural extension
service, county agents

Surface and ground water State or EPA
discharge reguirements

Ground water (depth and guality) State water agency, USGS, drillers' logs
of nearby wells

Design features, site characteristics, and renovated water
quality of the three mgjor l|and treatnent processes are
summarized in Tables 1-1, 1-2, and 1-3. CGeneral charac-

teristics of small |and treatnent systens are summarized in
Table 7-2. This table should be used as a guide to process
sel ecti on. Final criteria should be determ ned during

facilities design.
7.2.1.1 Operation and Omership Alternatives

Smal | systens nay be owned and operated by a municipality or
wastewater authority, although nunicipal ownership and
operation are not always necessary. In all cases, overal

syst em managenent should be under the control of the mnuni-
ci pal agency held responsible for performance. Qpportunities
often exist, and should be sought, for contractual agreenents
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with local farnmers to take and use partially treated
wastewater for irrigation and other purposes. By taking
advantage of such agreenents, a comunity can avoid
i nvestnents in equipnent and | and, and can elimnate the need
to hire and train new enpl oyees.

TABLE 7-2
GENERAL CHARACTERI STI CS OF SMALL
(<950 n¥/d OR <250, 000 gal/d) LAND TREATMENT SYSTEMS

Minimum ] ) .
preapplication Application torage

Process treatment Crops Appfication season schedule requirements
Slow rate Annuals Growlng season 8 h, 1 d/wk See Figure 2-5
i 3-5 months)
Surface Primary { i i ,es
application Perennials Year-round with 8 h, 1 d/wk See Figure 2-
; or double exception of down-
Sprxpkle; Ponds cropping time for planting,
application harvesting,
maintenance, and
cold-weather
storage if necessary
Rapid Primary Not Year-round 2 d applica;ion, 7-30 d fqr
infiltration applicable 10-18 4 drying emergencies
Overland Screening and Perennial Year-round with 8-12 h/d, See Figure 2-5
flow comminution grasses exception of down- 5-7 d/wk

time for planting,
harvesting,
maintenance, and
cold-weather

storage if necessary

Arrangenents between local farnmers and comunities can
i nvol ve any of several alternatives. For exanple, the
community can provide partially treated wastewater to a
farmer, who is then responsible for all conponents of the
| and treatnent process. Alternatively, the comunity my
provide and maintain irrigation equipnent that is used by a

farmer who is responsible for all farm ng operations. I n
either case, the farner agrees to take a predeterm ned anount
of water each year to use on his own |[and. A third

alternative is for the community to purchase or |ease |and
and equi pnment for land treatnent and assune responsibility
for all aspects of the system except planting, cultivating,
and harvesting. These three tasks are acconplished by the
| ocal farmer on a contractual or crop sharing basis.

Land used for wastewater application either can be purchased
outright (fee-sinple acquisition) or |eased on a |long-term
basis. Long-term/leases should include the itens summari zed
in Table 2-15. Gant eligible costs of a long-term|ease are

paid to the community in a lunp sum at the beginning of the
| easing term
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Contractual arrangenents between local farnmers and com
muni ties should specify the foll ow ng:

1 The duration of the agreenent.

1 Projected quality of water that will be delivered
to farners.

Any limts on application rates, buffer zones, or
runoff control

Any imtations on crop types due to |local or state
requirenents.

Cost to local farmer and/or comunity.
1 Met hod and tim ng of paynents (generally annual).
1 Met hod of transferring contract.

Arrangenents between | ocal farmers and conmunities are nost
practical when forage grasses or grazing aninmals are
i nvol ved, since there is |less constraint on application of
wast ewater in years of high rainfall. O her agricultura

crops with shorter growi ng seasons or which are |l ess water
tol erant than forage grasses nay require additional storage
or other considerations. Mst arrangenents have involved SR
syst ens. Overland flow systens normally are owned by the
comunity to ensure control over system operation. However,

contract harvest of OF grasses is advantageous in comunities
that | ack the necessary equi pnent and experti se.

Rapid infiltration systens also tend to be nunicipally owned
and operated to ensure control over the wastewater treatnent
pr ocess. No crops are involved; thus, the only potenti al
agreenents between farmer and comunity are for |and | easing,
property easenents, or use of recovered water

7.2.1.2 Wat er Rights Consi derations

In the western states, water rights nust be considered

Return of renovated water, including OF runoff and SR and R

percol ate, to the original point of conunity di scharge may
be necessary. Sonetines, R basins can be |ocated so that
seepage and subfl ow proceed directly to the stream or water
body (Figure I-2c; Section 5.7.1) that received discharge
fromthe previous system The local water rights situation
shoul d be checked with the state agency in charge.
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7.2.1.3 Preapplication Treat nent

Most land treatnment systens include a preapplication
treat ment step. In small communities, wastewater storage
often is provided in the preapplication treatnent process.
The use of existing treatnent facilities may reduce the
capital cost of a land treatnent system but may necessitate
construction of separate storage facilities.

Preapplication treatnment facilities should be as close to the
application site as the topography, |and availability, and
systemobj ectives allow. Mst existing treatnment facilities
serving small communities are located at a relatively |ow
elevation to allow a gravity sewer system Thus, if existing
facilities are used, it probably will not be possible to
| ocate the application site near the preapplication treatnent
system Instead, it is often necessary to punp the partially
treated wastewater to the application site.

7.2.1.4 Staffing Requirenments

Staffing requirenents depend on the types of preapplication
treatnment and land treatnent, the size of the system and
whet her the community or a farmer operates the | and treatnent
portion of the system Staffing requirenments for rmunicipally
owned and operated systens are presented in Figure 2-9.
Staffing requirenents at a variety of smaller systens are
shown in Table 7-3.

7.2.2 Site Sel ection

Before a conmmunity can begin the site selection process, it
must be able to estimate the anobunt of land that a |and
treatment system wll require. Approxi mate |and area
requi renents have been plotted as a function of average
design flow for each of the three mmjor types of |[|and
treatnent in Figure 7-1. Although land area estinmates are
shown only for flows of 950 n¥/d (250,000 gal/d) or |ess,
| and requirenents for flows of up to 3,785 n¥/d (1 Mal/d)
can be extrapol ated fromthe curves.

In addition, for SR application periods between 6 and 12
nmont hs per year, |land area requirenents can be interpol ated
fromthe two SR curves. For OF application periods greater
than or less than 10.5 nonths per year and RI application
periods less than 12 nonths per year, |and area requirenents
can be extrapolated fromthe OF and Rl curves, respectively.
Figure 7-1 can be used to determ ne what size site to search
for during the site selection process, but should not be
used for design purposes. Final land requirenents wll vary
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with the crop grown, site characteristics, and whether the
site is operated by the comunity or a |local farner.

TABLE 7-3
TYPI CAL STAFFI NG REQUI REMENTS
AT SMALL SYSTEMS

Municipal staff requirements

Pre- Land
1980 flow application treatment Annual

—_— components, components, total,
Location mdza gal/d Site use Site control man-days/yr man-days/yr man-days
Chapman, 66 17,400 Grass (RI) City - -- <1652
Nebraska
Falkner, 106 28,000 Grasses (OF) City <89 <93 <182
Mississippi
Kennett 190 50,000 Forest City 130 68 198
Square,
Pennsylvania
Ravenna, 275 72,000 Open, un- City 68 7 75
Michigan cultivated

fields
Santa Anna, 285 75,000 Alfalfa, Farmer owns, 54 46 100
Texas grass, city operates
pasture equipment
Wayland, 950 250,000 Hay, corn City owns, 104 68 172
Michigan farmer
harvests

Winters, 1,130 297,000 Hay Farmer owned 52 0 52
Texas

Note: Preapplication treatment by ponds.
a. Includes labor spent maintaining three pumping stations in collection system.

The site selection process can be divided into parts: site
identification and site screening (Sections 2.2.4 and
2.2.5). In small comunities, the first step in identifying
potential land treatnent sites is to determ ne whether any
of the local farners are wlling to participate in a |land
treatment project or are interested in selling or |easing

property for a land treatnent site. Questionnaires and
meetings with local groups can be particularly hel pful when
maki ng this determ nation. If one or nore farnmers are

interested in participating and have enough |land to take and
use the wastewater, or are interested in selling or |easing

enough property for a Jland treatnent site, site
i nvestigation can begin. If the local farners are not
interested or if the interested farnmers do not have enough
suitable land, it will be necessary to identify and screen

pot enti al sites using existing soils, t opogr aphi cal
hydr ogeol ogi cal, and | and use data. The identification and
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screening processes are detailed in Chapter 2; only the
hi ghlights are presented in this chapter.

As discussed in Section 2.2.4, existing data can be used to
classify broad areas of |and near the community according to
their land treatnment suitability. Factors that should be
consi dered include current and planned | and use, parcel size,
t opogr aphy, present vegetative cover, susceptibility to
fl oodi ng, soil texture, geol ogy, distance fromthe area where
wast ewat er i s generated, and need for underdrai nage (based on
recommendati ons of |ocal SCS representative). Cenerally, the
characteristics of the closest suitable site wll greatly
i nfluence the selection of the land treatnent systemtype to
be designed. The detailed rating factor approach in Chapter
2 is usually unnecessary because economcs will limt the
nunber of sites that can be consi dered.

7.2.3 Site Investigations

As in larger coomunities, field investigations are conducted
to verify any data used to select sites and to verify overal
land treatnent suitability. However, the |evel of effort
needed to conduct site investigations in smaller communities
is much lower. In smaller communities, it is nore practical
to conduct mninmal field investigations and assune rel atively
conservative design criteria than to conpl ete the extensive
and expensive investigations needed to pinpoint optinma
design criteria.

CGenerally, soils information available from the area SCS
office and limted field observations will yield sufficient
information for nost SR and OF system designs. The first
step in the site investigation procedure should be to visit
the potential site wth a local SCS representative. The
primary purpose of these site visits is to confirmthe data
used to identify and select suitable sites. A few, shall ow,
hand- auger borings to identify the soil profile should be
conducted to confirmthe SCS data and check for inperneable
| ayers or shallow ground water. Infiltraton tests (see
Section 3.4.1) are usually only needed for R sites. For R
sites, a few backhoe pits to 3 m (10 ft) or nore are also
recommended, but drill holes are wusually deferred until
prelimnary design

If crops wll be grown, a site visit with the county agent or
| ocal agricultural or forestry advisor is recommended. The
purpose of this site visit is to obtain advice on the type of
crops to use and on crop managenent practices.
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7.3 Facility Design

Because only Iimted field investigations are conducted in
small communities, it is inportant to use conservative design
criteria. The application schedules and storage requirenents
presented in Table 7-2 are exanpl es of conservative criteria.
Ot her design criteria that nust be identified include the
| evel and type of preapplication treatnent and storage, the
| and area required, wastewater |oading rates and schedul es,
and punpi ng needs and other nechanical details. Land area
requirenents are estimated during the planning process and
are refined as the hydraulic l|oading rate, nethod of
preapplication treatnent, and storage requirenents are
defined nore precisely.

7.3.1 Preapplication Treatnent and Storage

EPA gui dance on m nimum | evel s of preapplication treatnent is
summari zed in Table 7-4.

TABLE 7-4
RECOMVENDED LEVEL OF
PREAPPLI CATI ON TREATMENT

Type of land Recommended
treatment Situation preapplication treatment

Slow rate Isolated location; restricted public Primary.
access; crops not for human consumption.
Controlled agricultural irrigation; Biclogical (ponds or in-plant
crops not to be eaten raw by humans. processes) with control of fecal

coliforms to <1,000 MPN/100 mL.

Public access areas such as parks, Biological (ponds or in-plant
golf courses. processes) with disinfection to

log mean fecal coliforms of
£200 MPN/100 mL.

Rapid Isolated location; restricted public Primary.

infiltration access.
Urban location; controlled public Biological (ponds or in-plant
access. processes) .

Overland flow Isolated site; no public access. Screening or comminution.
Urban location; no public access. Screening or comminuticon with

aeration to control odors during
storage or application.

In small communities, ponds are usually the nost practical
form of preapplication treatnent and storage. They are
relatively easy to operate, require mninmal maintenance, are
| ess expensive than many types of treatnment, and elimnate
the need for separate storage facilities. Al t hough sone
communities wll want to use or upgrade other existing
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facilities for use as preapplication treatnent facilities,
many small communities will find it advantageous to convert
to pond systens because of their consistency, reliability,
flexibility, ease of operation and mai ntenance, and cost.

Cenerally, ponds are constructed with one to three cells. In
a three-cell system the first cell is usually small and may
be aerated to control odors. Alternatively, if sufficient
land is available, the first cell may be designed as a
facultative cell with a BOD | oadi ng of about 120 kg/ had (107
| b/acre-d). The water level in this cell is usually constant
and can be controlled wth an adjustable overflow weir or a
gated manhole. The final cells can be used for storage and
fl ow equalization. For this reason, these two cells are nade
as deep as possible. Typical design paraneters for several
types of ponds are presented in Table 7-5.

TABLE 7-5
TYPI CAL DES|I GN PARAMETERS FOR SEVERAL
TYPES OF PONDS [ 2]

Aerobic Facultative Anaerobic

Pond size (individual <4 1-4 0.2-1
cells), ha

Detention time, d 10-40 7-30 20-50
Depth, m 1-1.5 1-2.5 2.5-5
BODg loading, kg/ha*d 40-120 15-200 200-500
BODg removed, % 80-95 80-95 50-85
Effluent suspended 80-140 40-100 80-160

solids, mg/L

1 ha = 2.47 acres
1m = 3.28 ft
1 kg/ha-d = 0.893 lb/acre-d

An additional benefit of wusing ponds is that the |ong
detention tines (30 days or nore) pronote nitrogen renova
and pathogen inactivation, prelimnary nodels to estimate
ni trogen and bacterial renovals in ponds are given in Section
4.4. 1.

7.3.2 Hydraul i ¢ Loadi ng Rates
The first step in designing the land treatnent portion of the
systemis to select a hydraulic |oading rate. As an initial

assunption, the hydraulic loading rate for SR and Rl systens
is based on the nost imting SCS perneability classification
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of the soils at the selected site. Hydraulic |oading rates
that may be used in each of the three major types of I|and
treatment systens have been plotted as a function of SCS
perneability classification in Figures 7-2 and 7-3. Bot h
figures represent average hydraulic |oading rates. ILn
Figures 7-2 and 7-3, whenever a range of l|loading rates is
given, the lower end of the range should be used for prinmary
effluents, the md zone for pond effluents, and the upper
portion of the range for secondary effluent. Lower | oading
rates than shown in Figures 7-2 and 7-3 can be used but w |
require nore land. If OF is used to polish trickling filter
or activated sludge effluent, loading rates of 30 to 40 cm wk
(12 to 16 in./wk) can be used.

Loading rates at SR and Rl systens that overlie potentia
drinking water aquifers may be limted by nitrogen |oading
rather than soil perneability. At these systens, the ground
wat er concentration of nitrate is limted to 10 ng/L as
nitrogen at the project boundary (or the background nitrate
concentration, if it is greater than 10 ng/lL). Rapi d
infiltration systenms should not be |ocated above drinking
wat er aquifers unless thorough field testing is conducted to
verify that the nitrate standard can be net or unless the
renovated water will be recovered (Sections 5.4.3.1 and 5.7).

7.3.2.1 Slow Rate
For SR systens |ocated above drinking water aquifers, the

foll ow ng equation should be used to cal cul ate the maxi num
al l owabl e nitrogen | oading rate based on nitrogen limts:

Lw(n) _ Cp(Pr - ET) + 10U (7_1)
(L - £)(Cp - Cp7
where Ly, = wastewater hydraulic |oading rate based
on nitrogen limts, cmyr (in./yr)
G, = percolate nitrogen concentration, ng/L =
10 ng/L

Pr = precipitation rate, cmyr (in./yr)
ET = evapotranspiration rate, cnmyr (in./yr)

U= crop nitrogen wuptake rate, kg/ha-yr
(I b/acre-yr)
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HYDRAULIC LOADING RATE, m/y
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f = fraction of applied nitrogen renoved by
vol atilizaton, denitrification, and
storage = 0. 15

C, = nitrogen concentration in appl i ed
wast ewater, ng/L

Conservative val ues shoul d be assuned for nitrogen | osses and
crop uptake rates to ensure adequate nitrogen renoval. For
this reason, nitrogen storage and ammoni a volatilization are
ignored in Equation 7-1 and the denitrification rate is
assuned to equal 15%of the nitrogen |oading rate. N trogen
| osses during preapplication treatnent depend on the type of
treatment. For conventional primary or secondary treatnent,
nitrogen loss is negligible. As discussed in Section 4.4.1,
the nitrogen loss in a pond can be estinmated from Equation 4-
1.

Conservative nitrogen uptake values are presented for typical
crops in Table 7-6.

TABLE 7-6
NI TROGEN UPTAKE RATES FOR SELECTED CROPS*

Nitrogen uptake

Crop rate, kg/ha-yr
Forage
Alfalfa 300
Bromegrass 130
Coastal bermudagrass 400
Kentucky bluegrass 200
Quackgrass 240
Reed canarygdrass 340
Ryegrass 200
Sweet clover 180
Tall fescue 160
Field
Barley 70
Corn 180
Cotton 80
Milomaize (sorghum) 90
Potatoes 230
Soybeans 110
Wheat 60

a. Values represent lower end of ranges
presented in Table 4-12 and are
intended for use in Equation 7-1.

1 kg/ha+d = 0.893 lb/acre-d
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The calculated value from Equation 7-1 of Ly, is then
di vided by the nunber of weeks per year of expected operation
and conpared with the hydraulic |oading rate obtained from
Figure 7-2. At this point, the engineer should check with
the local agricultural or forestry adviser to verify that the
selected crop is tolerant of the |ower of the two cal cul ated
| oadi ng rates. If so, the lower of the two |oading rates
shoul d be used for design purposes. If the selected crop
cannot tolerate the design |oading rate, a crop wth higher
noi sture tol erance or nitrogen uptake shoul d be sel ected.

In small comunities, the application schedules presented in
Table 7-2 are recormended. Again, if a farner agrees to take
and use the wastewater on his own |and, he may continue to
use any application schedule that has resulted in a well-
managed agricultural system

7.3.2.2 Rapid Infiltration

Hydraulic loading rates for small R systens can be estinmated
using Figure 7-3. The perneability of the nost restricting
soil layer in the soil profile can be neasured using
techni ques described in Section 3.4. In Figure 7-3, the
| oner curve shoul d be used when primary or pond effluent is
to be applied, and the upper curve can be used when secondary
effluent is to be applied.

7.3.2.3 Overl and Fl ow

The hydraulic loading rates for- small OF systens are the
sane as recommended in Chapter 6, Table 6-5. Because of
operational considerations, it is recomended that either 8
or 12 h/d application periods be used, whichever is nost
conveni ent. Sinple automation wusing time swtches and
sol enoid valves allows flexibility in selecting application
peri ods.

7.3.3 Land Area Requirenents

Once the hydraulic loading rate has been determ ned, the
anount of land required for |land treatnent can be cal cul at ed.
For systens that operate year-round, the land required is
sinmply the design average wastewater flow divided by the
annual hydraulic |oading rate. For systens that are not
operated year-round, the area required is calculated as
fol | ows:

A = 0(365) (100)
(L) (t) (10,000)

(Metric units) (7-2)
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Q(365)(100) (U.S. customary units)

A_
(L) (t)(7.48)(43,560)
wher e A= area required, ha (acres)
Q= desi gn average wastewater flow, m 3/d
(gal/d)
L, = hydraulic loading rate, cmwk (in./wk)

(see Section 7.3.2)

t = nunber of weeks per year during which
wastewater is applied

For exanple, if a systemis operated 43 weeks out of the
year, the acceptable hydraulic loading rate is 5.8 cnmiwk (2.3
in./wk), and the design average wastewater flow is 900 n¥/d
(240,000 gal/d), the area required for land treatnent is:

(Q)(365)(100)

A 1L,)(6) (10,000

(900)(365)
(5.8)(43)(10,000)

13.2 ha (32.5 acres)

Additional land is required for preapplication treatnent,
storage, access roads, and in sone cases buffer- zones. A
prelimnary allowance of 15 to 20%of the field area is often
made for roads, buffer zones, and small unusable | and areas.
Land requirenents for preapplication treatnment and storage
are determined in the prelimnary design of these conponents.

7.3. 4 Di stribution Systens
Detailed information on SR distribution systens is presented
in Section 4.7 and Appendi x E. Additional considerations for

small communities are presented in this section.

Di stribution nmethods are selected on the basis of terrain,

type of land treatnent system and |ocal practice. In snal

communities, it is prudent to choose a distribution nethod
that is used locally or that will result in a system that
requires only part-tinme operational attention. |If a locally
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used distribution nmethod is selected, any specialized
equi pnmrent and necessary expertise wll be nore readily
avai |l abl e.

Traveling guns require relatively high anmounts of | abor and
are nore adaptable to systens where several, odd-shaped
fields are irrigated each season, so they are usually owned
and operated by a local farnmer. Both solid set and center
pivot irrigation systens can be adapted to either municipally
owned or farnmer owned small irrigation systens. Cent er
pivots will generally not be applicable for very small SR
systens (below 16 ha or 40 acres).

Distribution systens for Rl and OF facilities are descri bed
in Sections 5.6.1 and 6.6, respectively.

7.4 Typical Small Community Systens

To illustrate sonme of the features of small scale |and
treatnent systens, four cases are described in this section.
These include two SR options, one R, and one OF system It
is not intended that the site specific criteria for these
four systens be applied for process design el sewhere. The
concepts will be valid, but specific criteria will depend on
i ndi vidual site characteristics.

7.4.1 Sl ow Rat e Forage System
7.4.1.1 | nt roducti on

A pond system using SR application of wastewater onto several
grassed plots is often a workable design for a snall
community that does not generate sufficient wastewater flow
to be economcally beneficial for irrigating a cash crop.

7.4.1.2 Popul ati on

The community, located in eastern Nebraska, has a present
popul ati on of approximately 300. The desi gn popul ation for
the treatnent facility is 310.

7.4.1.3 Fl ow

The flow to the treatnent facility is strictly donestic
wast ewat er, because there are no industries in the comunity.
The systemis designed to treat an average per capita flow of
0.25 n¥/d (65 gal/d), or a total flow of 76 n?¥/d (20,000

gal /d). Low per capita flows are very comon for small
comuni ties having no industries and very m ni mal conmerci al
devel opnent . Actual flows to the system have gradually

increased as residents switched fromtheir old septic tank
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systens to the nunicipal collection system Flows are
commonly in the 57 to 95 n¥/d (15,000 to 25,000 gal/d) range.

7.4.1.4 Cimte

The normal annual precipitationis 84 cmyr (33 in./yr) and
t he average annual gross |ake evaporation is 109 cniyr (43
in./yr). The nmean nunber of days in which the maxi nrumdaily
tenperature exceeds 32 °C (90 °F) is 40, and the nmean nunber
of days in which the mnimumdaily tenperature falls below O
°C (32 °F) is 130. In an average year, there are 232 days
between the last killing frost in the spring and the first
frost in the fall.

7.4.1.5 Site Characteristics

The silt loamsoils at the proposed treatnent site are deep,
nearly level, and well drained. Surface soils are silt | oam
and the subsoils are silty clay |oam Perneability is
noderately slow in the 1.0 to 1.5 cmih (0.4 to 0.6 in./h)
range. The site is relatively level and does not overlie a
pot abl e aquifer.

7.4.1.6 Treatnment Facility Design

The treatnment facility consists of a single cell unaerated
pond followed by a series of four grassed plots which receive
wastewater fromthe pond. Efluent is not disinfected. The
pond provides both wastewater treatnment and storage. The
degree of treatnent in the pond is not a significant factor
in design, other than providing at |east the necessary
primary treatment for renoval of heavy solids and rags that
could plug distribution piping. The storage volune
facilitates operation of the system since it is not
necessary to have an overflow during periods of heavy
precipitation or other unfavorable conditions, and the
grassed plots can be allowed to dry between applications to
al l ow nowi ng and nmi nt enance. The design information is
summarized in Table 7-7.

The single cell pond is sized simlarly to the first cell of
a conventional facultative pond system The design BOD
|l oading is 34 kg/ha:d (31 Ib/acre:d), a generally accepted
loading rate in Nebraska, and results in mninal septicity or
bl ue-green al gae problens. H gher |oadings nmay be all owed by
ot her states where ponds do not becone ice covered in the
winter. By having a 1.8 m (6 ft) water depth, 1.2 m (4 ft)
of storage volunme is provided above the 0.6 m (2 ft) water
|l evel. The storage volune in the 0.7 ha (1.7 acre) pond is
7,378 n? (1.95 Mal) above the 0.6 m (2 ft) depth. Thi s
capacity provides adequate storage during the approximtely
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133 days (19 weeks) each winter that the plots are not
irrigated, based on the design flow and seepage | osses of 0.3
cm (0.125 in.) per day.

TABLE 7-7
DESI GN | NFORMATI ON
FOR SR SYSTEM

Design flow, m3/d 76
BOD loading, kg/d 24
Design population 310
Treatment pond
Size, ha 0.7
Depth, m 1.8

Capacity above 0.6 m level, m3 7,378
Bermed grassed plots

Number 4

Size (each), ha 0.35

The total size of the grassed plots was determ ned as
follows. Calculated design |osses fromthe pond, including
seepage and net evapotranspiration, totaled 142 cmyr (56
in./yr). Using this value, the design overflow fromthe pond
(Q) was cal cul at ed:

Q = (76 m/d x 365 d/yr) (7-3)
(142 cmlyr x 1 m 100 cm x 7,000 n?)
= 17,800 n¥/yr (4.7 Mal/yr)
Using the limting soil perneability of 1.0 cmih (0.4 in./h),
a hydraulic loading rate of 3.8 cmwk (1.5 in./wk) was
obtained fromFigure 7-2. Next, the area required for SR was
cal cul ated (Equation 7-4):
A =1(17,800 n’)/ (3.8 cmwk x 33 wk)] (7-4)
x (100 cmim) x (ha/ 10,000 n¥)

1.4 ha (3.5 acres)

Four grassed plots, each 0.35 ha (0.88 acre) were desi gned.

Miultiple small plots were selected for several reasons. Each
plot is small enough to facilitate uniformflooding. Also,
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the use of multiple plots nmakes it possible for the operator
to mow or nmake repairs on a dry plot while the other plots
are being used for wastewater application.

Any one plot does not receive nore water than can percol ate
within 12 hours. This hel ps prevent damage to the grass
cover and al so provides sone | eeway in case precipitation is
received after a cell has been fl ooded. | gnori ng evapo-
transpiration, the limting soil pernmeability rate of 1.0
cmh (0.4 in./h) dictates that not nore than 12 cm (4.7 in.)
can be applied per each 1 day application period. To obtain
an average hydraulic loading rate of 3.8 cmwk (1.5 in./wk),
each application period nust be followed by 21 days of
drying. 1In practice, one plot is flooded on each of 4 con-
secutive days. After an additional 18 days of drying,
flooding is resuned. This sequence continues for approxi-
mately 232 days. During the winter (approximtely 133 days),
all wastewater is stored in the pond.

The overflow control structure designed for this system
requires mninmal operator attention. The structure uses an
overflow pipe that can be raised or lowered in increments to
rel ease the necessary volune of effluent. A cross—sectional
detail of the structure is included in Figure 7-4.

The grassed plots are quite shallow, having only 0.6 m(2 ft)
hi gh di kes. The slopes are 4:1, nmaking the basins readily
accessible to nowi ng equi pnent. This design hel ped m nim ze
the anount of earthwork necessary during construction and
al so maxi m zed the anount of usable area since |ess dike area
was required. Local SCS offices and publications were
consulted to obtain the necessary information for selecting
a seeding m xture, which needed to be suitable for periodic
f 1 oodi ng. A mxture of Reed canarygrass, swtchgrass,
redtop, and internedi ate wheat grass was pl ant ed.

Effl uent distribution to the grassed plots is by gated pipe
al ong the toe of the inner slope of one side. This allows
nmore uni form fl ooding of the basin as conpared to a single
inlet structure. The area under the pipe and in the
direction of flow from the pipe has a layer of rock to
m nimze erosion and channelization of the flow

7-20



B [ —t— 24 SHEAR BATES
.';’ ] \"l‘ ’
> r, }
TWIST LINK 1 —— =l
MACHINE CHAIN 2 P =
:._7, \ o - |:
bl . o
: |
g1 -4 === 1
: J N 4-0" >
RE |NFORCED L N\ e
T v
CONCRETE PIPE —= — ;

"Il _~ cast 1roN
" PIPE RISER

CONCRETE FILLET

FIGURE 7-4
OVERFLOW CONTROL STRUCTURE FOR
POND DISCHARGE TO SR SYSTEM

7.4.1.7 Per f or mance

Wien the facility was first started up, flows were quite | ow
until all of the residences were connected. The pond
provi ded conplete retention of all flows during the first 2
years of operation, with no overflow to the grassed plots.
In the third year, only two application periods were used:

one in the spring and one in the fall. The nunber of
appl i cations per year has been gradually increasing as flows
have approached the anticipated design | oadings. A good

stand of grass has been maintained in the application plots.
This grass cover enhances infiltration and provides maxi num
evapotranspirati on of the wastewater applied.

7.4.1.8 Staffing
The systemrequires only one part-time operator. Duties at

the pond include nowi ng, valve operation, weed control, and
mai nt enance of fences, access road, valves, and distribution

pi pi ng.

7-21



7.4.2 Sl ow Rat e Forest System
7.4.2.1 | nt roducti on

This forested SR system is located at Kennett Square in

sout heastern Pennsyl vani a. The system consisting of a
series of treatnment ponds followed by sprinkler application,
has been operated since 1973. The system serves two

retirement comunities and is operated by the wastewater
authority.

7.4.2.2 Popul ati on and Fl ow

The popul ation of the two communities totals 725. The fl ow,
which Is entirely donestic wastewater, is currently 189 n¥/d
(50,000 gal/d). The design flowis 265 n¥/d (70,000 gal/d).

7.4.2.3 Cimte

Precipitation and evaporation are nearly equal wth average
annual precipitation at 110 cm (43 in.) and average annual
pan evaporation estimated to be 120 cm (47 in.). Aver age
annual tenperature is 11.9 °C (53.4 °F).

7.4.2. 4 Site Characteristics

The application area is covered with a native stand of beech,
mapl e, poplar, and oak trees. The soils are basically silt
| oans with predom nant slopes between 3 and 8% Soils are
noderately deep and perneable with slightly acidic pH val ues.
The soil perneability of 1.5 to 5 cnih (0.6 to 2 in./h) would
support a loading rate of 5 cmwk (2 in./wk) or nore on a
hydraul i c | oadi ng basis (Figure 7-2).

7.4.2.5 Treatnment Facility Design

The | ayout of treatnent facilities is presented in Figure 7-
5; phot ographs of the treatnent pond and sprinkler
application are shown in Figure 7-6. Wastewater is treated
in three treatnent ponds, disinfected, and applied via
sprinklers onto 3.24 ha (8 acres). The first pond is
aerated, covers a surface area of 0.128 ha (0.3 acre), and is
4 m(13 ft) deep. Aeration is provided by a 7.5 kW (10 hp)
floating surface aerator. Wastewater then flows by gravity
t hrough two nonaerated ponds that are 2.1 m (7 ft) and 2.4 m
(B ft) deep and cover 0.68 ha (1.69 acres) and 0.30 ha (0.75
acre), respectively. Total detention in the three ponds is
80 d at current flows.
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TREATMENT POND

SPRINFLER APPLICATION IN EXISTING HARDNOOD FOREST

FIGURE 7-6
SR FACILITIES AT KENNETT SQUARE, PENNSYLVANIA
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The design hydraulic loading rate is 5.1 cmwk (2 in./wk),
which is the State of Pennsylvania guideline. The nitrogen
| oading is 279 kg/ ha-yr (248 | b/acre-yr) for the design flow
which is somewhat high for application to an existing
har dwood forest. Because of the relatively mld climate,
year—+ound applicati on was pl anned.

The application area is divided into 14 separate areas or
plots. Wastewater is applied for 24 hours on 4 to 6 plots
each day, 5 days per week. On this schedule, an individual
pl ot receives effluent every fourth day. Storage for
weekends and cold weather is possible in the treatnent ponds.
The main lines and laterals are buried with drain valves to
drain the lines after applications are conplete.

A buffer zone of approximately 46 to 61 m (150 to 200 ft) is
mai nt ai ned between the application site and the nearest
residence. This area is covered with grass and trees. Al
stormvat er runoff fromthe community is diverted around the
site. Stormmater generated onsite is allowed to run off onto
adj acent | and. Site access is controlled by signs and
fenci ng; however, there are sone nature trails in the area to
whi ch access is permtted.

7.4.2.6 OQperation and Performance

The system has operated satisfactorily for 8 years. During
W nter operation, sprinkling is practiced until t he
tenperature drops to -6.7 °C (20 °F). Frost heave probl ens
have affected val ve boxes placed in the forest. Screening of
the applied water is needed to avoid nozzle clogging from
debris that falls into the ponds.

Treat nent perfornmance of the system can be neasured using the
ground water nonitoring wells. The depth to ground water
varies from3.6 to 9.1 m (12 to 30 ft) in the 11 nonitoring
wells. The range of nitrate nitrogen concentrations is from
O to 4.8 ng/L and indicates satisfactory performance, in
spite of the relatively high nitrogen |oading (Section
7.4.2.5).

7.4.2.7 Staffing and Budget
One operator spends approximately 6 h/d, 5 d/wk operating and
mai ntai ning the wastewater treatnent system O this total,
2 h/d is associated wwth the SR |and treatnent system
A total of $15,000/yr is budgeted for operation and nain-

tenance of the system O this total, 37% or $4,070/yr is
associated wth [ and treatnent.
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7.4.3 Rapid Infiltration
7.4.3.1 | nt roducti on

An Rl systemfor a small community need not be designed for
i ntensive wastewater applications at maxi num Rl rates, which
could involve the need for recovery of renovated water and a
relatively high | evel of operation and managenent. | nstead,
the design can be sinplified to neet the objectives of
wastewater treatnent and still maintain ease of operation

The following exanple illustrates an adaptation of an R
systemthat normally operates at very |ow application rates,
but has the capability of treating the exceptionally high
flows that occur occasionally.

7.4.3.2 Popul ati on

The facility serves the small, rural community of Chapman in
east central Nebraska. The comunity is primarily resi-
dential, with a small comrercial district, but with no in-
dustries. The present population is estimted to be 400.

7.4.3.3 Fl ow

The treatnment pond was designed to serve a popul ati on of 500.
When the treatnment facility was designed, there was no past
history of wastewater flows and an average per capita
contribution of 0.26 n¥/d (70 gal/d), or total flow of 132.5
nm3/d (35,000 gal/d), was assunmed. Actual dry-weather flows
have averaged approxinmately 66 n¥/d (17,400 gal/d). Thi s
flow amounts to less than 0.19 m/capita-d (50 gal/capita-d),
but is typical for this type of small, rural community where
average water use is low The fact that the town does not
have a nunicipal water systemis another reason that water
use and wastewater flows are very | ow

In contrast to the |ow average dry-weather flows, however
are very high peak flows during periods when parts of the
collection system are subject to infiltration from high
ground wat er elevations. Peak flows have ranged to as high
as 1,341 n¥/d (354,400 gal/d) on a nonthly average. The peak
flows are sustained, and have in the past stayed high for as
long as 6 nonths at a tine. This is a significant factor
affecting a treatnent facility since the pond system nust
handl e, at tinmes, flows ranging from2 to 10 tinmes the design
aver age fl ow.

7.4.3. 4 Cimte

The normal annual precipitationis 63.5 cmyr (25 in./yr) and
t he average annual gross | ake evaporation is 114.3 cmyr (45
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in./yr). There are 45 days per year when maxinmm daily
tenperatures exceed 32 °C (90 °F) and 150 days when the
m ni mum tenperature is below 0 °C (32 °F). The nean |l ength
of the frost-free period in the area is 160 days.

7.4.3.5 Site Characteristics

Soils in the area forned in alluviumon river bottom | ands,
and the topography is relatively flat. At the pond site, the
predom nant soil type is a noderately deep, nearly Ievel
sonewhat poorly drained |oam fornmed in cal careous |oany
alluvium The depth to the water table ranges fromO0.6 to
1.2 m(2to 4 ft). The |oamsurface |ayer and subsoil have
noderate perneability of 1.5 to 5.1 cmh (0.6 to 2.0 in./h).
The underlying gravelly sand, which is found 51 to 102 cm (20
to 40 in.) below the ground surface, has very rapid
perneability of over 51 cmh (20 in./h).

7.4.3.6 Treatnent Facility Design and Performance

The treatnment facility includes a pond and a single R basin;
design criteria for these facilities are sumari zed in Table
7-8. The pond consists of two cells, one having a suface
area of 0.7 ha (1.8 acres) and the other having 0.4 ha (1.0
acre). The maxi mum water depth of the cells is 1.5 m (5.0
ft). Dikes around the pond have an overall height of 2.4 m
(8 ft). The soils at the bottom of the pond were nedi um and
fine sands. Bentonite was added at the rate of 4.5 kg/nf¥ (20
tons/acre) to the bottomof the pond to limt seepage to | ess
than 0.64 cnid (0.25 in./d).

TABLE 7-8
DESI GN | NFORVATI ON FOR CHAPMAN Rl SYSTEM

Design flow, m3/d 132.5
BOD loading, kg/d 45
Year built 1965
Design population 500

Pond cell No. 1
Surface area, ha
Depth, m
Capacity above drawoff level, m

Pond cell No. 2

Surface area, ha 0
Depth, m 3 1.5
Capacity above drawoff level, m 3

3

Total detention time above drawoff
level at design flow, d 70

Infiltration basin size, ha 0.6

Hydraulic loading rate at design flow, m/yr 5
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The design of the pond is such that the two cells can be
operated either in series or parallel. The overflow control
box can be adjusted so that the water |level in either of the
cells can be drawn down or set for constant overflow from one
or both cells. Wter is drawmn fromthe pond cells at the 0.6
m (2 ft) depth.

The nornmal operating sequence for the system has been series
flow through the two cells when the pond is not ice covered,
with a constant overflow fromthe second cell in series to
the infiltration basin. During the winter when the pond
cells are ice covered, operation is switched to parallel to
spread the incomng | oad over the maxi num surface area. This
results in a shorter recovery period in the spring when the
ice cover nelts and the cells go fromthe anaerobic to the
aerobic state. There is normally sone overflow to the
infiltration basin during the winter. At the design flow,
the net early overflow to the infiltration basin would be
29,300 n? (7,444,000 gal).

The two pond cells are followed by a single RI basin. To
t ake advantage of the higher perneability of the- underlying
soil materials, the top 0.9 m (3 ft) of Rl basin soil was
stripped during basin construction. However, the design
hydraulic loading rate was limted to 5.0 myr (16.4 ft/yr)
to sinplify basin operation. A basin area of 0.6 ha (1.4
acres) was necessary to allow the design | oading rate at the
design pond overflow rate. Follow ng construction, the basin
was seeded with a mxture of Reed canarygrass and bronegrass.
A grass cover has been maintained to help preserve the soil*s
perneability.

Currently, the average influent flow is approximately half
the design flow (Table 7-9) and the net overflow to the
infiltration basin averages 5,150 m¥/yr (1,360,000 gal/yr).
The resulting hydraulic loading rate is 0.9 myr (2.9 ft/yr).
However, during periods of heavy infiltration into the
collection system the average daily flowto the RI basin is
1,375 n¥/d (350,000 gal/d). This results in a periodic
hydraulic loading rate of 22.6 cmd (8.9 in./d), or 82.5 myr
(271 ft/yr) expressed as an annual rate. Al t hough this
tenporary rate is well below the neasured soil perneability
of at least 51 cmh (20 in./h), it exceeds the recomended
| oadi ng shown in Figure 7-2 sonmewhat.
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TABLE 7-9
WASTEWATER FLOWS TO CHAPVMAN Rl SYSTEM

n¥/ d
Monthly flows
Year Avg daily flow Minimum Maximum
1974
Jan-Jun 870.6 292 1,341
Jul-Dec 63.0 55.1 79.0
1976 65.5 58.7 82.1
1977 65.9 60.2 78.3
19792 86.3 71.9 132.1

a. During the months of May, June, and July,
flows werg above normal and were in the
122-132 m°/d range. This corresponded to
a period of high ground water elevations.

Al t hough the design and actual average hydraulic | oading
rates are considerably |lower than the range of 50 to 60 in/yr
(165 to 200 ft/yr) recommended in Figure 7-2, the use of a
| oner rate was advant ageous for several reasons, including:

A grass cover can be maintained in the bottom of
the basin to help preserve soil perneabiity.

The treatnment facility is able to treat peak
wast ewater flows that greatly exceed design average
flows.

7.4.3.7 Ground Water Quality

Since high ground water levels are typical of the area in
which the treatnent facility is |ocated, the performance of
the facility in terns of possible ground water contam nation
is an inportant consideration. The pond has been in
operation for 15 years, so there has been adequate tine for
possi ble water quality changes caused by pond operation to
have been detected. The data indicate that the facility has
not caused increased ground water levels of nitrates or
chlorides that could be associated wth wastewater
di schar ges.

7.4.3.8 Costs and Staffing
The total cost for constructing the collection system and

treatnent ponds in 1965 was $110,958. The treatnment facility
portion of the total anmounted to $40, 520.
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The entire system has been operated by one part-tine operator
whose duties include mai ntenance of three punping stations in
the collection system and operation and mai ntenance at the
pond site. Wrk at the treatnment facilities consists of
operating val ves, nmowi ng, weed control around the edge of the
water in the pond cells and in the R basin, and maintenance
of access road and fences. Since there is no surface
di scharge of effluent fromthe facility, |aboratory testing
of water quality has not been required.

7.4.4 Overl and Fl ow
7.4.4.1 | nt roducti on

A small, full-scale OF system is operating at Carbondal e,
IIlinois, treating pond effluent. The wastewater is donestic
in nature and generated at the 54 unit Cedar Lane Trailer
Court. The population of 135 has been relatively stable
since construction in the 1950s. Wastewater flowis 38 n¥/d
(10, 000 gal /d).

Prior to 1976, wastewater was treated using a septic tank
followed by a 0.28 ha (0.7 acre) stabilization pond and
surface water discharge. Effluent fromthe pond did not neet
II'linois intermttent stream requirenents, which include a
1.5 ng/L ammonia nitrogen limt on the discharge. An
upgradi ng of the treatnent, therefore, was required.

7.4.4.2 Site Characteristics

The terrain is rolling and the grass covered site, which is
near the pond, has slopes ranging from7 to 12% The soil is
fine granular glaciated material with |low perneability. A
section of the slope 10 m(30 ft) wide and 60 m (200 ft) |ong
(downsl ope) was used.

7.4.4.3 Treatnment Facility Design

The hydraulic loading rate is 44 cmiwk (17.3 in./wk), which
is higher than recomended in Figure 7-2. The first 30 m
(100 ft) of slope is at 7% grade and the last 30 mis at 12%
The pond effluent is punped to the top of the slope and
applied uniformy across the top of the slope via a 10 cm (4
in.) perforated pipe. The predom nant grass on the slope is
tall fescue. The systemwas constructed by Southern Illinois
Uni versity and used for several years as a research facility.
No storage is provided other than the existing stabilization
pond [ 3].
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7.4.4. 4 Oper ati on

During 1976 and 1977, application rates varied fromO0.29 to
0.57 nf/mh (24 to 42 gal/ft-h). The application period
varied from4 to 24 h/d. A typical application period was 9
h/d. Runoff fromthe slopes accounted for over 80% of the
appl i ed wastewater. Erosion was not a problem

7.4.4.5 Per f or mance

The treatnment performance of the OF system was nonitored
relatively intensely in the fall of 1976. The results are
presented in Table 7-10.

TABLE 7-10
TREATMENT PERFORMANCE OF CARBONDALE OF SYSTEM [ 4]
ng/ L except as noted

Constituent Applied wastewater Treated runoff
BOD 30-110 4-7
Ss 20-60 4-7
Phosphorus, total 3-4 0.2-0.5
Ammonia nitrogen 20-40 0.1-1.5

Fecal coliforms,
colonies/100 mL 35,000 600-2,500

In 1977 when application rates and daily application periods
were increased, the treatnent performance declined. For
exanpl e, when application tines of 24 h/d were used, renoval
of ammoni a dropped off significantly. The runoff after 60 m
(200 ft), however, contained less than 1 ng/L amoni a when
application periods were 12 h/d or |ess.
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CHAPTER 8
ENERGY REQUI REMENTS AND CONSERVATI ON

8.1 Introduction

Land treatnent systens energy needs consi st of preapplication
treatnment, transmssion to the application site, distribution
punmping (if necessary), and tailwater recovery or punped
drainage (if required). The energy required for preapplication
treatnent varies considerably depending on the degree of
treatnent planned. The degree of treatnment depends on type of
system local conditions, and regulatory requirenents.
Determning energy requirenents for all preapplication
treatnent systens is beyond the scope of this manual; however,
equations for estimating, energy consunption of mninmm
preapplication unit processes are presented in Section 8.6.
Energy required for construction is too site-specific to be
included in this manual.

Energy for transm ssion fromthe preapplication treatnment site
to the land treatnent site depends on topography and di stance.
This is especially inmportant when considering alternative
sites. The energy required for transm ssion punping can range
anywhere fromzero to nearly 100% of the energy requirenents
for a land treatnment system This may often justify a higher
priced parcel of land closer to the application site.
Transm ssion punping is sonetines designed to also provide
pressure for sprinkler application. For sites |ocated bel ow
preapplication treatnent facilities with surface application
systens, punping usually will not be required.

Slow rate systens vary in terns of distribution energy and
possible tailwater control. Distribution systens nmay be
surface or sprinkler. Tailwater control requirenents depend on
the type of distribution system and discharge standards.
Sprinkler systens can be controlled so that no tailwater is
produced. Surface systens will usually have tailwater that
nmust be contai ned and reapplied.

Rapid infiltration systens are usually designed for surface
di stribution and application and so require mniml energy.
There is no tailwater punping, but punped drainage may be
necessary to control ground water |evels or recover treated
percol at e.

Overl and fl ow systens can use surface distribution with | ow
head requirements (Section 6.6.1). Sprinkler systens can al so
be used so energy will be required for pressurization. There
is no significant subsurface drainage with OF so this
potential energy requirement is avoided.
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8.2 Transm ssion Punpi ng

Under conditions wth favorable topography, a gravity
transm ssion system may be possi bl e and punpi ng not required.
| f punping is required, the energy needs vary substantially
dependi ng on the required head and how the transm ssi on system
is designed. The effect of topography on punping costs and
energy use shoul d be thoroughly eval uated during the pl anning
process.

Energy efficient design involves coordination of all elenents
of the system including sizing of punps, pipelines, and
storage facilities, as well as system operating strategy. The
system operating strategy involves placenent and sizing of
storage facilities. Wt wells are typically not designed for
significant flow equalization. Transm ssion punping systens
are sized to handle the peak community flows. This can be
acconpl i shed by multiple punps, one punp with a variabl e speed
drive, or sone conbination. Each system has differing
constraints that alter decisions on its design. ldeally, al
flow is equalized to provide nearly constant flow punping.
This allows selection of a punp at a maxi num efficiency.

Vari abl e speed drives, which are not as efficient as constant
speed drives, would not be required. Unfortunately, flow
equalization is not always feasible. In sone instances,
equal i zation costs may not be recovered by energy savings. The
choice of punping and equalization system design is site-
specific. Regardl ess of the punping systemused, pipeline size
can be optimzed. Optim zation of pipeline size wll provide
the opti mumtransm ssion system

The follow ng pipe size optimzation procedure was taken from
reference [1] . Obviously, larger pipe sizes result in |ower
punpi ng energy; however, excessively large pipes are not
econom cal

— 0-486 _0t3l6 0017 -
Dopt = AQ C (KT/PE) (8-1)

where Dy opti mum pi peline diameter, m(ft)

constant, 3.53 (2.92)

average flow, m/s (ft3s)

O o >
I

Hazen-W I | ians coefficient
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K = average price of electricity, $/ kW

T = design life, yr

P = unit cost of pipe, $/linear mnmm
dia. ($/linear ft-in. dia.)

E = overal | punping system efficiency,
deci mal

For exanple, at a flow of 0.219 n¥/s (7.7 ft3s), a Hazen-
Wl liams coefficient of 100, a pipeline cost of $0.26/1inear
m mm di aneter, an overall punping system efficiency of 75%
electricity at $0.045/ kW, and a design life of 20 years, the
optimum pi pe dianeter is 0.50 m (20 in.) [2].

Wth the line size determ ned and a punpi ng system sel ect ed,
t he actual energy requirenent can be determ ned by the fol-
| om ng equati on.

(Q) (TDH) (t) (8-2)

Energy, kWh/yr = (F) (E)

wher e Q=flow, L/'mn (gal/mn)
TDH = total dynam c head, m (ft)
t = punping time, h/yr
F = constant, 6,123 (3, 960)
E = overal |l punping systemefficiency, decinal

The overall efficiency varies not only with design specifics
but also with the quality of liquid being punped. Raw
wast ewat er punpi ng requires punps that pass larger solids than
treated effluent. These punps are less efficient. Wen a
specific design is being contenplated, the overall efficiency
should be determned wusing punp, not or, and driver
efficiencies determned for the equipnent to be used. For
initial planning or prelimnary work such as site selection,
overall systemefficiencies can be assuned as foll ows.

Raw wast ewat er 40%
Primary effl uent 65%

Secondary or better effluent, tailwater,
recovered ground water, or stormater 75%
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8.3 General Process Energy Requirenents
8.3.1 Slow Rate

Energy consunption for SR consists of transm ssion,
distribution, possible tailwater reapplication, and crop
managenent. A wde range of surface and sprinkler
distribution techniques is possible. Surface systens require
energy for distribution and tailwater reapplication to the
site. Sprinkler systenms are highly variable with possible
pressure requirenments ranging from10 to 70 m (30 to 230 ft).
Cenerally, pressures will be in the 15 to 30 m (50 to 100 ft)
range.

Crop production energy varies substantially between the type
of crops grown. Table 8-1 shows energy requirenents for corn
and forage crops.

TABLE 8-1
ENERGY REQUI REMENTS FOR
CROP PRODUCTI ON [ 3]

Requirement, MJ/ha

Operation Corn Alfalfa
Tillage and seeding 1.41 0.22
Cultivation 0.37 NA
Herbicide/insecticide 0.37 0.37
Harvest 0.37 1.51%
Drying 4.69P NAS
Transportation 1,04 1.53

Total 8.25 3.63
a. Hay.

b. Mechanically dried; may in some cases
be field dried.

c Not applicable, field dried.

8.3.2 Rapid Infiltration

Rapid infiltration system energy requirements are primrily
those needed for transmssion. Surface distribution is
normal |y used. There are no crops grown so no fuel is consuned
for that purpose. Cccasionally, there are situations where
recovery wells and punps are used. Fuel will be needed for
basin scarification, but the quantity is not significant
because the operation is infrequent.

8- 4



8.3.3 Overl and Fl ow

Overland flow treatnment can use either surface distribution or
sprinkler distribution. Surface distribution requires m ninal
energy (see Section 8.6), while sprinkler distribution
requires pressurization energy.

To prevent nozzle cl ogging, raw wastewater or primary effl uent
shoul d be screened prior to distribution. Mechanically cl eaned
screens are preferred over comm nution since shredded materi al
returned to the streamcan still cause clogging. The anmount of
energy required for screening is insignificant conpared to the
punpi ng energy required. Equation 8-2 applies for the punping
ener gy conputati on.

Overland flow systenms require a cover crop that is often
harvested and renoved fromthe site. Energy is required in the
formof diesel fuel for operating harvesting equi pnent. Fuel
required is the sane as presented in Table 8-1 for alfalfa
har vest .

A summary of energy requirenents for |and treatnent processes
is shown on Table 8-2. The values presented are typical of
actual practice.

TABLE 8-2
MOST COVMON UNI T ENERGY REQUI REMENTS FOR LAND
TREATMENT OF MUNI Cl PAL WASTEWATER

Treatment Electricity Fuel, Total equivalent,
system Component KWh/1,000 m3 MJ/1,000 m3 kWh/1,000 m3
Slow rate Pumping for distribution 0.14 - 0.14
Crop planting, cultivation,
harvest, drying, transport - 0.68 0.20
Energy credit for fertilizer
value of wastewater = (0.50) (0.14)
Total 0.14 0.18 0.20
Rapid Distribution (gravity) - - -
infiltration Recovery wells 0.05 = 0.05
Total 0.05 - 0.05
Overland flow Transmission 0.10 -- 0.10
Forage harvest it 0.22 0.06
Total 0.10 0.22 0.06

Note: See Appendix G for metric conversions; kWh are used for electricity and total
equivalent energy, MJ used for fuel.
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8.4 Energy Conservation
8.4.1 Areas of Potential Energy Savings

Wth respect to energy conservation, there are two main areas
toreview First is transmssion to the site. Location of the
facility should, if possible, provide for adequate drop in
el evation between the preapplication treatment and the | and
treatment sites. This layout is sonetines possible with R
systens and certain SR systens. It is nore difficult to design
CF systens in this manner since sloping |land is necessary as
part of the process. For OF systens, site grading is usually
required to obtain desired slope so distribution punping is
typically necessary.

The second area of potential energy savings is wth the
di stribution nethod. For donestic wastewater with m ninal
preapplication treatnent, surface systens are preferred, since
surface systens are not as subject to clogging and usually
require | ess energy.

Distribution for SR systens is a function of topography and
the crop. Surface systens can be used on | evel or graded sites
(see Section 4.7.1). In the past, surface systens were
preferred by the agricultural industry; however, due to
i ncreased | abor costs and poor irrigation efficiencies, sone
exi sting surface systens have been converted to sprinkler
irrigation. For nmunicipal authorities where | abor wages are
hi gher than farm worker wages, the increased | abor costs are
i nportant.

Sprinkler distribution systens are relatively high-pressure
devi ces. Recent advances have been nmade in sprinkler nozzle
design to | ower headloss without sacrificing uniformty of
application. Figure 8-1 illustrates a center pivot systemwth
two types of sprinklers. The inpact sprinklers have a typica
pressure |l oss of approximately 60 to 65 m (200 to 215 ft);
wher eas, drop nozzles have a headl oss of 15 to 20 m (50 to 65
ft). This difference represents an energy savi ngs of about 95
kWh/ 1000 nB, w thout sacrificing distribution efficiency.

Surface systenms nmay not require punping energy except for
tailwater recycling. In this case, automated surface systens
(Figure 8-2) can be introduced to mnimze tailwater recycling
requirenents.
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DAOP NOZZLE SYSTEM

IMPACT SPRINKLER SYSTEN

FIGURE 8-1
CENTER PIVOT SYSTEM
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Wastewater

Automatic valves

Gated pipe

Tailwater Collection
Reuse pump

FIGURE 8-2
AUTOMATIC SURFACE IRRIGATION SYSTEM [4]

8.4.2 Exanple: Energy Savings in Slow Rate Design

The follow ng exanple illustrates how effective planning and
design can result in energy conservation. A summary of assuned
system characteristics used for this exanple is presented in
Tabl e 8-3.

TABLE 8-3
EXAMPLE SYSTEM CHARACTERI STI CS

Average flow, m3/d 38,000
System Slow rate
Preapplication treatment Pond

Application season May to October (5 months)
Hydraulic loading, m/yr 1.2

Net land area, ha 1,130

Crop Corn

Topography Nearly level, suitable for

all types of irrigation

Tailwater control No surface discharge of
applied wastewater allowed
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Three systens will be considered: surface distribution by
ridge and furrow, and two exanples of center-pivot appli-
cation. Since transm ssion of wastewater is essentially the
sane with all alternatives, it will not be included in this
di scussi on.

Ri dge and furrow distribution does not require punping for
distribution; but due to a no discharge of tailwater
requirement, energy is required to return tailwater back to
the application point (assunmed head: 3 neters). Depending on
the system design, the maximum tailwater recycle wll range
from30 to 70% of that applied. Conventional ridge and furrow
designs result in lower efficiency, wth the higher recycle
punpi ng requirenent. Alternatively, ridge and furrow systens
with automated recycl e cutback or automated val ves can i nprove
efficiency by lowering punping requirenents. The potential
savings fromsystem automation is sumari zed in Table 8-4.

TABLE 8- 4.
COVPARI SON OF CONVENTI ONAL AND AUTOVATED RI DGE
AND FURROW SYSTEMS FOR 38, 000 ni/ d?

Tail- Total
water Electric- Labor Amortized annual

pumping, ity, Laber, cost, Capital capital, cost,

System kWh/yr $/yr h/yr $/yr cost, § $/yr $/yr
Conventional 89,3060 2,950 2,800 30,800 16,000 1,520 35,270
Automated 33,500 1,100 1,400 15,400 45,000 4,300 20,800
Difference 55,800 1,850 1,400 15,400 -29,000 -2,780 14,470

a. Electricity at $0.036/kWh. Labor at 1.2 h/ha‘d for automated systems;
2.5 h/ha/d for conventional systems. Labor cost at $11.00/h. Capital costs
for pipeline, distribution system, reuse system meters (January 1980).
Capital amortized at 7-1/8% for 20 years.

The potential savings using automated irrigation systens are
significant; both energy consunption and cost can be reduced
substantially. In this exanple, energy requirenents were
reduced by about two-thirds, at an overall cost savings of
over 50%

If a center pivot irrigation system is wused, tailwater
recovery i s not needed. However, punping energy is required to
provide nozzle pressure. In this case the main factor in
energy conservation is nozzle design. The general goal is to
achieve uniformdistribution at the | owest possible pressure
loss. A conventional center pivot rig enploys inpact
sprinklers on top of the pivot pipeline. These devices require
a punping pressure of approximately 65 m (21 ft).
Alternatively, drop nozzles are used in nodern rigs which
devel op a headl oss of about 15 m (150 ft). Drop nozzl es have
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an addi tional advantage of producing | ess aerosol than inpact
systens. Capital costs, and operation and naintenance
requi renents (except for electricity) are conparabl e between
these two systens. The inpact on energy savings is shown on
Table 8-5. In this instance, costs were reduced and aerosols
wer e decreased by designing to conserve energy.

TABLE 8-5
COVPARI SON OF | MPACT AND DROP- TYPE
CENTER Pl VOT SYSTEM NQOZZLE DESI GNS
ON ENERGY REQUI REMENTS,
38, 000 nB/ day

Electricity, Energy

Nozzle type kWh/yx cost, $/yr
Impact 2,230,000 73,600
Drop 1,030,000 34,000
Difference 1,200,000 39,600

8.4.3 Summary

For purposes of conparison the total energy (electricity plus
fuel) for typical 3,785 nf/d (1 Myal/d) systens is listed in
Table 8-6 in order of increasing energy requirenments. It is
quite apparent from Table 8-6 +that increasing energy
expenditures do not necessarily produce increasing water
quality benefits. The four systens at the top of the Iist,
requiring the | east energy, produce effluents conparable to
the bottom four that require the nost.

8.5 Procedures for Energy Eval uations

The followi ng section provides step-by-step procedures for
conputing energy use for each of the three |and treatnent
systens. Exanples are also provided. The energy conputation
requires site selection and a decision concerning |ocation of
preapplication and storage facilities because elevation
differences for punping are critical. The distribution nethod
nmust al so be determ ned.

8-10



TABLE 8- 6
TOTAL ANNUAL ENERGY FOR TYPI CAL 3,785 n#/d
(1 Myal /d) SYSTEM (ELECTRI CAL PLUS FUEL,
EXPRESSED AS 1,000 kW/yr) [5]

Effluent quality, mg/L Energy,

Treatment system BOD SS P N iﬁgggr
Rapid infiltration (facultative pond) 5 1 2 10 150
Slow rate, ridge + furrow (facultative pond) 1 1 0.1 3 181
Overland flow (facultative pond) 5 5 5 3 226
Facultative pond + intermittent filter 15 15 - 10 241
Facultative pond + microscreens 30 30 - 15 281
Aerated pond + intermittent filter 15 15 - 20 506
Extended aeration + sludge drying 20 20 - - 683
Extended aeration + intermittent filter 15 15 - - 708
Trickling filter + anaerobic digestion 30 30 - - 783
RBC + anaerobic digestion 30 30 -- - 794
Trickling filter + gravity filtration 20 10 - - 805
Trickling filter + N removal + filter 20 10 - 5 838
Activated sludge + anaerobic digestion 20 20 - - 889
Activated sludge + anaerobic digestion + filter 15 10 - - 911
Activated sludge + nitrification + filter 15 10 - - 1,051
Activated sludge + sludge incineration 20 20 -- - 1,440
Activated sludge + AWT <10 5 <1l <1 3,809
Physical chemical advanced secondary 10 10 1 -- 4,464
NOTE: RBC = rotating biological contactor.
8.5.1 Slow Rate

Step 1: Transm ssi on Punpi ng

1. El evation at site __ m

2. El evation at source __ m

3. El evation difference m

4. Average annual flowate L/mn

5. Punmpi ng systemefficiency %

6. Pi peline dianeter __ cm

7. Pipeline length __ m

8. Pi peline headloss __ m

9. Total dynamc head m

10. Energy requirenment kWh/ yr (. 8-2)
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Step 2:

NokwhE

Step 3:

oukwhE

Step 4:

Step 5:

(o]

Step 1:

[ —

ONoGhwNE

CovNOTRWNE

. 9.

2

Di stribution Energy

Flowate L/mn
Pressure head required
System effici ency
Qperating tinme
Pi pel i ne headl oss
Total dynam ¢ head

Ener gy requirenent

Tai l water Punping (if re

FIl owr at e L/ mn

Lift required m

Headl oss m

Assuned punpi ng system e
Qperating tine h/y

Till age and seeding

qui red)

fficiency
r

Cul tivation Ml/ ha- yr

| nsecticides and her bi ci
Harvest Ml/ ha- yr
Drying MI/ ha- yr
Transportation MO/

Crop area ha

Total fuel requirenent
Combi ne Steps 1 through
Rapid Infiltration

Transm ssi on Punpi ng
El evation at site

El evati on at source

des

ha- yr

(Eg. 8-2)

4, expressed as kWh/yr

El evation difference

Average flow L/mn
Assuned punpi ng system e
Pi peline dianeter
Pipeline length m
pi pel i ne headl oss
Total dynam ¢ head

Ener gy requirenent
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Step 2: Drai nage Water Control (if necessary)

El evati on of water source
El evati on of discharge m

Difference in el evati ons m

Qperating hours
Punmped fl ow L/ mn

Ener gy requirenent

NokwhE

Step 3: Conmbi ne Steps 1 and 2
8.5.3 Overl and Fl ow
Step 1: Transm ssi on Punpi ng

El evation at site m

El evati on at source m

El evation difference m

Aver age annual fl ow L/mn

Pi pel i ne di aneter cm

Pi peline | ength m

Pi peline headloss m

Total dynamc head m
Ener gy requirenent

CovNOTRWNE

[ —

Step 2: Di stribution System

Type of system
Fl owr at e L/mn

Pressure head required __ m
Assuned punpi ng efficiency
Qperating tinme h/ yr
Total dynamc head m
Ener gy requirenent

NokwhE

Step 3: Grass Renoval (Table 8-1)

Mai nt enance requi renments, fuel use
Grass renoval frequency
Fuel for harvest MI/ ha

Total fuel required

PwhE

Assunmed punpi ng system efficiency

Punmpi ng system efficiency %

(Eg. 8-2)

(Eg. 8-2)

(Eg. 8-2)

M/ har vest

harvest/yr

Step 4: Conmbi ne Steps 1 through 3, express as kWi/yr

8.5.4 Exanpl es

Using the previously presented step-by-step
foll om ng exanpl e probl ens were devel oped.
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8.5.4.1 Slow Rate

The slow rate systemis designed to treat pond effluent as
fol |l ows:

Average fl ow 15,000 L/mn
Season 5 nont hs
Applied flow 36,000 L/mn
Crop grown Corn

Di stance to site 100 m

Tai | wat er punpi ng Not required
Ar ea 650 ha

Step 1: Transm ssi on Punpi ng

El evation at site 50 m

El evation at source 48 m

El evation difference 2 m

Aver age annual flowate 15,000 L/mn
Punmpi ng system efficiency 40%

Pi pel ine dianmeter 76 cm

Pi peline Il ength 100 m

Pi peline headl oss 3.4 m

Total dynamc head 5.4 m

Energy requirenment 289, 711 kWh/yr

CovNOTRWNE

[ —

Step 2: Di stribution Energy

Flowate 36,000 L/mn

Pressure required 10 m

System efficiency 75%

Qperating tinme 3,600 h/yr

Pi pel i ne headl oss 2 m

Total dynam c head 12 m

Energy requirenment 338, 658 kWh/yr

NokwhE

Step 3: Tai lwater Punping (if required) (not required with
sprinkl ers)

FIl owr at e L/ mn

Lift required m

Assuned punping efficiency %
Qperating tine h/ yr

Ener gy requirenent

GhwheE
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Step 4: Crop production (full)

1. Till age and seeding 1.41 M/ ha-yr

2. Cul tivation 0.37 M)/ ha-yr

3. | nsecticides and herbicides 0.37 M/ ha-yr

4. Harvest 0.37 M/ ha-yr

5. Drying 4.69 M/ ha-yr

6. Transportation 1.04 M)/ ha-yr

7. Crop area 650 ha

8. Total fuel requirenment 5,120 MI/yr = 1,422 kWh/yr
Step 5: Total energy use = 629, 791 kWh/ yr

8.5.4.2 Rapid Infiltration

The rapid infiltration systemis designed to treat primary
effluent as foll ows:

Fl ow at e 15,000 L/ mn
Di stance to site 5,000 m
Dr ai nage punped wel |l s

Step 1: Transm ssi on Punpi ng

El evation at site 1,115 m

El evation at source 1,105 m

El evation difference 10 m

Average flow 15,000 L/mn

Assumed punpi ng system efficiency 65%

Pi pel i ne diameter 50 cm

Pi peline |l ength 5 000 m

Pi pel i ne headl oss 20 m

Total dynam c head 30 m operating 8,760 h/yr
Energy requirenment 990, 465 kWh/yr

CovNOTRWNE

[ —

Step 2: Drai nage Water Control (if necessary)

El evati on of water source 1,105 m
El evati on of discharge 1,115 m
Difference in elevations 10 m
Punmpi ng system efficiency 75%
OQperating hours 2,920 h/yr

Punmped fl ow 10,000 L/mn

Energy requirenment 63,585 kW/yr

NokwhE

Step 3: Total energy use = 1,054,050 kWh/yr
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8.5.4.3 Overland Fl ow

An overland flow systemis planned for a small conmunity. The
systemw || be used to treat screened raw wastewater. Design
paraneters are as foll ows:

Design fl ow 137 n¥/d

Di stribution nethod Gat ed pi pe
Di stance fromsource to site 100 m
Hydraul i ¢ | oadi ng 4.5 inlyr
Land area 1 ha

Step 1: Transm ssi on Punpi ng

El evation at site 125 m

El evati on at source of 120 m

El evation difference 5 m

Average annual flow 95 L/mn

Assumed punpi ng systemefficiency 40%
Pi peline dianmeter 10 cm

Pi peline Il ength 100 m

Pi pel i ne headl oss 1.22 m

Total dynam c head 6.22 m

Energy requirenment 2,113 kWh/yr

CovNOTRWNE

[ —

Step 2: Di stribution System

Type of system —gated pipe
Flowate 95 L/ mn

Pressure head required 3 m
Assumed punpi ng efficiency 40%
Qperating tinme 8,760 h/yr

Total dynamc head 3.3 m
Energy required 1,121 kWh/ yr

NokwhE

Step 3: G ass Renoval

Mai nt enance requi renments, fuel use 0.59 M/ harvest
Grass renoval frequency 3 harvest/yr

Fuel for harvest (including transportation)
3.04 M/ ha

Total fuel required 3.63 MI/yr = 1.0 kW

Pk WNhE

Step 4: Total energy use = 3,235 kWh/yr

8.6 Equations for Energy Requirenents

In addition to Equation 8-1, a | arge nunber of equations have
been developed from the curves in reference [6] and are

presented in reference [5] . Selected equations are presented
in this section to allow the engineer to estimate energy
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requi rements for mninum preapplication treatnment and for the
three land treatnment processes. In all equations, Y is the
energy requirenment in kW/yr.

8.6.1 Preapplication Treat nment

Mechani cally O eaned Screens

log Y = 3.0803 + 0.1838(10g X (8-3)
- 0.0467 (log X)?
+ 0.0428 (log X)3

where Y = electrical energy required, kWl/yr
X =flow, nm/d (Mal/d)
Assunptions = normal run times are 10 mmih, Dbar

spacing 1.9 cm (0.75 in.), worm gear
drive is 50% efficient

Conmi nut or s

log Y = 3.6704 + 0.3493(1 0og X) (8- 4)
+ 0.0437(log X)?
+ 0.0267 (log X)3
Git Renoval
Y = AX%24 (8-5)
A = 73.3(530)
X =flow, nm/d (Mal/d)

Assunptions = nonaerated, square tank, 2 h/d operation

Aer at ed Ponds

Y = AX:00 (8-6)
A = 68.7 (260, 000)
X =flow, nm/d (Mal/d)
Assunptions = | ow speed nechani cal aerat ors, 30 d
detention, 1.1 kg 0,/ kWh
Q her preapplication treatnment processes will involve many

potential sludge treatnent and disposal options and are
included in reference [5].
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8.6.2 Land Treat nent Processes

For sprinkler application in each |land treatnent process and
OF and R distribution, use the previous checklist and
Equation 8-2. Equations are presented for ridge and furrow,
and graded border SR application along with the assunptions.

Ri dge and Furrow

Application = 250 d/yr, tailwater return at 25%
annual leveling and ridge and furrow
repl acenent

Y = AXt-0 - electrical (8-7)
A = 3.17 (12,000)

X =flow, nm/d (Mal/d)

Y = AX:00 - fuel (8-8)
Y = MJ/yr (10° Btu/yr)

A = 1.55 (20)

X =

flow, ni/d (Mal/d)

G aded border

Application = 250 d/yr, tailwater return at 25%
Y = AXL 00 (8-9)
A= 4.2 (16,000)
X =flow, nm¥/d (Mal/d)
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Chapter 9
HEALTH AND ENVI RONVENTAL EFFECTS

9.1 Introduction

Wast ewat er constituents that are of major concern for health
or environnental reasons are:

I Nitrogen

I Phosphorus

I Dissolved solids
I Trace elenents

I M croorgani sns

I Trace organics

Potential effects of these constituents vary anong the three
maj or types of land treatnent, as shown in Table 9-1. The
rel ationship of wastewater constituents to health effects is
presented in Table 9-2.

In general, constituent renovals are greatest for SR systens.
Heal th and environnental effects of R systens depend on site
sel ection and design factors such as hydraulic |oading rate
and length of application and resting cycles. Overland flow
has the fewest potential inpacts on ground water because very
little water penetrates below the soil surface. However
renovated water from OF systens is normally discharged to
| ocal surface waters as a point source, and, therefore, can
affect surface water quality.

Recently, the EPA has funded extensive studies at severa
operating land treatnment systens to evaluate potential |ong-
termhealth and environnental effects. The ten study sites
are presented in Table 9-3. Results from these and ot her
studies are included in this chapter.



TABLE 9-1
LAND TREATMENT METHODS AND CONCERNS [ 1]

Potential Concerns SR RI OF
Nitrogen
Health: drinking water aquifers X X -—
Environment: eutrophication X X X
crops X - --
Phosphorus
Environment: eutrophication X X X
Dissolved solids
Health: drinking water aquifers X X -
Environment: soils X X X
crops X -- X
ground water X X -
Trace elements
Health: drinking water aquifers X X -
crops X - X
Environment: crops X - -~
animals X -- X
Microorganisms
Health: drinking water agquifers X X --
crops X -- X
aerosols X -- X
Environment: animals X - X
Trace organics
Health: drinking water aquifers X X -
crops X - -—

Note: An X in the matrix indicates the possibility for
concern. The magnitude of the impact is not considered.

TABLE 9-2
RELATI ONSHI P OF POLLUTANTS TO HEALTH EFFECTS?

Pollutant (agent) Principal health effect
Nitrate nitrogen Methemoglobinemia
Sodium Cardiovascular
Trace elements Toxicity
Microorganisms Infection, disease
Bacteria
Virus
Protozoa
Helminths
Trace organics Toxicity, carcinogenesis

a. Adapted from reference [2].
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TABLE 9-3
EPA LONG TERM EFFECTS STUDI ES

Flow
Date during Level of Hydraulic
operation study, preapplication loading
Location started m3/s treatment Crops rate, m/yr

Slow rate
systems
Camarillo, 1966 0.130 Secondary Tomatoes, 1.6
California (3] (activated broccoli

sludge) with

disinfection
Dickinson, 1959 0.044 Secondary Forage 1.4
North Dakota [4] (aerated grasses

ponds) with

disinfection
Mesa, 1950 0.208 Secondary Grain, corn, 4-8B.6
Arizona {5] (trickling barley

filters)
Roswell, 1944 0.175 Secondary Corn, alfalfa, 0.8
New Mexico [6] (trickling sorghum

filters followed

by oxidation

ditch) with

disinfection
San Angelo, 1959 0.241 Primary Forage grasses, 2.9
Texas [7] pasture
Tooele, 1967 0.061 Secondary Forage grasses, 0.6
Utah ({8} (trickling alfalfa. Test

filters) with plots of beans,

disinfection carrots, lettuce,

peas, radishes,
sweet corn, wheat

Rapid
infiltration
systems
Hollister, 1945 0.044 Primary - 15
California (9]
Lake George, 1939 0.058 Secondary - 43
New York [10] (trickling

filters)
Milton, 1957 0.013 Secondary -~ 224
Wisconsin [11] (activated

sludge)
vineland, 1926 0.215 Primary - 19

New Jersey [12]

Note:

See Appendix G for metric conversions.

9.2 Nitrogen

Both nitrates and amonia are of concern in land treatnent
systens. Qher nitrogen conpounds either are harnless or are
degraded during | and treatnent.

Storage ponds can be used in conjunction with |and treatnent
to achieve high nitrogen renovals. Although such ponds work

well for SR and OF systens, the resulting algal growth nmay
cause soil clogging at R systens. The use of storage ponds
for nitrogen renoval is described in greater detail in

Section 4.4.1.
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9.2.1 Crops

In the general case, nitrogen is beneficial for crops,
increasing yields and quality. However, uptake of excess
nitrogen in sone crops can increase succulence beyond
desirable levels causing lodging in grain crops and reduced
sugar content in beets and cane, for exanple. H gh |levels of
ni trogen or application beyond seasonal needs may i nduce nore
vegetative than fruit growh, and also delay ripening. High
nitrate content in forages can be a concern if these are the
principal ration for livestock. Cattle can also suffer from
grass tetany, which is related to an inbal ance of nitrogen,
pot assi um and magnesi umin pasture grasses. These potenti al
nitrogen related crop effects are not expected with typical
muni ci pal wastewaters applied to properly designed and wel |
managed | and treatnent systens.

9.2.2 Ground Water

As indicated in previous chapters, EPA guidance requires a
maxi mum contam nant level (MCL) of 10 ng/L nitrate as
nitrogen at the |land treatnent boundary. This is to avoid
t he potential of nethenoglobinema in very young infants
using the water supply. As aresult, nitrogen is often the
limting paraneter for land treatnment design. Met hods to
satisfy this requirenent are described in the design chapters
(Sections 4.5.2 and 5.4.3.1).

9.2.3 Surface Water

Un-ionized ammonia is toxic to several species of young
freshwater fish. The oxygen carrying capacity of certain
fish can be inpaired at concentrations as low as 0.3 ng/L un-
ionized ammonia (approximately 2.5 ng/L total ammonia
nitrogen at normal pH values) [13]. For this reason, many
| and treatnment systens that discharge to surface waters are
designed to provide nitrification. Using normal application
rates, OF and SR systens produce a well nitrified effluent.
Renovated water fromR systens contains very little ammonia
nitrogen if relatively short application periods are
alternated with sonmewhat |onger drying periods (Table 5-13).

Land treatnent systens that discharge to surface waters in
which nitrogen is the limting nutrient are designed to
achi eve nitrogen renoval to avoid al gal bloons and increased
rates of eutrophication. Met hods for achieving nitrogen
renoval are described in Sections 4.5.2, 5.4.3.1, and 6.5. 2.
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9. 3 Phosphorus

Phosphorus is not known to cause adverse health effects.
Like nitrogen, it is an inportant nutrient for crops.
Because there are no drinking or irrigation water standards,
the principal concern is that phosphorus can be the limting
nutrient that controls eutrophication of surface waters.

9.3.1 Soils

The principal phosphorus renoval nechanisns at SR and R
systens are soil adsorption and precipitation. Renoval s
achi eved at operating SR and Rl systens are shown in Tabl es
4-3 and 5-3.

9.3.2 Crops

Normal crop uptake of phosphorus occurs in both SR and OF
systens with loadings far in excess of crop needs. No
adverse effects on crops from phosphorus have been reported.

9.3.3 Gound Water

Phosphorus concentrations found in percolates from SR and R
systens are presented in Tables 4-3 and 5-3. As shown in
these two tables, percolate phosphorus concentrations are
reduced substantially wthin relatively short travel
di st ances.

9.3.4 Surface Water

Because phosphorus concentrations in SR and Rl percol ates
generally are quite low (less than 1 ng/L), adequate
phosphorus renoval wusually occurs before any percolate
intercepts surface water. At OF systens, where phosphorus
removal averages 50 to 60% additional treatnent may be
necessary if phosphorus is limted by the discharge permt.

9.4 Dissolved Solids

Salt concentrations in donestic wastewater vary w dely,
according to the salinity of the | ocal water source and the
chem cals added during preapplication treatnment (if any).
Depending on the salinity of the applied wastewater, soi
properties, crops, and water for livestock and human
consunption may be affected.

9.4.1 Soils

H gh concentrations of sodiumin applied wastewater can cause
substitution of sodiumions for other cations in the soil.
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This substitution tends to disperse clay particles within the

soil, leading to decreased perneability, |owered shear
strength, and increased conpressibility [14]. Wast ewat er
with an SAR of less than 4 has caused no changes in these
properties [8]. No adverse soil inpacts are expected unl ess

t he SAR exceeds 9.
9.4.2 Crops

Salinity, as neasured by the electrical conductivity of the
wat er, can cause yield reductions in crops. Crops vary
widely in tolerance to salinity. The salinity tol erances and
| eaching requirenents of several field and forage crops are
given in Table 9-4. Salinity effects are generally only of
concern in arid regions where accumulated salts are not
flushed fromthe soil profile by natural precipitation. No
salinity problens have been reported at the systens listed in
Tabl e 9-3.

Boron toxicity can occur because this elenment tends to be
unaf fected by nost preapplication treatnent processes. Fruit
and citrus trees are affected at 0.5 to 1.0 ng/L; field crops
can be affected at 1.0 to 2.0 ng/L; and nobst grasses are
relatively tolerant at 2.0 to 10.0 ng/L.

Sodi um and chloride ions are usually present together in
wast ewat er s. Most tree crops are sensitive to sodi um and
chloride taken up by the roots. Leaves of nmany crops may
show | eaf |burn due to excessive sodiumor chloride adsorption
or bi car bonat e deposition under | ow- hum di ty,
hi gh—evaporation conditions. Irrigating at night or
increasing the rotation speed of sprinkler heads can help
avoi d these probl ens.

9.4.3 G ound Water

The salinity of percolate from sone systens may limt the
potential for reuse of renovated water. National drinking
water standards recommend that finished potable water
contains |l ess than 500 ng/L total dissolved solids (TDS), but
nore saline waters have been used wthout ill effects.
Excessive TDS can cause poor taste in drinking water, may
have | axative effects on consunmers, and nmay corrode equi prment

in water distribution systens. Salinity restrictions on
water for |ivestock uses are not as stringent as for drinking
water. In general, a TDS of 10,000 ng/L is the upper limt

for healthy larger aninmals such as cows and sheep; a limt of
5,000 ng/L TDS should be used for smaller animals (including
poultry), lactating animls, and young animals [13].
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TABLE 9-4
TOLERANCE OF SELECTED CROPS TO
SALINITY I N | RRI GATI ON WATER [ 15]

Yield decrement to be expected due to
salinity of irrigation water

0 50% ]
Maximum
ECg . EC,,, LR, ECe, ECy . LR, ECdw,
mmho?cm mmho/cm Y mmho/cm mmho/cm % mmho/cm

Field crops
Barley 8 5.3 12 18 12 27 24
Sugarbeets 6.72 ] 11 16 10.7 26 42
Cotton 6.7 4 11 16 10.7 26 42
Safflower 5.3 3.5 12.5 14 8 28.5 28
Wheat 4.78 3 8 14 9.3 23 40
Sorghum 4 2.7 7.4 12 8 22 3e
Soybean 3.7 10 9 6 23 26
Rice (paddy) 3.3 9 8 5.3 22 24
Corn 3.3 . 12 7 4.7 26 18
Sesbania 2.7 7 9 6 23 26
Broadbean 2.3 8 6.5 4.3 24 18
Flax 2 . 7 6.5 4.3 24 18
Beans (field) 1 . 6 3.5 2.3 19 12
Forage crops
Bermudagrass 8.7 13 18 12 27 44
Tall wheatgrass 7.3 4 11 18 12 27 44
Crested wheatgrass 4 [ 18 12 27 44
Tall fescue 4.7 8 14.5 9.7 24 40
Barley (hay) 5.3 5 10 13.5 9 25 36
Perennial rye 5.3 10 13 8.7 24 36
Harding grass 5.3 1q 13 B.7 24 36
Birdsfoot trefoil 4 10 10 6.7 24 28
Beardless wild rye 2.7 1.8 € 11 7.3 26 28
Alfalfa 2 3 5 8 5.3 19 28
Orchardgrass 1.7 <1 4 8 5.3 20 26
Meadow foxtail 1.3 4 6.5 4.3 18 24
Clover 1.3 Q. [ 4 2.7 19 14
Notes:

ECq = electrical conductivity of saturation extract.
ECy = electrical conductivity of irrigation water.

LR = leaching requirement: that fraction of the irrigation water that must
be leached through the active root zone to control soil salinity at the
tolerance level. This is in addition to the irrigation water taken up by
the plants. LR = E % 1Q0/EC4,.. (For an approximate conversion to TDS,
mg/L, or ppm, multiply mmho/cm gy 640.)

ECq4, = maximum concentration of salts in drainage water that can be tolerated
by crop. At 100% efficiency, applied water (needed to satisfy ET + LR)
is equal to ET/(1 - LR).

Conversion from ECy to EC, assumes that irrigation water salts increase three
fold in salinity in becoming soil water salts (ECgy). This occurs in the more
active part of the root zone due to ET. (EC, x 3 = ECg,; ECg, + 2 = ECe)

a. Tolerance during germination (beets) or early seedling stage (wheat, barley)

is limited to ECe = about 4 mmho/cm in the upper soil area where germination
and early growth take place,
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If the salinity of a community*s wastewater is significantly
hi gher than the salinity of the ground water, |and treatnent
may be limted to processes that discharge to surface waters
or renovated water recovery may be required to protect ground
water quality. This condition occurs nost frequently in the
arid western states where water resources are |limted and
protection of ground water from increasing salinity is a
maj or concern.

9.5 Trace El enents

Trace elenents (heavy netals) in nunicipal wastewaters are
contributed by both domestic and industrial dischargers;
contributions vary widely with industry. Frequently, trace
el ement concentrations in nunicipal wastewaters are |ower
than the limts established for drinking water. Therefore,
in nost communities, land treatnent is unlikely to cause
di rect adverse health or environnental effects [16].

The fate of trace elenents during land treatnent is a concern
primarily for two reasons:

1 Trace elenents, particularly cadm um can
accunul ate in the food chain.

Trace elenents can nove through soil and enter
ground wat er.

9.5.1 Soils

Movenent of trace elenents into and through the soil may
occur during wastewater application or after |and treatnent
operations have ceased. For this reason, it is inportant to
understand renoval nechanisns and the conditions that
influence retention in and transport through the soil (see
Sections 4.2.4 and 5.2.4).

Concentrations of trace elenents retained in the soil profile
at SR and Rl sites are highest near the soil surface and
decrease with depth [17]. Renoval efficiencies at sel ected
systens are presented in Tables 4-4 and 5-4. Soils can
retain a finite anount of trace elenents; the capacity or
design life for nmetals renoval is at | east the sanme order of
magni tude as for phosphorus. For exanple, in typical New
Engl and soils, the design Iife for copper and cadm um based
only on ion exchange capacity coul d be several hundred years
usi ng an SR system and seasonal wastewater application [I].

At OF systens, trace elenents are adsorbed at the soil

surface in the organic |ayer of deconposing organic materi al
and plant roots. Because adsorption occurs as the applied
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wastewater flows across the soil surface, netals tend to
accunul ate near the point of wastewater application. In
pilot studies near Utica, Mssissippi, approximtely 50% of
the nmonitored trace elenents (cadm um copper, nickel, and
zinc) was renoved on the upper third of the treatnent slope
[18] . Data fromthe sanme pilot studies, presented in Table
9-5, indicate that nost of the trace elenments entering this
system are retai ned near the soil surface. The system has
not approached its full capacity for trace el ement renoval

TABLE 9-5
MASS BALANCE OF TRACE ELEMENTS IN COF
SYSTEM AT UTI CA, M SSI SSI PPl [ 18]

Percent

Metal Component Grams of applied
Cadmium Applied 46.21
Grass 0.54 1.2
Runoff 3.50 .6
Soil 42.14 91.2
Copper Applied 90.39
Grass 3.59 4.0
Runoff 13.13 14.5
Soil 73.67 81.5
Nickel Applied 110.11
Grass 1.50 1.4
Runof f 5.20 .
Soil 103.39 93.9
Zinc Applied 264.05
Grass 20.03 7.6
Runoff 32.06 12.1
Soil 212.03 80.3

The results of one study on an abandoned Rl basin are
reported in Table 5-5. These data, collected approxi mately
1 year after the | ast wastewater application, indicate that
relatively little | eaching occurred both during the 33 years
of operation and in the year follow ng operation. Leaching
shoul d not be a problemprovided a soil pHof at least 6.5 is
mai ntained. At this pH, nost trace elenents are precipitated
as insoluble conmpounds. Methods for adjusting soil pH are
di scussed in Section 4.9.1.3.

9.5.2 Crops
Bi oconcentration of trace elenents in the food chain i s nost

likely to occur during the operational years of a I|and
treatment system Plant uptake of trace el enents occurs when
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the el enments are present in soluble or exchangeable formin
the root zone. Cenerally, this occurs in increasing anmunts
as nore adsorption sites are occupied and as the soil pH
decreases. To mnimze the plant uptake of trace el enents,
the soil pH should be nmaintained at 6.5 or above. The trace
el ements that are of greatest concern are cadm um copper
nmol ybdenum ni ckel, and zi nc.

Wth regard to health effects, nickel and zinc are of | east
concern because they cause visible adverse effects in plants
bef ore plant concentrations are high enough to be of concern
to animals or man. Cadm um copper, and nol ybdenum all may
be harnful to aninmals at concentrations that are too lowto
visibly affect plants. Copper is not a health hazard to man
or nonogastric animals, but can be toxic to rum nants (cows
and sheep). These aninmal s* tol erance for copper increases as
avai | abl e nol ybdenum i ncreases. Ml ybdenumitself may cause
adverse effects in animals at 10 to 20 ppmin forage that is
low in copper [13] . Cadmum is toxic to both man and
animals in doses as |low as 15 ppm but rum nants absorb very
smal | proportions of the cadmumthey ingest. Once absorbed,
however, this netal is stored in the kidneys and |iver [19],
so that nost nmeat and m |l k products remai n unaffected by high
cadm um concentrations ingested by livestock [13].

Wth regard to effects on crops, trace elenents have not
caused any adverse effects on any of the crops grown at the
SR systens listed in Table 9-3. Simlarly, analyses of
forage crops grown at the Ml bourne, Australia, system which
has operated since 1896, show relatively little increase in
trace el ement uptake over forage crops irrigated with potable
water [20]. Typical trace elenent concentrations in forage
grasses are presented in Table 9-6 with concentrations in
forage crops grown at selected SR sites.

At the OF site near Uica, trace el enments have had no adverse
effects on the grasses grown. As with the soil in this
system grass uptake of trace elenents is greatest near the
poi nt of wastewater application and decreases with di stance
down the treatnent slope. Gass uptake accounted for only
1.2, 1.4, 4.0, and 7.6% of the applied cadm um nickel
copper, and zinc, respectively [18]. If trace el enment uptake
is a concern, the use of Festuca rubia (red fescue) at OF
systens i s recommended because trace el ement uptake by this
plant is approximately a third the trace el ement uptake of
nost grasses [18].
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TABLE 9- 6
TRACE ELEMENT CONTENT OF FORAGE GRASSES AT
SELECTED SR SYSTEMS [4, 7, 21]

ppm
Melbourne, Dickinson, San Angelo,
Australia North Dakota Texas
Wastewater Wastewater Wastewater
Trace Typical Control irrigated Control irrigated irrigated
element range site forage site forage forage
Boron 1.0-80 NT& NT 14.1 19.6 NT
Cadmium 0.2-0.8 0.77 0.64-1.28 <5 <5 0.2-0.5
Chromium 0.1-0.5 6.9 6.9-28 2 <5 <0,5-1.5
Cobalt 0.05-0.5 <0.64 <0.64-1.28 <] <1 NT
Copper 2.0-15 6.5 11-19 7.4 6.8 3.8-9.1
Iron 250-600 970 361-987 NT NT NT
Lead 0.1-10 <2.5 <2.5 <5 <5 NT
Manganese 15-200 149 44-54 53 78 NT
Molybdenum 0.1-4.0 NT NT <0.05 <0.05 NT
Nickel 0.1-3.5 2.7 2.7-9.1 <0.5 <0.5 1.2-4.0
Zinc B.0-60 50 58-150 22 37 10-61

a. Not tested.

9.5.3 G ound Water

Trace elenments in ground water can limt its use for drinking
or irrigation purposes. For this reason, the potential for
trace el ement contam nation of ground water is a concern at
SR and Rl systens overlying potable aquifers or aquifers that
can be used as irrigation water supplies. Drinking and
irrigation water standards are presented in Table 9-7.

The nost toxic netals to man--cadmum | ead, and nercury-were
denonstratably absent in the percolate at five of the six SR
sites listed in Table 9-3; the sixth site gave inconclusive
data because fallout from nearby snelters contam nated the
soils. Concentrations of the nmetals have not approached
toxic levels in any of the sites studied after up to 50 years
of operation.

Cadm um | ead, and nmercury concentrations in shallow ground
wat er were conparable to concentrations in control wells at
two of the three Rl sites where trace netals were nonitored
[17] . At Hollister, shallow ground water concentrations of
cadmum and | ead were only slightly higher than control well
concentrations and were well w thin drinking water standards.
At the sites studied, trace el enent contam nation of ground
wat er has not been a problem As long as the soil pHis
mai nt ai ned at 6.5 or higher, ground water contam nation is
likely to remain nonexistent.
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TABLE 9-7
TRACE ELEMENT DRI NKI NG AND | RRI GATI ON
WATER STANDARDS [8, 13, 22-27]

ng/ L
Irrigation water
For fine

Drinking tex;ured For b ) For

water soils any soil livestock
Aluminum (Al) - 20¢ - 5¢
Antimony (Sb) 0.1459 -- -- -
Arsenic (As) 0.05¢ 2€ 0.1° 0.2€
Barium (Ba) 1.0% - - -
Beryllium (Be) - 0.5¢ 0.1° -
Boron (B) - 0.75° 2€ 5.0¢
cadmium (Cd) 0.01% 0.05°% 0.01€ 0.05°
Chromium (Cr*®) 0.05€ 1.0° 0.1¢ 1.0°
Cobalt (Co) - 5 0.5% 1.0°
Copper (Cu) 1.0f 5¢ 0.2° 0.5
Iron (Fe) 0.3f 20€ 5¢ -
Lead (Pb) 0.05°% 10€ 5.0° 0.1°
Manganese (Mn) 0.05f 10.0¢ 0.02°% -
Mercury (Hg) 0.002% -- -- 0.01¢
Molybdenum (Mo) -- 0.05% 0.01€¢ -
Nickel (Ni) - 2.0% 0.2 -
Selenium (Se) 0.01% 0.02° 0.02° 0.05¢
Silver (Ag) 0.05¢ 4-89 - --
Thallium (T1) 0.0049 -- -- --
vanadium (V) .- 1.0° 0.1 0.1°
zinc (zn) st 10¢ 2€ 25¢

a. Normal irrigation practice for 20 years.
Normal irrigation practice, no time limit.

Recommended Water Quality Standards, 1972 Report to EPA
on Water Quality Criteria.

EPA Toxic Pollutants Standards for Human Health.
EPA Primary Drinking Water Standards.

f. EPA Secondary Drinking Water Standards.

g. EPA Recommended Irrigation Water Standards.

9.6 M croorgani snms

Th(eelclasses of m croorgani sns can be pat hogenic to man and
ani mal s:

1 Bacteria

I Viruses

Parasitic protozoa and hel m nt hs
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Several approaches have been used at |and treatnent systens
to mnimze the public health i npacts of pathogens. Many SR
and RI systens use primary sedinentation prior to |and
treatnent, thereby renoving nost hel m nths. Hol di ng ponds
al so can be used before land treatnent to inactivate nost
pat hogens. Cenerally, a long detention tinme (about 30 days)
and noderate tenperatures are required for effective pathogen
removal (Section 4.4.1). Many SR and RI. systens rely on
the filtering capacity of the soil to renpbve bacteria,
hel m nths, and protozoa, and on soil adsorption for virus
removal .

There are five potential pathways for pathogen transport from
| and treatnent systens:

I Soils

I Crops

I G ound water

I Surface waters
I Aerosols

9.6.1 Soils

Straining and mcrobiological activity are the primary
mechani sns for bacterial renoval as wastewater passes through
soil. Finer soils, of course, tend to have hi gher capacity
for pathogen renoval. Dependi ng on the particular system
design, there will be either a mat on top of or a zone within
the soil where intense mcrobiological activity occurs.
Here, bacteria, protozoa, and helm nths and their eggs are
removed by straining and the predations of other organisns,
whi ch consune the dead organisns along with the BOD in the
applied wastewater and convert them primarily to carbon
di oxi de and ammonia. No l|asting adverse effects to soil have
been noted that result fromthese organi sns.

Bacteria renoval in the finer textured soils comonly
encountered at SR systens is usually quite high (as shown in
Tabl e 4-6). Research has shown that conplete bacteria
removal generally occurs within the top 1.5 m (5 ft) of the
soil profile [28] . Simlar research has indicated that die-
off occurs in two phases: during the first 48 hours follow ng
wast ewater application, 90% of the bacteria died; the
remai nder of the bacteria died during the followi ng 2 weeks
[ 29].
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Renmoval efficiencies at selected RI systens are presented in
Table 5-6. As indicated by this table, effective bacteria
removal s are achieved at Rl sites when adequate soil trave
di stance i s provided.

At OF sites, bacteria are renoved near the soil surface by
filtration, biological predation, and ultraviolet radiation.
Fecal coliformrenovals in excess of 95% can be obtai ned by
maxi m zing the OF residence tinme (increasing the renoval of
suspended solids) and applying wastewater at a slow and
relatively continuous rate [30]. For exanple, daily
application of wastewater for extended periods (12 to 18
hours) results in better renoval efficiency than shorter
application periods (6 hours) alternated with weekend drying.

Adsorption is the primary mechanismfor virus renoval at |and
treatnent systens. Virus renoval at SR systens is quite
effective. Virus renoval at RI sites depends on initia
concentration, hydraulic l|oading rate, soil type, and
di stance traveled through the soil. Virus transm ssion
through soil at R systens is presented in Table 9-8.
Renoval at OF sites is generally the sanme order of magnitude
as virus renoval during conventional secondary treatnent.

It is possible for parasite eggs, such as Ascaris and
hel mnths, to survive for nonths to years in soil. Al though
no concl usive evidence has been found to |link transm ssion of
parasitic infections to operating land treatnent systens,
vegetables that wll be consunmed raw shoul d not be grown at
land treatnent sites for at least 1 to 2 years after |and
treatment operations are term nated.

9.6.2 Crops

In the United States, the use of wastewater for irrigation of
crops that are eaten raw is not conmon. At present, crops
usually grown include fiber, feed, fodder, and processed
grains. No incidents of infection resulting from crops
recei ving wastewater have been identified in the United
States. Sewage farnms in Paris apply raw wastewater to fruit
and vegetable crops (not eaten raw) which are approved for
public consunption by the Mnistry of Health, wth no
reported health probl ens.

System ¢ uptake of pathogens by crops and subsequent
transm ssion through the food chain is not a problem \When
extremely high concentrations of viruses were applied to
damaged roots and | eaves, plants did take up organisns al ong
with water and nutrients [31]. Several studies perfornmed
usi ng typical wastewaters on undamaged crops show no pat hogen
upt ake [4, 6].
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TABLE 9- 8
VI RUS TRANSM SSI ON THROUGH SO L AT
Rl SYSTEMS [1]

Sampling Virus concentration, PFU/L
distance,
Location m At source At sample point
Phoenix, 3-9 8 0
Arizona 27 0
(Jan-Dec 24 0
1974) 2 0
75 0
11 0
Gainesville, 7 0.14 (avg over study period) 0.005
Florida 0.14 (avg over study period) 0
(Apr-Sep 0.14 (avg over study period) 0
1974) 0.14 (avg over study period) 0
0.14 (avg over study period) 0
0.14 (avg over study period) 0
0.14 (avg over study period) 0
0.14 (avg over study period) 0
Santee, 61 Concentrated type 3 polio 0
California
(1966)
Ft. Devens, 17 Indigenous virus, 276 (avg) 8.3 (avg)
M?S?jChusetts fa bactegiophage seed, 1.3 x 105
( ) 22 x 10
Medford, 0.75-8.34 1Indigenous virus, 1.1-81.0 17 samples negative;
New York 6 positive, at 0.47
(Nov 1976- {avg); range 0.14-0.66
Oct 1977) 0.75 Polio virus seed, 7 x 104 Range 0-25.5
(6 cm/h infiltration rate)
0.75 1.84 x 10° (100 cm/h Range 0.03 x 104 to
infiltration rate) 97.5 x 10
Vineland, 0.6-16.8 13 (avg over study period) 9 of 10 positive, 1.62 avg
New Jersey 13 (avg over study period) 7 of 10 positive
(Aug 1976- 13 (avg over study period) 2 of 10 positive, 1.95 avg
May 1977) 13 (avg over study period) 0 of 10 positive, 0.48 avg

VWen wastewater is applied by sprinklers, the potential
exi sts for pathogens to survive on the surface of a plant.
Sunlight is an effective disinfectant, killing pathogens in
a few hours to a few days; but any place that stays warm
dark, and noist could harbor bacteria. For this reason,
wastewater is not used to irrigate crops that are eaten raw
unless a very high degree of preapplication treatnent is
provi ded. To protect livestock, grazing should not be
allowed on pasture irrigated with disinfected pond or
secondary effluent for 3 to 4 days follow ng wastewater
application. At least 1 week should be allowed between
applications of primary effluent and grazing. Longer resting
periods are recommended for <cold, northern climates,
particularly when forage crops such as Reed canarygrass,
orchardgrass, and bronegrass are irrigated [29, 32].

The National Technical Advisory Conmttee on Water Quality
advi ses a standard of. 1,000 fecal coliforns/100 nL for water
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used in agriculture [20]. Even |ower fecal coliform
concentrations can be achieved, wthout disinfection, by
settling and storing the effluent before application (Section
4.4.1).

9.6.3 G ound Water

Because viruses can survive outside an ani mal host for |onger
periods of time than bacteria and other pathogens, and
because ingestion of only a few viruses nay cause di sease,
virus transmssion is the primary concern when eval uati ng the
ground water pathway. O her pathogens are renoved | argely by
filtration or natural die-off before they have an opportunity
to mgrate into ground water. Although no viral standards
have been established, SR and Rl systens that discharge to
pot abl e aquifers are designed to neet the bacterial standard
listed in Table 2-4. The intent of this standard is to
ensure that renovated water is essentially bacteria- and
virus-free.

As indicated in Section 9.6.1, virus renoval at SR systens is
quite effective, mainly due to the adsorptive capacity of
soils used for SR systens. Thus, nost research on virus
transm ssion has been focused on RI systens and coarser
textured soils, such as the studies sumarized in Table 9-8.
As indicated in this table, viruses can enter ground water,
particularly when |arge virus concentrations are applied at
hi gh loading rates to very perneable soils. However, the
nunmber of viruses that are transmtted is low, and the risk
to potential consunmers is mninmal provided adequate distance
between the treatnent site and any ground water wells is
mai nt ai ned.

Coliformlevels found in ground water underlying SR and R
systens are shown in Tables 4-6 and 5-6. These tables
i ndicate that over 99% of the applied colifornms is renoved
wi thin short travel distances. Provided adequate distance is
allowed, it is possible for any well-operated SR or R system
to meet the coliformstandard for drinking waters.

9.6.4 Surface Water

Land treatment systens that discharge to surface waters used
for drinking, irrigation, or recreation mnust neet |[ocal

di scharge standards for m croorgani sns. As nentioned
previously, SR and R systens shoul d have no probl ens neeting
di scharge standards. The mcrobiological quality of

renovated water from OF systens generally is conparable to
effluent from conventional secondary treatnent systens
wi t hout chlorination. Bacteria renovals of 90 to 95% or
hi gher and virus renovals of 70 to 90% are typical at OF
systens (Section 6.2.6).
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9.6.5 Aerosols

Aerosols are very small airborne droplets, less than 20
mcrons in dianeter, that may be carried beyond the range of
di scernible droplets from sprinklers. Sprinkl er generated
aerosols are slightly smaller than anbient aerosols; two-
thirds to three-fourths of the sprinkler generated aerosols
are in the potentially respirable size range of 1 to 5
m crons [33]. Aerosols may carry bacteria and viruses, but
do not normally contain pathogenic protozoa or hel mnths and

their eggs. Aerosols may come from sources other than
wast ewat er treatnent sites, such as cooling towers and public
facilities. As a result of these other sources, anbient

bacterial concentrations in_ the air of sonme cities are
conparable to the concentrations found near |and treatnent
sprinkl er zones.

As aerosols are generated, they are i medi ately subjected to
an “inpact factor” that may reduce bacteria concentrations by
90% and virus concentrations by 70% wthin seconds [2].
Further reduction nmay be caused by desiccation, tenperature,
deposition, and solar radiation. Aer osol dispersion,
influenced by wnd speed, air turbulence, and |ocal
t opography, occurs concurrently.

The concentration of bacteria and viruses in aerosols is a
function of their concentration in the applied wastewater and
t he aerosolization efficiency of the spray process. The
|atter of these factors depends on nozzle size, pressure,
angle of spray trajectory, angle of spray entry into the
w nd, and inpact devices [34]. St udi es have shown that
approximately 0.32% of the liquid leaving the nozzle is
aerosolized [35].

Bact eri a cannot be detected in aerosols at distances of even
10 m (33 ft) from sprinklers unless the bacteria con-
centrations in the applied wastewater are at least 103 to
104/ m, [36]. When undi sinfected wastewater is sprinkler
appl i ed, aerosol bacteria have been found to travel a maxi num
di stance of 400 m (1,312 ft) from a sprinkler line [37].
Under some conditions, viruses have been detected at
di stances of up to 100 m (328 ft) [2]. Concentrations of
bacteria and enteroviruses that have been detected near
various SR land treatnment sites are shown in Tables 9-9 and
9-10.
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TABLE 9-9

AERCSCL BACTERI A AT LAND

TREATMENT SI TES [ 2]

Distance
downwind Density
Wastewater type Location from site, m  Bacteria range?, No./m3
Raw or primary Germany 90-160P Coliforms -
Germany 63-400b/ ¢ Ccoliforms -
California 32b Coliforms -
Kibbutz Tzora, 10 Coliforms 11-49¢
Israel 10 Fecal coliforms 35-86
20 Coliforms 0-480
60 Coliforms 0-501
70 Salmonella
100 Coliforms 30-102
150 Coliforms 0-88
200 Coliforms 4-32
250 Coliforms 0-17
300 Coliforms 0-21
350 Coliforms 0-7
400 Coliforms 0-4
Ponded, Deer Creek, Control value Standard plate count 23-403 (111)
chlorinated Ohic 21-30 Standard plate count 46-1,5828 (485)
41-50 Standard plate count 0-1,429d (417)
200 Standard plate count <0-2234 (37)
Secondary, Ft. Huachuca, Control value Standard plate count 12-170 (28)
nondisinfected Arizona Control value Coliforms 0-58 (2.4)
45-49°€ Standard plate count 430-1,400 (day)
560-6,300 (niqght)
Klebsiella 1-23
120-152¢ Standard plate count 86-130 (day)
170-410 (night)
Pleasanton, Control value Standard plate count 300-805
California 30~50 Standard plate count 450-1,560
Total coliforms 2.4-2.5
Fecal coliforms 0.4
Fecal streptococci 0.3-1.7
Pseudomonas 34
Klebsiella <5
Clostridium perfringens 0.9
Mycobacterium 0.8
100-200 Standard plate count 330-880
Total coliforms 0.6-1.2
Fecal coliforms <0.3
Fecal streptococci 0.3-1.9
Pseudomonas 43
Klebsiella <5
Clostridium perfringens 1.1
Mycobacterium 0.8

a. Numbers in parentheses indicate mean values.

b. Distance guoted is maximum distance at which coliforms were detected.

c. Upper values occurred during night hours.

d. Corrected for upwind background value.
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TABLE 9- 10
AEROSOL ENTEROVI RUSES AT LAND
TREATMENT SI TES [ 2]

Distance Wastewater entero- Aerosol entero-

downwind viruses, PFU/L viruses, PFU/m
Wastewater from
type Location sprinkler, m Range Mean Range Mean
Nondisinfected Pleasanton, 50 45-~330 188 0.011-0.017 0.014
secondary California
effluent
Raw Kibbutz 36-42 0-650 125 0-0.82 0.015%
wastewater Tzora, 50 - 650 -- 0.14
Israel 70 170-13,000 6,585 0-0.026 0.013
100 0-82,000 16,466 0-0.10 0.038

The data in Tables 9-9 and 9-10 can be used to estinmate hunman
exposure to aerosol bacteria and enteroviruses. For exanple,
a reasonable estinmate may be obtained by using data from
Pl easanton, California. At a distance of 50 m (164 ft)
downwi nd from a sprinkler, an adult male engaged in |ight
work and breathing at a rate of 1.2 n¥/h (42 ft3/h) would
inhale an average of 1 plaque-formng wunit (PFU) of
enterovirus after 59 hours of exposure. Al though this
represents an extrenely low rate of potential viral exposure,
met hods for recovering enteric viruses currently are not
entirely efficient and actual viral exposure may be sonmewhat
hi gher [38].

As shown by the data in Table 9-11, aerosol fecal coliform
concentrations are lower at SR systens than at activated
sludge facilities. Thus, the risk of disease transfer from
SR sites should be no greater than from activated sl udge
facilities. For this reason, epidem ol ogical studies of the
health effects of aerosols from activated sludge plants may
be used to conservatively estinmate the health effects of SR
facility aerosols.

Epi dem ol ogi cal studies of activated sludge plants indicate
that there is no significant di sease rate increase for nearby
popul ati ons [ 39-44]. Based on these studies, it does not
appear that |and treatnment system enpl oyees or people living
near sprinkler irrigation sites should anticipate a risk of
di sease due to aerosols.
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TABLE 9-11
COVPARI SON OF CCLI FORM LEVELS
I N AEROSOLS AT ACTI VATED SLUDGE AND
SLOW RATE LAND TREATMENT FACI LI TIES [37, 45]

Maximum Median Minimum
Activated sludgea
Aerosols, No./m3
Upwind 28 0 0
Over basins 146 14 0
Downwind? 141 7 0
Wastewater, No./100 mL 8 x 107 1.6 x 108 1.1 x 10t
Aerated Eondb
Aerosols, No./m
Downwind
30 m 452 -- 4
100 m 5 -- 1
150 m 4 - -
200 m [ - 0
250 m 4 ~--
4
Wastewater, No./100 mL 10° - 10
Slow rate land treatment®
Aerosols, No./m3
Upwind 1.0 BDS BD
Downwindd 12.2 1.0 BD
Wastewater, No./100 mL 1.86 x 105 8.1 x 107 2.4 x 10*

Fecal coliform levels reported.
Total coliform levels reported.
Below detection.

Up to 30 m {98 ft) downwind.

a0 0

| f necessary, several neasures can be used to further reduce
bacterial and viral exposure through aerosols. First,
operating sprinklers during daylight hours increases the
nunber of mcroorganisns killed by ultraviolet radiation [2].
Sprinkling during early norning hours is preferable in arid
or semarid areas for water conservation purposes. Second,
the use of downward-directed, |ow pressure sprinklers results
in fewer aerosols than upwarddirected high pressure
sprinklers. R dge-and-furrowirrigation or surface flooding
are recommended when these application techniques are

feasible [2]. Third, when public residences are near the
sprinkler system buffer zones may be used to separate the
spray source and the general public. In general, public

access to the irrigation site should be limted. Finally,
pl anti ng vegetation around the site can reduce the aerosol

concentrations leaving the site [46]. Coni ferous or
deci duous vegetation have achieved up to 50% aer osol renoval
by filtration. Planted as a barrier, these types of
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vegetation should be able to reduce aerosol concentrations
several orders of magnitude through vertical dispersion and
di I ution.

9.7 Trace Organics

Concern over trace organics arose when chlorinated
hydr ocar bons and other trace organics were found in potable
water supplies. At land treatnent sites, the concern is that
trace organics may travel through the soil profile and enter
drinking water aquifers or accunulate in the soil profile and
be taken up by plants.

9.7.1 Soils
Many trace organics are adsorbed as they nove through the

soil profile at SR and RI systens. Chloroformis one such
conmpound, as indicated in Table 4-7; other chlorinated

hydrocar bons behave simlarly. Al though the adsorptive
capacity of a soil is limted, once trace organics have been
adsor bed they may be bi odegraded or volatilized and rel eased
to the atnosphere. In either case, the adsorption site

beconmes available for adsorption of additional organic
nol ecul es.

The anount of trace organics that can be renoved during
movenent through the soil is not well wunderstood. Sone
research has been conducted in West Germany using natura
sand beds to filter contam nated river water. The river
water contains high concentrations of trace organics,
particularly chlorinated hydrocarbons. The observed renoval
efficiencies are presented in Table 9-12. As shown in this
tabl e, trace organics renoval can be highly effective, even
in coarser soils.

TABLE 9-12
TRACE ORGANI CS REMOVALS DURI NG
SAND FI LTRATI ON [ 47]

Constituent § removal
Chlorobenzene 96
Dichlorobenzene 45
Trichlorobenzene 12
Chlorotoluene 94
Dichlorotoluene 62
Dissolved organic chlorides 38
Dissolved nonpolar organic chlorides 73
Dissolved organic carbon 68
Benzene 80
Toluene 95
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9.7.2 Crops

Plants can absorb many organic pesticides and sone
or ganophosphate insecticides through their roots, wth
subsequent translocation to plant foliage. Uptake of these
organics is affected by the solubility, size, concentration,
and polarity of the organic nol ecul es; the organic content,
pH, and mcrobial activity of the soil; and the climte
[ 48] . However, a recent study on health risks associated
with | and application of sludge has found that the | evel of
pesticide and herbicide absorption is quite low, not nore
than 3% of the nolecules that were in the soil passed into
plant foliage [48] . Myst trace organics are too large to
pass through the sem perneable nenbrane of plant roots.
Thus, it is wunlikely that crop uptake of trace organics
during land treatnent is significant enough to be harnful to
man or ani mal s.

9.7.3 Ground Water

As nmentioned in Section 9.7.1, soil adsorption of trace
organics at SR and Rl sites can be an effective renoval
mechani sm For this reason, only low levels of trace
organi cs woul d be expected to mgrate to underlying ground
water. The results of studies at two SR systens (Table 9-13)
and two Rl systens (Table 5-8) indicate that significant
renoval s do occur at these systens with the exception of the
Mlton R site which was operated at continuous (no drying)
extrenely high wastewater |oadings. At the MIton site, high
removal s are achieved by the time ground water travels a
distance of 45 m (160 ft) downgradient. Endri n,
met hoxychl or, and toxaphene were not detectable in the
wastewaters of any of +the four communities, and the
concentrations of lindane, 2,4-D, and 2,4,5-TP silvex were
all well below drinking water limts in the ground waters
underlying the land treatnent sites (Table 2-4).

Recent research at the Phoenix R site has exam ned the
removal of refractory volatile organics during R using
secondary effluent [54] . The results are presented in Table
9-14. As shown by this table, fairly high renova
efficiencies were obtained (70 to 100%.

Simlar research conducted at the Fort Devens Rl site
indicated that 80 to 100% of the applied refractory organics
is renoved during RI; average renoval of trace organics was
96% (501. Based on the results of these studies, it does not
appear that normal concentrations of trace organics in
applied wastewaters would cause problem levels in ground
wat ers underlying SR and Rl sites. Detailed studies on the
fate of trace organics during |land treatnent are underway at

9-22



t he Muskegon SR site; these studies should provide additional
i nsi ght into the potential risk of ground water
cont am nati on.

TABLE 9-13
TRACE ORGANI CS REMOVALS AT SELECTED SR SI TES [4, 6]
ng/ L

Roswell, New Mexico Dickinson, North Dakota

Wastewater Ground water Wastewater Ground water

Endrin <0.03 <0.03 <0.03 <0.03
Lindane 560 74.3 397 53.6

Methoxychloer <0,01 <0.01 <0.01 <0.01
Toxaphene <0.1 <0.1 <0.1 <0.1

2,4-D 29.0 10.4 17.0 6.2

2,4,5-TP

silvex 28.0 25.8 93 47.1

TABLE 9- 14

REMOVAL OF REFRACTORY VCOLATI LE ORGANI CS
BY CLASS AT PHOENI X RI SITE [ 49]

Class (typical example) Removal, %
Chloroalkanes (tetrachloroethylene) 70
Chloroarcmatics (p-dichlorobenzene) 94
Alkyabenzenes (o-xylene) 98
Alkyaphenols (p-isopropylphenol) 85
Alkylnaphthalenes (2-methylnapthalene) 100
Alkanes (hexatriacontane) 71
Alcohols (2,4~dimethl-3-hexanol) 95
Ketones (2,6-d-t-butyl-p-benzoquinone) 98
Indoles, Indenes (IH-indole) 96
Amides (N-[3-methylphenyl] acetamide) 74
Alkoxyaromatics (butoxymethylbenzene) 91

Weighted average 92

9.7.4 Surface Water

Di scharge fromthe OF process will directly inpact surface
water in nost cases. The effectiveness of trace organics
removal during OF has been studied at a pilot system in
Hanover, New Hanpshire. Chlorinated primary effluent was
used in these studies; this effluent contained 6.7 to 17.8
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ug/ L chloroform 10.2 to 33.1 wug/L toluene, and | esser
anmounts of  bronodi chl or onet hane, 1,1, 1-trichl oroet hane,
tetrachl oroet hyl ene, and carbon tetrachloride [51]. Using a
30.5 m (100 ft) long slope with a 5% grade, chloroform and
tol uene renovals were as presented in Table 9-15. These
efficient renoval rates are thought to result from
volatilization as the wastewater flows over the slope or
sorption near the soil surface followed by either m crobial
degradation or volatilization. Based on these results, it
appears that volatile trace organics contam nation of surface
waters by renovated water from OF systens should not be a
problemunless initial concentrations are excessive. Studies
are underway on the renoval of nonvolatile organi c conpounds.

TABLE 9- 15
CHLOROFORM AND TOLUENE REMOVAL
DURI NG OF [51]

Concentration at various travel distances, ng/L

Application Total
rate, Waste~ removal,
cm/h water 3.8 m 7.6 m 15.7 m 22.9 m Runoff %

Chloroform

0.40 17.8 12.4 6.9 3.1 - 0.3 98.3
0.60 6.7 5.7 3.8 2.1 0.9 0.5 92.5
0.80 13.2 6.4 5.9 3.7 1.5 0.8 93.9
1.05 6.7 -- 5.9 4.1 -- 1.1 83.6
1.32 9.0 7.8 6.8 6.1 1.4 1.9 78.9
Toluene

0.40 33.1 20.7 4.9 BD2 -— BD 100.0
0.60 10.2 6.2 2.4 0.5 BD BD 100.0
0.80 28.7 10.0 7.8 3.9 BD BD 100.0
1.05 21.5 -- 9.8 7.4 - 0.7 96.7
1.32 18.8 9.9 7.7 6.3 1.4 0.8 95.7

a. BD - concentration was below a detection limit estimated at
0.01 ug/L.
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APPENDI X A
SLOW RATE DESI GN EXAMPLE

Al | nt roducti on

This design exanple is presented to illustrate the procedures
described in Chapter 4 for the prelimnary design of slow
rate (SR) systens. The exanple is detailed enough to all ow
cost conparison with other alternatives. The focus of this
exanple is on determning the major design variables in | and
treatnent systens including crop selection, hydraulic |oading
rate, land area requirenents, storage requirenents, and
application nethod. Supplenental conponents such as punpi ng
and headwor ks requirenents are discussed briefly and |isted
for cost conparison purposes.

A 2 St at enent of Probl em
A. 2.1 Background

Cty Ais located in central Mssouri in an area charac-
terized by fertile soils and intensive farmng. Rainfall is
nore plentiful than is needed for nost crops, but is distri-
but ed unevenly during the year. Supplenental irrigation is
beneficial to nost crops in summer.

The existing wastewater treatnment facility consists of a
single stage trickling filter with anaerobic digestion and
sl udge drying beds. The facility is in poor structura
condition and wunable to neet present NPDES permt
requirenents.

A. 2.2 Popul ati on and Wast ewat er Characteristics

Popul ati on and wastewater characteristics are presented in
Table A-l. Industrial flows are expected to be nontoxic and
bi odegr adabl e.

A. 2.3 Discharge Requirenments

Surface discharge of wastewater is prohibited for streans in
the area, and the ground water aquifer is used as a drinking
wat er source so drinking water quality will be expected at
the project boundary.



TABLE A- |
POPULATI ON AND WASTEWATER CHARACTERI STI CS

Design year 2005
Population 18,900

Average annual flow, m3/d

Industrial 416
Municipal 7,154
Total 7,570
Maximum monthly avg flow, m3/d 9,085
Infiltration into sewers None

(nonexcessive)

Wastewater strength, mg/L

BODj 200
SS 200
Total nitrogen, mg/L (as N) 38
Total phosphorus, mg/L (as P) 8

A.2.4 Site Characteristics

The proposed site for the treatnent facility is shown in
Figure A-l. The site was chosen because of its isolation
from popul ation centers, its |location downwi nd fromthe city,
and the availability of flat, well-drained soils in the area.
According to an old SCS map, shown in Figure A-l, Bosket fine
sandy | oam dom nates the treatnent site and Cooter silty clay
dom nates the treatnent pond site. Both areas have 0 to 1%
sl ope.

A.2.5 dimte

The area is subject to frequent changes in weather with no
prol onged periods of very cold or very hot weather. The |ast
freeze is usually in late March and the first freeze in early
Novenber .

Climatic data, obtained from the National GCceanic and
At nrospheric Adm nistration*s Cimatography of the United
States, are shown in Table A-2 for the nearest United States
No. 20 recording station to Gty A The data represent the
worst year in 5 for nonthly average precipitation and
t enper at ur e.



TABLE A-2
CLI MATI C DATA FOR THE WORST YEAR IN 5

PROPOSED TREATMENT

POND SITE
) -
s Ge /)
i~ _—

CsB

\
77BN
AN

BtA

By HIGHWAY ib | ad

v
== , BtA

|

BtA \
' ' \ <N\ Co

| 3ta ByA |\ ByC
PROPOSED SR SITE
Depth to
Predominant Map seasonal high Depth from Permeability,
soil series symbol water table, m surface, cm Dominant USDA texture cm/h
Bosket BtA, >1.5 0-64 Fine sandy loam © 5-15
BtB 64-147 Clay loam and sandy clay loam 1.5-5
147-198 Fine sandy loam and sand 5-15
Broseley ByA, >1.5 0-94 Loamy fine -and 15-51
ByC 94-160 Fine sandy loam 5-15
160-190 Loamy fine sand 15-51
Canalou ca 0.6-0.9 0-51 Loamy sand 15-51
51-122 Sandy loam 15-51
122-160 Sand 15-51
Cooter Co 0.6-0.9 0-38 Silty clay 0.15-0.5
38-152 Loamy sand and sand 15-51
Crevasse CsB >1.0 0-25 Loamy sand 15-51
25-152 Sand 15-51
Gideon G4, 0-0.3 0-114 Loam 1.5-5
Ge 114-173 Clay loam 1.5-5
Lilbourn Lb 0-0.5 0-94 Fine sandy loam 5-15
Sikeston St 0-0.3 0-30 Sandy clay loam 1.5-5

FIGURE A-1
SOILS MAP



TABLE A-2
CLI MATI C DATA FOR THE WORST YEAR IN 5

Temperature °C Daﬁza:ith Total
Mean daily, temperature, precipitation,
Month Mean minimum <-4 °C cm
Jan -0.7 -6.6 20 10.1
Feb -0.9 -8.1 15 10.4
Mar 1.3 -5.6 12 15.1
Apr 12.7 4.6 0 15.8
May 16.7 8.3 0 17.4
Jun 21.1 13.9 0 14.2
Jul 24.1 16.7 0 14.0
Aug 24.4 15.9 0 12.2
Sep 19.8 9.6 0 14.7
Ooct 11.9 0.2 4 9.9
Nov 4.6 -3.1 12 14.8
Dec -0.1 -6.6 17 13.0
Annual 80 162

A 3 Sl ow Rate System Sel ection

The selection of the type of land treatnent process is dic-
tated by site conditions, climate, and regul atory require-
ments. In the case of City A the prohibition of surface
di scharge elimnated overland flow from consideration. The
[imt of 10 ng/L nitrate in the ground water, coupled with
the high ground water table, elimnated rapid infiltration as
an alternative. The SR process appeared feasible based on
| and availability, soil perneability, and climate.

A.3.1 Preapplication Treatnent

The existing treatnment facilities cannot be used for pre-
application treatnent wthout extensive rehabilitation.
Consequently, treatnent prior to |and application is to be
provi ded by a series of treatnent/storage ponds. The prinmary

cell is designed according to state standards: BOD | oadi ng
equals 38.1 kg/ha-d (34 Ib/acre-d) with an operating depth of
1.0 m The secondary cell is designed for storage.



A 3.2 Crop Selection

As discussed in Section 4.3, the crop selected for the SR
process depends on whet her the objective is crop production
for revenue or mnimzation of land area by maxim zing
hydraul i ¢ | oadi ng rates. For Gty A the objective is to
mnimze |and area. Based on the selection criteria in
Chapter 4 and conversations with the local farmadvisor, Gty
A chose to evaluate water tolerant forage grasses and
deci duous forest as two possible crops in an SR system The
proposed site shown in Figure A-l would be used for either
crop.

A 4 Syst em Desi gn

A 4.1 Forage Crop Alternative
Mnimzing | and area requires the use of the maxi mum al | ow
able hydraulic loading rate which is governed either by soi
perneability or nitrogen | oading. Once the hydraulic |oading
rate is determned, field area and storage requirenment are
obt ai ned.

A 4.1.1 Hydraulic Loading Based on Soil
Pernmeability

The general water bal ance equation is used to determ ne the

al l omwabl e hydraulic |oading based on soil perneability
(Section 4.5.1) and is shown as:

L, = ET - Pr + P, (4-3)

where Lw = wastewater hydraulic loading rate, cmunit tinme

ET = evapotranspiration rate, cnmlunit tine

Pr = precipitation rate, cnmfunit tinme

P, = percolation rate, cmunit tine
The conputation is performed on a nonthly basis in the form
of a water bal ance table shown in Table A-3. The procedure
follows that presented in Section 4.5.1 and is outlined
bel ow

1. Design precipitation for each nonth is based on a 5-

year return period and is obtained fromclimatic data
(Table A-2). The frequency analysis is perfornmed

A-5



according to standard procedures avail able in nost
hydrol ogy texts or reference books. The precipitation
val ues are entered in Colum (1).

Esti mated nonthly evapotranspiration (ET) val ues for
the forage grass are obtained from the |oca
Cooperative Extension Service and are entered in
Col um (2).

The net ET for each nonth is determ ned by subtraction
of Colum (1) from Colum (2).

The maxi mum desi gn percolation rate i s based on 4% of
the mninumperneability in the soil profile--1.5 cmh

0.6 in./h). A value of 4% is used because it is
necessary to be conservative for prelimnary design
Further optimzation wll be possible during fina

design. The limting perneability is 1.5 cmih in the
clay loamlayer at 64 cm (25 in.) in the Bosket soils
(Figure A-1). The maximumdaily percolation rate is
conputed as foll ows:

P, (daily) cni h) (24 h/ d)

O 4 (1.5
1.44 cm d
The nmonthly rate is then determned by nultiplying the
daily rate by the nunber of operating days during the

month. Sonme nonths nmay have nonoperati ng days due to
farm ng operations or cold weather.

G een chop harvesting is planned for this system such

that downtine for harvesting wll not be necessary.
Qperation will stop on days when the nean tenperature
is less than -4 °C (25 °F). Based on the climatic

data in Table A-2, nonoperating days due to cold
weat her are expected during the nonths of Cctober
t hrough March

For exanple, in January, the design percolation rate
is:

Qperating days = 31 —20 = 11 d
P, (Jan) = (1.44 cm d) (Il d/no)
= 15.8 cm no

The design percolation rate for each nonth is entered
in Colum (4).



5. The allowabl e hydraulic |oading rate for each nonth is
conputed by adding Colum (3) and Columm (4). The
annual hydraulic loading rate is conputed by sunm ng
the nonthly rates and equals 326 cm (128 in.).

TABLE A-3
HYDRAULI C LOADI NG RATES BASED ON SO L
PERVEABI LI TY: FORAGE CROP ALTERNATI VE

cm
(1) (2) (3) (4) (5)
Evapo- Hydraulic Loading

Precipitation transpiration ET - Pr Percolation Ly (P)

Month Pr ET (2)-(1) Py (3)+(4)
Jan 10.1 0.3 -9.8 15.8 6.0
Feb 10.4 0.7 -9.7 18.7 9.0
Mar 15.1 2.1 -13.0 27.4 14.4
Apr 15.8 5.6 -10.2 43.2 33.0
May 17.4 9.7 =7.7 44.6 36.9
Jun 14.3 13.4 -0.9 43,2 42.3
Jul 14,1 15.7 1.6 44.6 46.2
Aug 12.3 13.9 1.6 44.6 46.2
Sep 14.7 8.9 -5.8 43.2 37.4
Oct 9.9 5.0 -4.9 38.9 34.0
Nov 14.8 1.8 -13.0 25.9 12.9
Dec 13.0 0.6 -12.4 _20.2 7.8

Annual 162 78 -84 410 326

A.4.1.2 Hydraulic Loading Based on N trogen
Loadi ng

The annual hydraulic loading rate based on nitrogen is
determ ned by using equation 4-4, shown bel ow

Ly(n) = (Cu) (Pr - ET) + (U)(10) (4-4)
(1 - £)(Cy) - Cp
where Ly, = al | onabl e annual hydraulic |loading rate

based on nitrogen limts, cm



G = percol ate nitrogen concentration, ng/L

Pr = design precipitation, cmyr

ET = evapotranspiration rate, cnlyr

u = crop nitrogen uptake, kg/ha-yr

f = fraction of applied nitrogen renoved by
vol atilization, denitrification, and storage

C = ap?Lied wast ewat er nitrogen concentration
ngy

The conputati on was performed using annual rates according to
the procedure presented in Section 4.5.2 and is outlined as
fol |l ows:
1. Determ ne paraneter values for Equation 4-4.
a. Crop uptake (U
U = 224 kg/ha-yr (from Table 4-11)

b. Volatilization + denitrification + storage
(V+ D+ Y9

f = 0.2 (estimated, Section 4.2.2)
c. Applied nitrogen concentration (GC)
Conpute reduction in nitrogen concentration during
storage based on a 53 day storage period which is
t he m ni mum detention tinme in t he
treatnent/storage ponds (Table A-7).
c:n - (38 n-g/ L)e -0.0075(53)
= 26 ng/L
d. Percolate nitrogen concentration (GC)
G = 10 nmy/L (required)
2. Solve Equation 4-4.

_10(84) + 224(10)
Iw(n) = {1 = 0.2)(26) - 10

285 cmyr (112 in./yr)
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A.4.1.3 Design Hydraulic Loading Rate

As shown in Sections A 4.1.1 and A 4.1.2, the allowable
annual hydraulic |oading rate based on soil perneability is
326 cm (128 in.) and the rate based on nitrogen limts is 285
cm (112 in.). Since nitrogen loading limts the hydraulic
loading rate in this exanple, the allowabl e hydraulic |oading
rate is determ ned by conparing nonthly Lw(p) and Lw (n).

Mont hly hydraulic |oading rates based on nitrogen limts are
determ ned using Equation 4-4 with nonthly values for Pr and
ET obtained from Table A-3. Sufficient data on nitrogen
upt ake versus tine for forage crops were not avail able, re-
quiring nonthly values for Uto be estimated fromthe ratio
of nmonthly ET to the total growi ng season ET nultiplied by
t he annual crop uptake value (Table A-4, Colum 2).

TABLE A-4
DESI GN HYDRAULI C LOADI NG RATE
(1) (2) (3) (4 (35
Pr-ET, u, Lw(n)» Lw(P). Design L,

Month cm kg/ha cm cm cm
Jan 9.8 0.9 9.9 6.0 6.0
Feb 9.7 2.0 10.8 9.0 9.0
Mar 13.0 6.1 17.7 14.4 14.4
Apr 10.2 16.1 24 .4 33.0 24.4
May 7.7 28.0 33.0 36.9 33.0
Jun 0.9 38.5 36.5 42.3 36.5
Jul -1.6 45.3 40.5 46.2 40.5
Aug ~-1.6 40.1 35.6 46.2 35.6
Sep 5.8 25.7 29.2 37.4 29.2
Oct 4.9 14.4 17.9 34.0 17.9
Nov 13.0 5.2 16.9 12.9 12.9
Dec 12.4 1.7 13.1 7.8 7.8

Annual 267




The nmonthly values of L,, and Ly, are conpared with the
| ower val ue used for the nonthly design hydraulic rate (Table
A-4, Colum 5). Summ ng the design nonthly hydraulic | oading
rate gives the design annual hydraulic |oading rate, 267 cm
(105 in.).

A 4.1.4 Field Area Requirenents

The design annual hydraulic |oading rate is used to determ ne
the field area requirenent:

- Q(365) + AV, -
a, =2 > (4-6)
10° (L)
where A, = field area, ha
Q = average daily flow, m/d
AV = net gain or loss in stored wastewater vol une
due to precipitation, evaporation, and
seepage at storage pond, n¥/yr
L, = desi gn annual hydraulic loading rate, myr

For the first calculation of field area, aV, is assunmed zero
(see Section A 4.1.6) and the field area is cal cul ated as:

7,570 m3/d (365 d/¥r) _ 103.4 ha

A =
(104m2/ha)(2.67 m/yr)

w

A.4.1.5 Storage Requirenents

Storage of wastewater is required for periods when avail abl e
wast ewat er exceeds design hydraulic loading rate. A water
bal ance conputation is wused to estimte the storage
requi renment. The procedure is outlined as foll ows:

1. Enter the design nonthly loading rates from Table A-4
(Colum 5) into Table A-5, Colum 1.

2. Determ ne avail abl e wastewater for each nonth.

W, = 9(D)(0.01)
A

w

where W = nonthly avail abl e wastewater, cnfno
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Q = average daily flow, n¥d

D

days per nonth
A, = field area, ha

The average daily flow is assunmed constant. For
exanpl e the nonthly wastewater available for June is:

3
W = (7,570 m3/d) (30 d/mo) (0.01)
a June ’ 103.4 ha

=22.0 cm np

The nmont hly val ues of avail abl e wastewater are entered
in Colum (2) of Table A-5.

TABLE A-5
STORAGE VOLUVME DETERM NATI ON:
FORAGE CROP ALTERNATI VE

cm
(1) (2) (3) (4)

Hydraulic Wastewater Change in Cumulative

loading, available, storage, storage,
Month Ly, Wa (2)-(1) S¢
Sep 29.2 22.0 =7.2 0.22
Oct 17.9 22.7 4.8 4.8
Nov 12.9 22.0 3.1 13.9
Dec 7.8 22.7 14.9 28.8
Jan 6.0 22.7 16.7 45.5
Feb 9.0 20.5 11.5 57.0
Mar 14.4 22.7 8.3 65.3
Apr 24.4 22.0 -2.4 62.9
May 33.0 22.7 ~-10.3 52.6
Jun 36.5 22.0 -14.5 38.1
Jul 40.5 22.7 -17.8 20.3
Aug 35.6 22.7 -12.9 7.4

a. Rounding error, assume zeroc.
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3. Conpute the change in storage each nonth by sub-
tracting hydraulic loading [Colum (1)] fromavail abl e
wastewater [Columm (2)]. Enter the results in Col umm

(3).
4. Conpute the cumul ative change in storage in the end of
each nonth by adding the change in storage in Colum

(3) to the accumul ated quantity from the previous
month in Colum (4).

5. Conmpute the required total storage volune using the

maxi mum cunul ative storage in Colum (4) and the
estimated field area:

Ve = SA
(65.3 ¢cm (103.4 ha) (10?2 m¥/ cm ha)
675,200 m

A.4.1.6 Final Storage and Pond Design

The facultative pond for preapplication treatnment serves as
t he storage reservoir. A two-cell pond systemis selected
with the design criteria of the primary cell based on the
state*s BOD loading criteria of 38.1 kg BODha-d (34
| b/acre-d) and an operating depth of 1.0 m

A, = area (primary)

= (7570 n¥/d) (200 ng/L) (10°° kg/nmg) (10° L/n¥)
38.1 kg/ha-d

= 39.7 use 40 ha
V, = volune (primary)
= (40 ha) (10* nt/ha) (1.0 m
= 400, 000 n¥
The storage volune in the second cell is the difference

between the required total storage and the volune of the
primary cell

Vsec = Vs -V,
= 675,200 - 400, 000
= 275,200 n?
The actual volune of the secondary pond will change due to

evaporation, precipitation and seepage in the tw cell pond
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area. To obtain the final storage volune the follow ng steps
are used.

1. Calculate the storage area of the second cell using a
vol une of 275,200 n? and an operating depth of 1.5 m

A = Vsec (4-8)

secC —d_s—
_ 275,200

1.5

2

183,500 m use 18 ha

2. Determne the nonthly net gain or loss in storage
vol une due to precipitation, evaporation, and seep-
age (Table A-6, Colum 3). Annual | ake evaporation
equals 89 cm (33 in.) and is distributed nonthly in
the sane ratios of nonthly ET to annual ET. A
maxi mum seepage rate of 0.15 cnmd is all owed by
state standard. As an exanple, the net gain or |oss
for July is:

AV (Precipitation - evaporation - seepage)

SJuly
(surface area)

]

b

[(102 m/cm) (104 m2/ha)]

-49,300 m3

3. Tabul ate the vol unme of wastewater avail abl e each
month, In this exanple, the daily flowis assuned
constant and nonthly flows vary according to the
nunber of days per nonth (Table A-6, Colum 4).

3
7,570 d)(31 d
QmJuly ( m=/d) ( )

= 234.7 x 103 m3/mo
4. Determne the adjusted field area accounting for the
net gain from storage.

A,' = LAVg + 10y (4-10)
(L) (104 m2/ha)
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(108.0 + 2,763.3)(103 m3)

2.67 m (10%)

107.5 ha (266 acres)

TABLE A-6
FI NAL DETERM NATI ON OF STORAGE VOLUME

(L) (2} (3) (4) (5) (6) (7)
Available Applied Cumulative
) Net gain/loss wastewater wastewater Change in storage
Month Evapog:txon, Seeg;qe, m3 iv§03 mJQ‘)'(“lO3 m3V;(”103 mgt:rigg m35§,103
Sep 10.2 4.5 0 227.1 313.9 -86.8 85.7
Oct 5.7 4.6 -2.3 234.7 192.4 40.0 -1.12
Nov 2.1 4.5 47.6 227.1 138.7 136.0 40.0
Dec 0.7 4,6 44.7 234.7 83.8 195.6 176.0
Jan 0.3 4.6 30.2 234.7 64.5 200.4 371.6
Feb 0.8 4.2 31.3 212.0 96.8 146.5 572.0
Mar 2.4 4.6 47.0 234.7 154.8 126.9 718.5
Apr 6.4 4.5 28.4 227.1 262.13 -6.8 345.4P
May 11.1 4,6 9.9 234.7 354.7 -110.0 838.6
Jun 15.3 4.5 -31.9 227.1 392.4 -197.2 728.5
Jul 18.0 4.6 -49.3 234.7 435.4 -250.0 531.3
Aug 15.9 4.6 -47.6 234.7 382.7 -195.6 281.3
Annual 108.0 2,763.3 2,872.4

a.
b.

Rounding error, assume zera.

Design storage volume

5. Calculate the nonthly volunme of

appl i ed wastewater

(Table A-6, Colum 5) wusing the design nonthly

hydraulic |l oading rate and adjusted field area. For

exanpl e:

v _ (@, )@, "0 n®/ha) (1072 miem)  (4-11)
WJuly July

(40.5 cm)(107.5 ha)(102)

435.4 x 103 m3
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6. Determne the net change in storage each nonth (Table
A-6, Columm 6) based on nonthly applied wastewater
V,, available wastewater, Q,, and net storage
gai n/l oss, aV.

Change in storage = Q, + aV, - V,

7. Calculate the cunul ative storage vol une for the end of
each nmonth (Colum 7) to determ ne the maxi nrum design
st orage vol une.

V, = 845, 400 n¥

8. Adjust the depth of the second cell to accommodate the
i ncreased storage vol une.

Veee = 845,400 - 400, 000 = 445, 400

v 3
d - 'sec _ 445,400 m (4-12)

2
Agoc 180,000 m

= 2.47 m use 2.5 m

The depth of ground water prevents |lowering the depth of the
pond nore than 1.5 m (5 ft) below the ground surface. Con-
sequently, nost of the storage pond volunme will be above
ground surface and require enbanknents. The design criteria
for the storage | agoons are shown in Table A-7.

TABLE A-7
DESI GN CRI TERI A FOR STORACGE LAGOONS
FORAGE CROP ALTERNATI VE

Primary cell

Surface area, ha 40.0
Total depth, m 1.5
Operating depth, m 1.0
Total storage, d 79
Storage above 0.5 m, d 53
Secondary cell
Surface area, ha 18.0
Total depth, m 3.0
Operating depth, m 2.5
Total storage at 2.5 m, d 59
Total storage at operating depth
Days 112
m3 850,000
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A 4.1.7 Distribution and Application

When selecting the type of distribution system the designer
must consider the terrain, crop, soils, and capital and
oper ati on/ mai nt enance costs. Based on a cost conparison not
included in the exanple, the designer recormmended a center
pivot irrigation systemas the nost cost-effective systemfor
the forage crop alternative.

The design of the distribution systemis based on the maxi num
hydraulic |loading rate per application. |In this case, the
maxi mum nont hly | oading equals 40.5 cm (15.9 in.) in July.
An application frequency of four tinmes per nonth is sel ected
to all ow adequate drying between applications (see Appendi X
E for guidelines on making this determnation). The
hydraulic |loading rate per application then equals 10.1 cm
(4.0 in.).

In consultation with manufacturers of center pivot equi pnent,
it was determned that two center pivot systens coul d be used
for distribution each irrigating an area of 53.8 ha and using
a revolution period of 170 hours. The unit capacity is then
determ ned as follows (Section E. 2.6):

Q= CAD/'t

_ 28.1 (53.8)(10.1)
170

89.8 L/s

where Q = discharge capacity, L/s (gal/mm
= constant, 28.1 (453)

field area for one center pivot, ha (acre)

o >» 0O
I

= hydraulic | oading/application depth, cm(in.)

—
I

nunber of operating hours per application

Using the unit capacity, the design of the center pivot
systemis conpleted. In order to determ ne the nozzle and
pi peline size, the design nmust consider headl osses in the
line and the pressure required to ensure proper operation of
the nozzl es.

Unit capacity also is used to develop design criteria for the

punps. Punps are required to deliver wastewater to the site
and at a pressure sufficient to allow proper distribution of
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the wastewater. Assuming the two pivots operate
si mul taneously, the punps are sized for a total flow of 179.6
L/s. The designer chose four punps and one standby rated at
45 L/s. The force main is sized using a maxi mum vel ocity of
1.7 mls and the foll ow ng fornul a:

A=Q/V
where A
Q

V = maxi num vel ocity

area of pipe

total flow

For circul ar pipes:

where D = pipe dianeter

Appl yi ng the equation gives:

-3 .3

180.L/s) (10 m~/L) (4)

D=( /5) / — = 0.37 m, use 0.38 m
1.7 m/s T

A final consideration in the design of the center pivot
systemis the disruption of the tracking system due to wet
soil conditions. Because of the pivot rotational speed, the
application rate at the unit capacity equals 1.0 cni h during
the 9 to 10 h period it takes to pass a given point.
Al though this rate is less than the perneability or basic
infiltration rate of the surface soil, precautions need to be
t aken. These precautions include preparing the tracking
route by either soil conpaction or gravel installation.

A summary of design data for the treatnent site is given in
Table A-8. Figure A-2 shows the pond and distribution system
| ayout .

A 4.1.8 Cost Estimates

Cost estimates of the forage crop irrigation system are
determned from EPA publication *“Cost of Land Treatnent
Systens” EPA-430/9-75-003, using the criteria shown in Table
A- 9. Cost estimate calculations and total costs are
presented in Tables A-10 and A-11, respectively.
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TABLE A-8

SLOW RATE SYSTEM DESI GN DATA:

FORAGE CROP ALTERNATI VE

Irrigation system

Annual hydraulic loading rate, cm
Field area, ha

Buffer, m

Application freguency, No./mo

Maximum hydraulic loading per application, cm

Application equipment, No. of center pivots
Lateral length, m

Operating pressure, N/cmz

Field dimensions with buffer zone, m x m
Total area, ha

Pumping station

Duty pumps, No. at m3/min
Standby pumps, No. at m3/min
Pumping time (peak flow)

h/d

d/wk

h/wk

Force main

Velocity, m/s
Average
Maximum
Pipe diameter, m
Maximum headloss, m/1,000 m

267

107.5

15

4

10.1

2

408

34.5

1,662 x 846
140.6

TABLE A-9

COST ESTI MATE CRI TERI A:
FORAGE CROP ALTERNATI VE?

Circulation date

Sewage treatment plant index update, 370.1/177.5§

Sewer index update, 397.2/194.2

Operation and maintenance update, 2.13/1.00
Construction cost locality factor

Operation and maintenance/labor cost factor
Power cost locality factor

Interest rate, i

Interest period, n

Present worth factor, PWF

Capital recovery factor, CRF

October 1980
2.085

2.045

2.13

1.0

1.0
1.0
7.125%
20
0.2525
0.0953

a. Based on "Cost of Land Treatment Systems,"
EPA-430/9-75-003.
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TABLE A-10
COST ESTI MATE CALCULATI ONS:
FORAGE CROP ALTERNATI VE

10.

11.

12.

13.

Preliminary treatment

Capital ($48,000 x 2.085)
Operation and maintenance ($9,400 x 2.13)

Treatment
Capital
Primary cell ($150,000 x 1.7 x 2.085)
Asphalt liner ($352,000 x 2.085)
Operation and maintenance ($10,000 x 2.13)
Pumping to application site
Peak flow = 180 L/s
Avg flow = 135 L/s
Capital ($210,000 x 2.085 x 0.80)
Operation and maintenance ($26,100 x 2.13)
Force main (2.6 km: 0.38 m)
Capital ($162,100 x 2.045)
Operation and maintenance ($400 x 2.13)
Storage (D = 59d, depth = 3.0 m)
Capital ($447,000 x 2.045)
Operation and maintenance ($2,400 x 2.13)
Field preparation

Pond area (58 ha x 1.25 = 72.5 ha, brushes and trees)
Capital ($80,000 x 2.045)

Application site (53.8 ha x 2 = 107.6 ha, pasture)
Capital ($1,700 x 2.045)

Distribution, center pivots (107.6 ha)
Capital ($135,000 x 2.045)
Operation and maintenance ($18,400 x 2.13)
Administrative and laboratory

Capital ($64,000 x 2.045)
Operation and maintenance ($10,200 x 2.13)

Monitoring wells (six wells at 12 m depth)
Capital ($4,800 x 2.045)
Operation and maintenance ($600 x 2.13)
Roads and fences (application site, 140.6 ha)
Capital ($102,000 x 2.045)
Operation and maintenance ($2,700 x 2.13)
Planting and harvesting

Operation and maintenance
Variable costs ($319/ha x 107.5 ha)
Fixed costs ($247/ha x 107.5 ha)

Annual crop revenue
107.5 ha x 15.6 tons/ha x $42/ton

Land costs

Pond area (72.5 ha x $2,000/ha)
Application area (140.6 ha x $3,700/ha)

$100,100
20,000

$531,700
733,900
21,300

$350,300
55,600

$331,500
900

$914,100
5,100

$163,600

3,500

$276,100
39,200

$130,900
21,700

$ 9,800
1,300

$208,600
5,800

$ 34,300
26,600

$ 70,400

$145,000
520,200
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TABLE A-11
SUMVARY OF COSTS: FORAGE CROP ALTERNATI VE

Operation and

Component Capital Salvagea maintenance
Preliminary treatment $ 100,100 $ 20,000 $ 20,000
Treatment/storage ponds 2,179,700 1,089,800 26,400
Pumping 350,300 42,000 55,600
Force main 331,500 165,800 900
Site clearing 167,100 0 0
Distribution 276,100 0 39,200
Administration building 130,900 26,200 21,700
Monitoring 9,800 0 1,300
Roads and fences 208,600 68,200 5,800
Planting and harvesting - - 60,900
Crop revenue - -— -70,400

Total construction $3,754,100 $1,412,000 $ 161,400
Engineering, contingencies,
overhead, etc. 938,500 0 0
Land 665,200 1,201,400 0
Total project $5,357,800 $2,613,400 $ 161,400
Present worth -659,000 1,693,600
Total present worth $6,392,400
Equivalent annual costb s 609,200

a. Salvage values are determined by straight line depreciation

over the useful life of the components,
planning period P = 20 yr;
(initial cost) = 0.5(2,179,700)

present worth x 0.0953.

ponds N =
F = (1 - P/N)

b. Equivalent annual cost =

40 yr;
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A 4.2 Deciduous Forest Crop Alternative

As in the forage crop design, the selection of the maxi mum
al l owabl e hydraulic | oading for the forest crop alternative
mnimzes the required |and area. In the Gty A region,
deci duous trees, in particular poplar, grow well. The poplar
is a fast-growing tree and a pul p wood nar ket exi sts.

A 4.2.1 Hydraulic Loadi ng Based on Soi
Pernmeability

The nonthly water bal ance cal cul ations are determned as in
the forage crop water balance. The grow ng season for the
deci duous tree selected |asts 214 days based on an average
mean tenperature of 10 °C (50 °F). Evaporation from the
forest during the grow ng season is assuned to equal that
froma full cover pastureland. No evaporation is assuned for
t he nongrowi ng season; wastewater applied during this tine is
l[imted by precipitation and percol ation. Because the site
is the same for both forage and forest alternative, the
design percolation rate is the sane. Applying these
assunptions to the water bal ance Equation 4-3 results in a
maxi mum hydraul i ¢ | oading of 321 ¢cm (126 in.) and a maxi mum
monthly | oading of 46.2 cm (18.2 in.).

A 4.2.2 Hydraulic Loading Based on N trogen
Loadi ng

Equation 4-4 is used to determne the hydraulic | oadings
based on nitrogen |loading as in the forage crop alternative
(Section A 4.1.2). No crop growmh or nitrogen uptake was
assunmed for the nonths of Decenber through March. Using a
whol e-tree harvest approach, the total annual nitrogen uptake
is assuned to equal 200 kg/ha (178 |b/acre) (see Section
4.3.2.1). Based on these assunptions, the annual hydraulic
| oadi ng equals 268 cm (105.5 in.).

A . 4.2.3 Design Hydraulic Loading Rate

As in the forage crop alternative, nitrogen loading limts
the hydraulic loading rate. Design nonthly hydraulic | oading
rates are determined by conparing the nonthly hydraulic
| oadi ng rates based on soil perneability and nitrogen | oading
and using the |ower val ue. Based on this conparison the
desi gn annual hydraulic loading rate is 254 ¢cm (100 in.).

A-22



A 4.2.4 Field Area Requirenents

Appl yi ng Equation 4-6 and assumi ng the net gain/loss from
storage, aV,, is zero, the initial field area is:

3
A, = (7,572 m-/d) (365 4/¥r) . 108.8 ha
(10% m2/ha)(2.54 m)

A 4.2.5 Storage Requirenents

As in the case with forage, storage of wastewater during
nonoperating time depends on nonthly hydraulic |oadings and
avai |l abl e wastewater. Applying the water bal ance Equati on
4-3 and follow ng steps 1-4 of Section A .4.1.5 results in
Tabl e A-12. The net storage volunme required for year-round
application is shown bel ow

V., = (64.6 cn)(108.8 ha)(10?) = 702,800 n?
TABLE A-12

| NI TI AL DETERM NATI ON OF STORAGE VOLUNME:
FOREST CROP ALTERNATI VE

cm
Available Cumulative
wastewater Change in storage
Month P ET ET-P Py, Lw(p) Lw(n) Ly Wa storage Sc
Oct 9.9 5.0 -4.9 38.9 34.0 17.3 17.3 21.5 4.2 0.22
Nov 14.8 0 -14.8 25.9 11.1 13.7 11.1 20.9 9.8 4,2
Dec 13.0 0 -13.0 20.2 7.2 12.0 7.2 21.5 14.3 14.0
Jan 10.1 0 -10.1 15.8 5.7 9.4 5.7 21.5 15.8 28.3
Feb 10.4 0 -10.4 18.7 8.3 9.6 8.3 19.5 11.2 44.1
Mar 15.1 0 -15.1 27.4 12.3 14.0 12.3 21.6 9.3 55.3
Apr 15.8 5.6 =-10.2 43.2 33.0 23.8 23.8 20.9 -2.9 64.6
May 17.4 9.7 -7.7 44.6 36.9 32.0 32.0 21.6 -10.4 61.7
Jun 14.2 13.4 -0.9 43,2 42,3 35.1 35.1 20.9 -14.2 51.3
Jul 14.0 15.7 1.6 44.6 46.2 38.7 38.7 21.6 -17.1 37.1
Aug 12.2 13.9 1.6 44.6 46.2 34.1 34.1 21.6 -12.5 20.0
Sep 14.7 8.9 -5.8 43.2 37.4 28.2 28.2 20.9 -7.3 7.5
Annual 162 72 -90 410 321 268 254

a. Rounding error, assume zero.
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A.4.2.6 Final Storage and Pond Design

The steps outlined in Section A 4.1.6 are followed to deter-
m ne the final storage and pond design. The design of the
primary cell remains the sane with the secondary cell being
used to incorporate the net gain/loss fromthe pond area due
to precipitation, evaporation, and seepage. As before, the
initial depth of the secondary cell is assuned at 1.5 m (5
ft) resulting in a storage pond area of 20 ha (50 acres).
The adjusted field area is calculated to be 113.2 ha (280
acres). The results of secondary cell design are shown in
Tabl e A-13.

TABLE A-13
DESI GN DATA FOR STORAGE POND:
FOREST CROP ALTERNATI VE

Secondary cell

Surface area, ha 20
Total depth, m 2.9
Operating depth, m 2.4
Storage at operating depth, d 63

Total storage at operating depth

Days 116
m3 880,000

A 4.2.7 Distribution and Application

Solid set sprinkler systens, both surface and buried, are the
nost common nethods used in forest crops for distributing

wastewater. In the case of City A the proposed treatnent
site is under pasture and the subsoils are uniform w t hout
much debris, consequently either system would work. The

installation cost for the surface systemis less than the
buried system but the cost for operation and mai ntenance is
|l ess for the buried system After conparing total cost and
di scussing with City A their desire for |ow operation and
mai nt enance cost, the designer selected the buried solid set
sprinkler system

The design of the sprinkler systemis based on the maxi num
hydraulic | oad per application. An application frequency of
4 times per nonth is chosen to all ow adequate aeration of the
tree root system Based on a maximum nonthly hydraulic
|l oading of 38.7 cm (15.2 in.), the maxi num hydraulic | oading
per application of 9.7 cm (3.8 in.) is obtained. Referring
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to manufacturers literature for solid set irrigation systens,
design data are obtained and presented in Table A-14. The
pond and irrigation system|ayout is shown in Figure A-3.

TABLE A-14
DESI GN DATA:
FOREST CROP ALTERNATI VE

Irrigation system

Annual hydraulic loading rate, cm 254
Field area, ha 113
Buffer, m 15
Application frequency, No./mo 4
Total area, ha 123.5
Maximum hydraulic loading per application, cm 9.7
Distribution system Buried solid

set sprinklers
Spacing, m x m 18 x 21
Sprinkler flow, L/s at N/cm? 0.85 @ 36, 0.63 cm diam
Lateral length, m 432
Sprinklers per line, No. 24
Application period, h 12
Settings per day, No. 2
Operating time, h/d 24
Laterals per setting, No. 9
Pumping rate, 9 x 24 x 0.85, L/s 184

Pumping station

Duty pumps, No. at m3/min 4 at 2.76
Standby pumps, No. at m3/min 1l at 2.76
Pumping time
h/d 24
d/wk 6
h/wk 144

Force main

Velocity, m/s

Average 1.1
Maximum 1.7
Pipe diameter, m 0.38
Maximum headloss, m/1,000 m 6.4
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A 4.2.8 Cost Estimates

Cost estinmates are determ ned by the sanme nethod used for the
forage crop alternative (Table A-9) and are sunmarized in
Table A-15. Cop revenue is based on a harvest of one-fourth
of the area every year beginning the fourth year, an annual
growh rate of 25 tons/ha, a dry weight of 0.4 ton/ cord, and
a stunpage price of $4/cord used for pul pwood.

TABLE A-15
SUMVARY OF COST: DECI DUOUS FORESTS

Operation and

Component Capital_ Salvage maintenance
Preliminary treatment $ 100,100 § 20,000 $ 20,000
Treatment/storage ponds 2,206,300 1,103,100 26,800
Pumping 325,300 39,000 55,600
Force main 314,000 157,000 900
Site clearing 167,500 0 0
Distribution 1,295,700 0 54,200
Administration building 130,900 26,200 21,700
Monitoring 9,800 0 1,300
Roads 112,500 75,000 4,900
Planting and harvesting 14,000 - 2,800
Crop revenue - - -28,000

Total construction $4,676,100 $1,420,300 $ 160,200
Engineering, contingencies,
overhead, etc. 1,169,000 - -—
Land 606,900 1,096,100 -=
Total project $6,452,000 §2,516,400 $ 160,200
Present worth -= -635,400 1,681,000
Total present worth $7,497,600
Annual equivalent cost $ 714,500
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A 4.3 Selected SR Design

Conparing annual equivalent costs, the forage crop alter-
native is the nost cost-effective alternative, with an annual
equi val ent cost of $609, 200/yr, and is sel ect ed.

Managenent of the selected alternative consists of an initial
seedbed preparation, seeding, cultivating, irrigating, and
harvesting four tines per year. Prior to harvesting, the
field requires a drying period of 2 to 3 weeks. The
harvested forage grass is then chopped and haul ed away for
use. The harvesting may be handled either by Gty A
personnel or contracted outside. Assumi ng contract
harvesting, the estimated staff requirenment for all of the
remai ni ng operation is 1.5 nman-years per year.

A. 4.4 Energy Requirenents

The two areas of operation that contribute nost to the system
energy requirenments are punping and crop production.
Assum ng 3,900 hours of operating tinme, 75% overall system
efficiency, and 20% headl oss through the distribution system
the energy required for punping is showmn bel ow

TDH = pi pe | osses + operating pressure + | osses through
at sprinkler di stribution
system

= 2,600 m (5.5 m) + 35 + 7
1,000 m

= 56.3 m

(Q) (TDH) (t)

Ener9y = 1§,123) (E)

= 515,200 kWh/yr

Energy required for forage crop production is conputed using
the energy requirenent factor given in Table 8-1.

107.5 ha x (3.63 MJ/ha)
3.6 MJ/kWh

Energy =

= 110 kWi/yr

Therefore, the total annual energy budget for this SR exanple
is:

110 + 515,200 = 515,310 kWh/yr
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The total energy budget for an activated sl udge and anaerobic
di gestion treatnent system of equal size would be 680, 000

kWh/yr electrical energy and 3,100 x 10° BTU yr fuel energy
or a total of 967,000 kWh/yr.
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APPENDI X B
RAPI D | NFI LTRATI ON DESI GN EXAMPLE

B.1 Introduction

The desi gn exanple described in this appendix is intended to
denmonstrate only the RI design procedures described in
Chapter 5; therefore, conponents that are comobn to nost
wast ewat er treatnent systens, such as transm ssion systens
and punping stations, are described but not designed in
detail. However, a cost estimate and an energy budget are
devel oped for the entire system

B.2 Design Considerations
B.2.1 Desi gn Communi ty

Community B is located in the southeastern United States on
the Coastal Plain. The area in which the comunity is |ocated
is characterized by relatively flat areas |ying between
numer ous creeks and swanps that drain into North Creek. One
of these creeks, South Creek, borders the northeast edge of
the comunity. The elevation of Comunity B is 45.7 m (150
ft); near the community, elevations range from42.7 to 54.9
m (140 to 180 ft).

B.2.2 Wastewater Quality and Quantity

The design average daily flowis 6,060 ni/d (1.6 Mal/d) and
t he design peak flowis 9,090 n¥/d (2.4 Mal/d)

Expected wastewater characteristics under design flow con-
ditions are presented in Table B-1. Wastewater is essentially
domestic in character and expected concentrations of trace
el emrents and organics are | ow.

TABLE B- |
PROQIECTED WASTEWATER CHARACTERI STI CS
Parameter Value
BODS, mg/L 175
Total suspended solids, mg/L 150
Total nitrogen, mg/L 50
Ammonia nitrogen (as N), mg/L 20
Total phosphorus (as' P), mg/L 10
pH, units 6.9




B.2.3 Exi sting Wastewater Treatnent Facilities

The existing treatnment facilities provide primary treatnent,
and treated wastewater fails to neet present discharge
requirements. The facilities are old and would require
significant repairs and additions to produce treated water
that would neet all discharge requirenents.

B.2.4 Di scharge Requirenents

Di scharge requirenments for surface waters are presented in
Table B-2. The ammonia nitrogen [imt during sumer nonths is
intended to prevent ammnia toxicity to fish. The inhibited
test for carbonaceous BOD does not neasure nitrogenous BOD.
The test is often specified for systems that nitrify
wast ewat er, because such systens tend to have higher BOD;
concentrations although the water quality is equival ent.

TABLE B-2
SURFACE WATER DI SCHARGE REQUI REMENTS

North South

Parameter Creek Creek
BODs5, mg/L 30 20
(inhibited test for carbonaceous BOD)
Dissolved oxygen, mg/L 5 5
pH 6-9 6-9
Total suspended soclids, mg/L 30 20
Fecal coliforms, MPN/100 mL 200 200
Ammonia nitrogen (as N), mg/L 2 2

(May-October only)

B.2.5 Cimte

Average tenperature and precipitation in Community B were
obtained from local climtological data and are shown by
nmonth in Table B-3. Arainfall frequency distribution curve,
devel oped from 26 years of recorded data, indicates that the
wettest year in 10 yields 137 cm (54 in.) of precipitation in
Community B. The average total annual precipitation (rain
plus snow) is 111 cm (43.7 in.).



TABLE B-3
AVERAGE METEOROLOG CAL CONDI TI ONS

Precipitation, cm

Temperature, : a
Month °C Rain Snow
Jan .6 6.71 0.25
Feb .3 8.05 0.51
Mar 12.6 9.24 1.02
Apr 17.5 9.17 0.00
May 22,2 7.34 0.00
Jun 26.0 10.87 0.00
Jul 27.0 15.85 0.00
Aug 26.6 11.61 0.00
Sep 23.8 10.41 0.00
Oct 18.3 5.54 0.00
Nov 12.6 5.87 Trace
Dec 8.4 7.77 0.76
Year 17.8 108.43 2.54

a. Water equivalent.

B.3 Site and Process Sel ecti on

Community B contacted | andowners within a 4 km (2.5 mle)
radius of the existing treatnment facilities to determ ne
their interest in leasing or selling their property for |and
treatment. Five potential sites were identified during Phase
1 of the planning process and screened in accordance with the
procedure in Chapter 2. Two of the sites were available for
purchase and had soils suitable for RI (Sites 1 and 2 on
Figure B-1). One of these two sites (Site 2) and the three
remai ni ng sites had enough |land to be suitable for SR None
of the soils in the area were suitable for OF (Table B-4).
Therefore, OF was elimnated fromconsideration as a viable
alternative.

During phase 2 of the planning process, field investigations
were conducted at each of the five sites. Based on the field
i nvesti gations, prelimnary design criteria and cost
estimtes were devel oped. This analysis indicated that the
two RI alternatives were nore cost effective than any of the
SR alternatives and lower in total present worth than the
best conventi onal secondary treatnent and di scharge
alternative. The prelimnary analysis also indicated that an
Rl facility at Site 1 would be slightly | ess expensive than
an RI systemat Site 2. For these reasons, the alternative
sel ected by Comunity B was RI at Site 1.

B-3
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B.4 Site Investigations

The selected site for Rl is 2.4 km (1.5 mles) from the
exi sting wastewater treatnent facilities. The site contains
48 ha (120 acres) of land and was covered with brush and
trees. Near North Creek, the ground surface drops vertically
about 6 m (20 ft), formng a relatively steep bluff as
indicated in Figure B-2. West of the bluff, elevation varies
less than 0.6 m (2 ft).

B.4.1 Soil Characteristics

As indicated by Figure B-1 and Table B-4, the soils at Site
1 that are best suited for Rl are the Lakel and sands (LaB and
LaD in Figure B-1). These perneable soils are found at Site
1 only near the center of the site. Thus, R is potentially
feasible only in a limted portion of Site 1. Because it
woul d have cost Community B as nmuch to buy only the |and
needed for the treatnent system as to buy the entire site
(the wunused portion of the site being nostly swanp and
t her ef ore undevel opabl e), acquisition of the entire site was
necessary.

To verify that Site 1 has adequate soil depth and depth to
ground water for R, and to ascertain the absence of shall ow,
i nperneable soil layers, nine test holes were drilled as
shown in Figure B-2. A typical boring log from the
investigation is presented in Table B-5. At this particular
test hole, the presence of ground water at a depth of 3.2 to
3.5 m (10 to 11 ft) and an inpernmeable clay layer at 6.5 m
(21 ft) neans that percolation could occur only to a depth of
about 3.2 to 3.5 m(10 to 11 ft) and that the flow of water
below this depth is primarily horizontal rather than
vertical.

TABLE B-5
TYPI CAL LOG OF TEST HOLE

Depth, m USDA texture Remarks

0-1 Loamy sand -

1-2 Sandy loam -~

2-2.2 Loamy sand With thin silt lenses
2.2-3.2 Sand -
3.2-3.5 Sand Ground water table
3.5-6.5 Sand Saturated

>6.5 Clay Impermeable
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B.4.2 G ound Water Characteristics

At the selected site, the depth to ground water ranges from
1.5t0 4.6 m(5to 15 ft) and is typically 3 m (10 ft). The
ground water aquifer is 1.5 to 4.6 m(5 to 15 ft) thick and
is underlain by inperneable clay. The clay |ayer prevents
deep vertical percolation and causes the ground water to flow
|aterally toward North Creek, as indicated by the
approxi mated ground water contours shown in Figure B-2.
Because of the shall ow ground water table, there is a poten-
tial for nounding of the percolate and underdrains nust be
considered. Horizontal hydraulic conductivity in the aquifer
was neasured using the auger hole technique (Section 3.6.2.1)
and averaged 3.4 md (11 ft/d).

Furt hernore, although ground water quality is adequate for
wat er supply purposes, the aquifer is too thin to allow
production wells to extract ground water economcally. The
cl osest donestic water supply well to the RI site is 1.6 km
(1 mle) southwest and upgradient of the site. This well and
others in the area punp water fromdepths of 90 to over 150
m (300 to over 500 ft). Thus, the shallow aquifer underlying
the area to be used for Rl and between the Rl area and North
Creek will not be used as a potable water source. Current
ground water quality data are presented in Table B-6.

TABLE B-6
GROUND WATER QUALI TY

Parameter Concentration
PH, units 6.8
Specific conductance, umhos 120
Nitrate nitrogen, mg/L 8.4
Fecal coliforms, MPN/100 mL 0

B.4.3 Hydraul i c Capacity

Basin infiltration tests at the selected site were perforned
with clear water using 3.6 by 3.6 by 0.5 m (12 by 12 by
1.5 ft) basins filled to a depth of 22 to 30 cm (9 to
12 in.). Because the soil and ground water characteristics
were generally uniform throughout the site, only two basin
infiltration tests were perforned. If the results of these
two tests had conflicted, additional tests would have been
conducted. Results fromone of the two infiltration tests
are plotted in Figure B-3. As shown in this figure, the
resulting limting infiltration rate at this basin was

B-8
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2.5 cnmh (1 in./h). This was the mninmuminfiltration rate
fromthe two tests and was used as the basis for design.

B.5 Determnation of Wastewater Loading Rate
B.5.1 Preapplication Treatnent Level

The existing treatnent facilities are old and necessary
repair work would not be cost effective. Therefore, new
preapplication treatnment facilities are needed. To consoli -
date the treatnment facilities, Comunity B decided to |ocate
the preapplication treatnent facilities adjacent to the R
facilities at Site 1. Because Site 1 is close to the
community, biological treatnent prior to |land treatnent was
appropriate (Section 5.3.1). The area experiences mld w nter
weat her, making ponds the nost cost-effective form of
preapplication treatnent.

The | and avail able for preapplication treatnment was sonmewhat
limted; to mnimze the pond area, an average depth of 3.6
m (12 ft) was selected. The pond design included surface
aerators to be used periodically for odor control and to keep
the pond from becomng entirely anaerobic. The pond was
divided into three aeration cells for flexibility and
reliability. A design detention tine of 3 days was sel ected
and adjustable weirs were included in each cell to allow
wastewater withdrawal after 1 to 2 days if treatnent effi-
ciency is high or if the BOD:N ratio nmust be increased to
pronote denitrification during RI. The expected effluent
quality fromthe aerated |lagoons is 75 ng/L BOD5 and 90 ny/L
SS. Because of the short detention tinme, the nitrogen content
will remain at 50 ng/L and the ammoni a nitrogen content wll
be approximately 20 ny/L.

B.5.2 Hydraul i ¢ Loadi ng Rate

The annual hydraulic loading rate was designed to be within
10 to 15%of the limting basin infiltration rate (Table 5-11
and Section 5.4). A nedian value of 12.5% was sel ected and
the wastewater |oading rate was cal cul ated as foll ows:

12.5% x 2.5 cnmh x 0.01 mcm

X 365 d/yr
=27.4 myr (90 ft/yr)

B- 10



B.5.3 Hydraul i ¢ Loadi ng Cycl e

Because the renovated water will flow laterally or be drai ned
into North Creek, nitrification or amoni um nitrogen renoval
is necessary during the nonths of My through Cctober. To
maxi mze nitrification, a |loading cycle of 2 days of flooding
alternated with 12 days of drying was selected (Section
5.4.2). Using this loading cycle and the assuned | oading
rate, the volunme of water applied during each | oading cycle
is:

(2d + 12d)/cycle 100 cm
365 d/yr x 27.4 m/yr x —
= 105 cmicycle (41.4 in./cycle)
B.5.4 Effect of Precipitation on Wastewater Loadi ng
Rat e

As shown in Table B-3, precipitation in Conmunity B averages
111 cmyr (3.6 ft/yr) and varies throughout the year from5.5
to 15.9 cmino (2.2 to 6.2 in./np). As nentioned in Section
B.2.5, the wettest year in 10 would yield 137 cm (54 in.) of
preci pitation. This anmount roughly corresponds to a naxi mum
monthly precipitation of 20 cmino (8.0 in./np). Adding
maxi mum nonthly precipitation to the average wastewater
| oading rate of 2.3 in/nmo (7.5 ft/nmo) resulted in a maxi mum
nmonthly hydraulic loading rate of 2.5 mino (8.2 ft/no). This
conbined loading rate is 13% of the test basin infiltration
rate and, therefore, was acceptable (Section 5.4.1).

For land requirenent cal cul ations, the previously cal cul at ed
wastewater loading rate (27.4 mlyr or 90 ft/yr) was used
because precipitation is relatively insignificant nost of the
tinme.

B.5.5 Under dr ai nage
As discussed in Section 5.7.2, at RI sites where both the
ground water table and the inperneable | ayer underneath the
aquifer are relatively close to the soil surface, it may be
possible to avoid |engthy noundi ng equations by using the
fol |l om ng procedure:

1. Assune underdrains are needed.

2 Use Equation 5-4 to cal cul ate drain spacing.

3. If the calculated drain spacing is reasonable

(between 10 mand 50 mor 33 ft and 160 ft), drains
shoul d be used.

B-11



4. If the calculated spacing is less than 10 m no
moundi ng cal cul ati ons are needed but the cost of
t he underdrai ns may cause the systemnot to be cost
effective and may necessitate reconsideration of
other sites identified during Phase 1

5. If the calculated spacing is greater than 50 m an
eval uation of ground water nounding is necessary.

Because Site 1 is underlain by a relatively shallow i nper-
nmeabl e | ayer, underdrains would be the appropriate drainage
met hod. A drain depth of 3 m(10 ft) and an all owabl e ground
wat er mound hei ght above the drains of 0.6 m (2 ft) were
assunmed. Using Equation 5-4, drain spacing was cal cul at ed:

_ [ 4kH 1/2
S [E;—I~§(2d + H)]

where S = drain spacing, m
K = horizontal hydraulic conductivity, md
= 3.4 md (Section B.4.2)
H = allowable height of the ground water nound

above the drains, m
0.6 m

d = distance from drains to under | yi ng
i nper meabl e | ayer, m

= 3m
L, = annual wastewater loading rate, m/d
= 27.4 M/Yr - 4,075 m/d
365 d/yr /

P = average precipitation rate, m/d
1.11 m/YT - 5,003 m/d

365 d/yr
- 4 x 3.4 m/d x 0.6 m + 0. 1/2
= 6075 w/a F 0,003 mal (2 X 3™+ 0.6 m’)

= 26 m (85 ft)

Because this spacing is reasonable and will keep the nound
from becoming a problem additional nounding calcul ations
were not necessary. Because the percolate collected in the
underdrains will be discharged into North Creek, it was
necessary to design the remai nder of the systemto neet the
di scharge requirenents sunmari zed in Table B-2.

B-12



B.5.6 Nitrification

To determ ne whether the proposed system could neet the
sunmer ammoni a nitrogen di scharge requirements, the nitrifi-
cation potential of the system was evaluated. First, the
nitrogen | oading rate was cal cul ated as foll ows:

_ 10CpLw
Ln -~ 7365

where L, = nitrogen |loading rate, kg/ha-d

C, = applied total nitrogen concentration, ng/L
L, = annual |oading rate, myr
L, = 10 x 50 mg/L x 27.4 m/yr

365
37.5 kg/ha-d (33.5 | b/acre-d)

This loading rate is well within the range of nitrification
rates reported under favorable tenperature and noisture
conditions (Section 5.2.2). Because nitrification is required
only during sunmer nonths when tenperatures are fairly high,
tenperatures at the R system will be favorable for the
required nitrification. Furthernore, the relatively short
application periods and | onger drying periods of the selected
| oading cycle will ensure favorable noisture conditions and
should allow virtually conplete nitrification within a
relatively short soil travel distance (Section 5.4.2).

B.6 Land Requirenents
B.6.1 Preapplication Treatnent Facilities

The average liquid depth of the aerated pond was designed to
be 3.6 m (12 ft), based on an average detention period of 3
days. An additional 1 m (3.3 ft) of freeboard was provided to
allow the liquid depth to vary during peak flows and
enmer gency conditions. Each pond cell berm was designed to
have a 1:3 slope (vertical:horizontal) on both interior and
exterior sides and to be 1.2 m (4 ft) wide on top. Thus, the
total area required for the pond is approximately 1.7 ha (4.2
acres).

B- 13



B.6.2 Infiltration Basins
The area needed for infiltration was cal cul ated as foll ows:
A = (365 Q/(10* L,)
where A = area required, ha

Q

L, = annual | oading rate, m

aver age wastewater flow, n¥/d

A = (365 x 6,060 nt/d)/(10* x 27.4 myr)
= 8.1 ha (19.9 acres)

B.6.3 O her Land Requirenents

Addi tional |and was required for berns around the infiltra-
tion basins and for access roads. Prelimnary system| ayouts
indicated that a total of about 14 ha (35 acres) would be
required. This nunber was wused for prelimnary cost
estimates; actual land requirements were devel oped during
final system design

B.7 System Design
B.7.1 Ceneral Requirenents

A schematic of Community B*s Rl systemis shown in Figure B-
4. The existing screening and grit renoval facilities wll be
retai ned and used because they are necessary to protect the
new punpi ng station.

A punping station wll be constructed at the site of the
abandoned treatnent facilities to punp the screened waste-
water through a 30 cm (12 in.) force main to the treatnent
ponds. Three 3.14 n¥/ mn (830 gal/my) punps wll be included.

Two punps operated together will be able to handle a peak
flow of 9,090 n¥/d (2.4 Mgal/d). The third punp will be a
standby. Standby power at the punping station wll be

provided by a diesel generator. Distribution to the infil-
tration basins will be by gravity flow fromthe ponds.

Infiltration basins were |ocated on the area having the nost
suitable soils. Because this area is relatively flat, very
little grading was required and nearly equal -sized basins
could be | ocated adjacent to one another. The sel ected 14 day
| oading cycle required that at |east 7 basins be constructed
to enabl e dosing of at |east one basin every 2 days. For this
reason, the area having suitable soils was divided as shown
in Figure B-5 wth 7 basins ranging in size from0.98 to 1.3
ha (2.4 to 3.2 acres).

B- 14
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To control the basin |oading rate, adjustable overflow weirs
wer e designed for each pond cell. During normal operation,
the overflow weirs are to be set at the 3.65 m (12 ft) I|evel
of the pond (the average water depth). This neans that the
i nst ant aneous wastewater flow to a basin at any tinme during
a 2 day loading period will equal the wastewater flow just
punped into the pond. In other words, although the design
average wastewater flowate is 6,060 n¥/d (1.6 Mgal/d), up to
9,090 n¥/d (2.4 Myal/d) may be delivered to each basin during
peak flows (Section B.2.2). The peak wastewater application
rate was cal cul ated as foll ows:

Omax X 100 cm/m
Rmax = 2 - "% 10,000 m2/ha x 24 h/d

where R, = peak application rate, cmh
Qrax
Avin

peak wastewater flow, n¥/d

basin area of small est basin, ha

_ 9,090 m3/d x 100 cm/m
Rpax = ! / = 3.86 cm/h

0.98 ha x 10,000 m%/ha x 24 h/d

In contrast, the average wastewater | oading rate is:
R = Q x 100 cm/m X N
Ap x 10,000 m?/ha x 24 h/d

wher e R = average application rate, cmh
Q = average wastewater flow, n¥/d
N = nunber of infiltration basins

A = total area covered by basins, ha

R . __ 6,060 m3/d x 100 cm/m 7
8.1 ha x 10,000 m2/ha x 24 h/d
= 2.18 cmh

Comparing the peak and average application rates to the
| onest neasured basin infiltration rate of 2.54 cmh or 1.0
in./h (Section B.4.3], it can be seen that during appli-
cation, infiltration would exceed application at |east half
the time. Also, all of the water applied during a 1 day
period would infiltrate during the same peri od.
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Therefore, the basin depth necessary to allow up to 12 hours
of flooding at the peak application rate:

D= (Am —!) x 12 h
wher e D

maxi mum depth for wastewater, cm
Anx = basin area of |argest basin, ha
| =limting infiltration rate, cmh

D=(3.86 cmh —2.54 cmh) x 12 h
=16 cm (6.2 in.)

The required total depth was found by rounding off Dto 15 cm
(6.0 in.) and by adding 30 cm (12 in.) of freeboard (Section
5.6.1). The resulting design basin depth was 45 cm (18 in.).
This depth should provide nore than adequate freeboard during
normal operations and wll provide a margin of safety for
unexpected conditi ons and energenci es.

A typical slope, of 1:2 was selected for the sides of the
bernms, on both interior and exterior sides, and the w dth of
each bermwas set at 122 cm (48 in.). A single road around
the outer edge of the basins was included with ranps into
each basin for access. Wth these additions, the area covered
by the infiltration basins was approximately 8.3 ha (20.5
acres), including 8.1 ha (19.9 acres) available for
infiltration

B.7.2 Under dr ai nage

Drain laterals and a collector drain were | ocated as shown in
Figure B-6. Drain lateral sizing wll vary between 15 and 20
cm (6 and 8 in.), as recommended in Section 5.7.3. The
collector drain will be 20 cm (8 in.) in diameter to ensure
free flowing conditions. To neet the dissolved oxygen
requirements for discharge to North Creek, the renovated
water will be routed through a cascade aerator placed at the
bl uff west of North Creek

B.8 Maintenance and Monitoring

B.8.1 Mai nt enance

Cccasional cleaning and ripping of the basins will be re-
quired to maintain design infiltration rates (Section 5.8.2).

Al so, periodic nmaintenance of the ponds, punping station

screens, and grit chanber will be necessary. A staff of two
full-tinme enployees should be able to handle all the
operation and maintenance needs of Comunity B*s system
(Section 2.3.3.1).
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B. 8.2 Moni t ori ng

The renovated water will be nonitored at the outfall for the
parameters listed in Table B-2. Three nonitoring wells to
nmoni t or ground water concentrations of anmonia nitrogen and
total dissolved solids will be installed as shown in Figure
B-5. An observation well will be installed between the bl uff
and Basin 4 to nonitor ground water |levels and eval uate
underdrai n performance.

B.9 System Costs

Total costs of Community B*s RI systemare presented in Table
B-7. Capital costs were estimated using the EPA report on
Cost of Land Treatnment Systens [|I] . Costs were updated to
October 1980 wusing the EPA Sewage Treatnent Plant
Construction Cost Index value of 397.2. Contractor*s overhead
and profit are included in the cost estimates. The | and was
assuned to cost $4,900/ha (%$2,000/acre). Operation and
mai nt enance costs were estimted using the cost curves and
current |local prices for power and |abor. Present worth was
determ ned using an interest rate of 7-1/8% for 20 years.

B. 10 Ener gy Budget

In Community B, energy required for land treatnent wll be
used primarily to convey screened wastewater to the |and
treatnent site. The anount of energy needed for this purpose
can be estimated using the format presented in Section 8.6. 2,
as follows:

El evation at treatnent site 44 m (145 ft)
El evation at punp station 32 m (105 ft)
El evation difference

12 m (40 ft)

Average fl ow 4,208 L/mn

(1,111 gal/mn)

Assuned punpi ng system

ef ficiency 40%

Pi pel i ne di aneter 30 cm (12 in.)

Pi peline | ength 2,680 m (8,000 ft)
Pi pel i ne headl oss 12 m (40 ft)

Total dynam c head 24 m (80 ft)
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TABLE B-7
COST OF COVMMUNI TY B RI SYSTEM
Thousands of Dollars, Cctober 1980

Capital costs

Transmission pumping 290
Transmission main 289
Aerated lagoons 153
Field preparation 94
Infiltration basins 153
Underdrains 65
Cascade aerator 17
Outfall pipe 18
Monitoring wells 10
Service roads and fencing 52
Standby power 48
Laboratory equipment 24
Sewer rehabilitation 113
Land acguisition 273
Legal, administrative, engineering, 332
interest, contingencies

Total capital costs 1,931

Operation and maintenance costs
Annual labor 15
Annual materials
Annual power 17

Total operation and maintenance costs 39

Total project costs

Total capital costs 1,931
Present worth of operation and
maintenance

Total present worth of costs 2,340

Salvage value of land M ¢
Net present worth 2,209
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Energy requirenment (using
Equati on 8-2) 361, 000 kWh/yr

The energy required for scarification is wthin the range of
error of the estimated energy required to convey wastewater
to the treatnment site. For this reason, energy requirenments
for scarification are neglected. The energy required by the
three cell pond would be approxi mately 395,000 kWh/yr. The
total energy requirenent of the systemis 756,000 kWh/yr.

B. 11 References

1. Reed, S.C., et al. Cost of Land Treatnent Systenms. U.S.

Envi r onnent al Protection Agency. EPA- 430/ 9- 75- 003.
Sept enber 1979.
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Appendi x C
OVERLAND FLOW DESI GN EXAMPLE

C.1 Introduction

The purpose of this design exanple is to denonstrate the
desi gn procedures described in Section 6.4. This exanple
represents a prelimnary design suitable for Step 1 facility
planning. It does not go into the details of system com
ponents such as specific equi pnent and har dwar e.

C.2 Statenent of the Problem

Community C, a small rural comunity in the md-Atlantic
United States, has a 30 year old wastewater treatnent system
that is not neeting its discharge permt. The community is
totally residential with no industry discharging into the
sewer system and has 20 year design wastewater flow
projection of 1,890 n¥/d (0.5 Mgal/d). The objective of this
project is to provide the comunity with a wastewater
t r eat ment system capable of meeting the discharge
requirenents.

C. 3 Design Considerations

C.3.1 Wastewater Characteristics and D scharge
Requi renent s

The raw wastewat er characteristics are presented in Table C
1. Although not listed in Table C- 1, the concentrations of
trace elenents are wthin the typical range for nunicipa
wastewater, and are therefore anenable to land treatnent. The
state regul atory agency has inposed the following limtations
for any point source discharge; BOD;,, 20 ng/L; suspended
solids, 20 ng/L; fecal colifornms, 200 MPN 100 ni.

TABLE C-1
RAW WASTEWATER CHARACTERI STI CS

Parameter Value
BOD, mg/L 200
Suspended solids, mg/L 200
Total nitrogen, as N, mg/L 40
Ammonia as N 25
Organic as N 15

Total phosphorus, as P, mg/L 10

C1



C.3.2 dimte

Average nonthly tenperature and precipitation data for
Community C were obtained from the U S. Departnment of
Commerce, National Oceanic and Atnospheric Adm nistration
(NQAA), Asheville, North Carolina, and are shown in Table C
2. A 25 year, 1 hour stormfor the comunity was determ ned
using the Rainfall Frequency Atlas of the United States, U S.
Depart nment of Conmerce, Technical Paper 40, and was found to
yield 8.1 cm (3.2 in.).

TABLE C-2
AVERAGE METEOROLOG CAL CONDI TI ONS

Potential evapo- Net

Temperature, Precipitation transpiration, precipitation

Month °C (Pr), cm (ET), cm (Pr-ET), cm
Jan .2 8.7 0.3 8.4
Feb .2 9.3 0.2 9.1
Mar 10.0 10.2 1.9 8.3
Apr 14.7 8.8 4.3 4.5
May 19.6 9.2 9.3 -0.1
Jun 24.3 9.1 13.1 -4.0
Jul 25.8 11.2 15.6 -4.4
Aug 25.1 11.3 13.8 -2.5
Sep 22.1 8.2 9.7 -1.5
Oct 16.2 8.5 5.2 3.3
Nov 10.2 7.0 2.0 5.0
Dec 5.8 9.3 _0.2 9.1
Year 14.2 110.8 75.6 35.2

C.4 Site Evaluation and Process Sel ection
C. 4.1 General Site Characteristics

A prelimnary site investigation determ ned that approxi-
mately 35 ha (86 acres) of |and near the existing wastewater
treatnent systemis available (Figure G1). A USGS nmap showed
the site to have a noderate to gentle slope that drains
naturally into G ooked Creek, the small streamthat receives
the treated effluent fromthe existing treatnent system A
| arge portion of the site is wooded with pines, hardwoods,
and t hi ck under grow h.
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C. 4.2 Soil Characteristics

As shown in Figure C |, the proposed site is dom nated by
soil of the Enon series. These soils have a fine sandy | oam
top soil underlain wth clays having a slow perneability.
Al so present is Colfax sandy loam which is underlain with
clay oamand m xed alluvial land along the stream Both of
these soils have perneabilities ranging from slow to very
sl ow.

C. 4.3 Process Selection

The slow perneability of the Enon soils will prohibit the use
of Rl and will severely limt the use of this site for SR
treatment. Prelimnary estinmates indicated that OF treatnent
was nore cost effective than an SR systemon this site and
was |ower in total present worth than the best conventi onal
secondary treanent and di scharge alternative. Therefore, OF
treatnent was the alternative selected by Conmmunity C

C.5 Distribution Mthod

Hi gh pressure sprinklers are used in this exanple to illus-
trate the procedure. Gavity distribution is usually nore
cost effective and energy efficient. For high solids content
wast ewat ers, such as food processing effluent, sprinklers can
of fer the advantage of greater solids dispersion over the
application area.

C.6 Preapplication Treat nment

Conti nued operation of the existing treatnent facilities
woul d not be cost effective because of the need for sludge
treatnment and disposal. A new system consisting of the
m ni num recommended treatnent, that is, two-stage screening,
was sel ected. An econom c anal ysis indicated the cost savings
fromusing | ess | and (higher hydraulic |oading rates) did not
of fset the cost of preapplication treatment (Section 6.3)
beyond screeni ng.

The two-stage screening systemincludes a coarse screen (bar
rack) and a fine screen. Since sprinkler application was
selected as the distribution nmethod, the fine screen nust be
capabl e of renoving particles that could clog the sprinkler

nozzles. The screen nmesh will be 1.5 mm (0.06 in.), as
recormmended in Section 6.3. The new two-stage screening
system will be |ocated at the headworks of the abandoned

exi sting plant.



C. 7 Wastewater Storage
C. 7.1 Storage Requirenent

The required storage for this project was cal cul ated using
historical air tenperature data obtained from the NOAA in
Asheville, North Carolina, and the design nethod described in
Section 6.4 for noderate climate zones. Twenty years of data
were reviewed for the air tenperature limtations specified
by the design nethod to determne the critical year, or the
year that woul d have required the nost storage. The required
storage days for the critical year are given on a nonthly
basis in Table G 3. The total storage requirenent is 44 days,
or 83,160 n? (22.0 Myal) of wastewater at the design flow of
1,890 n¥/d (0.5 Myal/d).

TABLE C 3
STORACGE REQUI REMENTS
Potential
Storage, application,
Month days days
Nov 0 30
Dec 15.5 15.5
Jan 14.5 16.5
Feb 14.0 14.0
Mar 0 31

Total 44.0

The storage pond will be filled only during cold weather when
tenperatures fall below -4 °C (25 °F). The procedure for
appl ying the stored wastewater on the CF site is described in
Section 6.5.

C. 7.2 Storage Facility Description

Storage consists of a facultative pond. The design depth is
2 m(6.6 ft) and the surface area is 4.2 ha (10.4 acres).
Wastewater will be diverted to storage in Decenber, January,
and February and will be drawn out of storage over the period
from March through May. The daily BOD | oadi ng on the storage
pond during the days of storage will be 89 kg/ha (80 | b/acre)
and odors should not be a problem The net precipitation
falling on the storage pond will add 18,600 n* (5 Mjal) so
that a total of 101,760 n? (26.9 Mal) wll have to be
renmoved fromthe storage pond each spring. Seepage fromthe
pond is neglected for the storage period.



The pond berm has interior and exterior side slopes of 3:1
(horizontal:vertical), a height above grade of 2.6 m (8.5
ft), and a crest width of 3.7 m (12 ft) which will serve as
a service road. The interior bermhas a 30 cm (12 in.) |ayer
of riprap for enmbankment protection. The pond is lined with
conpacted | ocal clay to neet applicable state requirenents.
The exterior bermslopes are planted to grass. The total area
required for the storage pond is 5.4 ha (13.3 acres).

C.8 Selection of Design Paraneters
C.8.1 Hydraulic Loading Rate

From Table 6-5, the range of hydraulic loading rates for
screened wastewater applicationis 0.9 to 3 cmd (0.35to 1.2
in./d). The selected hydraulic loading rate is 1.4 cnmid (0.57
in./d). This rate has been used successfully with screened
raw wastewater in a simlar climte (Sections 6.4 and 6. 2).
A nore conservative loading rate is unnecessary because
prol onged subfreezing tenperatures are not common. A higher
| oading rate during periods of near freezing tenperatures
woul d be i nappropriate.

C. 8.2 Application Period and Frequency

The application period selected is 8 h/d. This period can be
increased to 12 h/d during drawdown from storage and during
harvest periods (Table 6-5). The application frequency is 7
d/ wk.

C. 8.3 Slope Length and G ade

As recommended in Section 6.4.6, the mninmmslope |length for
OF using full circle sprinklers is 30 m (100 ft) plus one
sprinkler radius. The sprinklers chosen for this project
(Section C. 9) have a spray radius of 21.4 m (70 ft). Thus,
the mninmum slope length is 51.4 m (168 ft). To be nore
conservative, the design slope length is 61 m (200 ft). The
grade will range from 2 to 4% dependi ng on exi sting grades
that are within this range.



C. 8.4 Application Rate

Using the selected hydraulic |loading rate, application period

and frequency, and slope length, the application rate is
cal cul at ed:

L,S
R, = P(100 cm m

wher e R, = application rate, m/ mh
L, = hydraulic loading rate, 1.4 cnld
S = slope length, 61 m
P = application period, 8 h
1. 4(61)
R, = 8(100)
= 0.071 n¥/ mh

This is within the acceptable range from Tabl e 6-5.
C. 8.5 Land Requi renents
The sl ope area can be cal cul ated from Equati on 6- 2.
A, = [Q365) + aV,]/(D,L,(100)]

sl ope area, ha

where A

Q
AV, = net change in storage = 18,600 n¥/yr (C. 7.2)

average daily flow, n¥/d

D, = nunber of operating days per year

L, = hydraulic loading rate, cnmd

A, = [1,890(365) + 18,600]/[ (365 - 44)(1.4)(100)
= 15.8 ha (39 acres)
C.9 Distribution System

| npact sprinklers with 7.1 mm (9/32 in.) diameter nozzles
operating at 41.4 Ncnt (60 Ib/in.?) are selected to apply the
wastewater. The OF slope and the sprinkler positions are
shown in Figure C2. the sprinkler spacing of 24 m (80 ft)

provi des adequate overlap of the spray dianeter which is
42.7 m (140 ft).
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C. 10 Prelimnary System Layout

The field area and sl ope | engths have now been determ ned.
Gven these, a prelimnary |ayout of the treatnent system was
made on a USGS map using the guidelines from Section 6.6. The
di mensi ons for storage have al so been determ ned and were

added to the overall layout. Using this and renenbering that
area is required for collection waterways, service roads,
buffer zones, etc., the size of the survey area was

determned. It can not be overenphasized that a sufficient
ampunt of land greater than the apparent needs mnust be
surveyed so that changes in the system | ayout that nmay occur
do not require that additional |and be surveyed. This not
only adds a greater cost to the project, but also takes
additional tinme that delays the design

For this project, the entire site was surveyed so that any
future expansions to the system could be perforned w thout
anot her survey. Fromthis survey, a contour map with contour
intervals of 0.3 m (1.0 ft) was developed (Figure C3)
however, due to the scale of Figure C3, only the 3.05 m
(10.0 ft) contours are used.

C. 11 System Design
C11.1 Treat nent Sl opes

G ven the slope area requirenents and the slope |length, the
contour map developed from the survey, and the site
devel opment guidelines in Section 6.6, the treatnent slopes
were laid out (see Figure CG4). This layout has the sl opes
all graded in the sane direction (southeast) while the runoff
col l ection channels convey the effluent northeast to a
collection waterway. Wth this layout, all effluent is
di scharged fromthe site at a single point as indicated on
the figure.

C. 11.2 Runof f Channel Design

The runoff collection channels are forned by the intersection
of the foot of one treatnent slope with the backsl ope of the
next treatnent slope (Figure C-2). These channels will be
graded to no greater than 25% of the slope grade of the
treatment slope to prevent cross-flow on the treatnent slope.
This slight grade wll be sufficient to cause flow to the
collection waterways and will preclude the need for any type
of erosion protection other than planting the channels with
the sane grasses as are used on the treatnent sl opes.
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C 11.3 Col | ecti on Wat erways

The collection waterways transport the effluent from the
runoff collection channels to the receiving stream (Fi gure
C 4). These waterways were designed to handle both the design
runoff fromthe systemplus precipitation that falls on the
site during a 25 year storm

The Rational Method, which can be found in any soil and water
engi neering text, was used to determne the stormrunoff from
the treatnment slopes. The 25 year stormrunoff for each sl ope
was determned and the flows accurmul ated as each runoff
collection channel contributed flow to the «collection
waterway. The flow increases in quantity as it cones
downgrade until all runoff collection channels have fed it.
Therefore, the collection waterway nmust al so increase in size
as it cones downgrade to prevent high flow velocities that
cause erosion.

Working fromthe treatnent slope with the highest el evation
down (northeast corner of spray field to southeast corner),

t he waterway was designed for the expected effluent runoff

and the 25 year stormmater flow for each section between
runoff collection channels. The procedure for designing
grassed wat erways, which can be obtained fromthe SCS, was
used to size each section. Since the topography of the site
is such that the collection waterway will have a slope of 4%
or less, there was no need for enbanknent protection at

bends; the grass is sufficient to prevent erosion.

C. 11.4 Punpi ng System

The punpi ng systemincl udes three punps, each with a capacity
of 1,325 L/mn (350 gal/m) at a total head of 72.5 m (238
ft). The headloss was determned by summng all the
headl osses, fromthe farthernost sprinkler back to the punp,
of the critical piping path or that path that produces the
gr eat est headl oss.

The punps work in parallel and feed a 20.3 cm (8 in.) force
main that runs to the spray field. The conbi ned capacity of
the three punps is three tinmes the average design flowate so
there is an adequate safety factor for peak flows and diurnal
fluctuations.

The punping station is located imediately after the two
stage screening unit on the existing treatnent plant site. As
shown in Figure C4, the storage basin is at a higher
el evati on, which neans wastewater nust be punped to storage
and then flow back to the punping station through a separate
pi peline by gravity. Sufficient land was not available to

C 12



| ocate the storage basin between the screening unit and the
punpi ng station to allow gravity flowinto storage and out to
t he punping station. During favorable days in the spring, a
val ve is opened on the return pipeline fromthe storage pond
to the punping station and wastewater is applied to the
slopes at 1.5 tinmes the average daily flow ate.

C 11.5 Monitoring and Col |l ecti on Systens

A nmonitoring station is located on the site, as shown in
Figure G4. This station consists of a Parshall flume with a
continuous flow netering device and a conposite sanpler. The
Parshal | flunme was designed to handl e the 25 year stormfl ow
wi t hout sustaining significant damage. A standby chlorination
systemwas installed at this |location and three ground water
monitoring wells were installed as shown in Figure G4 to
satisfy state regulatory requirenents.

C. 12 Land Requirenents

The final land area requirenent was determned after all the
conmponents of the OF system had been sized and | ocated on the
site plan. A 15 m (50 ft) buffer zone around the application
site was recomended by the state agency since residential
devel opnents are close to the site. The buffer zone wll
remai n wooded and will require 2.3 ha (5.7 acres) of |and.
Al of the land requirements of the system are listed in
Table G 4. Although the total land requirenent is 29.3 ha
(72.3 acres), the entire 35 ha (85 acre) site was purchased
since the owner refused to sell only a portion of the
property.
TABLE C-4
LAND REQUI REMENTS

Area

Iten ha acres

Field area with collection channels 15.8 39.0

Storage pond 5.4 13.3
Buffer zone 2.3 5.7
Miscellaneous

Roads, collection waterways,

monitoring station 1.1 2.7
Surplus land® 4.7 11.6

Total 29.3 72.3

a. Surplus land is that land which does not fit
economically into the grading plan.
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C. 13 Cover Crop Sel ection

Based on experiences with varieties of grasses at other OF
systens, it was decided to use the mxture given in Section
6.7 which includes Reed canarygrass, tall fescue, redtop

dal lisgrass, and ryegrass. The local agricultural agent
concurred and al so suggested orchardgrass be added to the m x
since this grass flourished in the area.

C. 14 System Costs

Total costs for the OF systemfor Comrunity C are presented
in Table C5. Capital costs were estimated using the EPA
technical report on Cost of Land Treatnent Systens [1]. Costs
were updated to Septenber 1980 using the EPA Sewage Treat nent
Pl ant Construction Cost Index value of 362 and the EPA Sewer
Construction Cost Index of 387. Contractor*s overhead and
profit are included in the cost estimates. The |and was
assuned to cost $4,900/ha (%$2,000/acre). Operation and
mai nt enance costs were estimted using the cost curves and
current |local prices for power and | abor. Present worth was
determ ned using an interest rate of 7-1/8% for 20 years.

TABLE C-5
COST OF COMMUNI TY C OF SYSTEM
Thousands of Dol lars, Septenber 1980

Capital costs
Preapplication treatment 42

Pumping 271
Force main 29
Piping to and from storage 20
Storage pond 316
Site clearing 70
Slope construction 60
Runoff collection 14
Distribution (sprinklers, laterals, controls) 72
Agriculture (preparation and seeding) 20
Service roads 24
Chlorination and flow monitoring 56
Monitoring wells 5
Contingencies (30%) 300
Land 172

Total capital costs 1,471

Operation and maintenance costs

Annual labor 27
Annual materials 7
Annual power _8

Total operation and maintenance costs 42

Total project costs

Total capital costs 1,471
Present worth of operation and maintenance 441

Total present worth of costs 1,912
Present worth of salvage value of land (78)

Net present worth 1,834

C 14



C. 15 Energy Budget

Punmpi ng, crop production, and chlorination require quanti -
fiable primary energy. For punping raw wastewater, stored
wast ewat er, and accumul ated precipitation at a head of 72.5
m (238 ft), 222,000 kWh/yr is required. Crop harvest wll
require 20,000 kWi/yr and disinfection, if wused, wll
required 5,000 kWh/yr. The total primary energy budget is
247,000 kWh/yr. If a gravity distribution system had been
possi bl e, the punping requirenents woul d have been reduced to
about 58,000 kWh/yr due to the | ower punping head requirenent
of approximately 20 m (66 ft).

C.16 Alternative Design Methods —Desi gn Exanpl e

The data used to design the OF systemin the previous exanpl e
wll be used with the alternative CRREL and UCD design
met hods. These two nethods determne the land area and
| oading requirenments for a system and thus would not alter
the other parts of the design procedure just used. These
met hods represent a rational OF design procedure, but have
been used to a limted extent for design as of Septenber
1981.

C.16.1 CRREL Met hod
G ven:

Daily flowate = 1,890 n¥/d

I nfl uent BOD = 200 ng/L

Ef fl uent BOD = 20 ng/L

Storage requi renment =44 days

Vol ume of precipitation in storage = 18, 600 n¥/yr
Runoff fraction, r = 60%

Constants for the design equation are (see Section 6.11.1):

A
K

0.52
0.03 mnt

The necessary cal cul ati ons are:
1. Cal cul ate detention tine on the sl ope:

(1.0)(200) - 0.6(20)
(1.0)(200)

x 100 = 943

% BOD removal =
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Usi ng Equation 6-8 (Section 6.11.1.2)
E

(I - A%)100
94

(1 - 0.52e %) 100

t 72 mn

Cal cul ate average overland flowate. The site
investigation revealed the site had a gentle sl ope
of 4 to 6% For design purposes, the natural slope
of 5% w Il be used and a section size of 40 mlong
and 30 mwide (131 by 98 ft) wll be used, based
on site characteristics. The average overland
flowate is calculated using Equation 6-9 from
Section 6.11.1. 2.

(0.078S)/ (G'3t)
[0.078(40 m)]/[(0.05)¥3(72)]
0.12 n/ mh

q

Cal cul ate application rate. Using Equation 6-10
from Section 6.11.1.2, the application is
cal cul at ed.

Q=qwr

[(0.12 m¥mh)(30 m]/[(1 + 0.6)/2]

4.5 n¥/ h per section

Cal cul ate annual I|oading rate. An application
period of 8 h/d and an application frequency of 7
d/wk will be used in this exanple. Since the
storage requirenent is 44 days and the application
frequency is 7 d/wk, the nunber of days of
application is 321 d/yr. The annual |oading rate
per section is therefore:

Annual | oadi ng = (321 d/yr)(8 h/d)
X (4.5 n¥/ h per section)
Rate per section = 11,556 n¥/yr

Cal cul ate total annual water volunme. Gven a daily
flowate of 1,890 mand a volune of precipitation
that ends up in the storage as 18,600 n¥/yr, the
total annual water volune is 708,450 n¥ /yr.
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6. Calculate land area requirenents. The nunber of
sections required is:

No. sections = (708,450 n¥/yr)
+ (11,556 n?/yr per section)
= 62 sections

The total area requirenent is

Area = [(62 sections)(30 mx 40 nml section)

10, 000 nt/ ha

7.4 ha (18.3 acres)

For conparison to the previous exanple, the weekly
hydraul i c | oading rate can be cal cul ated as:

4.5 m/h x 8 h/d x 7 d/wk = 252 n¥/ wk
252 n¥/wk x (1/1,200)(section/nt

100 cm m
21 cm wk

I X

C.16.2 University of California, Davis, Method
G ven:

Daily flowate = 1,890 n¥/d

I nfl uent BOD = 200 ng/L

Ef fl uent BOD = 20 nyg/L

Storage requi rement = 44 days

Vol ume of precipitation in storage = 18, 600 n¥/ yr

Constants for the design equation are (see Section 6.11.2):

A=0.72
n =0.5
K = 0.01975 mh

The necessary design cal cul ations are:
1. Compute the required renmoval ratio CJ/ G
G/ G, = 20/200 = 0. 10
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The length of slope is not restricted by
t opogr aphy, so select a value for the application
rate (q) in the valid range of the nodel (see
Section 6.11.2)

Select g = 0.16 nm/ mh

Compute the required value of slope length (S
usi ng Equation 6-11 from Section 6.11. 2.

L L(-ks) /(g™
CS/CO = Ae

) 1 = O 726—0.049388

S =40 m
Sel ect an application period (P)
P =28 h/d
Conpute the average daily flow to the OF system
using 44 days of storage, a 7 d/wk application
frequency, and 18,600 m¥/yr additional water in
storage fromprecipitation
Q=1[(365 d) (1,890 n¥/d)

18, 600 n?)]/ (365 - 44)

+

2,207 n¥/d

Conpute the required wetted area using Equation 6-
5 from Section 6.11. 2.

Area = S/ gP
[ (2,207 n?/d)(40)]/[(0.16 m¥/ m h)

x

(8 h) (10, 000 n?/ ha)]

6.9 ha (17.0 acres)

For conparison to the other exanples, the weekly
hydraul i c | oading rate can be cal cul ated as:

(2,207 n¥/d) (7 d/wk) = 15,449 n¥/ wk
(15, 449 ¥/ wk) (/68,500 nf) (100 cm ) = 22.6 cnf wk
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C 16.3 Conmpari son of Methods

Al t hough the CRREL and UCD equations appear different, the
basi ¢ approach and calculation nethod are quite simlar
Conbi ni ng and rearrangi ng Equations 6-8 and 6-9 from the
CRREL net hod produce:

_ -0.002345S 1/3
Mo/M_ = 0.52e /(677 7q) (6-13)

where M = mass of BOD at point S, kg
M = mass of BOD at top of slope, kg
S = slope length, m
g = average overland flowate, n¥/mh
G = sl ope grade, mm

This is quite simlar to the UCD Equation 6-11:
c_/c, = 0.72¢(=0.019758) /(q%")

All ternms as defined previously.

The major difference in these two rational approaches are the
use of slope as a variable in the CRREL equation and the
val ue of the coefficients and exponents. Conparison of the
results fromall three nethods are tabul ated bel ow

Land Sl ope Hydraul i c
Met hod area, ha length, m | oadi ng. cm wk
Tradi ti onal 15. 8 60 10
CRREL 7.4 40 21
ucb 6.9 40 22.6

The major difference between the three nethods is the slope
l ength required. The hydraulic | oadings are simlar since the
traditional nmethod would permt at |east 15 cm wk during the
war m nont hs. The CRREL and UCD net hods are based on assuned
gravity distribution, so a shorter slope can be used since
there is no need to provide space above the application point
for full circle sprinkler inpact. If gravity application had
been used in the traditional design, the gated pipe could
have been placed at the sprinkler nozzle |ocation shown in
Figure G2. This would result in a 40 m (130 ft) slope length
which is identical to that determned by the rational
met hods.

C. 17 References
1. Reed, S.C. et al. Cost of Land Treatnent Systens. U. S.

Envi r onnment al Protection Agency. EPA- 430/ 9- 75- 003.
Sept enber 1979.
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APPENDI X D
LOCATI ON OF LAND TREATMENT SYSTEMS

This appendix contains lists of publicly owned treatnent
facilities and selected industrial facilities that enploy |Iand
treatment. The lists were derived froma variety of sources
including the EPA Needs Surveys, the Iliterature, and
i ndividual states* |lists and the Corps of Engi neers.

The nunber of land treatnent systens increased steadily from
about 300 in 1940 to about 700 in 1976. It is probable that
there are nore industrial and nore private |and treatnent
systens than there are publicly owned | and treat nent systens.
The present count of publicly owned | and treatnent systens is
839 SR, 323 RI, and 18 OF systens that are operating or are
under construction in 1981.

D.I Sl ow
Rat e
Systens Village Center M ssi ssi ppi
Village Inn at Wsp Arkabutl a Lake
Wi te
North Caroline
Virginia Pi ne Hur st
REGQ ON | John Kerr Lake Seaboar d
Woodl and
Mai ne Pennsyl vani a

Greenville

Massachusetts
Franklin

New Hanpshire

Benner Twp Bureau of Corr.)
Gettysburg

Ham | ton Twps

Kennett Square

State Col |l ege

South Carolina

Hilton Head Isl. (Bread Crk)
H |l ton Head I sl . (Forest Beach)
Hlton Head Isl. (Plantation)
Sea Pines

M . Sunappee REG ON 1V REG ON V
Wl f ebor o
Florida I'llinois
Ver nont Apopka Canmp Poi nt
West Dover Bay County Rend Lake, Big Miuddy River
Brevard County
REG ON |1 Coco Beach | ndi ana
East Poi nt Kewanna
New Jer se El gin AFB
East W ndsor Fort Walton Beach M chi gan
Nept une Hlliard Al'l egan
Jenni ngs Bel di ng
REG ON 111 Largo Bellaire
L. Buena Vista (D sneyworl d) Beul ah
Mar | and Lynn Haven Bl oom ngdal e
Caroline Acres MacDi | | AFB Bowne Townshi p
Deep Creek Lake Marco | sl and Cal edoni a
Hi ghl ands Newsberry Cassopol i s
Rosanoor Okal oosa County Chat ham
St. Charles Pensacol a (Scenic Hills) Cl arence Township
Snowden*s M| St. Petersburg Cl ark Townshi p
Swant on Tal | ahassee Col on
Tuckahoe Tyndal | AFB Col unbi avill e
Veni ce Crystal Township
W nter Haven Dent on Townshi p
Zephyr Hills East Jordan
Far wel |
Ceorgia Fr enont
Brasel t on Grayling
Camp Aiver (Ft. Stewart) Har bor Springs
Clayton Co. (R L. Jackson) Harri son
Hol i day Trav-L-Park (Lowndes Co.) Hart
Jonesboro (Cl ayton Co.) Honor
Ki ngs Bay (Navy) Hought on Co. BPW
Ski daway | sl and Kal kaska
St onewal | Courthouse (Fulton Co.) Kingsley
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Lawt on

Leoni Township
Li vi ngston Co.
Macki naw

Mant on

Mar i on

Mar key- Hought on
McBai n

M ddl eville
Muskegon

Paw Paw

Pi nckney

Qui ncy
Ravenna
Roscommon

Spri ngport
Sunf ield
Union City
Vernontville
Wayl and

W xon

Wi t ehal |
Webberville

M nnesot a
Annandal e
Battl e Lake
Bear dsl ey
Bel gr ade
Bel I e Pl ai ne
Bl ackduck
Breezy Poi nt
Cass Lake
Detroit Lakes
Eden Val | ey
El ysi an
Frazee
Haywar d
Henni ng
Kensi ngt on
Ki nbal

Lake Henry
New Auburn
New York M1ls
Otonville
Paynesville
Pequot Lakes
Wal ker
Wat ki ns

Wom ng
Ghio

Deer Creek

W sconsi n
Ar ena
Avoca
Sauk City
St one Lake

REG ON VI

Ar kansas
Anmity Landi ng,
Caddo River

New Mexi co
Al anpogor do

Ci marron

Cl ayton
Clovis

Dem ng
Dext er

Euni ce

Gal | up

Jal
Lordsburg
Los Al anpbs

DeGray Lake

Lovi ng
Lovi ngt on

Hew Mexi co Dept of Corr.

(Santa Fe Co.)
Port al es
Rat on
Roswel |
San Jon
Silver Cty
Tul ar osa

&l ahonma
Anber
Apache

Bi xby
Boise City
Byng

Cal unet
Carter
Clinton
Cor del |
Crescent
Davi dson
Devol

DIl Gty
Duncan
Ednond

El Reno
Eri ck
Fairvi ew
Fr ederi ck
Gage

Gar ber
Geary
Ganite
Hel ena
Hobar t
Hydr o

Ki ngfi sher
Lahoma
Laver ne
Lone Wbl f
Moor e

Nobl e
Cchel at a

Okl ahoma City (WIIow Ck)

Paul a Val | ey
Pond Creek

Senti nel
Shat t ack

Spencer
Sportsmans Acres
Stillwater

Terral

Tupel o

Vel ma

Texas
Aber nat hy
Abi | ene
Al bany
Amarillo
Amher st
Andr ews
Anson

Ant on

Asper nmont

Austin (WIIlianson)
Benj ami n

Bexar County

Bi g Lake
Bl anco
Bonham
Booker
Bovi na

D2

Br ady
Brownfi el d
Bur net t
Castroville
Chillicothe
Cl aude

Clyde
Coahoma

Col eman

Col orado City
Corn fort
Crane
Crockett County
Cr osbyt on
Cross Pl ains
Crystal City
Dal hart
Darrouzett
Del Rio
Denver City
Devi ne
Dimmtt
Dublin

Dunas

Earth

El dor ado

El Paso (Ascarte)

El Paso (Fabens)

El Paso (Socorro)

Estel line
Fabens

Fal furi as
Falls Gty
Far wel |

Fl orence

FI oydada

Ft. Stockton
Frederi cksburg
Freer

Friona
Fritch

Geor get own
Gol dsmith

Gol dt hwai t e
Gor nman
Graford
Grandfalls
Granger Lake
Geenfleld
Groom

Gusti ne

Hal e Center
Happy

Har t

Hedl ey

Her ef ord

Hol | i day

Hondo ( East)
Hondo

Houst on (ClWA)
I dal ou

I ngl esi de
Johnson City
Karnes City
Kerm t
Kerrville

Ki |l gore
Kingsville
Kress
Lanmesa
Level | and

Littlefield
Ll ano
Lockney
Lor ai ne
Lore nzo
Lubbock
Lubbock (NW



Lubbock (Yel | owhouse)
Me Caney
McLean

Mason

Mat ador

Mat hi s
Meadow
Menphi s

M dl and

M es
Monahans
Mor t on

Mul eshoe
Munday

New Home

Nor dhei m
North Fork Lake
Qdonnel |
Aton

O ange Grove
Ozona
Paducah

Pear sal |
Pecos
Perryton

Pet er sbur g

Pl ai ns

Pot eet

Pot h

Pr enont

Qui t ague

Ral | s

Ranki n

Ri chl and Spri ngs
Rio Grande City

Roari ng Springs

Robi nson (North)
Robi nson ( Sout h)
Roby

Ropesville
Roscoe

Rot an
Runge

Sabi nal

San Angel o

San Angel o (Airport)
San Antonio (partial)
San Suba

Santa Anna

Seagr aves

Sem nol e

Shal | owat er

Shanr ock

Silverton
Sl at on
Snyder
Sonervill e Lake
Sonor a

St ant on
Stinnett
St ockdal e
Stratford
Sudan
Sundown
Sunr ay
Sweet wat er
Tahoka

Te xli ne
Tol ar

Tr oy
Tulia

Tur key
Uval de
Van Horn
Vega

Wei nert

Vel |i ngton
Wheel er

Wi t e Deer
W son

W nters

Wl fford
Yout h Center

REG ON VI I
| owa

New Hanpt on
St orm Lake

Kansas
Belleville
Bucklin
Chanut e
Cheney

Col by

El khar t

El snore
Enterprise
For nosa

d en El der
Goodl and
Great Bend

Hays

Hugot on

I uka

Ki nsl ey
Leot

Madi son

M nneol a
Mont ezuma
Par k Meadows
Par ker

Pl ai ns
Plainville

Qui nter
Ransom

Rol I a
Russel |

St. Francis
St. John
Scott City
St ockt on

Subl ette
Syl vi a
Syracuse
Tr eece
Udal |

U ysses
West Pl ai ns

M ssouri
Bennet Spring
Br unswi ck

Cl arence Cannon Dam Salt River

Cl ear nont

Crowder St Park

Lockwood

Mark Twai n National Forest
Mont auk

Vandal i a

Wight Gty

Nebr aska
Clay Center
Davenport
David Gty
Gor don
Hunmphr ey
Morrill

D-3

Oak
Phillips
Schuyl er
spal di ng
Upl and

REG ON VI 11

Col or ado

Air Force Acadeny
Aur or a

Burl i ngt on

Col 0. Springs

Donal a Devel opnent

Fit zsi mons AMO

Ft. Carson

G eel ey

Hol yoke

I nver ness Devel oprent
Lake of the Pines
Nor t hgl enn

Snownass

St eanboat Spri ngs
Tanmmer on Devel opnent
Tayl or Park

W ay

Mont ana
Aerial Fire Depot

Bi g Sky Devel opnent
Eur eka

Rexford

Ri chey
Roberts
Rocky Boy
Roy

North Dakota
Al exander

Bowman
Di cki nson
Sheyenne

Valley Gty
Wat f or d
Sout h Dakot a
Eagl e Butte
Gettysburg

Hur on
Lake Andes
M tchell

Ut ah

Bear River Central Disposal
Heber

Provo River Cental Disposal
Roosevel t

Spani sh Fork

Tooel e

Ver nal

Womn ng

Snowy Range Central D sposal
Thayne

REG ON 1 X

Ari zona

Al pi ne
Arizona City
Benson

Casa Grande
Cat al i na
Cool i dge

Ft. Huachuca
G | bert
Joseph City



Lake Havasu (South WATF)
Lake Havasu (Island WATF)
Mesa

Page

Prescott

Saf ford

St. Johns

Tayl or

Tucson

Tucson (Airport)
WIllians AFB

W nsl ow

California

Appl e Val |l ey
Angel s

Ant el ope Val | ey
Arnona CSD
Arvin

At ascader o
Avenal
Baker sfi el
Baker sfi el
Bass Lake
Beal e AFB
Bear Creek Estates

San Bernardino Co No. 70
Bear Vall ey

Bodega Bay

Bol i nas

Br ent wood

Buena Vi sta

Butte Conmunity Col | ege
Butt onwi | | ow

(No. 1 and 2 )
(No. 3)

[eNo}

Boul der Creek
Calif. Inst. for Men (Chino)
Calif. Med. Facility

(Vacaville)
Calif Mens Col ony (SLO
Calipatria
Cal i st oga
Camarillo
Camarillo St.
Canbri a
Canmp Pendl et on
Canpo
Castl e AFB
Chi co
Chi na Canp (Mann)
Chi na Lake
Chowchi |l | a
Cl ear| ake Caks

Hospi t al

Coachel | a
Coachel l a Val |l ey
Coal i nga

Coit Ranches (Mendot a)

Col f ax

Cor ni ng

County Estates (Ranpna)

Cut | er —or osi

Del ano

Di nuba

Dougl as Fl at

Earli mart

Edgenont

El Dorado Hills

El Toro

Exet er

Fairfield

Fal | br ook

Fed. Corr. Inst.
(Sant a Bar bar a)

Fer nbri dge

Fernda | e

Font ana

Forestville

Ft. Hunter—tiggett

Fur nace Creek

Geor ge AFB

Gol den Gate Park (SF)

Gol dsi de Est ates

Gonzal es

Grat on

Grovel and

Guadal upe

Gusti ne

Hal f Mbon Bay

Hanf ord

Heal dsbur g

Henet

Houston Creek (Crestline)
Indian MIIs

I ndi o

| one

| vanhoe
Ker man
Kern Co.
King Gty
La Canada
La Crescenta
Laguna

Laguna Hills
La Honda

Lake Arrowhead

Ind. Farm

Lake
Lake
Lake
Lake Co
Lake

Berryessa

Berryessa (Naps Co.)

Cachunma

(C earl ake M ghl ands)

El si nore

Lake El sinore (Canyon Lake)

Lake Hughes

Lakeport

La Mont

Las Virgines

Le Grande

Lemon Cove

Lenoor e

Li moneira Ranch

Li ncol n

Li ndsay

Li ver nor e

Lodi

Los Alisos

Los Angel es Co.

(Acton Rehab.

Los Angel es Co.
(Lancaster)

Los Angel es Co.
(Pal ndal e)

Los Angel es Co.
(Warm Spri ngs)

Los Banos

Loyal ton

McFar | and

Madera Co. (North Fork)

Mal i bu (Probation Canp)

Mant eca

March AFB

Meadowood

Mendocino City

Mer ced

M chel son (Irvine Ranch)

Mbccasin

Mbdest o

Mokel ume Hil |

Moul t on—Ni guel No. | A

Moul t on—Ni guel No. 3

M . Vernon

Mur phys

Newcast | e

North Fork

North Lakeport

North River No. 1

North Shore

Center)
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Novat o

Gakshor es

Ccci dent al

Ccotillo

O ange Cove

Paci fic Union Col | ege (Angwi n)
Pal ndal e

Pal m Spri ngs
Parlier

Perris

Pet al uma

Pi xI ey

Pl yrmout h
Ponona

Prado Regi onal
Qui ncy

Ranona

Rancho California

Ri chardson Bay

Ri chardson Springs

Ri dgecr est

Ri verdal e

Rohnert Park

Rosanmond

Sacranento (Metro Airport)
San Ber nardi no

Par k

San Buenaventura

San C enente

San Josquin Co. Gen.

San Juan Bautista

San Lui s Obispo

San Luis Rey (Cceanside)

San Pasqual Acad.
(Escondi do)

Santa Maria

Santa Nell a

Santa Paul a

Santa Rosa (Laguna)

Santa Rosa (Gaknont)

Santa Ross (West Col |l ege)

Scotta Vall ey

Seel ey Creek (Crestline)

Sea Ranch

Shady d en

Shafter

Shasta Dam

Shasti na

Sheri dan

Smith River

Snel i ng

Sonona Val | ey

Sout h Tahoe

Spani sh Fl at

Strat hnore

Sun City

Sunnynead

Sunol Vall ey

Susanville
(Dept of Corrections)

Sutter Creek

Taf t

Tehachapi

Terra Bells

Thousand Oaks

Tonal es

Tul are

Tul are Correction Center

Twent yni ne Pal s

U S. Vet. Adnin.
(Li vernore)

Vet eran Honme (Yountville)

Wasco

Weed

Western Hills (Chino)

Hospi t al

Hoap.



West port
Wllits

Wl seyville
W ndsor
W ndsor
W nt on
Woodl ake
Woodl and
Woodvill e
Woodwar d BI uf f
Yountville

(Sonoma Co. Airport)

Hawai i

Hanal ei

Kai | ua Kona
Kaunakaka

Keauhou

Lahai na

Schofi el d Barracks
Wai nea

Nevada

Carson City

Dayt on

Dougl as Co.

El ko

Gerl ach

G en Meadows

Incline Village

Las Vegas (parti al

Las Vegas (O ark Co.)
(partial)

Lemmon Val | ey

Owhee

W nnemucca
REG ON X

I daho

Al bi on

Asht on

Boi se (Gowen Fi el d)
Bottl e Bay
Br uneau
Donnel | 'y
Emret t
Garfield Bay
Hazel t on

Mel ba

Menan

M. Hone

New Pl ynout h
Pl unmer
Rupert

Sant a

St. Ant hony
Wendel |

O egon
Adri an

Arch Cape

Bl y

Boar dman
Brownsville (North)
Brownsvill e (South)
Bur ns

Butte Falls
Corvallis (Airport)
Cottage Grove Lake
Cove

Creswel |

Cul ver

Dext er Lake

Eagl e Poi nt

Echo

Eugene (Airport)
Forest G ove

Freeman Creek, Dworshak Dam
Gast on

Grouse Creek, Applegate Lake
Hai nes
Hili sboro,
Ni nes
Jordan Vall ey
Junction City

West Si de

Lakesi de

Lakevi ew

Long Creek

Lowel |

Madr as

Met ol i us

M1 ton Freewater
Mor o

Pai sl ey

Prairie City

Ri chardson Poi nt Par k
Fernri dge Reservoir

Ri chl and

St. Paul

Seneca

Sher wood

Siletz

Somer set West

Stewart Lake,

Sut herlin

Uki ah

Unity

Wasco

Yamhi | |

Lost Creek

Washi ngt on

Canmp Booneville
Cusi ck

Ephr at a

Grandvi ew
Naches

Pr osser

Qui ncy

Soap Lake

Walla Walla (Industrial)
War den

Waterville

Yaki ma (industrial)

D. 2 Rapi d
Infiltration
Syst ens

REG ON |

Massachusetts
Bar nst abl e
Chat ham
Concord
Edgar t own
Fort Devens
Nant ucket (2)
War eham

REG ON 11

New Jersey
Cranbury

Seabr ook Farns (industrial)
Vi nel and

New Yor k
Bi r chwood- Nort h Shore
( Hol br ook)
Cedar Creek (Wantagh)
Col | ege Park (Farm ngdal e)
County Sewer District
(Central Islip)

D-5

County Sewer District
(Hol br ook)

County Sewer District
(Hol tsville)

County Sewer District #5
(Hunt i ngt on)

County Sewer District
(Ronkonkormma)

County Sewer District
(Hol tsville)

Heat her wood ( Cal verton)

Hunti ngton Sewer District

Lake Ceorge

Ri ver head

Strat hnore Ri dge (Brookhaven)

#11
#12

REG ON 111

Maryl and
Cal houn Mari ne

Engi neeri ng School
Fort Snal | wood

Jensen*s Inc. —Hyde Park

Quality Inn of Peconpbre, Inc.
South Dorchester K-8 Center
REG ON 1V

Fl ori da
Avon Par k

Lehi gh Acres

Sandl ake (Orl ando)
Tavar es

WIlliston

Kent ucky
Hor se Cave

REG ON V

Illinois
Mer edosi a
Sangaman Val | ey

M chi gan

Al pha

Bangor

Bar aga

Bat es Townshi p
Cal unet
Chat ham
Crystal
Decat ur
Di nondal e

Ednor e

For syt he Townshi p

Gaastra

Cedar Springs (Grand Rapi ds)
Grayling

Hopki ns

Howar d

Mar cel | us

aivet

Onekanma

O tawa County Road Conmi ssion
Pent wat er

Shel by

St ockbri dge

Tekonsha

Fal | s

M nnesot a
Medi na



W sconsi n

Al nmond

Bal dwi n

Bal sam Lake
Bar r on

Bi r chwood
Boyceville
Col oma

Deer Park
Fenwood
Fifield

Font ana

North Mbraine (d enbeul ah)
d enwood City
Grant sburg
Hamond
Haugen

Iron River

Kel I nersville
Ki ng Veterans Hone
Knapp

Lone Rock
Lyndon Station
Mar i be
Mat t oon

Merri mac
M1ton

M nong

Mount Cal vary
Neshkor o

Pl ainfield
Roberts
Roshol t

Sand Creek
Scandi navi a
Sextonville
Spooner
Spring Green
Stetsonville
St one Lake
Rozeliville (Stratford)
Kel ly Lake (Suring)
Unity

Vr r ens

VWaut orma
Wheel er

Wi te Lake
W1d Rose

W lians Bay
W nt er

W ttenberg
Wocena

REG ON VI

Loui si ana
Ft. Pol k

New Mexi co
Hobbs

Spri nger
Vaughn

REG ON VI

Nebr aska
Chapnan
El wood

REG ON VI 1

Col or ado
Sterling

Mont ana
Bazi n
Bozenan
Corvallis

Pl ai ns
Stevensville
Vi ct or

North Dakota
Par shal
Reeder

Sout h Dakot a
Madi son

Woni ng
Jackson
Larani e

REG ON 1 X

Arizona

Arcosanti (Cordes Junction)
Lo Lo Mai Springs

Mammot h

Phoeni x (23rd Avenue)

Papago Tribal Wastewater
Treat ment System (Sells)

St. David

That cher

Marana (Tucson)

Green Vall ey (Tucson)

Ari zona Correctional Training

Facility (Tucson)
Corona de Tucson ( Tucson)
Sunrise Resort (Wite River)
W ckenbur g
W I cox

California

Appl egat e

Arbuckl e

Baker

Banni ng

Bar st ow

Bi eber

Pfeiffer Big Sur State Park

Bi ol a Col | ege (Los Angel es)

Bi shop

Pl acer County (Bl ue Canyon)

Bl ue Lake

Bl yt he

Bonmbay Beach

Desert Lake (Boron)

Bri dgeport

Buel i ton

Bur ney

Byron

California Gty

Cal pel |l a

Cam no Hei ghts

Car ut hers

Cascade Shores

Warm Springs Rehabilitation
Facility (Castaic)

Car es

Chest er

Chual ar

Coal i nga

Cor cor an

Cor ona

Courtl and

A en Helen Rehabilitation
Center (Crestline)

Del Rey

Del h

Desert Crest

D-6

Desert Hot Springs

Desert Shores

Di scovery Bay

VWhittier Narrows (Los
Angel es County, El Mbnte)

Escal on

Et na

Farmersville

Fillmore

Fi rebaugh

Fl ori ston

Font ana

Franklin

Fresno

Gal t

Garberville

G |l roy

Gor man

Grass Vall ey

Grayson

Greenfield

Gidl ey

Hamlton City

Silver Lake (Hel endal e)

Pl easant Ri dge Schoo
(Hi ggi ns Corner)

Hi | mar

Hol | i ster

Hopl and

Hur on

Idyllwld

I nyokern

I sl eton

Juli an

June Lake

Sel ma Communi ty (Ki ngsburg)

Kni ghts Landi nq

La Sel va Beach

Laguna Ni gue

Lake of the Pines

Copper Cove (Lake Tull och)

Lat on

Lechuza

Li nda

Li nden

Li nnel

Li vi ngst on

Lonpoc

Lone Pine

Lopez Lake

Mader a

Madi son

Mal aga

Mammot h Lakes

Mari copa

Mari posa

MeCl oud

MEKittrick

M ner al

Mbj ave

Mont ague

Mont al vo

Moor par k

M. Shasta

Newel |

Cakdal e

Ol and

Victor Valley (Oro G ande)

Pal m Desert

California Youth Authority
(Paso Robl es)

Pauma Val | ey

Pi ne Vall ey

Pi necr est



Popl ar (Wbodville Farm

Porterville

Portol a

Rancho Ponder osa

Rancho Santa Fe

Redl ands

Reedl| ey

Rialto

Ri chval e

Ri pon

Ri ver bank

Runni ng Spri ngs

Sal i da

Salton City

San Ardo

Hemet San Jaci nto

San M gue

San Onofre State Beach

Sanger

Sant ee

Seel ey

Shel ter Cove

Smith Flat

Donner Summit (Soda Springs)

Sol edad

Springville

St. Hel ena

Stirling Gty

Stratford

Ti pt on

Tranquillity

Tras Pi nos

Tahoe- Truckee

Val | ey Center

Weaverville

West | ay

Was twood

Weat | and

Wi spering Pal ns

Whitter (Los Angel es County,
San Jose Creek)

Wl ow Creek

Woodbri dge

Yr eka

Yuba City

Yucai pa

Hawai i
Ki he

Nevada

Al ano

Beatty

Bl ue Di anond
Boul der City
Enpire

Eur eka

Gabbs

Gol dfield
Hawt hor ne
Hender son
Jackpot
McDermtt
MG
Mont el | o
Overton
Panaca

Par adi se Spa
Par adi se Val | ey
Pi ocha

St ead
Tonopah
Wandover

Yeri ngt on

REG ON X

I daho
Dent Acres

Washi ngt on
Ritzville

D. 3 Over | and

Fl ow Systens

REG ON |
REG ON 11

New Yor k
Harriman (pilot scale)

REG ON 111

Maryl and
Beltsville

Chestertown (industrial)

Virginia
G et na

REG ON 1V

CGeorgi a
Woodburry

M ssi ssi pp
Cl evel and
Fal kner

South Carolina
Easl ey (R&D)

REG ON V

I1linois
Car bondal e
illnmore
I ndi ana
M ddl eburry (industrial)

M chi gan
A enn (industrial)

Ghi o
Al um Creak Lake
Napol eon (industrial)

REG ON VI

Loui si ana
Vi nt on

&l ahonma
Ada ( R&D)
Heavener

Texas

El Paso (industrial)
Paris (industrial)
Rocky Poi nt, Sul phur
Sher man

Ri ver

REG ON VI
REG ON VI 1
REG ON 1 X

California

Davi s

Davis (industrial)
Newmran
Sebast opol (industrial)
Nevada

M nden—Gardnerville

D-7



APPENDI X E
DI STRI BUTI ON SYSTEM DESI GN FOR SLOW RATE

E 1 | nt roducti on

Details of distribution systemdesign for the SR process are
presented in this appendix for both surface and sprinkler
di stribution nethods. Sone aspects covered here are also
applicable to Rl or OF distribution techniques. The | evel of
detail presented in this appendix is sufficient to devel op
prelimnary layouts and sizing of distribution system
conponents. References are cited that provide nore conplete
desi gn i nformation.

E.2 Ceneral Design Considerations

Several design paraneters are common to all distribution
systens and are defined in the foll ow ng.

E 2.1 Dept h of Water Applied
The depth of water applied is the hydraulic |oading per

application expressed in cm(in.) and can be determ ned using
the rel ati onshi p:

D=LJF (E-1)
where D = depth of water applied, cm(in.)
L, = mnonthly hydraulic loading, cm(in.)
F = application frequency, nunber of applications

per nonth

The nonthly hydraulic |oadings will have been established as
a result of the water balance calculations developed in
Section 4.5.

E. 2.2 Appl i cation Frequency

The application frequency is defined as the nunber of
applications per nonth or per week. The application frequency
to use for design is a judgnment decision to be nade by the
desi gner considering: (1) the objectives of the system (2)
the water needs or tolerance of the crop, (3) the noisture
retention properties of the soil, (4) the |labor requirenents
of the distribution system and (5) the capital cost of the
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distribution system Some general guidelines for determ ning
an appropriate application frequency are presented here, but
consultation wth a |l ocal farm adviser is recomended.

Except for the water tolerant forage grasses, nost crops,
including forest crops, require a drying period between
applications to allow aeration of the root zone to achieve
optimum growh and nutrient uptake. Thus, nore frequent
applications are appropriate as the ET rate and the soi
perneability increase. In practice, application frequencies
range from once every 3 or 4 days for sandy soils to about
once every 2 weeks for heavy clay soils. An application
frequency of once per week is commonly used.

The operating and capital costs of distribution systens can
affect the selection of application frequency. Wth
distribution systens that nust be noved between applications
(nove—stop systens), it is usually desirable to mnimze
| abor and operating costs by m nimzing the nunber of noves
and therefore the frequency of application. On the other
hand, capital costs of the distribution systemare directly
related to the flow capacity of the system Thus, the capita
cost may be reduced by increasing the application frequency
to reduce system capacity.

E. 2.3 Application Rate

Application rate is the rate at which water is applied to the
field by the distribution system In general, the application
rate should be matched to the infiltration rate of the soi
or vegetated surface to prevent excessive runoff and
tailwater return requirenments. Specific guidelines relating
application rates to infiltration properties are discussed
under the different types of distribution systens.

E.2. 4 Application Period

The application period is the tine necessary to apply the
desired depth of water (D). Application periods vary
according to the type of distribution system but, in general
are selected to be convenient to the operator and conpati bl e
with regular working hours. For nost distribution systens,
application periods are |less than 24 hours.

E.2.5 Application Zone

In nost systens, wastewater is not applied to the entire
field area during the application period. Rather, the field
area is divided into application plots or zones and
wastewater is applied to only one zone at a tine.
Application is rotated anong the zones such that the entire
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field area receives wastewater within the tine interva
specified by the application frequency. Application zone area
can be conmputed with the foll ow ng:

A = A/N (E-2)
where A, = application zone area, ha (acres)
A, = field area, ha (acres) (see Section 4.5.4.1)

N, = No. of application zones

The nunber of application zones is equal to the nunber of
applications that can be nmade during the tinme interval
bet ween successi ve applications on the sane zone as specified
by the application frequency.

For example, if +the application period is 11 hours,
effectively 2 applications can be nmade each operating day. If
the application frequency is once per week and the systemis
operated 7 days per week, then there are 7 operating days
bet ween successive applications on the sanme zone and the
nunber of application zones is:

N, = (2 applications/day)(7 operating days)
= 14

If the field area is 100 ha (40 acres), then the application
zone is:

A, = 100 hal/ 14
= 7.14 ha

E.2.6 System Capacity

What ever type of distribution systemis selected, the nmaxi num
flow capacity of the system nust be determned so that
conponents, such as pipelines and punping stations, can be
properly sized. For systens with a constant application rate
t hroughout the application period, the flow capacity of the
system can be conputed using the follow ng fornul a:

Q=CADt, (E-3)



where Q = discharge capacity, L/s (gal/mn)
C = constant, 28.1 (453)
A, = application area, ha (acres)
D = depth of water applied, cm(in.)
t, = application period, h

Ot her nethods of conputing system flow capacity are
illustrated for each of the distribution systens.

E.3 Surface Distribution Systens
E. 3.1 Ri dge and Furrow Di stribution

The design procedure for ridge and furrow systens 1is
enpirical and is based on past experience wth good
irrigation systens and field eval uation of operating systens.
For nore detail ed design procedures, the designer is referred
to references [1] and [2].

The design variables for furrow systens include furrow grade,
spaci ng, length, and stream size (flowate) (Figure E-la).
The furrow grade will depend on the site topography. A grade
of 2% is the recommended maxi mum for straight furrows.
Furrows can, be oriented diagonally across fields to reduce
grades. Contour furrows or corrugations can be used wth
grades in the range of 2 to 10%

The furrow spacing depends on the water i nt ake
characteristics of the soil. The principal objective in
selecting furrow spacing is to nake sure that the latera
novenent of the water between adjacent furrows will wet the
entire root zone before it percol ates beyond the root zone.
Suggest ed furrow spaci ngs based on different soil and subsoi
conditions are given in Table E-1.

The length of the furrow should be as long as wll permt
reasonable uniformty of appl i cation, because | abor
requirenents and capital costs increase as furrows becone
shorter. Suggested naximm furrow lengths for different
grades, soils, and depths of water applied are given in Table
E- 2.



FURROW SPACING

‘ /l' FURROW STREAM SIZE g

(a) RIDGE AND FURROW

BORDER

(b) GRADED BORDER

FIGURE E-1
SURFACE DISTRIBUTION METHODS
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TABLE E-1
OPTI MUM FURROW SPACI NG [ 3]

Optimum
Soil condition spacing, cm

Coarse sands - uniform profile 30
Coarse sands - over compact subsoils 46
Fine sands to sandy loams - uniform 61
Fine sands to sandy loams - over

more compact subsoils 76
Medium sandy-silt loam - uniform 91
Medium sandy-silt locam - over

more compact subsoils 102
Silty clay loam - uniform 122
Very heavy clay soils - uniform 91

TABLE E-2
SUGGESTED MAXI MUM LENGTHS OF CULTI VATED
FURROANG FOR DI FFERENT SO LS, GRADES, AND
DEPTHS OF WATER TO BE APPLI ED [ 1]

Avg depth of water applied®, em

Clays Loams Sands

Furrow

grade, % 7.5 15 22.5 30 5 10 15 20 5 7.5 10 12.5
0.05 300 400 400 400 120 270 400 400 60 90 150 190
0.1 340 440 470 500 180 340 440 470 90 120 190 220
0.2 370 470 530 620 220 370 470 530 120 190 250 300
0.3 400 500 620 800 280 400 500 600 150 220 280 400
0.5 400 500 560 750 280 370 470 530 120 190 250 300
1.0 280 400 500 600 250 300 370 470 90 150 220 250
1.5 250 340 430 500 220 280 340 400 80 120 190 220
2.0 220 270 340 400 180 250 300 340 60 90 150 190

a. From Equation E-1.

The furrow streamsize or application rate is expressed as a
flowate per furrow The optinmum stream size is usually
determned by trial and adjustnment in the field after the
system has been installed [2]. The nost uniformdistribution
(highest application efficiency) generally can be achi eved by
starting the application with the |argest stream size that
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can be safely carried in the furrow. Once the stream has
reached the end of the furrow, the application rate can be
reduced or cut back to reduce the quantity of runoff that
must be handl ed. As a general rule, it is desirable to have
the stream size | arge enough to reach the end of the furrow
within one-fifth of the total application period. This
practice will result in an application efficiency of greater
than 90% for nost soils if tailwater is returned (see Section
4.8.2.1).

The application period is the tine needed to infiltrate the
desired depth of water plus the tinme required for the stream
to advance to the end of the furrow The tine required for
infiltration depends on the water intake characteristics of
the furrow There is no standard nmethod for estimating the
furrow i ntake rate. The reconmmended approach is to determ ne
furrow intake rates and infiltration tinmes by field trials as
described in reference [2].

Design of supply punps and transm ssion systens should be
based on providing the maxi mum al | owabl e stream si ze, which
is generally limted by erosion considerations when grades
are greater than 0.3% The nmaxi num nonerosive stream size can
be estimated fromthe equation:

e = UG (E-4)
where g, = maxi mumunit streamsize, L/s (gal/mn)

C

constant, 0.6 (10)
G

grade, %

For grades less than 0.3% the naxi mum al | owabl e stream si ze
is governed by the flow capacity of the furrow, estimted as
fol | ows:

q. = Ck, (E-5)
where g, = furrow fl ow capacity, L/s (gal/mn)

C

constant, 50 (74)

F, = cross—sectional area of furrow, nt (ft?



Vari ous conveyance systens and devices are used to apply
water to the head of the furrows. The nobst commopn conveyance
systens are open ditches or canals (lined and unlined),
surface pipelines, and buried |ow pressure pipelines. For
wast ewat er distribution, pipelines are generally used. |If
buried pipelines are used to convey water, vertical riser
pi pes with valves are usually spaced at frequent intervals to
rel ease water into tenporary ditches equipped with siphon
tubes or into hydrants connected to portable gated surface
pi pe (Figure E-2).

FIGURE E-2
ALUMINUM HYDRANT AND GATED PIPE
AT SWEETWATER, TEXAS

The spacing of the risers is governed either by the headl oss
in the gated pipe or by wdths of border strips when graded
border and furrow nethods are alternated on the sane field.
The valves used in risers usually are alfalfa val ves (nounted
on top of the riser) or orchard valves (nmounted inside the
riser). Valves nmust be sized to deliver the design flowate.



Gated surface pipe may be alum num plastic, or rubber.
Qutlets along the pipe are spaced to match furrow spaci ngs.
The pi pe and hydrants are portable so that they may be noved
for each irrigation. The hydrants are nounted on valved
risers, which are spaced along the buried pipeline that
supplies the wastewater. Qperating handl es extend through the
hydrants to control the alfalfa or orchard valves located in
the risers. Control of flowinto each furrowis acconplished
with slide gates or screw adjustable orifices at each outlet.
Slide gates are recommended for use with wastewater. Gated
outlet capacities vary with the avail able head at the gate,
the velocity of flow passing the gate, and the gate opening.
Gate openings are usually adjusted in the field to achieve
the desired stream size.

EXAMPLE E-1: DETERM NATI ON OF PRELI M NARY DESI GN CRI TERI A
FOR A RI DGE AND FURROW DI STRI BUTI ON SYSTEM

Design Condi ti ons

Soil conditions: sandy | oam over clay

Fi nal grade: 0.5%

Maxi mum nont hly hydraulic | oading (L,): 40 cm
Application frequency (F) : 4 tinmes per nonth (l/wk)
Total field area (A): 100 ha

Crop: corn

SukwNE

Design_Cal cul ati ons

1. Deternine depth of water to be applied during application.

D=LJ/F (E-1)
= 40/ 4
= 10 cm
2. Determne the application zone area with Equation E-2.
Assunme four applications per day will be perforned,
7 d/ wk.
. . Ay
Application zone area (A,) = 38 application Zones (E-2)
_ 100 ha
L
= 3.6 ha

3. Select furrow spacing from Table E-1.
S =76 cm
4. Select furrow length from Table E-2.

L = 370 m



5. Estinmate maxi numfurrow stream size (application rate) from Equation
E- 4.

lo
o e
[+

N

de = (E-4)

~ O

L/s

This flowis used until the streamreaches the end of the furrow, at
which tinme the flow is reduced.

6. Calcul ate the nunmber of furrows used per application zone.

(Az) (104 m2/ha)
No. of furrows = (L) (5¢) {0.01 m/cm)

_ (3.6 ha) (104 m2/ha)
- (370 m) (76 cm/furrow) (0.01 m/cm)

127 furrows

7. Calculate the maxi mum fl ow that nmust be delivered to each application
area (distribution system capacity).

Q = (No. of furrows)(qe)
= (127)(1.2 L/s)
= 152 L/s (2,417 gal/mn)
E. 3.2 G aded Border Distribution

Prelimnary design considerations for straight, graded border
distribution systens are discussed here. Quasirational design
procedures have been devel oped by the SCS for all variations
of border distribution systens and are given in Chapter 4,
Section 15, of the SCS Engi neeri ng Handbook [5].

The design variables for graded border distribution are:

1. Gade of the border strip

2. Wdth of the border strip

3. Length of the border strip

4. Unit stream size
G aded border distribution can be used on grades up to about
7% Terracing of graded borders can be used for grades up to
20%
The w dths of border strips are often selected for
conpatibility with farminplenents, but they al so depend to
a certain extent upon grade and soil type, which affect the

uniformty of distribution across the strip. A guide for
estimating strip widths is presented in Tables E-3 and E-4.
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TABLE E-3
DESI GN GUI DELI NES FOR GRADED BORDER
DI STRI BUTI O\, DEEP ROOTED CROPS [ 1]

Soil type Unit flow

and per 1 m of Avg depth® Border strip, m
infiltration strip width, of water
rate Grade, % L/s applied, cm Width Length
Sandy, 0.2-0.4 10-15 7-10 12-30 60-90
22.5 cm/h 0.4-0.6 8-10 7-10 9-12 60-90
0.6-1.0 5-8 7-10 6-9 75
Loamy sand, 0.2-0.4 7-10 10-13 12-30 75-150
1.8-2.5 cm/h  0.4-0.6 5-8 10-13 B-12 75-150
0.6-1.0 3-6 10-13 8 75
Sandy loam 0.2-0.4 5-7 10-15 12-30 90-250
1.2-1.8 cm/h 0.4-0.6 4-6 10-15 6-12 90-180
0.6-1.0 2-4 10-15 6 90
Clay loam, 0.2-0.4 3-4 15-18 12-30 180-300
0.6-0.8 cm/h 0.4-0.6 2-3 15-18 6-12 90-180
0.6-1.0 1-2 15-18 6 90
Clay, 0.2-0.3 2-4 15-20 12-30 350+
0.3-0.6 cm/h
a. From Equation E-1.
TABLE E4

DESI GN GUI DELI NES FOR GRADED BORDER
DI STRI BUTI ON, SHALLOW ROOTED CROPS [ 1]

Unit flow a

per 1 m of Avg depth Border strip, m

strip width, of water

Soil profile Grade, % L/s applied, cm Width Length

Clay loam, 60 cm 0.15-0.6 6-8 5-10 5-18 90-180
deep over per- 0.6-1.5 4-6 5~-10 5-6 90-180
meable subsoil 1.5-4.0 2-4 5-10 5-6 90
Clay, 60 cm deep 0.15-0.6 3-4 10-15 5-18 180-300
over permeable 0.6-1.5 2-3 10-15 5-6 180-300
subsoil 1.5-4.0 1-2 10-15 5-6 180
Loam, 15-45 cm 1.0-4.0 1-4 3-8 5-6 90-300

deep over hardpan

a. From Equation E-1.

The | ength of border strips should be as long as practical to
m ni mze capital and operating costs. However, extrenely |ong
runs are not practical due to tinme requirenents for
patrolling and difficulties in determning stream size
adj ustnments. Lengths in excess of 400 m (1,300 ft) are not
recommended. I n general, border strips should not be |aid out
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across two or nore soil types wth different intake
characteristics or water holding capacities, and border
strips should not extend across slope grades that differ
substantially. The appropriate length for a given site
depends on the grade, the allowabl e stream si ze, the depth of
wat er applied, the intake characteristics of the soil, and
the configuration of the site boundaries. For prelimnary
design, the length of the border may be estimated using
Tabl es E-3 and E-4.

The application rate or unit stream size for graded border
irrigation is expressed as a flowate per unit wdth of
border strip, L/sem(ft3s-ft). The streamsize nust be such
that the desired volune of water is applied to the strip in
a time equal to, or slightly less than, the tinme necessary
for the water to infiltrate the soil surface. Wen the
desired volume of water has been delivered onto the strip,
the streamis turned off. Shutoff normally occurs when the
stream has advanced about 75% of the length of the strip. The
objective is to have sufficient water renaining on the border
after shutoff to apply the desired water depth to the
remai ning length of border with very little runoff.

Use of a proper stream size is necessary to achieve uniform
and efficient application. Too rapid a stream results in
i nadequate application at the upper end of the strip or in
excessive surface runoff at the lower end. If the streamis
too small, the lower end of the strip receives inadequate
water or the upper end has excessive deep percolation.
Actual |y achieving uniformdistribution with mninmal runoff
requires a good deal of skill and experience on the part of
the operator. The optinmum stream size is best determ ned by
field trials as described in reference [2]. The range of
stream sizes given in Tables E-3 and E-4 for various soil and
crop conditions may be wused for prelimnary design.
Procedures given in reference [5] may be used to obtain a
nore accurate estimate of stream size.

The application period necessary to apply the desired depth
of water may be determ ned fromthe foll owi ng equati on:

t, = LD/ Cq (E-6)

where t, = application period, h

border strip length, m(ft)

depth of applied water, cm (in.)

O O -
1

constant, 360 (96.3)
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q = unit stream size, L/s-m of wdth
(gal/mneft of width

The conveyance and application devices used for border
distribution are basically the sanme as described for ridge
and furrow distribution (Section E.3.1). Open ditches with
several evenly spaced siphon tubes are often used to supply
the required streamsize to a border strip. Wen buried pipe
is used for conveyance, vertical risers with valves are
usual Iy spaced at intervals equal to the width of the border
strip and are located mdway in the border strip. Wth this
arrangenment, one valve supplies each strip. Wter is
di scharged fromthe valve directly to the ground surface, as
indicated in Figure E-3, and is distributed across the width
of the strip by gravity flow For border strip w dths greater
than 9 m (30 ft), at least two outlets per strip are
necessary to achieve good distribution across the strip.
Hydrants and gated pi pe can be used with border systens. Use
of gated pipe provides much nore uniformdistribution at the
head of border strips and allows the flexibility of easily
changing to ridge and furrow distribution if crop changes are
desi red.

FIGURE E-3
OUTLET VALVE FOR BORDER STRIP APPLICATION
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EXAMPLE E- 2: DETERM NATI ON OF PRELI M NARY DESI GN CRI TERI A
FOR GRADED BCRDER DI STRI BUTI ON SYSTEM

Design Condi ti ons

Soil conditions: deep clay

Fi nal grade: 0.5%

Maxi mum nont hly hydraulic | oading (L,): 40 cm
Application frequency (F): 4 times/nonth
Total field area (A): 100 ha

Crop: pasture

SukwNE

Desi gn_Cal cul ati ons

1. Deternmne depth of water to be applied (D).

D = 10 cm (see Exanple E-1)
2. Select strip width and length from Table E-4 based on design
condi tions.

W= 12 m
L =180 m
3. Select unit streamsize (q) from Table E-4.
g=4L/s'm
4. Estimate period of application (t, using Equation E-6.
LD -
ta=é—q' (E-6)
_ (180 m) (10 cm)
T 73801 (4 L/s)
= 1.25 h

5. Determ ne nunmber of applications per day. Assunme a 12 h/d operating
peri od.

No. of applications (12 h/d)(1.25 h/application)
15

6. Determ ne application zone area (A). Assume application 7 d/wk.

_ Ay
Aa = T973) (15 applications/d)
- 100 ha
105
= 0.95 ha

7. Determ ne nunber of border strips per application zone.

Az

W

(0.95 ha) (104 m2/ha)
(180 m) (12 m/strip)

No. of strips

8. Determ ne systemflow capacity (Q

Q= (5 strips) (W (q)
(5 (12 m (4 L/s-m
240 L/s (3,803 gal/mn)
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E 4 Sprinkler Distribution Systens
E. 4.1 Application Rates

The principal design variable for all sprinkler systens is
the application rate, cmih (in./h). The design application
rate should be less than the saturated perneability or
infiltration rate of the surface soil (see Chapter 3) to
prevent runoff and uneven distribution. Application rates can
be increased when a full cover crop is present (see Section
4.3.2.4). The increase should not exceed 100% of the bare
soil application rate. Recommended reductions in application
rate for sloping terrain are given in Table E-5. A practical
m ni nrum desi gn application rate is 0.5 cmh (0.2 in./h). For
final design, the application rate should be based on field
infiltration rates determned on the basis of previous
experience with simlar soils and crops or fromdirect field
measur enent s.

TABLE E-5
RECOMVENDED REDUCTI ONS | N APPLI CATI ON
RATES DUE TO GRADE [ 6]

Per cent
Application
Grade rate reduction
0-5 0
6-8 20
9-12 40
13-20 60
over 20 75

a. Percent of level ground
application rate.

E. 4.2 Solid Set Sprinkler Systens

Solid set sprinkler systens remain in one position during the
appl i cation season. The systemconsists of a grid of mainline
and | ateral pipes covering the field to be irrigated. |npact
sprinklers are nmounted on riser pipes extending vertically
from the laterals. R ser heights are determned by crop
hei ghts and spray angle. Sprinklers are spaced at prescribed
equal intervals along each lateral pipe, usually 12 to 27 m
(40 to 90 ft). A schematic layout of a solid set sprinkler
system is shown in Figure E-4. A system is called fully
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per manent or stationary when all lines and sprinklers are
permanent|ly | ocated. Permanent systens usually have buried

main and lateral lines to mnimze interference with farm ng
operations. Solid set systens are called fully portable when
portable surface pipe is used for main and lateral |ines.

Portable solid set systens can be used in situations where
the surface pipe will not interfere wwth farm ng operations
and when it is desirable to renove the pipe fromthe field
during periods of wnter storage. Wien the mainline is
permanently l|located and the lateral lines are portable
surface pipe, the system is called sem permanent or
alternatively sem portable.

sunrac:Lan

BURIED LATERALS

WITH WULTIPLE - LATERAL

SPRINKLER \\\ A SPACING

WETTED O)AMETER

| I}l 0 T T O T I OF SPRINKLER
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et bl SURFACE OR
PPyl
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| 4+— BURIED MAIN
A
Y

—_]-———
4

o

PREVIOUSLY IRRIGATED
AREA

™~y

\ SPIIILEI

SPACING

FIGURE E-4
SOLID SET SPRINKLER SYSTEM

The primary advantages of solid set systens are |ow | abor
requi renents and mai ntenance costs, and adaptability to al
types of terrain, field shapes, and crops. They are also the
nost adaptabl e systens for climate control requirenents. The
maj or di sadvantages are high installation costs and
obstruction of farm ng equi pnment by fixed risers.

E 4.2.1 Application Rate

For solid set systens, the application rate is expressed as
a function of the sprinkler discharge capacity, the spacing
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of the sprinklers along the lateral, and the spacing of the
|aterals along the nmain according to the foll ow ng equati on:
| = q.C S;S. (E-7)
where | = application rate, cmih (in./h)
gs = sprinkler discharge rate, L/s, (gal/mn)
C = constant = 360 (96.3)
Ss

sprinkler spacing along lateral, m(ft)

S | ateral spacing along main, m(ft)

Detailed procedures for sprinkler selection and spacing
determnation to achieve the desired application rate are
given in references [6, 7, 8].

E.4.2.2 Sprinkler Selection and Spacing
Det er m nati on

Sprinkler selection and spacing determ nation involves an
iterative process. The wusual procedure is to select a
sprinkler and | ateral spacing, then determ ne the sprinkler
di scharge capacity required to provide the design application
rate at the selected spacing. The required sprinkler
di scharge capacity may be cal cul ated usi ng Equation E-7.

Manuf acturers sprinkler performance data are then reviewed to
determ ne the nozzl e sizes, operating pressures, and wetted
di ameters of sprinklers operating at the desired discharge
rate. The wetted dianeters are then checked with the assuned
spaci ngs for conformance with spacing criteria. Recommended
spaci ngs are based on a percentage of the wetted di aneter and
vary with the wind conditions. Recommended spacing criteria
are given in Table E-6.

The sprinkler and nozzle size should be selected to operate
within the pressure range reconmended by the manufacturer
Qperating pressures that are too | ow cause | arge drops which
are concentrated in a ring a certain distance away fromthe
sprinkl er, whereas high pressures result in fine drops which
fall near the sprinkler. Sprinklers with | ow design operating
pressures are desirable from an energy conservation
st andpoi nt.
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TABLE E-6
RECOMVENDED SPACI NG OF SPRI NKLERS [ 6]

Average wind speed

km/h (mi/h) Spacing, % of wetted diameter
0-11 (0-7) 40 (between sprinklers)
65 (between laterals)
11-16 (7-10) 40 (between sprinklers)

60 (between laterals)

>16 (>10) 30 (between sprinklers)
50 (between laterals)

E.4.2.3 Lat eral Design

Lateral design consists of selecting |ateral sizes to deliver
the total flow requirenment of the lateral with friction
losses limted to a predeterm ned anount. A general practice
is tolimt all hydraulic |losses (static and dynamc) in a
|ateral to 20% of the operating pressure of the sprinklers.
This will result in sprinkler discharge variations of about
10% along the lateral. Since flowis being discharged froma
nunber of sprinklers, the effect of nultiple outlets on
friction loss in the |ateral nust be considered. A sinplified
approach is to multiply the friction loss in the entire
|ateral at full flow (discharge at the distal end) by a
factor based on the nunber of outlets. The factors for
sel ected nunbers of outlets are presented in Table E-7. For
long lateral lines, capital costs nmay be reduced by using two
or nore lateral sizes that wll satisfy the headl oss
requirenents.

The follow ng guidelines should be used when [|aying out
| ateral 1ines:

1. \Where possible, run the lateral l|ines across the
predom nant |and slope and provide equal |ateral
| engt hs on both sides of the mainline.

2. Avoid running laterals uphill where possible. If this
cannot be avoided, the lateral Iength nust be
shortened to allow for the loss in static head.

3. Lateral lines may be run down slopes froma mainline
on a ridge, provided the slope is relatively uniform
and not too steep. Wth this arrangenent, static head
is gained with distance downhill, allow ng | onger or
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smaller lateral lines to be used conpared to |evel
ground syst ens.

4. Lateral lines should run as nearly as possible at
right angles to the prevailing wind direction. This
arrangenment allows the sprinklers rather than
|aterals to be spaced nore closely together to
account for wind distortion and reduces the anount of
pi pe required.

TABLE E-7
FACTOR (F) BY WHI CH PI PE FRI CTI ON LGOSS
'S MULTI PLI ED TO OBTAI N ACTUAL LGSS IN
A LINE WTH MULTI PLE QUTLETS [ 3]

No. of outlets Value of F

1 1.000

2 0.634

3 0.528

4 0.480

5 0.451

6 0.433

7 0.419

8 0.410

9 0.402
10 0.396
15 0.379
20 0.370
25 0.365
30 0.362
40 0.357
50 0.355
100 0.350

EXAMPLE E- 3: DETERM NATI ON OF PRELI M NARY DESI GN CRI TERI A
FOR SOLI D SET SPRI NKLER SYSTEM

Design Condi ti ons

Soil conditions: |oam pernmeability - 0.75 cm h
Crop: forage grass

Depth of water applied (D): 7.5 cm

Application zone area (A): 10 ha

Average wi nd speed: 8 kmh

ok wNE
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Design_Cal cul ati ons

1. Deternmine design application rate (1). Assune 50% greater than bare
soi|l perneability rate due to cover crop.
Use | = 1.13 cmh (0.45 in./h)
2. Select sprinkler and | ateral spacings.
Use S, = 12.2 m (40 ft)
S, = 18.3 m (60 ft)
3. Calculate required sprinkler discharge using Equation E-7.

(I) (sg) (SL)
C

_ (1.13 cm/h) (12.2 m) (18.3 m)
B 360

= 0.7 L/s (11.1 gal/min)

ds =

4. Select sprinkler pressure and nozzle size from manufacturer*s
performance data to provide qs.
Use 0.56 cm (7/32 in.) nozzle at 48 Ncn? (70 Ib/in.?2.
Wetted diameter = 38.1 m (125 ft)
5. Check sel ected spaci ng agai nst spacing criteria in Table E-6.

Sprinkler spacing = %%4% (100%)
= 32% Z240%
Lateral spacing = %%4% (100%)

6. Determ ne systemflow capacity (Q

Q (Ag) (1)

(10 ha) (1.13 cm/h) (104 m2/ha) (10”2 m/cm) (0.28 L/s

m3/h

)

314 L/s (4,975 gal/min)

7. Determ ne application period.

ta = D/I
_ 7.5 cm
~ 1.13 cm/h
= 6.6 h
E. 4.3 Move- St op Sprinkl er Systens

Wth nove-stop systens, sprinklers (or a single sprinkler)
are operated at a fixed position in the field during
application. After the desired anount of water has been
applied, the systemis turned off and the sprinklers (or
sprinkler) are noved to another position in the field for the
next application. Miltiple sprinkler nove-stop systens
i ncl ude portable hand-nove systens, end tow systens, and
si de-wheel roll systens. Single sprinkler nove-stop systens
i ncl ude stationary gun systens. The operati ona
characteristics of these systens and a di scussion of design
procedures are described in the foll ow ng paragraphs.
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E. 4.3.1 Port abl e Hand- Moved Systens

Port abl e hand- noved systens consist of a network of surface
alum num | ateral pipes connected to a main |ine which may be
portable or permanent. Lateral |ines are constructed of
alum num pipe in 9 or 12 m (30 or 40 ft) lengths wth
sprinklers mounted on vertical risers extending from the
| ateral at equal intervals. There are not enough |ateral
lines to cover the entire field; thus, lateral |ines nust be
hand- noved between applications to different positions al ong
the main to apply water to the entire field. A schematic of
a portable hand noved systemis shown in Figure E-5a. The
maj or advantages of portable systens include |low capita
costs and adaptability to nost field conditions and cli mates.
They may also be renoved from the fields to avoid
interference with farmmachi nery. The princi pal disadvantage
is the high labor requirenent to operate the system

E.4.3.2 End Tow Systens

End tow systens are nultiple-sprinkler |aterals nounted on
skids or wheel assenblies to allow a tractor to pull the
lateral intact fromone position along the main to the next.
As indicated in Figure E-5b, the lateral is guided by
capstans to control its alignment. The pipe and sprinkler
design considerations are identical to those for portable
pi pe systens with the exception that pipe joints are stronger
than hand noved systens to accommodate the pulling
requirenents.

The primary advantages of an end tow system are | ower | abor
requi renents than hand noved systens, relatively | ow system
costs, and the capability to be readily renoved from the
field to allow farm inplenents to operate. D sadvantages
include crop restrictions to novenent of laterals and
cautious operation to avoid crop and equi pnent damage.

E.4.3.3 Si de Wieel Rol

Si de wheel roll or wheel nove systens are basically |ateral
lines of sprinklers suspended on a series of wheels. The
|ateral line is alumnumpipe, typically 10.2 to 12.7 cm (4
to 5in.) in dianeter and up to 403 m (1,320 ft) long. The
wheel s are alum num and are 1.5 to 2.1 m (5 to 7 ft) in
dianeter (see Figure E-6). The end of the lateral is
connected by fl exible hose to hydrants |ocated al ong the main
line. The unit is stationary during application and is noved
bet ween applications by an integral engi ne powered drive unit
| ocated at the center of the |lateral (see Figure E-5c). The
drive unit is controlled by an operator.
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FIGURE E-6
SIDE WHEEL ROLL SPRINKLER SYSTEM

The sprinklers are nounted on sw vel connections to ensure
upright positions at all tinmes. Sprinkler spacings are
typically 9.2 to 12.5 m (30 or 40 ft) and wheel spacings may
range from9.2 to 30.5 m(30 to 100 ft). Side wheel laterals

may be equipped with trail lines up to 27 m (90 ft) in length
| ocated at each sprinkler connection on the axle |ateral

Each trail |ine has sprinklers nounted on risers spaced
typically at 9 to 12 m (30 to 40 ft). Use of trail Ilines

allows a larger area to be covered by a single unit, which
reduces either the nunber of noves or the nunber of units
required to cover a given field.

The principal advantages of side wheel roll systens are
relatively low |abor requirenments and overall costs, and
freedomfrominterference with farminpl enents. D sadvant ages
include restrictions to crop height and field shape, and
m sal i gnment of the lateral caused by uneven terrain.
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E.4.3.4 Stationary Gun Systens

Stationary gun systens are wheel-nounted or skid-nmounted
single sprinkler units, which are noved manually between
hydrants | ocated along the laterals (see Figure E-5d). Since
the sprinkler operates at greater pressures and flow ates
than multiple sprinkler systens, the irrigation tinme is
usual ly shorter. After an application has been conpleted for
the lateral, the entire lateral is noved to the next point
along the main. In some cases, a nunber of laterals and
sprinklers may be provided to m nimze novenent of |aterals.

The advantages of a stationary gun are simlar to those of
portable pipe systens with respect to capital costs and
versatility. In addition, the |arger nozzle of the gun-type
sprinkler is relatively free from cl oggi ng. The drawbacks to
this systemare simlar to those for portable pipe systens in
that | abor requirenents are high due to frequent sprinkler
noves. Power requirenents are relatively high due to high
pressures at the nozzle, and w ndy conditions adversely
affect distribution of the fine droplets created by the
hi gher pressures.

E.4.3.5 Desi gn Procedures

The design procedures regardi ng application rate, sprinkler
sel ection, sprinkler and |lateral spacing, and | ateral design
for nove-stop systens are basically the same as those
described for solid set sprinkler systens. An additiona
design variable for nove-stop systens is the nunber of units
required to cover a given area. The m ni mum required nunber
of units is a function of the area covered by each unit, the
application frequency, and the period of application. Mre
than the m ni mum nunber of units can be provided to reduce
the nunber of noves required to cover a given area. The
decision to provide additional units nust be based on the
relative costs of equipnment and | abor.

E. 4.4 Conti nuous Move Systens

Conti nuous nove sprinkler systens are self-propelled and nove
continuously during the application period. The three types
of continuous nove systens are (1) traveling gun, (2) center
pi vot, and (3) linear nove. Schematics of the systens are
shown in Figure E-7.
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E.4.4.1 Travel ing Gun Systens

Traveling gun systens are self-propelled, single |arge gun
sprinkler units that are connected to the supply source by a
hose 6.4 to 12.7 cm (2.5 to 5in.) in dianeter. Two types of
travel ers are avail able, the hose drag-type and the reeltype.
The hose drag traveler is driven by a hydraulic or gas-driven
wi nch located within the unit, or a gas-driven wi nch |ocated
at the end of the run (see Figure E-8). In both cases, a
cable anchored at the end of the run guides the unit in a
straight path during the application. The flexible rubber
hose is dragged behind the unit. The reeltype traveler
consists of a sprinkler gun cart attached to a take-up reel
by a semrigid polyethylene hose. The gun is pulled toward
the take-up reel as the hose is slowy wound around the
hydraulic powered reel. Variable speed drives are used to
control travel speeds. Typical lengths of run range between
201 and 403 m (660 and 1,320 ft), and spaci ngs between travel
| anes range between 50 and 100 m (165 and 330 ft). After
application on a lane is conplete, the wunit shuts off
automatically. Sonme units also shut off the water supply
automatically. The unit nust be noved by tractor to the
begi nni ng of the next I ane.

FI1GURE E-8
HOSE-DRAG TRAVELING GUN SPRINKLER
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The nore inportant advantages of a traveling gun system are
| ow | abor requirenents and relatively clog-free nozzles. They
may al so be adapted to fields of sonmewhat irregular shape and
t opography. D sadvantages are hi gh power requirenents, hose
travel |lanes required for hose drag units for nost crops, and
drifting of sprays in w ndy conditions.

In addition to the application rate and depth of application,
the principal design paraneters for traveling guns are the
sprinkler capacity, spacing between travel |anes, and the
travel speed.

The m ni mum application rate of nost traveling gun sprinklers
is about 0.6 cmh (0.23 in./h), which is higher than the
infiltration rate of the | ess perneable soils. Therefore, the
use of traveling guns on soils of |ow perneability w thout a
mature cover crop is not recommended. The relationship
bet ween sprinkl er capacity, |ane spacing, travel speed, and
depth of application is given by the foll ow ng equation:

D = qSC (E_8)

where D = depth of water applied, cm(in.)
gs = sprinkler capacity, L/s (gal/mn)
S. = space between travel |anes, m(ft)
= travel speed, mimn (ft/ mn)

C = conversion constant, 6.01 (1.60)

The usual design procedure is as follows:

1. Sel ect a convenient application period (usually about
11 or 23 hours) to allow time (about 1 hour) for
noves between applications.

2. Measure the longest travel l|ane length (403 m or
1,320 ft maxi mum for hose drag; 360 m or 1,180 ft
maxi mum for reel-type) based on site boundari es.

3. Cal cul ate the travel speed necessary to travel the

| ongest travel lane in the desired application
peri od.
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10.

11.

Sel ect a sprinkler and sprinkler operating pressure
from manufacturers* performance tables with wetted
di aneters conpatible with site boundaries and with
application rates suitable for soil conditions.
Sprinkler operating pressures should be above 55
N cnt (80 Ib/in.?).

Compute the required |lane spacing to provide the
desired depth of water application using Equation E-
8.

Check | ane spaci ng agai nst spacing criteria in Table
E- 8.

TABLE E-8
RECOMVENDED MAXI MUM LANE SPACI NG
FOR TRAVELI NG GUN SPRI NKLERS

Wind speed
km/h (mi/h) Lane spacing, % of wetted diameter
0 (0) 80
0-8 (0-5) 70-75
0-16 (0-10) 60-65
>16 (>10) 50-55

Adj ust sprinkler selection and |ane spacing as
necessary to nmeet spacing criteria.

Sel ect a hose size for the unit such that friction
| oss of the design sprinkler flow capacity does not
exceed 28 N cnt (40 I b/in.?).

Determ ne the total area covered by a single unit

Unit area, nt S/)(avg travel distance per day)

= (
X (days between application)
Determ ne total nunber of units required

Units required = (field area, nt)
X (unit area, nt)

Determ ne the system supply capacity (Q
Q= (9s)(No. of units)
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E.4.4.2 Center Pivot Systens

Center pivot systens consist of a lateral with multiple
sprinklers or spray nozzles that is nounted on self-
propel |l ed, continuously noving tower units (see Figure E-9)
rotating about a fixed pivot in the center of the field.
Sprinklers on the lateral nmay be high pressure inpact
sprinklers; however, the trend is toward use of | ow pressure
spray nozzles to reduce energy requirenments. Water is
supplied by a well or a buried nmain to the pivot, where power
is also furnished. The lateral is usually constructed of 15
to 20 cm (6 to 8 in.) steel pipe 61 to 793 m (200 to 2,600
ft) in length. A typical system wth a 393 m (1,288 ft)
| ateral covers a 64 ha (160 acre) parcel (see Figure E-10).
The circular pattern reduces coverage to about 52 ha (130
acres), although systenms with traveling end sprinklers are
available to irrigate the corners.

The tower units are driven electrically or hydraulically and
may be spaced from 24 to 76 m (80 to 250 ft) apart. The
lateral is supported between the towers by cables or trusses.
Control of the travel speed is achieved by varying the
running tinme of the tower notors.

An inportant limtation of the center pivot systemis the
required variation in sprinkler application rates along the
| ength of the pivot l|ateral. Because the area circunscribed
by a given length of pivot lateral increases wth distance
fromthe pivot point (as does the ground speed of the unit),
the application rate provided by the sprinklers along the
| ateral nust increase with distance from the center to
provide a wuniform depth of application. |Increasing the
application rates can be acconplished by decreasing the
spacing of the sprinklers along the |lateral and increasing
t he sprinkler discharge capacity. The resulting application
rates at the outer end of the pivot Ilateral can be
unacceptabl e for many soils.

Application rates approaching 2.5 cmh (1.0 in./h) may be
necessary at a distance of 400 m (1,300 ft). The designer
should be particularly aware of this limtation at sites
where soil perneabilities vary within the pivot circle. Areas
of slower perneability can be flooded, causing crop danage
and traction problens for the drive wheels. This particul ar
problem has been encountered at the Miskegon project.
Determ nation of the proper sprinkler spacings and capacities
for a center pivot rig is beyond the scope of this manual
The designer should consult the manufacturer for design
details.
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FIGURE E-8
CENTER PIVOT RIG

FIGURE E-10
CENTER PIVOT IRRIGATION SYSTEM
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Another limtation of center pivots is nobility under certain
soil conditions. Sone clay soils can build up on wheels and
eventually cause the unit to stop. Drive wheels can |ose
traction on slick (silty) soils and can sink into soft soils
and becone stuck.

E.4.4.3 Li near Move Systens

Li near nove systens are constructed and driven in a simlar
manner to center pivot systens, except that the unit noves
continuously in a linear path rather than a circular path.
Conpl ete coverage of rectangular fields can thus be achieved
while retaining all the advantages of a continuous nove
system Water can be supplied to the unit through a flexible
hose that is pulled along wwth the unit or it can be punped
froman open center ditch constructed down the |l ength of the
i near path. Slopes greater than 5% restrict the use of
center ditches. Manufacturers should be consulted for design
details.
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APPENDI X F

ESTI MATED STORAGE DAYS FOR LAND TREATMENT
USI NG EPA COVPUTER PROGRAMS

Conputer prograns have been developed to estimate storage
days for land treatnent systens based on clinmatic conditions
(Section 4.6.2). Selected l|ocations for which the EPA-1
program have been used are presented in Table F-1 for
recurrence intervals of 10 and 20 years. The EPA-2 program
(for SR systens) uses soil information as well as rainfall
(see reference 35 in Chapter 4 for details). The EPA-3
program (for SR or OF systens ) uses tenperature, rainfall,
and snow depth. Storage days for communities for which EPA-2
has been run are listed in Table F-2 for recurrence intervals
of 10 and 20 years. Storage days for communities for which
EPA-3 has been run are listed in Table F-3 for recurrence
intervals of 10 and 20 years.

TABLE F-1
STORAGE DAYS USI NG EPA-1 FOR 20 YEAR (5%
AND 10 YEAR (10% RETURN | NTERVALS

Percentiles Percentiles

Station Name State 0.05 0.10 Station Name State 0.05 0.10
Bridgeport CT 68 64 Bismarck ND 144 140
Boise D 87 77 Devils Lake ND 168 156
Pocatello ID 125 109 Burns OR 119 102
Des Moines IA 111 106 Aberdeen sD 142 138
Hampton IA 136 126 Brookings SD 136 131
Logan IA 107 10% Pierre SD 136 126
Shenandoah IA 95 77 Rapid City SD 100 99
Greenville ME 172 169 Burlington VT 136 134
Muskegon MI 119 116 Spokane WA 106 100
International Falls MN 172 168 Ashland WI 149 148
Minneapolis MN 143 143 Eau Claire Wl 147 141
Park Rapids MN 159 155 Green Bay Wl 139 135
Billings MT 102 100 Lacrosse " L
Bozeman MT 152 144 adison
Great Falls MT 102 91 Rhinelander WI 156 149
Missoula MT 128 121 Weyerhauser WI 148 145
Buffalo NY 108 103 Afton wy 156 144

Casper WY 101 95
Rochester NY 121 11s Gillett WY 113 108
Watertown NY 128 126 1llette.

Ruck Springs WY 142 136

Wheatland WYy 66 58




TABLE F-2
STORAGE DAYS USI NG EPA-2 FOR 20 YEAR (5%
AND 10 YEAR (10% RETURN | NTERVALS?

Percentiles Percentiles
Station name State 0.05 0.10 Station name State 0.05 0.10
Bay Minette AL 13 13 Wilmington NC 10 9
Brewton AL 16 11 Wilson NC 12 11
clenter B pugens o m
Sel AL 18 11 Forest Grove OR 134 129
Tg ma vill AL 23 13 Headworks OR 150 144
omasville Hillsboro OR 119 111
Dumas AR 19 14 Medford OR 19 11
Little Rock AR 12 12 Portland OR 126 110
Avon Park FL 12 9 Salem OR 34 25
Belle Glade FL 10 8 Arecibo PR 11 10
Bradenton FL 13 12 Coloso PR 17 13
Clermont FL 11 7 Guayama PR 24 16
Daytona Beach FL 8 8 Humacao PR 25 19
Orlando FL 11 9 San Juan PR 7 6
punta Gorda o 1 it Columbia sc 13 8
P Conway sC 9 9
Augusta GA 10 9 Darlington sC 11 9
Macon GA 11 9 Hampton sC 10 8
Newnan GA 15 10 Summerville sC 16 8
Savannah GA 16 11 Bristol ™ 23 19
Alexandria LA 19 14 Crossville TN 24 22
Franklinton A 1¢ > Brownsville % 11 6
Lafayette LA 12 10 Corpus Christi TX 11 5
Lake Providence LA 18 14 Dallas TX 15 12
. Houston TX 36 26
Leesville LA 31 16 s 3
Monroe La 12 12 Lul}ng TX :g 32
New Orleans LA 16 9 gex%a $§ 16 11
Schriever LA 15 13 aris
Shreveport LA 10 8 Port Isabel TX 10 9
St Joseph LA 11 11 Sealy X 32 2
Winnfield LA 15 14 Sugar Land TX
Blackstone VA 21 16
g?igiien :2 fg ig Buchanan VA 31 19
Canton MS 1s 11 Chatham VA 21 19
Columbia VA 23 21
Clarksdale MS 16 11 : .
Columbia MS 27 16 Dlamoqd Springs VA 15 11
Greenwood MS 15 12 Leesville va 31 16
Jackson MS 12 10 Lynchburg VA 23 18
i ds Norfolk VA 17 14
Meridian MS 13 11 .
Pontotoc MS 19 14 Richmond VA 15 14
Poplarville MS 22 13 Washington DC VA 22 19
S;oneville Ms 17 15 Aberdeen WA 213 181
Vicksburg Ms 27 23 Longview WA S3 35
Charlotte NC 12 11 Olympia wa 28 gg
Pinehurst NC 12 5 Seattle WA 0
Raleigh NC 13 12 Vancouver wA 28 19
Weldon NC 11 10

a. Available water capacity range from 15 to 30 cm (6 to 12 ip.) in top 1.5 m
(5 ft) of soil profile. Depletion rate usually set at 1.9 cm/d (0.75 in./d)

F-2



TABLE F-3
STORAGE DAYS USI NG EPA-3 FOR 20 YEAR (5%
AND 10 YEAR (10% RETURN | NTERVALS?

Percentiles Percentiles
Station Name State 0.05 0.01 Station Name State 0.05 0.10
Sterling co 118 110 Chestertown MD 73 46
Belle Plaine IA 133 128  Westminster MD 86 82
Des Moines IA 135 128 Freehold NJ 88 77
Grinnell IA 139 133 Pemberton NJ 80 72
Indianola Ia 122 113
Keosauqua IA 111 91 Santa Fe NM 98 88
Logan IA 126 114 Minden© NV 69 63
Newton IA 134 126 Reno NV 61 57
Osceola IA 122 118
Oskaloosa IA 130 121 Rochester NY 123 122
Shenandoah IA 114 101 Coatesville PA 89 85
Winterset IA 134 127 George School PA 87 83
Lancaster PA 86 84
Ashton i 151 148 ppijadelphia PA 80 66
Ottawa IL 115 89 York PA 85 80
Plymouth MA 95 91 Corsicanad TX 8 6
Baltimore MD 77 57 Alta WY 172 160
Beltsville MD 76 58 Diversion Dam WY 140 137
Blackwater Refuge MD 35 29 Lander WY 146 139
Pavillion WY 140 137
Riverton WYy 150 144
a. Temperature thresholds: mean 0 °C (32 °F):; minimum -4 °C (25 °F); maximum
4.4 °C (40 °F)
Precipitation thresholds: snow 2.54 cm (1 in.); Precipitation 1.27 cm
(0.5 1n.).

Drawdown rate: ratio of flow output from storage on favorable days to
average daily wastewater flow = 0.5.

b. Temperature thresholds: minimum -5.5 °C (22 °F); maximum 1.7 °C (35 °F).

Temperature thresholds: minimum -6.7 °C (20 °F); maximum 1.7 °C (35 °F)}.

d. Temperature thresholds: minimum -2.2 °C (28 °F); maximum 2.2 °C (36 °F).
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APPENDI X G

GLOSSARY OF TERMS
CONVERSI ON FACTORS

GLOSSARY OF TERMS

acre-foot--A liquid measure of a volune equal to covering a
1 acre area to 1 foot of depth.

aer osol -- A suspension of colloidal solid or liquid particles
inair or gas, having small diameters ranging fromO0.01 to 50
m crons.

aqui cl ude-- A geologic formation which, although porous and
capabl e of absorbing water slowy, wll not transmt it
rapi dl'y enough to furnish an appreciable supply for a well or
spring.

available noisture--The part of the water in the soil that
can be taken up by plants at rates significant to their
growt h; the noisture content of the soil in excess of the
ultimate wilting point.

coppi ce--sprouting fromtree stunps.
cultivar--A cultural variety of a plant species.

evapot ranspi rati on--The conbined | oss of water froma given
area and during a specified period of tinme, by evaporation
fromthe soil surface, snow, or intercepted precipitation
and by the transpiration and building of tissue by plants.

field area--The “wetted area” where treatment occurs in a
| and application system

field capacity--(field noisture capacity)--The noisture
content of soil in the field 2 or 3 days after having been
saturated and after free drainage has practically ceased; the
guantity of water held in a soil by capillary action after
the gravitational or free water has been allowed to drain;
expressed as noi sture percentage, dry weight basis.

fragi pan--A | oany, dense, brittle subsurface horizon that is
very low in organic matter and clay but is rich in silt or
very fine sand. The layer is seemngly cenented and slowy or
very slowy perneable.

horizon (soil)--A layer of soil, approximately parallel to
the soil surface, with distinct characteristics produced by
soi |l -form ng processes.




infiltronmeter--A device by which the rate and anmount of water
infiltration into the soil is determned (cylinder,
sprinkler, or basin flooding).

matric potential--Attractive forces of soil particles for
wat er and water nol ecul es for each other.

mcronutrient--A chemcal elenent necessary in only snall
trace anounts (less than 1 ng/L) for m croorgani sns and pl ant
grow h. Essential mcronutrients are boron, chloride, copper,
i ron, manganese, nolybdenum and zinc.

m neral i zati on--The conversion of a conpound from an organic
form to an inorganic form as a result of mcrobial
deconposi tion.

sodic soil--A soil that contains sufficient sodium to
interfere with the growth of nost crop plants, and in which
t he exchangeabl e sodi um percentage is 15 or nore.

soil water--That water present in the soil pores in an
unsaturated (aeration) zone above the ground water table.
Such water may either be |ost by evapotranspiration or
percol ation to the ground water table.

tensi oneter--A device used to neasure the negative pressure
(or tension) with which water is held in the soil; a porous,
per meabl e ceram c cup connected through a tube to a nmanoneter
or vacuum gage.

till--Deposits of glacial drift laid down in place as the
glacier nelts, consisting of a heterogeneous nmass of rock
flour, cl ay, sand, pebbl es, cobbl es, and boul ders

intermngled in any proportion; the agricultural cultivation
of fields.

tilth--The physical condition of a soil as related to its
ease of cultivation. Good tilth is associated with high
noncapillary porosity and stable, granular structure, and | ow
i npedance to seedling enmergence and root penetration.

transpiration--The net quantity of water absorbed through
plant roots that is used directly in building plant tissue,
or given off to the atnosphere as a vapor fromthe | eaves and
stens of living plants.

volatilization--The evaporation or changing of a substance
fromliquid to vapor.

wilting point--The mninmumaquantity of water in a given soil
necessary to maintain plant growh. Wen the quantity of
moi sture falls below this, the |eaves begin to drop and
shrivel up
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CONVERSI ON FACTORS

Metric to U S. Customary

. U.S.
Metric customary unit
Name Symbol Multiplier Abbreviation Name
centimeter (s} cm 0.3937 in. inches
centimeter (s) per hour cm/h 0.3937 in. /h inches per hour
cubic meter m3 8.1071 x 104 acre-ft acre-foot
35.3147 ft cubic foot
264,25 Mgal million gallons
cubic meters per day m3/4 2.6417 x 10-% Mgal/d million gallons
per day
cubic meters per hectare m3/ha 1.069 x 10-4 Mgal/acre million gallons
per acre
cubic meters per second nm3/s 22.82 Mgal/d million gallons
per day
degrees Celsius °cC 1.8(°C) + 32 ‘r degrees Fahrenheit
gram(s) g 0.0022 1b pound (s)
hectare ha 2.4711 acre acre
0.004 mi square miles
Joule J 9.48 x 1074 Btu British thermal unit
kilogram(s) kg 2,205 1b pound (s)
kilograms per hectare kg/ha 0,0004 tons/acre tons per acre
kilograms per hectare kg/ha-d 0.893 lb/acre-d pounds per acre per day
per day
kilograms per square kg/cm2 14.49 1b/in.2 pounds per square inch
centimeter
kilometer km 0.6214 mi mile
kilowatt kW 1.34 np horsepower
liter L 0.0353 £t3 cubic foot
0.264 gal gallon(s)
liters per hectare per day L/ha-d 0.11 gal/acre-d gallons per acre per day
liters per second L/s 0.035 ft3/s cubic feet per second
22.826 gal/d gallons per day
15.85 gal/min gallons per minute
0.023 Mgal/d million gallons per day
megagram (metric tonne) Mglor t) 1.10 ton (short) ton (short}
megagrams per hectare mg/ha 0.446 tons/acre tons per acre
megajoule MJ 0.278 kWh kilowatt hour
megaliters (liters x 106) ML 0.264 Mgal million gallons
meters (s) m 3,2808 ft foot (feet)
meters per second m/s 2,237 mi/h miles per hour
micrograms per liter ug/L 1.0 pprb parts per billion
milligrams per liter mg/L 1.0 jgoul parts per million
nanograms per liter ng/L 1.0 ppt parts per trillion
Newtons per square N/cm2 1.45 lb/in.2 pounds per square inch
centimeter
square centimeter cm? 0.155 in.? square inch
square kilometer km? 0.386 mi2 square mile
square meter n? 10.76 £t2 square foot
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