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{ who assisted in developing the hydraulic detention time relationship, Robert Peters
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DEVELOPMENT OF A RATIONAL
DESIGN PROCEDURE FOR
OVERLAND FLOW SYSTEMS

-
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C.]. Martel, T.F. Jenkins, C.J. Diener and P.L. Butler

INTRODUCTION

Background

An overland fiow system consists of a series of
grassy terraces which are carefully graded so that
wastewater flows downslope in a thin sheet. Gated
pipe, slotted troughs, or sprinklers are used to uni-
formly distribute the wastewater at the top of each
terrace, and a ditch or channel collects the runoff
at the base of the terrace (Fig. 1). When properly
designed and managed, the quality of runoff from
an overland flow system can easily meet secondary
effluent standards.

Unlike most wastewater treatment systems,
overland flow reduces the volume of water to be
discharged. This reduction in volume is caused by
lusses through evapotranspiration and percolation
as wastewater flows over the soil surface. Typically,
the volume of runoff is 60 to 90% of that applied.
Consequently, removal efficiency should be calcu-
lated on a mass rather than concentration basis.

Overland flow systems offer a number of ad-
vantages over conventional treatment. First and
foremost is the lower cost of operation and main-
tenance. Highly skilled personnel are not needed
to run the facility and energy requiraments are
significantly lower (Middiebrooks and Middlebrooks
1979). Overland flow systems are also very reliable
and able to withstand large variations in strength
of applied wastewater without system upset {(Aly
et al. 1979). Another important advantage is that
ra sludge is produced except by pretreatment
processes. Qverland flow systems can also provide

Figure 1. Concept drawing of overland flow system
(where L is terrace length, q average overland flow
rate and s the slope).

an economical return in the form of high quality
forage crops. Palazzo et al. (in prep.) estimated the
value of this crop to be $858 ha™! per year.

In spite of these advantages, not many overland
flow systems have been buiit. One of the main
reasons is the lack of a rational procedure for design.
The procedure presented in U.S. EPA (1977) is based
on general guidelines which are difficult for inexper-
ienced engineers to interpret. For example, when
untreated or primary effluent is applied, the designer
is advised to select a hydraulic loading rate within a
range of 6.4 to 20 cm wk™', depending on climate,
degree of treatment and detention time. Without
previous experience it is difficult for the designer to
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select a valid loading rate within such a wide range,
Also, little information is given on how other var-
iables such as terrace fength and slope can affect
performance. Thus, a more comprehensive and
rational design procedure, which takes these factors
into account, is needed to assure that discharge
requirements are met.

The new design procedure developed in this
report is based on reactor kinetics, a concept
familiar to most environmental engineers. In the
case of overland flow, the reactor is the soil surface
where various physical, biological and chemical
reactions take place. As in conventional process
design, the controlling parameter is detention time.
For overland flow, detention time is the average
time a unit volume of water takes to travel from
the top to the bottom of the terrace. The desired
level of treatment can be achieved by controlling
the length of time that wastewater remains in con-
tact with the soil surface. With this approach,
overland flow systems can be constructed for a
wide range of site conditions as long as detention
time requirements are met. This would significantly
reduce site preparation costs,

Objectives

A design procedure based on detention time re-
quires knowledge of two basic relationships. First
is the hydraulic refationship among application
rate, site characteristics and detention time. With
this relationship the designer can determine the
application rate néeded to satisfy detention time
requirements. Second is the kinetic relationship

between detention time and removal of biochemical
oxygen demand (BOD), total suspended solids (TSS},
ammonia (NH;-N) and total phosphorus (total P).
With these relationships, the designer can determine
the detention times needed to achieve the desired
removal efficiency.
The specific objectives of this study were to
1. Develop a method which can be used to pre-
dict the hydraulic detention time.
2. Determine the removal kinetics for BOD, TSS,
NH;-N and total P.
3. Validate the detention time and kinetic re-
lationships using data from other systems.
4. Provide an example using the new design pro-
cedure.

Scope

Data used in the development of the design pro-
cedure were obtained from the CRREL overland
flow test site in Hanover, New Hampshire, during
the 1978 and 1979 growing seasons (April through
October). All the kinetic relationships were devel-
oped using primary effluent; use of this procedure
for design of overland flow systems receiving a
secondary or lagoon effluent will be discussed later
in the report.

The hydraulic detention time relationship devel-
oped at CRREL was validated using data from the
Utica, Mississippi, overland flow site (Peters et al.
1981) and the pilot scale system at the University
of California, Davis (Smith et al. 1980). Data from
several other domestic and foreign overland flow
systems were used to validate the kinetic relationships.

8.8 m (29)
t—29m 9.7")

&\[9,4,_ L s AT ?J\—_—
otm v D P I " &J. ;

Runofft

- Primary
T Wostewoter

Figure 2. Schematic of CRREL overland flow test site.
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DESCRIPTION AND OPERATION OF CRREL
OVERLAND FLOW TEST SITE

The CRREL overland flow test site has been in
operation since june 1977, This site is 30.5 m
long x 8.8 m wide {0.03 ha) and graded to a 5%
slope. It is subdivided into three equal sections
designated A, B and C so that paralle] studies can
be conducted. A schematic of the site is shown in
Figure 2.

Soil on the site is classified as a Hartland silt loam
with sand, silt and clay contents of 3, 72 and 23%
respectively. The cation exchange capacity is 5
meq/100 g and the pH is 7.1. Underlying the soil
at a depth of 15 cm is a 30.0-mijl-thick rubber mem-
brane, which was installed to prevent downward
percolation. The grass cover on the site is a mixture
of many species including K-31 tall fescue, orchard-
grass, Kentucky bluegrass and quackgrass (Palazzo
et al. 1980). The grass was harvested on the average
of once every six weeks during the growing season.

Undisinfected primary effluent was applied to
the overland flow test site during the entire study.
Perforated plastic pipe was used to distribute waste-
water along the top of each section, and a bed of
crushed stone placed beneath the pipe helped to
uniformly disperse the flow. The quality of the
primary effluent is shown in Table 1.

The application rate to each section was monitored
and controlied by means of a constant head weirbox.
Five application rates ranging from 0.35 to 1.20 m3
hr'! were tested. The application cycle was 7 hr
on, 17 hr off for 5 days per week. At these appli-
cation rates and this cycle, the equivalent hydraulic

loading rates were 13.8 t0 46.7 cm wk™, Each
application rate was evaluated for a period of approx-
imately 6 weeks. All sections were operated simul-
taneously at the same application rate, Because
of leaks in the membrane along the outside boundary,
wastewater applications to section A were discon-
tinued during 1979,

Runoff was collected at the base of each section
in individual galvanized steel catch basins, A small
submersible sump pump located in each basin dis-
charged the runoff into a drainage ditch. The volume
of runoff was recorded by flowmeters attached to
the discharge lines. During this study, the average
runoff rate was 75, 87 and 89% of the application
rate for sections A, B and C respectively.

All measurements of detention time and water
quality sampling were conducted during periods of
hydraulic steady-state operation. The hydraulic
steady-state period began when the runoff rate
stabilized and it terminated when application was
stopped. A typical runoff hydrograph is shown in
Figure 3. In this case the hydraulic steady state
period began 1 hr after commencing application and
terminated 6 hr later when the system was shut
down. The amount of time needed to reach hydraulic
steady state varied depending on antecedent moisture
conditions.

Hydraulic detention time was determined by
measuring the travel time of a chioride tracer.
Chioride was selected as a tracer because it is con-
servative and easily analyzed. A tracer solution was
made by dissolving 94.6 g of sodium chloride in 3 L
of distilled water, The sodium chloride solution was
added as a “'slug addition™ to the distribution chamber

Table 1. Quality of applied primary effluent.

Standard No. of
Pargmeter Mean deviation  observations
BOD (mg L) 72 23 58
Total suspended solids {mg L™') 59 30 98
Yotal Kjeidah! nitrogen (TKN)

(mg L") 36 10 32
Ammonia {mg L' as N) 24 6 99
Nitrate (mg L' as N) 0.05 0.15 98
Total phosphorus (mg L™ as P) 6.6 2.2 33
Orthophosphate (mg L' as P) 4.8 1.4 31
Turbidity (JTU*) 3 13 100
pH 7.2 0.1 100
Specific conductivity

{#mhos/cm) 513 105 40
Chloride {mg L™') 28 6 30
Fecal coliforms (no./100 mL} 2.5 x 108 1.7 x 10* 14
Fecal streptococci (no./100 mL} 0.2 x 10 0.2 X 10¢ 7

*Jackson turbidity units
3
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Figure 4. Typical chloride response curve for meas-
uring detention time.

in the constant head weirbox. Composite samples
were taken of the runoff at various intervals and
analyzed for chloride. Chloride concentrations were
then plotted vs time, and the peak of the response
curve was chosen to represent detention time. The
center of mass was not chosen to repres:nt detention
time because 36% of the tracer was lost in the perco-
late and plants. An example of a typical chloride re-
sponse curve is shown in Figure 4. The detention time
in this case was 40 min for an application rate of 0.6

Table 2, Parameters measured and
frequency of analysis.

Parameter Analyses/wk*

BOD

TSS

TKN

NH,-N

NO, -N

Total P

PO,

Turbidity

pH

Specific conductivity
Chloride

Fecal coliforms
Fecal streptococci

w

[N ¥ LY, TGO T P 'Y

*Based on five application periods
per week,

m3 hr'!. Altogether, 50 detention times were
measured at the CRREL site during this study (see
App. A).

Flow-proportioned composite samples were taken
of the applied primary effluent and runoff during
each application period. Primary effluent samples
were taken at fixed time intervals with an automatic
composite sampler. Runoff samples were taken by
small peristaltic pumps which were activated by relay
switches during each operating cycle of the catch
basin’s sump pump. The water quality parameters
measured and the frequency of analysis are shown
in Table 2. Analtyical techniques are discussed in
Appendix B.

HYDRAULIC DETENTION TIME

The hydraulic detention time on an overland flow
terrace is dependent on many factors including appli-
cation rate, slope, length of terrace, surface micro-
topography, soil infiltration rate, evapotranspiration
and vegetation density. Of all these factors, only
application rate is controllable by the operator,

Slope and length of terrace are largely dependent on
site characteristics. Surface microtopography is con-
trollable to some extent by careful site preparation,
but each terrace will develop different hydraulic path-
ways. Infiltration rate and evapotranspiration will
vary from site to site depending on soil characteristics
and climate conditions. Vegetation density, or surface
roughness, varies with the type of vegetation and the
maturity of the terrace. A mature terrace usually has
a higher vegetation density and will normally have an
organic mat near the soil surface caused by a buildup
of grass clippings from previous harvests. This
organic mat increases the resistance to flow which,

in turn, increases detention time.




Theoretical development

At a well designed and operated overland flow
site, water flows downslope as a thin sheet until it
freefalls into a runoff collection ditch. Under these
conditions, the overland flow system operates in the
laminar flow regime (Kirkby 1978) where Reynolds
numbers are less than 500 (Streeter 1966). At the
CRREL site Reynolds numbers ranged between 38
and 226, which is well within the laminar flow re-
gime. For the simplest case of laminar flow over a
smooth surface, the average velccity v, can be de-
scribed by the following equation (Nakano 1978):

95d?

=5, (s 4

where g = gravitational constant, 9.81 m ¢
S =sjope, m m!
d = average depth of flow, m
v = kinematic viscosity, m? st

For an overland flow system, resistance to flow will
be greater because of the grass and vegetative litter.
Therefore, the average overland flow velocity V will
be lower than the smooth surface velocity v, and
can be expressed as

V=ay, (ms=1) (2)
where a is a resistance coefficient. Substituting eq
2 into 1, the velocity of flow over an overland flow
terrace can be calculated by

gSd?
3v

V=a[ ],wherea<1.0. (3)

If one assumes that most of the water flows in
arelatively straight path downslope, the velocity
V can also be expressed as

V= (4)

~)r=

where L is the length of terrace in meters, and ¢
the hydraulic detention time in seconds.

Also, from the continuity equation, the average
depth of flow ¢ can be determined by

_Qf
9= Iw (5)

whete Q is the average overland flow rate (m® ')
and W the width of the terrace in meters,

Substituting eq 4 and 5 into eq 3 and rearranging
terms, detention time can be calculated as follows:

- 2 31/3
t= ‘3_2._":_._} L. (6)
agsQ?

In more convenient terms with the average detention
time described in minutes (7) and the average overiand
flow rate (g) in m3 hr=1 of width, eq 6 becomes

—_ 1/3
T =565 [_E_! S ()
ag s1/3 g2/3

Assuming a kinetic viscosity of 0.112 x 1075 m? 5!
(at 15.6°C) and substituting the value of the gravita-
tional constant g (9.81 ms~!) eq 7 is reduced to

S S—
all3 s1/342/3°

T =0.0274 (8)

Determination of resistance coefficient, a

To determine a, eq 8 was evaluated using detention
time data obtained from the CRREL overland flow
test site, For each CRREL test section, the values
of L and § are 30.5 and 0.05 m m™! respectively.
Substituting these values, eg 8 becomes

- 2.27
7=—22l 9
a1/3q2/3 ( )

By plotting detention time vs the average overland
flow rate on log-log paper, a can be determined from
the line of best fit. This was done for the CRREL
data shown in Figure 5. A regression analysis indi-
cates good correlation (r = 0.78) between application
rate and detention time. However, the standard
deviation is large, indicating that detention time
varied considerably for a given overland flow rate.
For example, at an application rate of 0.2 m> hr'
m™! of width, the predicted detention time is 34
minutes, Within one standard deviation, detentior
times could range from 23 to 48 minutes. Most of
this deviation appears to be caused by a difference
in results obtained during the 1978 and 1979 growing
seasons.

The detention times were generally higher in
1979 than 1978 for the same overland flow rate, A
possible explanation for this difference is an increase
in vegetation density during 1979 which caused an
increase in resistance to flow. This conclusion is
supported by the higher grass yields in 1979 than
1978 (Palazzo in prep.). Another reason for the
increased detention times could be the presence
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Figure 5. Overland flow rate vs detention time for CRREL overland

flow test site.

of a thicker organic mat due to accumulated grass
clippings from previous harvests. Tracer studies
conducted during the 1980 growing season did not
show a further increase in detention time. This ob-
servation suggests that the CRREL overland flow
terraces reached full maturity or the maximum prac-
tical resistance coefficient after three years of oper-
ation,

The equation for the line of best fit shown in
Figure 5 is

in7=1.868-1.02Ingq (10)
or

=_ 648

r= g1022 " (11)

Substituting eq 11 for Tinegq 9, an expression for
the resistance coefficient is

a=0.043 q1-066 ~ 0,043 q. (12)

This expression indicates that the resistance coeffic-
ient a increases in direct proportion to the average
overland flow rate, This relationship can be explained
by the fact that, as the flow rate increases, the depth
of flow also increases. On the irregular surface of

most overland flow terraces, increasing the depth
causes more surface area to be wetted, which in-
creases the resistance to flow. This hypothesis is
consistent with visual observations at the CRREL
site and several other overland flow sites.

Substituting eq 12 back into eq 8, an empirical
relationship that can be used for predicting detention
time at the CRREL site is

0.078 L

T (13)

T:

This equation indicates that T is directly propor-
tional to L and inversely proportional to q. Slope,
being to the one-third power, is less significant
although it cannot be considered negligible. For
example, assuming L = 50 mand ¢ =0.2m? hr'' m
an increase in slope from 2 to 12% would decrease
detention time from 72 to 40 minutes, a decrease
of 44%.

Validation

To determine the validity of eq 13 for other
systems, detention times were measured at two
overland flow sites. The first site, located near Utica,
Mississippi, was a research facility operated by the
U.S. Army Engineer Waterways Experiment Station
(WES). This site (no longer in operation) had 24
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terraces, each.45 m long x 4.5 m wide and slopes

of 2, 4 and 8% {Peters et al. 1981). Detention times
times were measured using the same procedure
developed at CRREL.

The second site is located indoors at the Univer-
sity of California at Davis, Each laboratory scale
model terrace is 6 m long x 1.5 m wide and set at
a 4% slope (Smith ct al. 1980). Deionized water
was used as the tracer and a response curve was
developed by measuring specific conductance.

A combined total of 40 detention time measure-
ments were taken at both sites. Measured detention
times are shown in Table 3 along with the predicted
detention times calculated from eq 13. The average
difference between predicted and measured deten-
tion times was only 8 minutes. In most cases the
measured detention time was longer than predicted,
which allows an extra margin of safety in the design.
In a Student’s ¢ distribution, the difference between
measured and predicted detention time was not
significant at the 95% level.

Although the average difference between pre-
dicted and measured detention time was not signifi-
cant, individual differences were considerable. This
is understandable, considering the variability of the
surface microtopography from one terrace to another,
Construction techniques, patterns of vegetative
growth and harvesting operations are also factors
which can change the hydraulic detention time.

KINETICS

Kinetic relationships describing removal of BOD,
TSS, NH,4-N and total P were developed by taking
several detention time measurements during each
application period. The average detention time
(T) was then calculated along with the average per-
cent removal on a mass basis for each constituent.
All raw data used in this development can be found
in Appendix A,

BOD removal

BOD is removed by sedimentation, filtration and
biological oxidation (U.S. EPA 1977). The first
two mechanisms are responsible for removing par-
ticulate BOD. The soluble BOD is oxidized by mi-
croorganisms which are probably similar to the
attached biomass found in trickling fiiters. However,
some solubie organic compounds are released from
the plant-soil system, and as a result, runoff BOD
concentrations below 3 to 5 mg/L cannot be ex-
pected (Overcash et al. 1976).

Temperature also has an effect on runoff BOD
concentrations, Martel et al. (1980) found that
BOD concentrations in the runoff exceeded 30 mg/L
at soil temperatures at or below 4°C. However,
temperature effects should not be a significant
problem at full-scale facilities if wastewater is
stored during the winter, In this study, temperature
effects were nullified by selecting performance data
obtained during the growing season only (April
through October).

The experimental data obtained at CRREL and
the University of California, Davis (Fig. 6) indicate
that BOD removal can be expressed as a first-order
equation in the form

Percent removal = (1 - 4 e‘k?) 100. (14)

The coefficients A and &, obtained by a least-
squares fit to the data, were 0.52 and 0.03 min™!
respectively. The coefficient k is the average kinetic
rate constant, The coefficient A can be interpreted
as the non-settleable fraction of BOD in the applied
wastewater while the remaining settleable fraction
(0.48) is removed during the first few meters or
minutes after wastewater is applied. This conclusion
is supported by the BOD vs downslope distance data
shown in Figure 7 where 44% of the BOD was re-
moved within the first 5 m,

TSS removal

Total suspended solid (TSS) removal vs average
detention time from the CRREL site is shown in
Figure 8. The flat slope of the estimated line of
best fit indicates that TSS removal changed little
over the range of detention times tested. For example
at a detention time of 20 minutes, TSS removal was
86%. A three-fold increase in detention time {60
min) only increased removal by 6%.

The high solids removal efficiency of the overland
flow process is due to the shallow depth of water
and the long travel distance to the end of the terrace.
Even minute particles with slow settling velocities
are able to settle out before reaching the collection
ditch. Also, grass and vegetative litter help to entrap
and filter out particles. Data plotted in Figure 7
indicate that most of the suspended solids were re-
moved within the first 5 m.

Because of rapid settling, a buildup of solids is
apparent at the top of most overland flow terraces
which receive raw or primary wastewater. At the
CRREL site, solids deposition was heavy enough in
some spots to smother grass growth. Similar condi-
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Table 3. Measured and predicted detention times.

Average* Meqgsured  Predicted _
Application overland detention  detention ar,
Location rate flow rate Siope  time, T, time, T,  T,-Tp
and date (m®hrt) (mPhrimt) (%) (min) (min) {min)
Utica, Miss.
13 July 78 0.584 0.097 4 75 108 33
14 July 78 0.584 0.097 4 60 108 43
21 July 78 0.584 0.097 4 75 108 33
21 July 78 0.584 0.097 4 90 108 18
20 July 78 0.435 0.072 4 130 146 16
2 Aug 78 0.292 0.049 8 255 170 -85
2 Aug 78 0.292 0.049 8 255 170 -85
3 Aug 78 0.435 0.072 8 150 116 - 34
3 Aug78 0.435 0.072 8 165 116 - 49
17 Aug 78 0.435 0.072 8 120 116 - 4
17 Aug 78 0.435 0.072 8 135 116 -18
17 Aug 78 0.435 0.072 2 165 184 19
17 Aug 78 0.435 0.072 2 150 184 34
31 Jan 79 0.435 0.072 2 135 157 22
31 Jan 79 0.435 0.072 2 150 157 7
8 Feb 79 0.435 0.072 2 165 157 -8
25 Jan 79 0.435 0.072 8 120 99 -21
2 Feb 79 0.435 0.072 8 105 99 -6
2Feb 79 0.435 0.072 8 165 99 -66
10 Feb 79 0.435 0.072 8 96 99 3
10 Feb 79 0.435 0.072 8 135 99 -36
24 Jan 79 0.584 0.113 4 105 93 -12
15 May 79 1.753 0.292 2 90 45 - 48
22 May 79 0.435 0.072 2 330 184 -146
Aug 79 1,753 0.292 4 50 36 -14
Aug 79 0.876 0.146 4 135 72 -63
Aug 79 1.753 0.292 4 65 36 -29
Aug 79 1,753 0.292 8 48 29 -19
11 Feb 80 0.219 0.042 2 207 314 107
12 Feb 80 0.435 0.084 2 12 157 45
12 Feb 80 0.435 0.084 2 120 157 37
12 Feb 80 0.435 0.084 8 90 98 8
12 Feb 80 0.435 0.084 8 75 98 23
13 Feb 80 0.876 0.169 2 75 78 3
13 Feb 80 0.876 0.169 2 75 78 3
13 Feb 80 0.876 0.169 8 60 49 -11
13 Feb 80 0.876 0.169 8 60 49 -n
U, of Calif,, Lavis
0.118 0.079 4 p)] 17 -3
0.236 0.157 4 13 9 -4
0.345 0.236 4 1 6 -5
n 40
mean - 8

std. dev, 43

*At Utica, 0.75 and 0.87 were used as overland flow coefficients for summer and winter respec-
tively. A runoff coefficient of 1.0 was used at U. of Calif., Davis.
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tions were observed during a visit at the Easley,
South Carolina, site. After years of application,
solids buildup can be substantial and can cause an

odor problem if these deposits are allowed to become

anaerobic (Scott and Fulton 1979). However, this
problem can be avoided by occasionally disking-in
the solids and ailowing enough reaeration time after
each application. Disking should be done on only

part of the terraces so that the rest of the system
remains in service.

The solids removal relationship developed in this
study (Fig. 8) applies to fecal types of solids only.
Removal of algal solids found in lagoon effluent is
more difficult to predict. Data from the Easley,
South Carolina, site indicated that algae removal by
overland flow is marginal (Poliock 1979). However,
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Figure 8. Total suspended solids removal efficiency vs detention time.

Peters et al. (1980) report removai of algae at low
application rates.

Nitrogen removal

A number of mechanisms are involved in nitrogen
removal, including volatilization, nitrification-deni-
trification, adsorption, plant uptake and soil storage.
The ammonia form of nitrogen can be removed by
any of the above mechanisms. Most of the organic
nitrogen is initially removed by sedimentation and
then incorporated into the soil or converted to
ammonia by saprophytic bacteria. Nitrate is the
most difficult form of nitrogen to remove (Jenkins
et al. 1978, Walter 1974). Nitrate jons have little
affinity for soil particles and thus are not retained
on the overland flow terrace. For efficient removal

of nitrogen, raw wastewater or primary effluent
should be applied because these wastewaters contain
very little nitrate.

This study focused on the kinetics of ammonia
removal because it is the nitrogen form of most con-
cern in discharge limitations. The correlation between
ammonia removal and detention time obtained from
CRREL data is shown in Figure 9. The first-order
equation which closely fits these data (r = 0.91) is
also shown in Figure 9. For ammonia removal the
coefficients A and k£ were 0.81 and 0.03 min™! re-
spectively.

It is interesting to note that both BOD and ammonia
removal equations (see Fig. 6 and 9) contain the same
kinetic rate constant (k = 0,03 min '), suggesting
that both BOD and ammonia removal are controlled
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by the same rate-limiting step. 1t is unlikely that
both substrates would have the same removal rate
constant; a more likely explanation is that removal
rate is mass transport jimited. In other words, the
rate of mass transport from the bulk liguid to the
active biomass and adsorption sites is the mechanism
governing removal rate. This reasoning is reinforced
by the fact that overland flow operates in a laminar
flow regime, which reduces the opportunities for
substrate contact with reactive sites.

Phosphorus removal

According to the Process Design Manual for Land
Treatment of Municipal Wastewater (U.S. EPA 1977)
phosphorus is removed primarily by sorption to soil
particles. On overland flow terraces only surface
exchange sites are available because most of the
wastewater passes over the soil surface rather than
through it. As a result, the exchange sites are used
up rather quickly and the removal of phosphorus by
overland flow systems is limited. Plant uptake is
another mechanism capable of removing phosphorus.
Palazzo et al. (1980) reported that forage grasses
removed 54% of the appliied phosphorus at the
CRREL site.

As shown in Figure 10, our studies indicated
that phosphorus removal did not change significantly
over the range of detention times tested. Percentage
removals ranged between 37 and 61% and averaged
53%. Analyses of runoff samples indicated that
most of the total phosphorus was in the “ortho”
form, which indicates that the phosphorus removed
was tied up with particulate matter. As discussed
earlier (see TSS Removal), particulate matter was
easily removed by overland flow.

Phosphorus removal can be improved by adding
alum to the wastewater prior to application. Thomas
et al, (1976) increased phosphorus removal to 90%
using this technique. Similar results were obtained
at the Utica, Mississippi, overland flow site (Peters
etal. 1981).

Validation

The kinetic relationships for removal of BOD,
TSS and NH, N were validated by comparing the
predicted removal to the actual removal reported
at seven full-scale systems. Statistical analysis of
these data indicated that the average differences
between predicted and actual BOD, TSS and NH;-N
removali were only 1.9, -2.0 and 2.8%, respectively,
for systems receiving primary or raw wastewater
(see Table 4). However, when systems receiving
pond effluent were evaluated, the predicted removals
for BOD and TSS were 18 and 22% higher than
actual (see Table 5). Higher predicted removals can
be explained by the fact that pollutants remaining
in pond effluent are generally less degradable, and
thus more difficuit to remove, than those in primary
or raw wastewater, Also, there is a lower limit to the
BOD and TSS concentration in the runoff. As dis-
cussed earlier, this limit is approximately 5.0 mg L™!,
Therefore, high removal efficiencies become more
difficult to achieve as pollutant concentrations in
the applied wastewater decrease.

The ammonia removal relationship (Fig. 9) appears
to be valid whether primary or pond effluent is
applied. The average differences between predicted
and actual NH;3-N removal were only 2.8 and -4.5%
for systems receiving primary and pond effluent,
respectively.
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The resuits of this analysis indicate that the Kinetic
relationships for BOD and TSS removal are valid for
overland flow systems receiving primary or raw waste-
water only. The lowest applied concentration of BOD
and TSS where these relationships hold is estimated
to be 45 mg L™'. Different kinetic relationships need
to be developed for overtand flow systems receiving
pond effluent.

DESIGN PROCEDURE

The primary purpose of the proposed design
procedure is to properly size the overland flow sys-
tem so that it meets the quality requirements of the
discharge permit. The three basic steps in this pro-
cedure are

1. Determine the detention times required to
remove pollutants specified in the discharge
permit.

2. Calculate the application rate needed to
satisfy the longest or most critical detention
time,

3. Calculate the land area required from the
application rate and system design flow.

Step 1: Determine the detention time

The detention time required to achieve the de-
sired removal of BOD, TSS and NH;-N can be de-
termined from Figures 6, 8, and 9. The phosphorus
removal vs detention time relationship shown in
Figure 10 is not used in this procedure because over-
land flow is not considered to be an efficient process
for removing this pollutant. As noted earlier, phos-
phorus removal can be improved by chemical pre-
cipitation with alum,

To use Figures 6, 8, and 9, the percentage removal
of BOD, TSS and NH;3-N must be calculated on a
mass basis. Information needed for this calculation
includes the design flow, an estimate of the applied
wastewater concentrations, desired runoff concen-
trations and the runoff fraction,

Concentrations of BOD, TSS and NH;-N in the
applied wastewater will depend on the degree of pre-
treatment. In most cases it is advisable to use less
pretreatment in order to reduce costs and take ad-
vantage of the excellent treatment capabilities of
overland flow. If the design includes a storage pond,
the diluting effect of this effluent when mixed with
primary or raw wastewater should also be considered.

The desired runoff concentrations can be deter-
mined from the discharge permit. It should be noted
that by satisfying the concentration limits specified

in the discharge permit, the mass of pollutant dis-
charged will be smaller than in conventional waste-
water treatment systems. As explained earlier, less
wastewater is discharged from overland flow systems
than is applied.

The fraction of wastewater that reaches the runoff
collection ditch can be estimated from local evapo-
transpiration and percolation rates. Typically, the
runoff fraction will range from 0.6 to 0.9 depending
on local climatic conditions and soil characteristics.

The detention time used for design should be the
longest time determined from Figures 6, 8, and 9.
For equal removal percentages, the controlling design
parameter js ammonia removal followed by BOD
and TSS removal.. For example, if 90% ammonia,
BOD and TSS removal is required, the detention
times needed are 68, 57 and 40 minutes respectively.
In this case, the design should be based on ammonia
removal since it requires the longest detention time.
However, in most cases ammonia removal is not re-
quired and BOD removali will be the controlling de-
sign parameter.

Step 2: Calculate the application rate

The annual application rate which will satisfy the
detention time requirements determined in Step 1
can be calculated as follows:

Q,=1v (15)

where Q, = annual application rate, m® yr'! m’!

r = overland flow coefficient
Y = operating time, hr yr'!.

The average overland flow rate g can be calculated
by rearranging eq 13 so that

0.078 L 0.2
=228 0 —= 16
BIEE: whereq<5”3 (16)

The values for L and S are selected by the designer
based on the topography of the potential site. Natura)
terrain contours should be used to the maximum ex-
tent possible to minimize cut and fill operations.
However, careful surface preparation will stil! be
needed to ensure even flow distribution.

The upper limit on g in eq 16 is necessary to
avoid a situation where the application rate is so
high that it causes scouring. Typically this could
occur when a design calls for a short detention time
on a long terrace. The limitation placed on g was
based on calculations of the scour velocity shown in
Appendix C.




The overland flow coefficient r is the average
fraction of applied wastewater flowing over the soit
surface. The purpose of this coefficient is to convert
the average overland flow rate g to an application rate
(Q,). It can be calculated from the relationship

1.0+7
2

r=

(17)

where f is the runoff fraction.

The annual operating time Y will vary depending
on the application cycle and season. The application
cycle is the number of hours per day and days per
week that wastewater is being applied to the terraces.
Application cycles normally range from 6 to 8 hours
of continuous application per day, 5 to 7 days per
week. Obviously, the land area required for the
system can be reduced substantially by choosing a
longer application cycle. No deleterious effects on
performance were noted at Utica, Mississippi (Peters
et al. 1981) when pond effluent was applied 24 hours
per day, 7 days per week. However, shorter applica-
tion cycles of 8 to 10 hours per day are recommended
if raw wastewater or primary effluent is applied.
Shorter application cycles will reduce the rate of
solids accumulation at the top of the terrace and
allow these solids to degrade more rapidly because
of aeration during the off period.

The application season is the number of weeks
per year that the system can be expected to operate.
In southern areas the application season may extend
throughout the year because short periods of cold
weather will normally not affect performance (Aly
et al. 1979). In northern areas, the application season
usually coincides with the growing season. During
the non-growing season, wastewater is stored in a
pond or lagoon. Martel et al. {1980) found that the
EPA-1 computer program provided a good estimate
of the number of storage days needed for overiand
flow systems.

Step 3: Calculate the land area

Since the length of terrace has already been spec-
ified, the only remaining dimension needed to cal-
culate the land area is width. Width can easily be
determined by dividing the annual volume of waste-
water applied by the annual application rate Q,.
If a storage pond is included in the design, the annual
volume of wastewater applied should be adjusted to
reflect the net volume of water entering or leaving
the pond due to precipitation and evaporation,

The land area calculated by this procedure is
only part of the total wetted area. Additional wetted

15

area will be needed to handle wastewater flows
during harvest operations. Each terrace should be
harvested on a rotating basis. The length of the
drying period before harvest will depend on local
climatic conditions and should be long enough to
allow harvesting machinery to drive over the terrace
without rutting the surface. In most cases, a week
should be adequate. An alternative to increasing
the size of the wetted area would be to temporarily
increase the application time to the remaining
terraces.

Additional land will also be needed for buildings,
access roads and buffer zones. Aly et al. (1979)
indicated that this additional non-wetted area is
usually 25% to 30% of the sum of wetted and non-
wetted areas. The total area of the overland flow
system should also include the land needed for a
storage pond if necessary.

DESIGN EXAMPLE

The previously outlined design procedure can b
best be explained with an example. In this example, §
an overland flow facility is being considered for a ?
small town in upstate New York. The design flow is 5
3785 m? day™ (1.0 million gal. day™!). Because of
its northern location the facility will have a holding
pond to store wastewater during the winter, The
holding pond effluent and raw wastewater will be
mixed prior to application. The expected quality
of this mixture is 150 mg L™' BOD and 100 mg L!
TSS. The discharge limits for this facility are 20 mg
L' BOD and 20 mg L™ TSS. The soils in the area
are slowly permeable so that the runoff fraction is
expected to be only 0.6. The mass BOD and TSS
removals required to meet the discharge limits are

_(1.0x 150 - 0.6 x 20) 100

% BOD removal T0x 150
=92%
% TSS removal = (10x 1001__(?;(6 ;(0(2)0) 100 ]
= 88%. |

From Figure 6, the detention time needed to
remove 92% of the BOD is 60 minutes, From Figure
8, the detention time needed to remove 88% of the
TSS is 40 minutes. Since BOD removal is the limiting
parameter, the design is based on a detention time of
60 minutes.
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The proposed site for the overland flow system is
on a hillside next to a river. As shown in Figure 11,
the eastern half of the site has a general slope of 4%
while the slope of the western half is 8%. The length
of each terrace is assumed to be 50 m (160 ft). From
eq 16,

___0.078 (50)

g=
(0.04)'/3 60
=0.190 m3 hr'! for the 4% slope

and

_ _0.078 (50)

(0.08)1/3 60
=0.151 m® he'! m™! for the 8% slope.

With an application season of 28 weeks per year
{April through October) and an application cycle of
10 hours daily for 5 days per week, the annual
operating time is 1400 hrs. Also, the runoff coeffic-
ient calculated from eq 17 is 0.8. The annual appli-
cation rate Q, to each terrace can now be calculated
fromeq 15:

Q,= (———0(')‘ 89 0) 1400

=332.5m® yr'' m™! for the 4% slope

Q,= (—-—%’85 ’) 1400

=264.3 m? yr* m™! for the 8% slope.

If the annual design flow is 1.38 x 10° m? and
the precipitation minus evaporation volume from
the holding pond is 0.15 x 10 m3, the total water
volume applied to the overland flow site is 1.53 x 108
m? yr''. If this volume is divided equally, the waste-
water applied to each halif of the site is 0.77 x 10¢
m? yr?. With an annual appfication rate of 332.5
m3 yr'' m™!, the total width of terrace needed on
the 4% slope is 2,316 m. Likewise, the total width
of terrace needed on the 8% slope is 2,913 m. If
the length of each terrace is 50 m then the combined
wetted area needed for treatment is 27 ha (67 acres).
Additional wetted area will be needed to handie
wastewater flows during harvest operations. If three
harvests per year and a drying period of one week
per harvest are planned, the wetted area shotld be
increased by 11% (3 wks/28 wks). . Therefore the

adjusted wetted area is 30 ha (74 acres). The non-
wetted area needed for buildings, access roads and
buffer zones would add another 10 ha based on the
assumption that the wetted area is 75% of the sum
of wetted and non-wetted areas (Aly et al. 1979).
The area needed for a storage pond is estimated
to be 20.0 ha. This estimate is based on a storage
volume of 667,750 m? which includes 567,750 m>
for storing wastewater and 100,000 m® for storing
precipitation during winter. The storage needed for
wastewater was calculfated by multipiying the design
flow (3785 m® day™) by the number of storage
days (150 days, November thru March). The depth
of the storage pond was assumed to be 3.5 m. Summing
the wetted, non-wetted and storage pond areas, the
total area of the overland flow facility is 60 ha (148
acres). A possible configuration of the terraces for
this overland flow system is shown in Figure 12,

COMPARISON WITH THE TRADITIONAL
DESIGN APPROACH

As indicated earlier in this report the traditional
design procedure is to calculate the wetted area
based solely on hydraulic loading rate. For an over-
land flow system receiving primary or pond effluent,
the procedure is to select a hydraulic loading ranging
from 6.4 to 20 cm/wk. Using the same design flow
and application season as in the previous design ex-
ample, the required wetted area would range from
27 to 85 ha. Recall that the wetted area predicted
by the rational procedure presented in this report
was 27 ha, which is the least amount of land pre-
dicted by the traditional approach. Therefore a
system designed according to the traditional procedure
will require more land, especially if the designer se-
lects a conservative loading rate. For example, it
would be reasonable to assume that the designer
would choose a loading rate in the middle of the
range. For a hydraulic loading rate of 15 cm/wk,
the land area required would be approximately 40
ha or 50% greater than that required by the rational
procedure, In this case the cost of a traditionally
designed system would be about 50% higher.

Beyond the monetary benefits just described, the
rational procedure presented here is based on the
fundamental process design concept of detention
time. This concept is familiar to most designers,
which makes overland flow more appealing as a
treatment alternative. Also, this procedure allows
the designer to tailor each site according to existing
site conditions and discharge requirements.
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APPENDIX B: ANALYTICAL TECHNIQUES

Suspended solids analyses (total and volatile)
were performed according to Millipore Bulletin
AB312, (1975) in which the glass fiber filter tech-
nique {drying at 103°- 105°C for total solids and
igniting at 550°C for volatile solids) was used. This
is basically the same procedure as in Standard Method's
(APHA 1975, p. 97), except that it is more specific.
One modification of this procedure was to momen-
tarily lift the filter from the holder after the sample
had filtered through and then to replace it for approx-
imately one minute, This was necessary to release
a vacuum causing a film of water to remain directly
under the filter. It was found that if not dried
sufficiently, the filter would stick to the aluminum
pan when dried in the oven. This modification,
which proved to be very effective, was used in both
filter preparation and samplfe filtration. The only
other modification was that the filters were weighed
to the nearest 0.01 mg instead of 0.1 mg as stated
in the Millipore procedure,

Biochemical oxygen demand (BOD) measurements
were obtained using the Winkler method, “Oxygen
Demand (Biochemical)” in Standard Methods (1975,
p. 543-549). Dissolved oxygen measurements {in-
itial and five day) were made according to “‘Azide
Modification” of the lodemetric Method, Standard
Methods (1975, p. 443-445), Most reagents used
were purchased (Jot numbers and new bottles re-
corded) to ensure consistency. The phosphate buffer
was prepared as stated in Standard Methods (1975,

p. 545) in 100-mL amounts, refrigerated when not
used and replaced approximately every month. Di-
lution technigue 2 was used (p. 547). Reagents were
added gently down the necks of the BOD bottles
using repeater pipettes. Glucose-glutamic acid,
dilution water and seeded blanks were run with each
test.

Turbidity measurements were obtained using a
Hach turbidimeter, model 2100A, according to the
EPA approved procedure described in ‘‘Wastewater
Analysis Handbook” (Hach Chemical Co. 1978,

p. 592). Results were expressed in Jackson Turbidity
Units (JTU). Samples with a turbidity reading greater
than 40 JTU were not diluted. The turbidimeter

was recalibrated before each sample, using the pre-
pared latex standard.

Fecal coliforms and fecal streptococcus bacteria
were enumerated according to procedures described
in Standard Methods (1975, p. 937-939 and 944-945,
respectively) and Miilipore’s *‘Biological Analysis of
Water and Wastewater,” Application Manual AM 302,
p. 34-35. Millipore’s 2-mL ampoules of M-FC broth
were used for fecal coliform test and agar plates of

M-Enterococcus were prepared for the fecal strep-
tococcus test. One-hundred-milliliter volumes of
varying sample dilutions (at least 3 different dilu-
tions/sample) were filtered for each test. Millipore's
incubator, which has the ability to maintain a critical
narrow temperature range (44.5°C + 0.2°C), was
used.

The pH of the samples was taken using a Markson
1808 probe and an Orion 801 lonalyzer. The probe
was calibrated daily with pH 7.00 and 4.00 buffers.
Values for pH were read after the probe was left in
solution 1 minute to ensure consistency.

Nitrate-nitrogen was analyzed on the Technicon
Auto Analyzer §1 {(AAII) using Technicon’s “Automated
Cadmium Reduction Method.” Two procedures were
employed depending on amount of NO3-N present.
Technicon Industrial Method (T.1.M.) 246-731
(“3 in. Dialyzer Method"') was used for samples
ranging from 0 to 50 mg L™ NO3-N, and T.I.M.
271-73W (*24-in. Dialyzer Method"') for samples
between 0 to 1 mg L' NO;-N.

Samples were tested for ammonia-nitrogen (NH;-N)
using the Technicon AAIl. The “Salicylate/nitro-
prusside Method” was used according to T.1.M. pro-
cedure 329-74 W/A (revised Jan 1976) for NH4-N
ranges from 0 to 50 mg L™!

The Technicon AAII “Block Digestion Method"’
was used for analysis of Kjeldah! N within the range
of 0 to 50 mg L. The digestion procedure used was
T.1.M, 376-75 W/B {revised March 1977) and analysis
procedure T.1.M. 329.74 W/B (also revised March 1977),

Chloride was analyzed on the Technicon AAIL
using the “Thiocyanate Method” for ranges of 0 to
35 mg L™, according to T.I.M. 99-70 W (1973).

Total P was analyzed on the Technicon AAII using
the “Block Digestion Method"’ (molybdenum blue
analysis for ranges of 0 to 10 mg L™!). Digestion was
carried out according to T.1.M. 376-75 W/B (1977)
and analysis followed T.1.M. 329-74 W/B procedure
(revised March 1977).

Ortho-P was analyzed using a Coleman Junion
Spectrophotometer and the ‘““Manual Molybdenum
Blue Method” for ranges of 0 to 0.11 mg L™!, according
to Hach Chemical Company’s “Water and Wastewater
Analysis Procedure.”

Specific Conductance was obtained using a resist-
ivity bridge for ranges between 100 to 1000 umhos
em™,




APPENDIX C: DETERMINATION OF
SCOUR VELOCITY

An estimate of the scour velocity for overland
flow systems was obtained from sedimentation
theory. According to Metcalf and Eddy (1972),
the horizontal velocity that will just produce scour
in a settling basin can be determined from the fol-
lowing relationship:

vs=[8ﬂ5_'}_)9_4_]”2 1)

where V, = horizontal scour velocity (ms™)
s = specific gravity of particles
d = diameter of particles (m)
k = constant which depends on the type
of material being scoured = 0.06
g = gravitational constant = 9.81 m 52
f = Darcy-Weisbach friction factor = 0.025.

Assuming a particle size of 0.1 mm and a specific
gravity of 1.1 the scour velocity was calculated to be
0.0434 m s’! or 2.6 m min™*, This appears to be a
reasonable estimate based on the performance of
the CRREL overland flow site. Suspended solids
removal began to decrease slightly at a detention
time of 20 minutes, which is equivalent to a velocity
of 1.5m min™,

The limiting overland flow rate that will produce
a scour velocity (V) of 2.6 m min™' can be determined
from eq 13 as follows:

=_0078L _
T= 13

Solving for g,

_0078V, 0.078(2.6) _0.20
s1/3 513 S”3.

q

Therefore, in order to avoid resuspension of
solids and scour, the average overland flow rate
should be limited to 0.20/S1/3 or fess.
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