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ABSTRACT

Several models were developed to predict the efficiency of
the intermittent sand filter (ISF) in removing algae from wastewater
stabilization pond effluent; volatile suspended solids (VSS) was the
analytical technique used to identify algal concentrations. The first
(ISF model) and second (modified ISF model) models consisted of two
distinct portions: a surface algal layer (SAL) component and a sand
phase component. In the ISF model, the sand phase component was
described in terms of 20 empirical sand filter efficiency terms (20
coefficients); in the modified ISF model, a functional relationship
between ) and filter depth was developed. The modified ISF model was
less accurate than the ISF model in predicting filter effluent
quality.

The third model (simplified ISF model) consisted of a single
component (the sand phase). The mass of algae which was deposited to
the SAL component in the first two models was, instead, forced into
the top (2 inch) layer of sand. The functional relationship between
the sand phase filter term and filter depth was recalculated and
utilized to describe the decrease in the concentration of algae during
the filtration process. The simplified ISF model was comparable to
the ISF model in predicting filter effluent quality.

The simplified model predicted 85 percent VSS removal for 0.17 mm
effective sand size (e¢') filters and 44 percent VSS removal for 0.40
and 0.68 mm ¢' filters. The application of the simplified ISF model
is subject to limitations of maximum hydraulic loading rates of 0.7
million gallons per acre per day and maximum mass loadings of 49 grams
of SS per m2 per day for 0.17 mm effective size sand.

Design curves, in which period of filter operation was described
as a function of mass loading, were developed for ISF systems contain-
ing 0.17, 0.40, and 0.68 mm €' media. Wastewater stabilization pond
effluents having calcium carbonate precipitation problems were in-
cluded as a special case in this analysis.
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SECTION 1

INTRODUCTION

Nature of Problem

Excessive algal growths in wastewater
lagoon systems must be removed from the
wastewater prior to discharge into receiving
streams. Intermittent sand filters (ISF) are
utilized as a polishing step on wastewater
stabilization pond effluents to remove these
suspended solids. ISF processes have been
studied extengsively at Utah State Univer-
sity (Marshall and Middlebrooks 1974, Hill et
al. 1976, Harris 1977, Tupyi 1977). Field
scale filter operations at Mount Shasta,
California, Moriarty, New Mexico, and Ailey,
Georgia, also were studied to determine
the effectiveness of ISF as lagoon effluent
polishing devices (Russell et al. 1979).
Models to predict the performance of the
ISF when treating wastewater stabilization
lagoon effluents have not been developed.
The laboratory, pilot, and field scale
performance studies referenced above contain
adequate data to evaluate models.

Objectives

The general objective of this research
was to model the performance of the ISF and
develop engineering design equations for the
ISF process using data collected in the
laboratory and field.

Specific objectives of the research were
to:

1. Review current literature to obtain
information on existing sand filter models.

2. Formulate model variables to ade-
quately describe the ISF system.

3. Define appropriate measurements to
quantify the effects of model variables.

4. Operate laboratory scale ISF units
to examine the removal of influent algae from
the wastewater with depth.

5. Study the development of the surface
algal layer (SAL) to ascertain its importance
in the ISF process.

6. Develop and refine ISF regression
models.

7. Employ numerical methods to solve
the differential equations used in the
models.

8. Validate the models using field
data.

9. Present practical design equations
based upon the ISF models.



SECTION 11

MATERIALS AND METHODS

General

Design of the laboratory procedures were
based on the empirical relationships de-
veloped by Ives (1960) and preliminary data
from three field sites (Russell et al. 1979).
The modifications to be made in developing
the ISF model must account for the biological
activity of the ISF and the fact that the
filter system under study is intermittently
loaded.

The study consisted of two phases that
were operated concurrently. The laboratory
phase involved extensive testing of model
variables and subsequent development of the
ISF model. The field phase consisted of the
collection of solids and carbon data with
depth at three operating ISF facilities
around the United States; the purpose of this
phase was to provide actual field operational
data to be utilized in model validation.

As a prelude to the laboratory experi-
mentation, an algae culture was grown for
application onto the filters. A steady state
population of algae was cultured and main-
tained throughout the laboratory phase.

Laboratory Phase

Six filter experiments were performed in
the laboratory phase of the study. The first
two experiments were conducted to gather data
in the sand phase of the ISF. The suspended
solids (8S8), volatile suspended solids
{VS8S), total organic carbon (TOC) and soluble
organic carbon (SOC) analyses (Appendix G)
were performed on the filter influent,
effluent, and on treated wastewater collected
at 1, 2, 3, 6, and 9 inch depths within the
filter. All analyses were conducted accord-
ing to Standard Methods (APHA 1971) or U.S.
Environmental Protection Agency analytical
procedures (EPA 1974). Particulate organic
carbon (POC) was calculated as the difference
between TOC and SOC. The filters used in the
first two runs were operated until plugging
occurred, at which time volatile solids data
were collected on the surface algal layer
(saL). In runs three through six, five
columns at the same daily mass loading (DML)
level were operated for different periods of
time for each experiment. From the influent
solids concentration (Css) and flow rate {(Q)
values, the expected run time was estimated
(based upon runs one and two). The SAL ash
weight measurements were then performed at
time increments throughout each run to obtain
SAL values during the period of operation.

After the SAL was removed from the ISF, the
column was taken out of service and prepared
for the next experiment using different
influent suspended solids concentrations
and/or hydraulic loading rates.

Nine experimental filtrationm columns
were constructed in order to describe
a 3 x 3 variable matrix. The filter columns
(Figure 1) were housed in the chlorination
building at the Logan wastewater stabiliza-
tion ponds. This site was selected primarily
because of availability of space (large
enough to house filter columns) and because
of its location next to a supply of fresh
secondary wastewater stabilization pond
effluent. The existing pipeline between the
lagoon effluent site and the chlorination
building was utilized to deliver daily
supplies of secondary effluent needed for the
maintenance of the steady state algal cul-
ture. The nine columns were constructed
using two sections 3 feet in length of 6 inch
diameter (5.5 inch inner diameter) cylin-
drical plexiglass tubing bolted together at
the middle to form columns 6 feet in length
(Marshall and Middlebrooks 1974). The
laboratory column is shown in Figure 1.

INFLUENT

TOTAL LENGTH -6’

51/2" 1.D. PLEXIGLASS
CYLINDER

SAMPLING o
DEPTHS OF 5"1" T WER
| S

|
2.
3

6“ )

30" OF SAND

10" OF GRAVEL

"

EFFLUENT

Figure 1. Laboratory ISF column.



The columns were filled with sand and
gravel taken from the 4 x 4 x 6 feet tall
filter boxes used by Hill et al. (1976) while
studying series ISF operation. The gravel
was removed from the filter box, separated,
dried, and then graded into appropriate sizes
using a shaker.l The sand was taken from
the middle of the 0.17 mm effective sand
size (') box, mixed, dried in the sun, and
placed in the columns to the 3 feet level.
The columns were bolted together, and dis-
tilled water was added to the columns to
compact the sand. After each compaction,
sand was added to bring the depth back to the
3 feet level. Oven dried 0.17 mm ¢ sand
(103°C) was weighed and loaded on the
compacted sand up to the level which yielded
a 30 inch sand column (Figure 1). ©No notice-
able compaction resulted from further wetting
of the column with distilled water.

The sand was analyzed by the Soils
Laboratory, Department of Civil and Environ-
mental Engineering, to confirm that it was
indeed 0.17 mm €' sand. The results are
summarized below:

D].O (6') = 0,17 mm
D60 = 1.0 mm
D
c = 8-
u €
= 2.65 g/cc

-
]

165.44 1bs/ft3

1Gilson Screen Company, Malina, Ohio,
located in the Soils Laboratory, Department
of Civil and Environmental Engineering,
College of Engineering, at Utah State Univer-
sity.

where Di1p = the sieve size that 10 percent
of the sand passed, and the effective sand
size, €'; Dgp = the sieve size that 60
percent of the sand passed; Cy = uniformity
coeffigient; b5 = density of sand; and vg =
specific weight of sand.

The initial or clean filter porosity,
fo, was calculated from the weight of dry
sand loaded into the columns and the specific
weight of the sand (Table 1).

The initial porosity of the 0.17 mm sand
was taken as the average of these nine
values, f5 = 0.344. The standard deviation
(S) was 0.025 and the standard error of the
mean {(8/vn, where n is the number of values)
was 0.008.

Sampling ports were located on the
filter columns at 1, 2, 3, 6, and 9 inch
depths below the sand surface (Figure 1).
The sampling ports were constructed of 1/4
inch diameter plexiglass tubing and were
positioned flush with the inner wall of the

cylinder. The openings into the filter were
covered with screen having 0.338 mm square
holes. This screen was selected such that

the holes in the screen were larger than the
pores of the clean sand filter. Because the
screen had larger holes than the effective
size of the sand (0.17 mm), some fines
entered the ports. The ports were thoroughly
rinsed with distilled water prior to the
start of the experiment. Because suspended
solids (8S) was the primary variable in the
first run, special care was taken to insure
that these sample ports remained free of
fines. This was accomplished through con-
stant observation and periodic cleaning of
the ports with a 1/4 inch diameter test tube

Table 1. Clean filter porosity determination data for laboratory scale filtration units.

Dry Sand Loaded into Columns

Height Weight Volume
ISF of Total of oot £
Column Sand Volume Sand 3
# (inches) ft 1bs. ft
1 413716 0.06789 7.105 0.04295 0.367
2 5 0.06875 7.430 0.04491 0.347
3 4374 0.06531 7.108 0.04296 0.342
4 5178 0.07046 7.099 0.04291 0.391
5 5178 0.07046 7.917  0.04785 0.321
6 4374 0.06531 7.152 0.04323 0.338
7 5174 0.07218 8.296 0.05014 0.305
8 43/8 0.06015 6.614 0.03998 0.335
9 4172 0.06187 6.614 0.03998 0.354
Volume of solids = Weight of sand in column
Weight of sand/ft3
¢ = Yvolume of voids _ total volume - volume of solids - 0.344

o total volume

total volume



brush on the day prior to sampling. Approach
velocities (W) of ISF influents were measured
directly utilizing timers which were designed
to start when the surface of the influent was
5 inches above the sand and to stop when the
surface of the influent was 2 inches above
the sand (Figure 1). ‘

Rose (1951) found that a ratio of
effective size to column diameter of 1:50 or
less for a filter system would minimize wall

effects. 1In this study (¢' = 0.17 mm, column
inner diameter = 139.7 mm) the ¢' to column
diameter ratio was 1:822, which is far less
than 1:50.

The three suspended solids concentra-
tions (SS) applied to the laboratory scale
filters were 75, 50, and 25 mg/&. Suspended
solids concentrations in the algal growth
chamber were adjusted daily so that the
filters received the exact concentration
(Css) required. The three hydraulic loading
rates used were 0.7, 0.5, and 0.3 million
gallons per acre per day (mgad). The experi-
mental design for experiments one and two arte
shown in Table 2.

It was observed in experiment one that
the low mass loadings applied to the filters
receiving effluent containing 25 mg/f% of S8
yielded run times greater than 93 days for
the 0.5 and 0.3 mgad hydraulic loading rates.
Because of time constraints in the labo-
ratory phase, it was decided to eliminate the
25 mg/e2 influent SS concentration from sub-
sequent experiments. Therefore, in experi-
ment two and in the SAL quantitative experi-
ments (three through six) only S$S concentra-
tions of 75 and 50 mg/4 were utilized.

Prime importance was placed upon the
daily determination of the algal culture
SS concentrations because inaccurate measure-
ments would lead to incorrect solids loadings
onto the filter. Direct SS measurement of
the culture in the tank prior to loading the

Table 2.

- check on the

filters lacked the necessary accuracy because
after the determination of tank §S (a2 wminimum
of 1 1/2 - 2 hours analysis time) the tank SS
had changed. Therefore, instantaneous SS
concentrations were measured daily by deter-
mining the optical density (OD) of the cul~
ture at a wave length of 750 mp (a4 1 cm path-
length) using a Bausch and Lomb Spectronic
20. Algal culture tank S8 concentrations
were found to be linearly related to optical
density measured at 750 muy. This linear
relationship, which was updated weekly, was
used to obtain SS levels in the tank im-
mediately prior to filter loading. Measure-
ments of OD were also made on the 75, 50, and
25 mg/%t SS samples prior to loading as a
accuracy of the dilution
process. An example of the OD versus SS§
relationship is presented in Figure 2.

The data in Figure 2 represent the 0D
versus SS values for 2 - 50 mg/%, 2 - 75
mg/ 2, and six tank measurements between
September 29 and October 2, 1977. Distilled
water (0 mg/4& SS) yielded OD values of zero,
and this coordinate point was also utilized
in calculating the linear regression equation
relating 0D and SS. The relationship was
assumed to be linear between 0 and 50 mg/2
SS.

Intermittent loadings were made once
daily with subsequent analyses performed on
the influent, depth ports, and effluent
samples twice per week until the filter
plugged. Plugging was defined as failure to
pass all of the wastewater applied during a
loading within 24 hours. Loadings were
applied to the appropriate columns according
to the schedule shown in Table 3. ‘

The influent suspended solids consisted
of algae grown in a fiberglass culture
tank (6 x 2 x 1.5 feet) with an approximate
volume of 18 ft3 (163 gallons). A bank of
6 fluorescent lights (4 feet long) suspended
approximately 1.5 feet above the water
surface generated a surface illumination

Experimental design showing the suspended solids concentrations and hydraulic load-
ing rates used in laboratory experiments 1 and 2.

Column # 1 2 3 4 5 6 7 8 9
Run 1

S8, mg/ L 75 T 50 25 75 50 25 75 50 25
Hydraulic

Loading Rate, |

mgad i 0.7 0.5 % 0.3 {
Run 2

S5, mg/4 75 75 50 50 75 50 50 75 50
Hydraulic

Loading Rate,

ngad fe—0.7 t=0.5 f=-0.3 {




of 675 foot candles (f.c.) (Figure 3).
Aluminum foil was added to the lighting
banks and to both sides of the tank above the
water surface in order to increase the
reflection of light into the culture tank.

Mixing was continuous using two propel-
ler type mixersl at sufficient speeds to
totally mix the tank. In addition, the
tank walls and bottom were scraped daily
prior to all tank SS determinations (prior
to any filter loadings).

Since the filters were loaded intermit-
tently (once daily), the algal culturing tank
was also loaded once daily with secondary

wastewater stabilization pond effluent. This
semicontinuous loading schedule obviated
the operationmal problems inherent in a

continuously locaded system by allowing
the operator to manually load the culturing
tank. The Logan lagoon secondary effluent at
times contained zooplankters (Harris 1977),
and to avoid contaminating the culture with

zooplankton, the wastewater was filtered

IMixing Equipment Co., Inc., Rochester,
New York.

Table 3. Daily column loading schedule.

Loading: Q0.7 0.5 0.3

DHL cm of algal culture
applied
DLOAD & applied

65.50 46.78 28.05
10.04 7.17 4,30

a2
)—
=
2
Z.08 |~
Q
|
g
E‘M B SLOPE 859 x10™*
o INTERCEPT ¢
CORRELATION COEFFICIENT 0.997
| | | |

0 50 100 150

: 200
SUSPENDED SOLIDS, mg/ |

Figure 2. Algal culture tank 0D versus 8§ re-

lationship for 9/29 - 10/2/77.

through 0.52 mm ¢' sand filter columns prior
to being placed in the culturing tank
(Figure 3). This sand prefilter removed all
zooplankters and some algae (Tupyi 1977). By
using prefiltration, the algal stock culture
could be maintained at .the high concentra-
tions required with the minimum risk of
periodic grazing by =zooplankters. Complete
mixing of the algal culture tank also in-
hibited zooplankton growth.

It was necessary that the algal culture
S8 concentration be maintained in excess
of 75 mg/% in order to obtain the highest
$S loading. To offer a margin of operational
safety, the culture was maintained at SS
concentrations of 90 to 110 mg/%. Based
upon the volumes and concentrations of
algal culture needed, the volume of daily
flow of secondary lagoon effluent added to
the culture tank was found to be 13 gallons.

Continuous flow-continuously stirred
process kinetics were wutilized to describe
the algal culturing system (McGauhey et al.
1968). The maximum or steady -state concen-
tration of organisms is a function of the
aqueous phase nutrient concentration as shown
in Figure 4. The mass balance equations
for these processes are:

Change = input - output + growth - decay -+ ° o)
dxq
ap V= o QR UKF - kK F
Xm_.JL
T T v KX FuX - kX
dxy
At steady state, v = 0, and %5 = 0;
therefore,
"
W=k, = 3 N ) ]
8 = hydraulic residence time, ¥/Q, t
u = specific growth rate, t-
kg = decay coefficient, t-1
TEMPERAT
URE
_ HEADER RECORDER
_l-052mm € PREFILTER
FLOURESCENT LIGHTS
2° SEWAGE
—
‘;EMD(ERS COZ
Z—< p— L]
AR /
TEMPERATURE
RECORDER
Figure 3. Influent algal suspension culturing

tank.



There exists an inverse relationship
between specific growth rate, u, and hydrau-
lic residence time, 8. In order to describe
the relationship between algal concentration
(X) and 8, Michaelis-Menten growth kinetics
are applied:

A Sl
gt o0

in which

i = maximum specific growth rate, t-1
Kg = saturation constant, ML-3

Combining Equation 3 with the mass balance
expression (Equation 2):

~ SE 1 4
o=y E;—;“gz‘ = kd + 5 .. . ®)

Solving for S1 (the substrate concentration)
gives:

For a steady state system, S] is an inverse
function of 8. It is important to maintain a
constant hydraulic residence time, therefore,
maintaining constant Sl concentrationg in
the culturing tank. This results in the

required X; (algal concentration) since
X ~ F(S).

Since 6 = ¥/Q = 163 gallons/13 gallons/
day, © was set at 12.5 days for this system
when 13 gallons per day were withdrawn from
and added to the tank.

% ~F(S)

Q
e —
X0 So
S
_ﬁ_’
S
SUBSTRATE
CONCENTRATION
TIME
X = wmaximum conc. of algae, ML"33
S = substrate concentration, ML~
¥ 8 = Input Algae and
°.° } Substrate
XIS1 = Tank, OQutput Levels
Q Flow Rate, L3t“1

ha Tank Volume, L3

Figure 4. CSTRmodel (McGauhey et al. 1968).

Insufficient populations of algae
entered the tank through the prefilter:
therefore, it was necessary to seed the tank
by taking 30 gallons of algal suspension
directly from the lagoon system, filter it
through a #10 Wisconsin plankton net, and
place it in the tank. The suspension did not
grow and it was concluded that prefiltration
of Logan lagoon secondary effluent resulted
in insufficient nutrient(s) in the stock
culture tank. Therefore, nutrients were
added at levels of three times those present
in the algal assay medium, AAM (EPA 1921) for
nitrogen, phosphorus, and trace elements
(including chelated irom, Table 4).

Nutrients were added to the culture tank
daily along with the input of freshly filter-
ed secondary wastewater stabilization pond
effluent. Carbon addition and pH regulation
were provided by bubbling C0y into the
culture at rates adequate to maintain the pH
value between 7.0 and 8.0 for a given exist-
ing flow and mixing conditions.

Temperature, an important factor in
experiments involving biological activity,
was monitored continuously on strip chart
recorders (Figure 3). Air temperature in the
chlorination building housing the laboratory
filter units and water temperature in the
algal culturing tank were measured. Tempera-
ture dependence of biological reaction rates
have been quantified by Clark and Ungersma
(1972) as follows: ‘

- (T-200° . .+ . . . . (6)
Kp = By *¥
in which
Kr, K20 = reaction rates at ToC, 20°C
* = multiplication sign
¥ = temperature activity coef-
ficient
T = temperature, ©C

When the ISF model was validated omn field
data, this relationship (Equation 6) was
utilized to correct biological reaction rate
terms when field temperatures differed from
standard laboratory temperatures.

The maintenance of a steady state
algal (suspended solids) concentration was a
function of temperature, mixing schemes,
light, nutrient input levels (Sg5) and

Table 4. Nutrient spikes to algal culture
tank influent.

A. NaNO4 12.6 mg N/1 Influent

B. KoHPO, 0.6 mg P/1 Influent

C. Micronutrients 3 * aaMd pg/1 Influent

D. Iron + EDTA 3 * aaM® pg/1 Influent

COo Bubbled Into Tank To Maintain A Tank pH Range of
7~8

BpAM, Algal Assay Medium (EPA, 1971).



hydraulic residence times (6 = 12.5 days).
The system, as described, was able to main-
tain X} between 90-110 mg/% SS.

The daily quantity of 13 gallons of
algal culture was pumped into a 15 gallon
polyethylene carboy used as a mixing tank.
This mixing tank was connected to another
pump which was in series with a 10-foot
length of 3/4-inch diameter hose with a ball
valve located in the length of hose. With
the pump operating and the end of the dis-
charge hose placed in the mixing tank, the
suspension was allowed to mix. A grab sample
was taken for immediate OD determination.
Mixing tank SS levels were then calculated
from the current relationship between 0D and
SS mg/ % (an example of which is shown in
Figure 2), and appropriate dilutions were
made to attain appropriate S5 concentrations
(75, 50, and 25 mg/4). Laboratory determina-
tions of SS and VSS levels were performed
daily on mixing tank and 75, 50, and 25
mg/e filter influents to verify the 0D
measurements.

Dilutions of the algal stock suspension
were made with distilled water (DW) during
the first run of the experiment. This DW
dilution allowed maintenance of the different
S8 feed levels (75, 50, and 25 mg/4%) but
introduced the variable of differing ionic
strength of the filter influent. Because the
sand phase of the ISF model was developed
utilizing run 1 data, it was assumed that
varying ionic strengths of the input lagoon
effluent did not affect the ISF system.

To quantify the model parameter Css and
the rate of change of Css with depth (3Css/
3z), samples were analyzed at various depths
within the filter for S8, V88, and POC.
These parameters were regulated such that
they were variable among the columns (model
variable) but were constant to individual
columns. The tank 58S was utilized to set
dilution schedules to obtain appropriate
levels of SS, VSS, and POC for the respective
columns. Because the algal population
could change in composition throughout the
experiments, the algal culture was sampled
weekly to identify and count algae.

Hydraulic characteristics of groundwater
seepage flows are dependent upon the degree
of saturation of soils through which such
flows occur. 1In systems exhibiting partially
saturated conditions, flows will occur in one
direction only (with gravity in the z direc-
tion) and horizontal flow (into the sampling
ports) cannot occur. Thus, it was difficult
to sample the system.

Heavy deposition and/or biological
activity resulted in a decrease in the
porosity of the upper layers of the filter
system and subsequently caused irregularities
(unsaturated conditions) to exist below the
layer of restricted porosity (Jeppson and
Nelson 1970). The problem of unsaturated
flow was compounded by the existence of an

algal layer (SAL) on the surface of the ISF.
Although this problem, which is extreme in
finer soils, becomes diminished in coarser
soils and sands where the particle sizes and
porosities are larger, unsaturated flow was
observed to have occurred in the ISF.

When conditions in the laboratory
filtration units were such that flow did not
occur on a sampling day, a vacuum was applied
to the sampling port to withdraw a sample.
Even though minimum amounts of vacuum were
applied (lowering of port pressure 2 or 3
psi), the samples collected were obviously
biased, causing increased amounts of algae to
be deposited in the sample. This was evident
from observation of the SS on the GF/C glass
fiber filters. Normally, these filters would
exhibit a very orderly decrease in algae
with depth; whereas, when vacuum was applied
the 5SS were more concentrated with algae.

The utilization of a vacuum to draw
samples in the laboratory columns was dis-
continued. 1f a sampling port did not
yield a sample (indicative of unsaturated
conditions), the sample was omitted.

Development of Surface Algal Layer

The analytical procedure implemented to
quantify the development of the SAL with time
was ash weight determinmation. Ash weight
measurements were made for each column in
each of the six laboratory scale experimental
filter rurs. The ash weight analysis quan-
tified the mass of volatile solids present
in the SAL at the time of sampling. The
entire SAL was removed from the surface
of the ISF column and weighed (wet weight).
A portion was then removed for chlorophyll
determinations and the remainder of the SAL
was dried at 103°C (dry weight). This
latter portion was then ashed at 550°C
(ash weight) and the difference between the
dry and ash weights (corrected for the
amount removed for chlorophyll) represented
the entire mass of SAL present on the column
at the time of analysis. The parameter
utilized in the model to describe SAL was the
value of the SAL per square centimeter of
surface area (SALC):

SALC = SAL Mass/Surface Area, mg/cm?

The selection of this method of quantifica-
tion of the SAL is discussed in the section
dealing with the mass balance equation for
the SAL.

All six experimental filter runs were
utilized to describe the buildup of SAL with
time at different hydraulic loading rates and
Css concentrations. In the first two runs,
the SAL was scraped and analyzed for ash
weight when each column plugged. In runs
three through six, the experiments were
designed specifically to describe the SAL at
times prior to plugging; ash weight measure-
ments were taken at times during the experi-



mental filter run. Because removal of the
SAL or a portion of the SAL during an experi-
ment either completely or partially changed
the characteristics of the system, when an
ash weight measurement was made on a filter,
the filter was taken out of service. Experi-
ments three through six were performed on
five columns receiving the same SS concentra-
tions and hydraulic loading rates (Table 53).

Field Phase

Field data collected at three sites
(Mount Shasta, California; Ailey, Georgia;
and Moriarty, New Mexico) were used in an
attempt to validate the ISF model. Data
consisted of 88, VSS, TOC, and SOC concen-
trations at depths within an operating ISF.
Influent and effluent values were obtained
from samples collected by Russell et al.
(1979) in the concurrent ISF field evaluation
study.

At the first site visited by the field
research team {(Mount Shasta, California),
samples were taken at depths of 3, 6, and 9
inches (replicated) within the filter bed.
This was done to duplicate three of the five
port depths studied in the laboratory experi-
ments. Sample depths were altered throughout
the field phase on the basis of previous site
experience, Development of depth samplers
capable of sampling from the surface of the
ISF was necessary because the operational
scale ISFs were encased in concrete thus
negating the possibility of utilizing sam-
pling ports from the sides of the filter
units.

The sampler consisted of a 1 1/4 inch
diameter PVC pipe capped at the lower end
with a permanent point (to allow for easier
placement of the sampler into the filter) and
a two holed rubber stopper in the upper end
to contain an air duct for pressure build-up
and release and a vacuum line (Figure 5).

A hole was augered out of the filter
sand to the appropriate depth, and the
sampler was placed in the hole and any space
near the sampler was filled with loose
sand. At a distance of 13 inches from the
tip was situated a circular recessed strip,
3/8 of an inch wide with'1/4 inch holes bored
around the circumference of the sampler
(within the strip). The strip was covered
with fine mesh screen (0.338 mm holes) to

Table 5. Influent S5S and hydraulic loading
rates for laboratory experiments 3-6.
. cal Influent Hydraulic
Experleen a ss Loading
un mg/l mgad
3 50 0.7
4 75 0.7
5 50 0.5
6 75 0.5

prevent sand from entering the sampler. This
screen had a larger mesh than the porosity of
the filter so that the screen had no effect
upon the quality of the filtrate at that
level. Prior to collecting samples with
depth, the filter bed was loaded several
times to allow the sampler to settle.

In preliminary field studies at Mount
Shasta, California, it was observed that only
the first wave of filtrate would enter the
sampling holes. This occurred such that
smaller volumes of samples were collected at
the 6 and 9 inch depths (Russell, personal
communication, 1977). When the lagoon
effluent was applied to the ISF, the direc-
tion of flow was one dimensional. A front
moved down through the filter and conditions
of saturation existed in the area of the
frontal wave. As effluent appeared in the
collection system of the filter, it was
hypothesized that a counter wave of unsatura-
tion moved upward from the bottom and reached
an elevation in the filter which was de-
pendent upon the porosity of the filter bed
and especially upon the porosity of the SAL
and upper layers. As the filter was utilized
and deposition increased, problems of un-
saturated flow existed. It was the balance
between good drainage characteristics (larger
porosities) of sand favoring saturated
flows and deposition favoring unsaturated
flows which determined whether or not
samples were collected.

Failure of the samplers to fill resulted
in utilization of vacuum equipment to lower
the pressure in the sampler 2 or 3 psi to
allow filtrate to flow into the sampler.
This was accomplished by drawing a vacuum
with the pressure valve closed; when the
sampler was loaded, the valve was opened and
the sample was drawn into the collection
flask (Figure 5). Based vpon the bias of
laboratory data utilizing vacuum techniques,
this technique was discontinued in the field
s tudy.

VACUUM PUMP
| PRESSURE JAN cuum PU
Cb__ VALVE SAMPLE
TRAP (flask)

wsk— RECESSED 3/8. STRIP WITH SCREEN
COVERING 174 'HOLES

13 «~{-—RESERVOIR TO HOLD SAMPLE

Figure 5. Field sampler for operatiomnal ISF.



In order to obtain field data, an
attempt was made to slow the flow from the
filter with the objective of creating pres-
sure conditions in the filter to allow sample
to enter the sampler. This technique pro-
duced no positive results and was not uti-
lized. Therefore, as in the laboratory, when
unsaturated conditions existed at depths
within the field units, samples were not
taken.

Because most deposition occurred at the
surface, the Mount Shasta sampling was only
moderately successful at the lower depths of
6 and 9 inches. Due to the partially satu-
rated and saturated flows which occur
in seepage flows (Figure 6) subsequent depth
sampling was done only at the upper layers of
the filter, i.e., 1.5, 3, and 6 inches.

10

P ~—SAL (Area of Restricted
g ATUR EDC) Porosity )
T PARTIALLY
- SATURATE
= H :

Figure 6. Hypothetical flownet, ISF.



SECTION 111

MODEL DEVELOPMENT

A detailed literature review of inter-
mittent sand filtration of wastewater is
presented by Hill et al. (1977). In the
following model development only pertinent
literature are referenced. Detailed infor-
mation on earlier work can be obtained
by referring to Hill et al. (1977).

theory was initially de-
veloped when Iwasaki (1937) assumed that the
removal of suspended matter {(Css) from the
filtered fluid was a function of the concen-
tration of the suspended matter.

Filtration

- ACss ACss N
oz
in which

Css = concentration of measured param-
eter in fluid being filtered,
ML-3 or L3L-3 or dimensionless

z = depth, L

A = filter parameter, L-l

M = mass

L = length

The filter parameter (1) is a measure of
filter efficiency (Ives and Sholji 1965) and
is wvariable throughout a filter run. This
variability is due to changes in the internal

ore geometry of the porous medium (Ives,
1960) and reflects changes in bed porosity,
f. In terms of the hydraulics of the
system, X is a function of the interstitial
or seepage velocity (w) of the filtrate.

Utilization of the basic Iwasaki model
yielded the principal assumption of sand
filtration theory: the removal of influent
suspended solids (Css) from the filtered
wastewater rTesults in accumulation of de-
posits inm the pores of the sand filter. It
was the development of A, to include Ay,
the clean filter coefficient, and the sub-
sequent modification of X throughout the
operation of the filter as a result of the
volume of deposited solids per unit volume
of filter (specific deposit, o) which allowed
this model to describe the filtration pro-
cess.

(8)

A= A, +FFO . . . . L ..
1

in which

11

Xi = clean filter coefficient (at
o= 0), L-1

F = function of

¢ = specific deposit, L3L-3 or

dimensionless

. . The value of X; depends upon the
initial filter bed conditions (&', G,

and f,), the system's hydraulics (©), and
the influent water qua{ity (Css, T), in
which
et = effective sand size; Big, the
diameter of sieve opening through
which 10 percent of the sand
passes, L
Cy = uniformity coefficients; Dgg/Dig
(the diameter of sieve through
which 60 percent of the sand
passes)/e', dimensionless
fo = c¢lean filter porosity, dimension-
_ less
w = Entirstitial or seepage velocity,
-
T = temperature

When A is plotted versus time of fil-
tration, initially X increases linearly
with o (Iwasaki 1937, Stein 1940):

A= 9

Ai + co ¢ = filter coefficient

In the later stages of filter operation, when
increased accumulated deposits exist in the
sand filter, X will begin to decrease with
increased o (Ives 1960):

¢02
-0
[+]

A = li + co -~ 7 s ¢ = filter coefficient

(10)

The clean filter porosity, f,, was measured
directly at the start of the filter run. The
constants (A, ¢, and ¢) were empirically
determined from laboratory data. The filter
parameter, A, as defined in Equation 10, is a
function of specific deposit.

The Ives {(1960) model is combination of
Equations 7 and 10):

$°

- g

_ 8Css

3z (1L

= ACss =

Ai + g - F Css



and was developed in the laboratory under
ideal conditions consisting of the following:

1. Influent 8S constant and uniform
with time

2. Uniform size influent particles

3. Uniform filter medium, nonstratified

4, Constant temperature

5. Constant flow

1t was the rigorous maintenance of these
ideal conditions which allowed Ives to
develop the empirical relationships used in
his rapid sand filtration model.

Computations involving the above dif-
ferential equation (Equation 11) in combina-
tion with the continuity equation (Equations
12, 13, 14) for the system resulted in com-
pletion of the model. The continuity equa-
tion describes the equality between the
change in concentration of fluid being
filtered and the accumulation of deposit
(Ives 1960):

- 9Css Q3 = 30 A3 ., . . . .12
in which
Q = flow rate, L3t-1
t = time, ¢
A = surface area, L2
Rearranging
3
_8% = -g agis H setting V= Q/a - (13)
%% = -V 8—g§§ v = velocity vector . (14)

The velocity vector represents the daily
hydraulic load to the filter, and the units
are Lt-l. The basic Ives model, as written,
is a steady state model which does not
include a biological activity term. The
steady state assumption is that the concen-
tration of material within the pores of the
sand filter does not change with time; or,
(3Css/3t) is zero.

£ 0
ég - > Hss ssx
3 -~ VT, t(f-o0) St N ¢ )

I3

The ISF differs from a rapid sand
filter in that lagoon effluents are inter-
mittently loaded to the system, and there are
periods each day when lagoon effluents are
not present on the filter surface. Also, the
water is not forced through the filters by
increasingly larger heads as the filter run
proceeds. As a result, a definite surface
algal layer (SAL) develops on the ISF. This
layer essentially divides the ISF into two
basic areas of activity: SAL and sand. The
SAL and those processes which occur within
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the SAL will be used to formulate the first
portion of the ISF model. The sand phase of
the model will be described in terms of
the Ives model with an added biological
activity term.

In the Ives rapid sand filtration systen
(and in the sand phase of the ISF), as the
operation of the filter proceeds, specific
deposits (o) occurred at different rates
within the different layers of sand. Classi-
cally, the o versus depth relationship is
shown graphically in Figure 7 (Ives 1961).
Most of the deposit occurred near the surface
of the sand. The sand filter, which is
initially homogeneous in character, develops
layers of different permeability during
filter operation. Because laminar flow
conditions exist in the filter system and
because of the surface tension of water, the
filtered wastewater will proceed through the
filter at the same rate at all depths at any
time, t. Thig rate is described by the
velocity term, V.,

The continuity equation (Equation 14)
can be integrated directly to obtain 0y,
the specific deposit at any time t9, when
a1, the specific deposit at the previous
time step, t] is known.

kN N ¢ 1) |
It 3z

LR
o, = o -—Vf (ACss/Az)de « - - . (17)

Y

Therefore, 0 can be calculated for each time
and depth., Utilizing the data thus obtained
for o, the empirical determination of the
filter parameter A(in terms of its coef-~

ficients A3, ¢, and ¢) is accomplished by
ok
. 8 TIME STEPS
)
bd 3
)
b 2
|
z, DEPTH
Figure 7. Specific deposit as a function of

depth within the sand filter system.



combining the basic model (Equation 7) and
the continuity equation (Eguation 14):

- ss ACss . - (7>
3z
30 _ _ 2 3Css
o - B ¢ X5
therefore
%% =V A Css or A = =t 3% (18)
VCss

To solve for the filter parameter 2,
Ives (1960) plotted o versus time for each
layer of sand in order to determine 30/3t for
each time and depth. Given ¢ and time
coordinates throughout the filter rum, the
slope at any time can be calculated utilizing
numerical techniques. The hydraulic loading
rate (V, centimeters of lagoon effluent
applied/day) and Css (the concentration of
solids entering any sand layer) are known.
Css for the surface layer of sand is the Css
of the influent sewage. The Css values from
each subsequent sand layer are measured and A
is calculated directly from Equation 18.

To evaluate the filter coefficients (Aj,
¢, and ¢), A is plotted versus O for each level
(Figure 8). The clean filter efficiency
coefficient, XAj, is the A value at ¢t 0
(determined by extrapolation of the relation-
ship back too=20). The coefficient ¢ is
defined as 03x/30 at t 0. with Ay, fo,
¢, 0, and X known, ¢ is calculated directly
from Equation 19:

_.(kii-cc— M, - o)
¢ = 3
g

(19)

The coefficients which describe X are
known and the Ives model, which describes the
decrease in Css with depth as a function of
influent Css, is now complete:

2
_ s ACss = | A, + cO ~ ¢§ Css « (11)

dz i £ -

SLOPE=C
A
xi{
p

Figure 8. 1Ives' filter efficiency term as a

function of specific deposit.
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Once the SAL has been described, the
concentration of solids, Css, going onto the
sand portion of the ISF can be determined.
The Ives rapid sand filtration model will be
modified to include the biologically active
elements present in the sand portion of the

ISF. Having quantified the biological
activity term, the sand phase filter ef-
ficiency term can be determined and its

value plotted versus time

in operation for
each layer.

Porosity

The approach velocity (W, discharge
velocity) defined as the rate at which fluid
approaches the surface of the sand, is a
pavameter that is easily measured in fil-
tration systems. A functional relatiomship
between porosity (f) and approach velocity
(W) can be developed, and this relationship
can be used to describe the porosity at any
time during the filtration run in terms of
measured approach velocity.

Harr (1962) defines W as the quantity of
fluid which percolates through a unit area of
porous medium per unit time. The approach
velocity -is the product of the porosity of
the medium and the seepage velocity (@,
interstitial velocity):

(20)

W faw . . . . .. .

Groundwater seepage principles were
used to develop a solution for the seepage
velocity. The seepage velocity (T) is dif-
ficult to measure during a filter run without
destroying part of the filter bed, but the
approach velocity (W) is easily measured.
By using the relationship (Equation 20)
between seepage velocity and the porosity at
any time, t, it is possible to express 3 in
terms of W.

ISF determinations assume one dimension-
al flow (in the vertical, z, direction). The
approach velocity at any time, t, is a
function of the porosity and the permeability
of the medium (Harr 1962). The relationship
is expressed in Equation 21:

o _efy e
' = W 21
in which
g = gravitational comstant, Lt-2
K = coefficient of permeability, Le-1

The coefficient of permeability, K, is a
function of temperature because of fluid
viscosity considerations (Equation 22):

Y

= -
o M

K k (22)

- . . . . - - .



in which
ko = physical permeability, L2
Yw = specific weight of water, FL-3
¥ = dynamic viscosity, JFtL-2, Mc-1lL-1
F = force

ko depends upon the structural character-
istics of the sand. Any temperature changes

noted required that corrections for K be
made.
Integration of Equation 21 results in
the determination of f/K at any time, t
(Equation 23):
) Wt t
aw £
fw = —ngdt
Wo t=0
W
In -t = --&f(t)
w K
o
W
£/R = lnwo—/gt (23)
t

In order to obtain Porosity in terms of
approach velocity, Darcy's Law (Equation 24)
is implemented:

2h

vo= 3z

Ki = -K (24_)

in which:

i = hydraulic gradient, -9h/3z

Rearranging Equation 24 and substituting it
into Equation 21 yields an expression for the
change in approach velocity in terms of the
variables porosity and hydraulic gradient

(Equation 25)

W
at

3h

3z (25)

The hydraulic gradient
is constant. To define the hydraulic proper-
ties of the system, the Carman-Kozeny equa-
tion (Rich 1961) was utilized (Equation 26):

an _ 34 (1-6) W

iz = T (26)

in which
! effective particle size
shape factor

friction factor

€
¢
T

in these formulations -
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Collecting all the constants and equating
them for a new constant o:

dh _ a W (27)

dz 3

At t = 0, the porosity is the clean filter
porosity f, and the approach velocity is
Wo. At any time t, the porosity is fr and
the approach velocity is W¢; the quotient
of §he two gradients is unity (at t =0 and t
= t):

dh a-f)
-— = o W
dz £ 3 o

o]

= 1 .« o« . . . (28

dn -
az - ° 3 Y

f

t

Therefore,

2
el (-£ )£ 3 || £.3/0-¢ )] (29)
Wo - o o t t

Wo and fo are constants for a given
ISF system (determined prior to filter opera-
tion). The porosity at any time t is obtain-
ed by using the Newton-Raphson iterative
technique to solve Equation 29 (Carnahan

et al. 1969):
CON = Constant = (1-f )/f 3
o’ "o
cqQ = (WO/Wt)2 *CON = constant for each time step
ft3 : 3 - 3
1 =CQ1—_-ft .1 —ft=Cth .. Cth +ft_1=0
(30)
Set function G = CQ f¢3 + f¢-1, Differen-

tiating G with respect to porosity at any
time t, and f¢

4G 2

- . (31)
a, " 3CQf° + 1

DERIV =



Iterating until consecutive determinations of
porosity differ by less than some error
function (i.e., < 10-6), porosity at any
time t is determined:

G
f, o= £ - = N & V')
t;41 t; DERIV

ERROR = ABSOLUTE VALUE (f -f )

t t,

i+1 i

4

where the subscript i indicates the iteration
number. This procedure allows calculation of
porosity at any time t utilizing the known
hydraulic parameter of approach velocity.

Porosity Definmitions

1. Porosity (f) is defined as the
volume of voids (¥y) divided by the total
volume (¥:) where V¥t equals ¥y plus the
volume of solids (¥g):

.V‘V
s £ - 2 & £ )
t
b, ¥+ ¥ = ¥ - (34)
v g t
¥ ¥ 35
C._V—*-+_‘T—=] L N T )
t t

2. Packing Factor (P.F.)
the decimal percent of ¥¢ which
by solids:

is defined as
is taken up

JJ-
d. P.F. = ;5 (36)

. - . - »

t
Therefore, substituting a and b into ¢ gives
f+P.F. = 1 or

P.F. = (1-f)

37

. - . . . -

Model Variables

In order to completely describe the
variation of algal biomass applied to
the filter, hydraulic loading rates as well
as S8S concentration levels were considered;
therefore, the second variable in the study
was hydraulic loading. In recent studies
involving the upgrading of lagoon effluents
utilizing the 1SF system, Clark (1977)
concluded that it was the mass loading and
not the hydraulic loading which affected
filter effluent quality. The product of VSS
and Q terms yields a single process variable
of daily mass loaded (DML). 1If the ISF were
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to function uniformly for a range of DML
values, coefficient(s) could be developed
which would describe performance of the ISF
system in any given mass loading range. This
mass loading concept would greatly simplify
the development of the model and would allow
prediction of performance of any ISF systenm
within the ranges so defined.

Basis for Model

The ISF model was formulated in two
stages because the ISF system consists
of two distinct regions: the surface algal
layer (SAL) and the sand. The SAL portion of
the model was described utilizing data
gathered in the six experimental (laboratory
scale) filter rums completed in this re-
search. The sand portion of the model was
described utilizing Ives rapid sand filter
model as a template. Data gathered in the
laboratory were used to develop the biologi-
cal activity term completing the description
of the sand phase of the ISF system.

Surface Algal Layer Model

The functional relationship which
described the buildup of SAL with time of
filter operation was developed as a function
of accumulated mass loaded (AML). The
individual experimental units were loaded at
a constant rate {(mg/f VSS and mgad hydraulic
loading rate) for each experiment; therefore,
the variable time is the same as AML for the
laboratory units (differing only by a con-
version factor: time * daily mass loaded =
accumulated mass loaded). In order to
describe any ISF gsystem (not just those
systems which had the same daily mass load-
ings as the laboratory scale units), it was
necessary to choose AML as the independent
variable. Daily mass loaded (DML) values
were calculated by averaging the input VSS
concentration in mg/t (CiN) to each column
over each experimental filter run:

DML = Cpy*DLOAD, where DLOAD represents
the daily hydraulic loading in liters (%)

(38)

Pertinent SAL data for each column operated
in the laboratory phase of the research are
listed in Table 6.

When SALC was plotted versus AML and the
data were grouped according to ranges of
daily mass loaded (DML), a functional re-
lationship of the same form as a saturation
function (Equation 39) was obtained.

SALC = (SK]1 * AML)/(SK2+ AML) (39
in which
SALC = surface algal layer, mg/cmZ
SK1 = accumulation fumction, mg/cm2
SK2 = accumulated mass loaded at one-
balf the maximum SALC, mg
AML = accumulated mass loaded, mg
* e

multiplication symbol



The ranges of DML finally selected were based
upon the appearance of a functional relation-
ship between SALC and AML (Table 7).

Because Ranges 11 and 111 gave approxi-
mately the same relationship, these data were
grouped together yielding Range I1-111
consisting of laboratory DML wvalues of
279-687 mg/column/day (Figure 9). At the
lower mass loadings (Range 1), the data were
scattered, but because Range I1I1-111 data (19
out of 29 data points) resulted in the
saturation type function, the same functional
form was wutilized for Range 1 data (Figure
10). Grouping all data (29 data points
plus the origin) and applying the saturation
type function yielded the single relatiouship
which could be used to describe SALC as a
function of AML (Figure 11). Therefore, a
single set of coefficients (SK1 and SK2)
described SALC in terms of AML for all ISF
loadings between 9 and 45 grams/mZ/day. The
coefficients were developed utilizing an

algorithm designed to approximate coef-
ficients for systems of nonlinear equations
{Beltrami 1970).

The coefficients (SK1 and SK2) quantify-
ing the saturation type function (Equation
39) are listed in Table 8. On the flat
portion of the curve (Figures .9-11), where
dSALC/dAML approaches 0, biological processes
(i.e., decay) balance any deposition of
solids to the SAL such that the net change in
SALC is zero. It must be emphasized that
this phenomenon (mass deposited = mass
decayed) will never occur because the filter
will plug prior to this condition.

The laboratory data summarized in Table
6 and shown in Figures 9 - 11 represent all
the experimental SAL ash weight data except
for experiment 1, column 9. This column was
loaded at 99 mg/day and developed only 4.5
mg/cm2 SALC after 93 days of filter opera-
tion. It was hypothesized at the completion

Table 6. Surface algal layer (SAL) mass data.

Filter Column Daily Mass Loaded

Parameters at Time of
SAL Measurement
Time  Accumulated Mass SALC

Run No. mg days Loaded, mg mg/cm2
i 1 687 23 15790 28.0
2 499 36 17960 22.3
3 251 60 15060 33.5
4 468 50 23400 26.5
5 335 51 17060 23.1
6% 165 93 15390 14.9
7 286 50 © 14300 21.0
8 201 55 11040 31.2
g% 99 93 9230 4.5
2 1 551 15 8265 11.8
2 551 21 11571 17.5
3 355 16 5680 9.4
4 366 21 7686 12.5
5 394 31 12214 19.5
6 272 66 17952 32.3
7 272 73 19856 32.7
8 250 46 11500 13.2
g% 163 55 8965 10.3
3 1 423 5 2115 3.8
2,3 423 8 3384 6.9
4,5 423 9 3807 9.6
4 4 455 3 1365 6.6
2,8 455 6 2730 9.4
3 455 8 3640 10.6
1 455 11 5005 16.8
5 3 263 7 1841 8.
5 263 10 2630 13.1
8,9 263 20 5260 18.
6 4 391 4 1564 8.8
1,2,3 391 7 2737 9.0

*Due to time constraints in the labortory phase, columns 6 and 9 (Run 1)
and column 9 (Run 2) were terminated prior to plugging.



of experimental filter rum 1 that the lower
DML units would perform for periods of time
exceeding the time constraints for the
recearch; therefore, it was decided to
eliminate the lower DML from further study.
vifferentiating the saturation function
(Lquation 39) with respect to AML, an exact
solution for the rate of change of SALC as a
furctior of AML wes obtained (Fauvation 40).

IALC (s xska)/(skaram)’ L L L L (40)
ance,

AML = t*DML = tx(Cpo%DLOAD) . . (41>
then,

dAML = dt# (Cp #DLOAD) . . . . . (42)

therefore,

SALC SaLC O (/X))
d = d — % Cp % DLOAD (

SALC _  (SK1 % SK2) 44
d =0 (sK2Far)2 * Oy * DLOAD (44)

Mass Balance Equation--Surface

Algal Layer

The rate of change of SAL mass with time
was equated to the difference between the
mass flux in the lagoon effluent flow as it
rassed through the SAL and the rate at which

Table 7. Data groupings for saturation function (SALC as a function of AML).

Range of DML

No. of
Experimental Filter
No. Laboratory Field Scale Run -~ Column .Calumns
Scale 9 in Group
mg/column/day g/m“/day
I 131-279 9-18 1~3,1-6,1-8,2~6,2-7,2-8,2-9 10
Run 5, omitted i~9
1T 279-408 18-27 1-5,1~7,2~3,2~4,2-5 7
Run 6 .
I11 408~687 27-45 1-1,1-2,1-4,2~1,2-2 12
Runs 3 and 4
36
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Table 8. Saturation function (SALC as a function of AML).

DML Range 5
No. Mass Loaded  No. of Data SK1 SK2 R
mg loaded/ Points mg/cm mg loaded Nonlinear
column/day
11,7111 279687 19 + origin 34.5 9190 0.87
I 131-279 10 + origin 33.6 5295 0.58
1,111,111 131-687 29 + origin  34.6 7836 0.67
the mass of SAL was biclogically decayed -3
(Equation 45). This is shown schematically Q*C , *10
in Figure 12.

a &% o gx(c, - )*1070 - cascry | (mg/day)
at. " CoUTF 4
.. (45)
in which
Q = rate of flow of lagoon_efflu-
ent through the SAL, cm3/da
C = concentration of SAL, mg/cm
ha = volume of SAL, cm3
CIN,CouTr = SAL influent and effluent
' [vss], mg/2
cd = deca§ coefficient, day-l
103 = g/cm
Axay = surface area of SAL, cm?
Az = depth of SAL, cm

It was assumed in this simplified mass
balance expression that net biological growth
does not occur in the SAL. Net biological
growth herein is defined as an overall in-
crease in the mass of the SAL due to biologi-
cal mechanisms. Because of the alternating
wet and dry conditions in the SAL, it is
reasonable to assume that growth within. the
SAL will be balanced by the losses during the
drying cycle. SAL is biologically described
in terms of only algal and bacterial ac-
tivity. Algal growth is only possible at the
surface of the SAL due to light limitations
within the SAL. Light is limiting to the
surface algae when the dense algal suspension
is above the ISF during loading. Between
loadings when there is no lagoon effluent on
the filter, lack of adequate moisture on the
surface layer prevents any algal growth.
Bacterial activity, although not quantified,
definitely occurs within the SAL. However,
such activity results in a decrease in SAL
mass since substrates utilized by the bac-
teria consist partly of the algae present
within the SAL. It was assumed that the

Ay ) v
e
Az

]

Ax

-3
£ *
F*Coppp™10

Schematic of SAL mass balance
equation.

Figure 12.

bacterial population increase due to uptake
of soluble organic carbon from the lagoon
effluent was negligible.

. Moﬁel development includes certain
definitions and simplifying assumptions:

-3
- * - * (%
™ COUTF) 10 cd C*y

C*¥

2 ¥ =g %
d at Q (C
¥ = AxAyhz
Ax*Ay = Area, constant with respect to {(w.r.t.) time

Az = §, thickness SAL

Az' = depth of sewage lagoon effluent applied

C*y ~3
22X o gk - * - cd*CE
d it Q (CIN COUTF) 10 cd*C*y
AxAyhz-C  _ AxAy- Az’ . *103 *
d it day (CIN COUTF) 10 - cd*AxAyAz.C
1
a3C 22 e oy k1073 L carsrc

dt  day IN ~ COUTF

B 1Y)



Del (8), the thickness of the SAL is
variable with time. An expansion of the left
hand side of the mass balance equation
(Equation 46) would be:

§ac . Cd8
ET T

To avoid this additional term in the
equation, the definition of SALC in terms of

mg/cmé is introduced:
SALC, mgfcm2 = §xC . . . 47)
The daily hydraulic load (DHL) in cm of

lagoon effluent applied per day is described
by Az'/day; therefore, the mass balance

expression becomes Equation 48. This is
shown schematically in Figure 13.
SALC * - *1073 - g%
d at = DHL (CIN COUTF) 10 cd * SALC
2
(mg/em” /day) (48)

Courr, the finmal concentration of
sewage VS5S out of the SAL is the only
unknown in this formulation, since dSALC/dt
and SALC are known at any time t (from SALC
versus AML saturation function, Equation 39).
Solving Equation 48 for CoyTfp vields:

3
B dSALC 10
Covrr = Oy~ lj Franliis cd*sm.c] R
.o . (49)
DHL* C._ % 107>
IN
y
SALC
cd * SALC
* * 10-3
DHL * C o * 10

Figure 13. Schematic of SAL mass balance equa-

tion in terms of COUTF‘

Expressed in terms of the variable AML:

3

= . [45ALC * * % 100
Courr = CIn ( ion. * Cpy ¥ DLOAD + cd * SALC i
co . (50)

in which dt = dAML/(CyN*DLOAD); therefore,

3
dSALC -3, 10
= - [ b * * K o
Courr = S~ Cry ¥ Tqamp ¥ DHL * AREA ¥ 10 DHL
3
_ cd*SALC* 107 .. . (51)
DHI.
in which DLOAD = DHL*AREA*10-3
c - | (48810, yrp,| _ sd X sALC K 107
OUTF N N dAML DHIL
SAL MODEL: =« « =+ « « « .« . (52)

Equations 49 and 52 deal with the SAL as
a "black box," in other words, no attempt is
made to determine what processes are actually
occurring within the SAL. Two methods were
developed which estimated the value of cd to
be utilized as an initial guess for this
coefficient in model calibration. The first
method elaborated upon the physical and
biological mechanisms - inherent in the SAL.
Two additional terms were included in Equa-
tion 48: a physical removal term and a
sloughing term. The second method involved a
simplified empirical definition of the final
VSS concentration out of the SAL. The
second method utilized to estimate cd is
described in Appendix A. Once the decay
coefficient, cd, was defined, it was utilized
in the SAL model (Equation 52) to predict

Coutr.
Sand Phase

The sand portion of the model was
developed utilizing Ives rapid sand filter
model as a template and adding a biological
activity component.

do

i DHL % (- DCSS/DZ) + BETA %o

Basic Model (Sand Phase) . . . . . . (53)
in which
o = speéific deposit in the pore
space of the sand,
iokame of depeit (o)
DHL = daily hydraulic locad (c¢m of ef-

fluent applied/day)



-DCSS/DZ = the decrease in VSS concentration

with depth of filter,

volume of algae
volume of filtrate

/x;m of layer thickness

BETA = biological activity coefficient
of sand column, day-l
DZ = depthor thickness of sand layer, cm

The basic model (Equationm 53) describes the
increase in specific deposit with time (or
with AML) as the sum of the mass flux term
{DHL*[~-DCSS/DZ]1) and the reaction term (BETA¥
5). The model was written such that the
reaction term indicates growth if BETA were
positive and decay if BETA were negative.

The sand phase filter term (A, in units
of cm™!) is defined as the sand phase filter-

ing efficiency normalized by influent VSS con-

centration in volume/volume to the sand layer:

DCSS/Dz
A= . o=zERfls . . (54)
CSSIN
or
- DCSS/DZ = ACSSyy N & 1)
in which
-DCS5 = VSS concentration change across
sand layer,
CSSIN VSS concentration into sand
layer,
volume of algae/volume of fil-
trate ‘

The solution of the sand phase model
involved definition of the biological
term BETA and solving directly the basic
model (Equation 53) for specific deposit, o,
at each time step. The sand phase filter
term (X, Equation 55) substituted into

This A value was calculated for each filter,
each layer, and each time step.

Because of the large number of data
points (i.e., columns 6 and 9 ran for
93 days in experiment 1), it was decided to
utilize only data developed on sampling days
(episodes). Calculations of BETA and sub-
sequent determination of X involved data
generated on sampling days. Filters 1 and 2
had only four episodes, therefore, for these
two filter columns, data were taken every
other day from day 1 until the day of

plugging.

The sand phase of the ISF model was
developed utilizing VSS concentration as
the parameter which quantifies the change
in filtrate mass with time of filter opera-
tion. Samples were taken and analyzed for
S8, V88, TOC, and SOC concentrations at 1, 2,
3, and 6 inch depths within the filter in
addition to filter influent and effluent. In
subsequent analysis of SAL parameter C
(final VSS concentration out of the SAL) it
was concluded, since the 1 inch effluent VSS
value was consistently greater than the
CoyuTF value necessary to generate the SALC
values from the saturation type function,
that the 1 inch effluent values would not be
used in the ISF model. The 1 inch values
were assumed.to be inaccurate due to the fact
that it is impossible to sample a laboratory
ISF system so close to the surface without
obtaining errors due to filtrate entering the
1 inch port directly along the ISF wall (wall
effects at shallow depths). The final ISF
model was developed using influent, 2 inch,
3 inch, 6 inch, and effluent VS8S values.
Sand layers were defined as 0-2 inches,
2-3 inches, 3-6 inches, and 6-30 inches
(Table 9). The sand phase filter term, A,
was developed for each of the four layers
described in Table 9.

Equation 533 for a portion of the mass flux Basic Sand Model
term (-DCSS/DZ) yields:
& % = DHL=* (- DCSS/DZ) + RETA % O . (53)
== = DHL%{(AxCSS._.) + BETAx ¢ (56)
de IN
do
A = (do/dt - BETA*o)/(DHL*CSS_ .} . (57) Gc = DHLx (CSS;0 - CSS.)/DZ + BETA O (58)
Table 9. Sample ports and sand layers utilized in development of the sand phase of the ISF
model.
Sand Layer
Port No. Depth No. Boundaries Thickness Volume
in. cm in. cm 2
1 Influent O 0 1 0-2 inches 2 5.08 0.778
2 2 5.08 2 2-3 inches 1 2.54 0.389
3 3 7.62 3 3-6 inches 3 7.62 1.168
4 6 15.24 4 6-30 inches 24 60.96 9.344
5 Effluent 30 76.20 (p2)
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where CSSyy, CSSguT represent VSS concen-
trations into and out of the layer being
analyzed. The CSSpyT value represents the
influent VSS concentration to the layer
below. The units of CSSyy and CSSpyt are
volume of algae/volume of filtrate. Specific
deposit, o, was determined from a simple
difference form of the basic sand model at
each time step (Equation 60):

DHL # (cssm ~ 88 .}

0ouT
OY_ Ux- bz % DELT + BETA & Ux *x DELT
.. (5%
or
DHL * (CSS -~ €88 )
o = O+ N out % DELT + BETA £ 0_ % DELT
v X DZ X
e 10
in which
DELT dt, the time step, 1 day
Ox = specific deposit at previous
time step
Oy = sgpecific deposit at present
time step; y = x + DELT
Y9 = 0 initial condition of zero

specific deposit within pores
of ISF at time zero

DHL is known and CSSyy and CSSpgT are mea-
sured; therefore, in order to calculate Oy,
BETA alone remains without quantification.

BETA, Sand Phase Biological
Activity Term

Net biological activity (BAY) of the
sand phase of the ISF system is expres-
sed in terms of sgpecific deposit (o, volume
of deposit/volume of filter). Actual biologi-
cal activity (AAY) is defined as the sum of
the individual specific deposits for each
layer of the sand phase in any given filter
column.

4
AAY = Lo . .. (61}
: i
i=1
in which
9 = the specific deposit in

layer 1
= (CSSPi—CS§Di+1)*DHL*DELT!DZi
1 -3

’ s b4

C8SDj = influent [VSS] to layer i
volume of algae/volume of
filtrate

CS8Dj+1 = effluent [VSS] from layer i
volume of algae/volume of
filtrate

DHL = daily hydraulic load, cm/day

DELT = time step, day

DZ; = thickness of layer i, cm

Total biological activity (TAY) is defined as
the specific deposit to the entire sand
column calculated by using column influent
(CSSyy to layer 1) and column effluent
{CSSpuT of layer 4).

TAY = (CSSD} - CSSDS) * DHL * DELT/DEP

e e e e (62)
in which
¢SSp; = sand phase influent [vss],
volume of algae/volume of
filtrate
CSSD5 = column effluent [VSS], volume
of algae/volume of filtrate
DEP = the depth of the filter, cm

Net biological activity (BAY) is defined as
the difference between AAY and TAY.

BAY = AAY - TAY . . . (633
When these activities were plotted versus
time {(or AML), all nine filter columns
of laboratory experiment 1 yielded the same
form (Figure 14).

BETA, the sand phase biological term
(units of day-l) is the coefficient which
describes the rate of change of BAY normal-~
ized for AAY with time

dBAY .

de~ - BETA*AAY, (64)

1

where the net activity is described for the
present time step, BAYj, and the actual
activity is based upon "the previous time
step, AAY;_1, The initial conditions are
that the B%TA for day 1 is zero.

dBAY .
m = RETA* dt .

(65)

Plotting (BAYj/AAYj.1)versus time yielded
the slope, BETA. BETA values were calculated
utilizing numerical techmiques on {(BAYj;
AAYs_ 1), time] data sets. These values for
BET&representcolumn values; therefore, for a
given columm, the same RETA value will be
utilized for all layers within that column
in calculating oy using Equation 60.

BETA values were calculated for each
column on a daily basis. In order for BETA
to be a coefficient (instead of a variable)
it would have to be a constant. BETA values
were calculated daily for each column of
experimental laboratory filter experiment 1.
These daily BETA values were plotted versus
time and in all nine plots, BETA values were
variable initially and constant thereafter
(zero slopes); RETA was therefore assumed to
be a coefficient. In order to determine the
final value of BETA for each column, mean
BETA values were calculated for the episode
data (Table 10). These mean RETA values were
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Figure 1l4. Activity as a function of time.

used in Equation 60 to calculate specific
deposit at each time step for each sand
laver. Because of the magnitude of these
mean BETA values, the reaction term (mean
BETA * 0) had a negligible effect upon the
specific deposit within the pores of the ISF
system. Therefore the reaction term was
omitted from the sand phase model leaving the
Ives model to describe the decrease in VSS
concentration with depth in the ISF.

Sand Filter Term, A

Analysis of the impact of mean BETA
values upon the sand phase model resulted in
deletion of the sand biological activity term
(BETA) from the sand phase model.

% = DHL#* (- DCSS/DZ) . . . . . (66)
do  _ - .. (67
¢ = DHL*(CSSpy 58 qyq) /DZ (67)
DHL % (C$S,, — CSS. ) % DELT
g = o + N ouT . (68)
y ® DZ
Table 10.

BETA values omitted).

do  _
¢ © DHLx(AxCSS;) . . . . (69)
A = (do/dr)/(DHL#*CSS ) = - - - (70}

To use AML in the ISF model, it was necessary
to convert from time to AML:

- daML. 71
dt VL. .. (70
in which
DML = daily mass loaded = CyiN*DLOAD
= (mg/e)*(2/day). . . . . (38)
di;l. - D—;ﬁ « [DHL % (- DCSS/DZ)] - - - - (72)
) Ll DHL % (cssIN - CSSOUT)]
oy : Gx DML * DZ
#(AML =~ AML. ) + + o+ . s o+ s« (73)
b4 x ;
in which

y is the present time step
¥ is the previous time step

For day 1:

o DHL & (CSS [y =
9y DML DZ

CSSOU?)J*AM:LI . (78

Substituting A*CSSyy (Equation 55) for a
portion of the mass flux term in Equation 72:

o L, [DHL = A % CSS

dAML DML SEETRRR O

IN] ’

Mean BETA values for laboratory experimental filter run 1 (initial variable daily

Column Period Mean Standard Data Points Used Comments
Day~Day BETA Deviation All Data
day-l (BAijAAYj_l}

1 5-23 -.01618 03134 10/12

2 5-35 -,00804 .0266 16/18

3 16-51 -.00090 .00735 6/10

4 13-44  -,00145 .00397 7/9

5 16~44 ~-. 00448 .00680 7710

6 6-93  +.00395 .03220 15/19 Omitted Days 13,16,20
7 9-44 -.00125 .00449 7/8

8 9-44  -_00433 01031 7/8

9 6-93  -.00409 .01333 18/19

23



o -0
y X DML X

AML. - AML_ | * DHL = €38
vy X IN

- . . (76)

Given the definitionm of DML (Equation 38) and

that CSSyy = CiN/DEN, the final expression
for XA in terms of AML becomes:

9 = 9% DEN * DLOAD

_ y
Aol am, - e | DHL <. - Un
v x
For day 1:
o
3 = 1 *DEN*DLOAD
AML DHL N 04°)
where DEN = density of influent algae =

density of o= 7.137¢-05 mg dry weight/% wet
volume. ) :

Utilizing Equation 68, specific deposit
was calculated directly for each column,
layer, and day. Plotting O, versus AML for
each column and layer throughout the opera-
tion of laboratory filter experiment 1
resulted in a lipnear increase of Gy in all
cases except those summarized in Tabfé 11.

All but three of the eight plots of
specific deposit versus AML that did not
give a good relationship occurred at sampling
Layer 2 indicating that sampling was in-
accurate at this point. Difficulty was
experienced in obtaining samples from an
unsaturated sand. The slopes (do/dAML) for
each column and layer were calculated using
linear regression analysis. For the excep-~
tions to linearity, the best fit functional
relationship was calculated using regression
analysis on cubic and quadratic forms. The
results of the regression analyses are listed
in Table 12, and the plots of the data are
represented in Figures 15-23.

Table 11. Summary of filter columns and sand
layers not yielding a linear rela-
tionship between cy and AML.

Filter Sand Comments
Column Layer
2 2 Zero slope, positive slope
k 2 Variable slopes
3 3 Variable slopes
5 2 Variable slopes
6 2 Negative slope
7 2 Negative slope
9 3 Variable slopes
9 4 Variable slopes

The slopes determined from the regres-
sion analyses (Table 12) were substituted
into the final expression for A:

wo|y "% |, DEN#DLOAD _ SLOPE s DEN # DLOAD
AL~ BML DHL DHL

e . e . . LD

Since DLOAD and DHL were constant loadings to
each column of laboratory filter experiment
1, » was constant for each layer exhibiting
linear buildup of ¢ (Table 13). 1In order to
obtain consistent units in this expression
of A, it was again noted that the surface
area of the filter and the surface area of
the sewage applied wetre equal.

Arranging the X data from Table 13 in
terms of DML ranges, a single set of com-
posite X coefficients could be utilized to
describe any ISF system operating within
those ranges {(Table 14). This final set of?
coefficients was determined directly as the
mean X value of the individual values
(which exhibited limear increase in o with
time of filter operation) within each DML
range. The 3 sets of 4 X coefficients listed
in Table 14 were utilized as initial esti-
mates of A to predict the effluent values for
each layer within the sand phase during model
calibration. Filter effluent was predicted
as [VSS] out of layer 4.

- g L o oo
N IN
Therefore
CSSOU‘I = CSSJ;N—)\*I)Z*CSSIN . L))
or
CSSyyp = CSSp* (L. - AxDZ) < - - (80)

CSSpytr may also be expressed as a power
function by directly integrating the equation
defining A: :

~(DCSS/DZ) = AxCSS. -« - - . - (55)
Z
CSSOU‘I‘ 1
éﬁfs = - A% DZ
IN
z
S5y 0
ot
Css
ouT _
In Css - Ak (Z1 ZG)

IN
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Table 12. Specific deposit versus accumulated mass loaded.?
DML Colum  layer F Ratio [2Ple Talue 5, B(1) B(3) 5 B(4) do/aaML &
Range  (# of Daga Zc 12 Constant % Coefficient %" Coefficient x Coefficient (5P-5X)/ (AML, -aML, ;)
Points) Level :
111 1© 1 137. 6.55 ~.1105€~03 . 1634e~06 L 1634e~06 0.93
13 2 879. 6.55 -.4200e~04 .8841e-07 .88416-07 0.99
3 3044, 6.55 .7965£-05 .8982¢-07 .8982e~07 1.00
4 1348. 6.55 - 6929604 .7520e~07 .7520e~07 0.99
111 2° 1 3151. 5,98 - .4046£~03 .4369e-06 — .4369¢-06 , 0.99
(19) 2 B(3) 216. 5.98 -.1185¢-03 ~.1841€=10 J1947e-14 © ~.36826-10x + .584led4x” 1.00
B(4) 639. 5.98
3 1071, 5.98 ~.61756=04 .1756£-06 .1756€-06 0.98
4 14354 , 5.98 .1577e~05 .4001€-07 L4001€-07 1.00
111 4 1 166. 7.21 -.6786£-03 .3745e-06 .3745¢-06 6.95
(10) 2 213. 7.21 .2838e-03 .1769£-06 . 1769¢-06 0.96
3 664. 7.21 ~.24208~03 .8093e-07 .8093e-07 0.89
4 561. 7.21 ~.4516E~05 .5736€-07 .5736€~07 0.99
II 5 1 123. 6.94 ~.7954£-03 .4070e~06 4070606 0.93
Qan 2 17. 6.94 ~.5380e-03 .1151e-06 .1151e-06 0.66
3 247, 6.94 .3360€-03 .22836-06 .2283e-06 0.96
4 337. 6.94 ~.3514€-04 .2763e-07 .2763€-07 0.97
I 7 1 823, 7.57 -.1827e-03 .6268¢-06 .6268c-06 0.99
) 2 B(1) 67. 7.57 4645604 -.4350e-06 .2618€~10 -.43506~06 + .52366~10x 0.94
B(3) 40. 7.57
3 68. 7.57 ~.6047€-04 .7260€-07 .7260e-07 0.91
4 9969. 7.57 -.2506€~05 .3838e-07 .3838€-07 1.00
I 3 1 112. 6.94 ~.2912e-03 .26 14£-06 .2614€-06 0.93
(1 2 0.5 6.94 ~.23496~03 1467e-11 .2934e-11x 0.48
3 75. 6.94 -.2402e~04 .34428-15 .1033e-14x2 0.89
4 28802 6.94 ~.8738c-06 4T771e-07 4771607 1.00
1 8 1 53. 7.57 ~.1142e~03 .2765¢-06 .2765e-06 0.88
9 2 203. 7.57 ~.1027e~03 .1826€-06 .1826€-06 0.97
3 1053, 7.57 -.6363¢-05 . 1565£-06 . 1565¢-06 0.99
4 272, 7.57 ~.1420£~04 .3646€~07 .3646£-07 0.97
6 1 1312. 5.92 ~.2421g-03 .3081e-06 .3081e-06 0.99
(20) 2 41. 5.92 -.3292¢~03 ~.1691e~06 ~.16916-06 0.69
3 2215. 5.92 . 7236£-04 .2091€-06 .2091€-06 0.99
4 331. 5.92 .3648e-04 .3989¢-07 .3989€-07 0.94
9 1 8414, 5.92 -.1815e-04 .7901e-06 .7901e-06 1.00
(20) 2 214, 5.92 -.3605¢~03 .3869¢-06 .3869£-06 , 0.92
3 B(1) 117. 5.92 -.4051g-04 . 1486€-06 ~.12266-14 .1486e-06 - .3678e-14x" 0.90
B(4) 60, 5.92 2
4 B(1) 663. 5.92 ~.1437e-04 .3801e~07 -.2745e~15 .3801e~07 ~ .8235e-15x" 0.98
B(4) 259. 5.92

2pata represent episode (sampling day) values for specific deposit and AML.

b# Data Points includes origin: Day 0, Specific Deposit =
;Columns 1 and 2 only had 4 episodes; therefore data, DAY = 1, TMAX, 2,
Standard Mathematical Tables, 1972, S, M. Selby, editor, The Chemical Rubber Co. 705 p.

AML = 0.0.

®read as —0.1105%107° and 0.1634%10°

6
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Figure 15. Individual layer specific deposits for column 1 as a function of AML.
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Figure 17.

Individual layer specific deposits for

column 3 as a function of AML.
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Table 13. Sand phase filter term, A.

DML Slope
Range Column DHL DLOAD  Layer do/dAML Ay
cm/day  %/day v/v/mass loaded cm
1T 1 65.50 10.04 1 .1634e-062 .1788e-012
2 .8841e-07 .9672e-02
3 .8982e-07 .9826£-02
4 .7520€-07 .8227e-02
III 2 65.50  10.04 1 .4369€-06 .4780e-01
2 F (AML) F (AML)
3 .1756€-06 .1921e-01
4 .4001e-07 .4377€-02
IIT 4 46.78 7.17 1 .3745e-06 .4097e-01
2 .1769¢-06 .1935¢-01
3 .8093e-07 .8853e-02
4 .5736c-07 .6275¢-02
II 5 46.78 7.17 1 .4070e-06 .4452e-01
2 .1151e-06 .1259e-01
3 .2283e-06 .2497e-01
4 .2763e-07 .3022e-02
II 7 28.08 4.30 1 .6268c-06 .6850e-01
2 1/F (AML) 1/F (AML)
3 .7260e-07 .7935e-02
4 .3838e-07 .4195e-02
I 3 65.50 10.04 1 .2614e-06 .2860e-01
o 2 F (AML) F (AML)
3 F (AML) F (AML)
4 .4771e-07 .5219¢-02
I 8 28.08 4.30 1 .2765e-06 .3022e-01
2 .1826£-06 .1996e-01
3 .1565€~06 .1710e~01
4 .3646€-07 .3985¢-02
6 46.78 7.17 1 .3081e-06 .3370e-01
2 -.1691e-06 .1850e-01
3 .2091e-06 .2287e~01
4 .3989¢-07 436402
9 28.08 4.30 1 .7901e-06 .8635e¢-01
2 .3869c-06 .4228e-01
3 F (AML) F (AML)
4 F (AML) F (AML)

®Read as 0.1634x 10 ° and 0.1788 x 10~

1

35



Table 14. Sand phase filter term, A, grouped according to DML.
DML Range III Layer Column 1 Column 2 Column 4 Composite A StanaFd
- -1 - - Deviation
cm cm cm cm
1 .1788¢-01%  .4780e-01%  .4097e-01% .3555e-01%  .1568¢-012
2 .9672e-02 F (AML) .1935¢-01 .1451e~01 .6843e-02
3 .9826-02 .1921e~01 .8853¢~02 .1263¢~01 .5719¢-02
4 .8227e-02 .4377€-02 .6275e-02 .6260e~02 .1975€-02
DML Range II Column 5 Column 7
cm—1 cm
1 445201 .6850e-01 .5651e~01 .1696e-01
2 .1259¢~01 1/F (AML) .1259¢~01 -
3 .2497¢-01 .7935e-02 .1645e~01 .1205e-01
4 .3022e-02 .4195e-02 . 3608e-02 .8294e-03
< DML Range I Column 3 Column 8 Column 6 Column 9
1 .2860e-01 .3022e~01 .3370e-01 .8635e-01 LA4472e~01 .2784e-01
2 F (AML) .1996e~01 1/F (AML) .4228e-01 .3112e~01 .1578e~01
3 F (AML) .1710e-01 .2287e~01 F (AML) .1998e~01 .4080e-02
4 .5219¢-02 .3985e-02 L4364€-02 F (AML) .4523e~02 .6321e-03
1 1 1 1

@Read as 0.1788x 10

, 0.4780x 10

, 0.4097x10 °,

0.3555x 10

~1 ana 0.1568x 1071,



PR——.

where DZ = Z] - Zg represents the thickness
of the sand layer being analyzed. Therefore:

e A%y, . . . (8D)
CSSOUT = CSSIN*e

where concentrations may have'units of mg/
or volume of algae/volume of filtrate.

ISF Model

The I1SF model which was utilized for
calibration of laboratory data consisted of
two basic phases: the SAL phase (A) and the
sand phase (B):

A,
. oo iy sae) e | edssaics o’
oUTF  TIN T dAML ) * T DHL
SAL model to
predict the
final [vss]
out of the ‘
SAL, Cprp: e e e e e L BY

B. Solution a
€SSyt = CSSIN*(l. - A*DZ)

Solution b

Sand model to predict
the [v8s] out of
each gand layer, CSSOUT.

- X * (DZ)

CSSOUT = CSSIN *e

. .. (8D)

The sand phase was described in terms of
Ives' basic rapid sand filtration model.
This model treats the sand as a physical
removal (straining) mechanism,

It was hypothesized that the SAL con-
trols the hydraulies of the ISF process. In
order to verify this hypothesis, the filter
columns of laboratory filter experiments 3-6
were analyzed for approach velocity im-
mediately after SAL removal. Because experi-
ment 2 columns & and 7 were operated until
the end of the laboratory experimentation
(column 6 ran 66 days and plugged on April 7,
1978; column 7 ran 73 days and plugged on
April 4, 1978) they were also included in
this approach velocity experiment. For the
other columns of experiment 2 and all the
columns of experiment 1, this approach
velocity experiment was not peformed because
of the need to analyze the sand phase of
these systems following the operation
of each column. The procedure for the
approach velocity experiment was to add
tap water to the columns and to measure
approach velocities, The results are
listed in Table 15. The clean filter ap-
proach velocity-! measured prior to experi-
ment 1 was 61 sec/inch. The results of the
approach velocity experiment substantiate
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that it was the SAL that controlled the
hydraulics of the ISF system because SAL
removal after operation returned the approach
velocity-1l to that of the clean filter
approach velocity-1l.

The data input (for the laboratory
phase) to the ISF model is listed in Appendix
B and consists of four sets of data (Tables
36-39). Raw VSS data, in mg/%, for all the
sand layers consisted of those sets of data
in which all levels within the filter column
produced samples (Table 36). Because un-
saturated conditions existed in the ISF sys-
tem, incomplete data sets resulted when
sample ports would not operate during the
filter run. The first ports not to give
samples were the deeper ports, and, with
continued operation, ports at higher levels
within the columns subsequently failed to
give samples. The consequence was that more
data were available for column influent and
effluent ports than for ports within the sand
phase. 1In order to utilize all the influent
and effluent data, these data were read into
the program and are listed in Table 37. Ap-
proach velocity-l data, in sec/inch (Table
38) and total and soluble organic carbon
data, in mg C/& (Table 39) are also listed.

Identification of Influent Algae

The algal species present in the algal
culturing tank were identified for laboratory
filter experiment 1 to determine the density
of the influent algae added to the columns in
experiment 1 (Table 16). The density of the
algae was calculated to be 7.137x105 mg/%
(DEN in model), and the density in terms
of mg/em3 was 7.137x102 (RHO in model).

The assumption was made that the algae
of the SAL were identical to those species
present in the influent; therefore, the same
density value was utilized in calculations
involving SAL density. This assumption was
verified upon examination of the algal
species present in the SAL at the termination
of laboratory experiment 1 (Table 17). The
data in this table represent the algal
counts on 5 gram samples of SAL (wet weight)
suspended in 100 ml of distilled water. Also
included in this table is algal identifica~-
tion information on the top inch of the sand
phase., This identification was necessary
because the assumption was also made that the
density of the sand phase specific deposit
was equal to the density of the influent
algae. This final assumption was valid
for the top inch of sand (Table 17) but
because no significant concentration of algae
was detected below the 1 inch depth, the
assumption cannot be verified below a 1 inch
depth. The biomass in the pore space of the
sand phase below 1 inch of an ISF was assumed
to be bacterial. This bacterial biomass was
assumed to have a density identical to that
of the influent algae. Algal identification
data for laboratory filter experiments 2-6
are listed in Table 18.



- Table 15. Data verifying that the SAL controls the hydraulics of the

ISF system.
- h Velocity /inch
Approac elocity ~, sec/inc
Run No. Column No. Last Day of After SAL
Operation Removed
2 6 6741. 29.
7 16936. 31.
3 1 1609. 93,
2 11991. 67.
3 3234. 87.
4 10952, 63.
5 9022. 113,
7 4 1 8475. 49.
3 10582. 69.
8 1184, 115.
- 2 30637. 66.
4 271. 109.
5 5 3119. 58.
8 7898. 47.
9 646. 82,
4 9763. 56.
3 14963. 76.
6 1 13228. 57.
2 7268. 60.
4 3873. 65.
5 6110. 60.
3 2837. 103.

Table 16. Algal density data for laboratory filter run 1.

A, B. (B/A)*1912

1977 Chlorella Coelosphaeriwn Scenedesmus Diatoms Oscillatoria Ankistrodesmus Total vsSs Density
Date 8p. sp. 3 sp- 4 3 sp. 3 8P, 4 3 wg/l mg dry wt
w3 /mi W /ml u”fml 1 /ml u”/ml u” /ml v~ /ml ug/ml % wet vol

9/21 3.19¢07 1.93¢08 3.71g06 2,95¢05 8.25¢05 - 2.30¢08 83. 3.61¢05
—— 9/28 2.21e07 2.08c08 7.43e06 4.43¢05 1.55€05 - 2.38¢08 121.5 5.11e05
10/6 3.20e07 5.53e07 1,24€06 1.78e06 6.90e04 - 9.04e07 111.5 1.23¢06
10/14 3.29€07 5.42e07 2.48¢c06 1.78e06 1.38e05 - 9.15€07 93.5 1.02e06
10/27  2.88¢e07 7.39¢07 9.31e06 5.93e05 - - 1.13e08 85. 7.52e05
11/4 1.23¢07 5.23e07 '1.86¢06 1.57¢06 - 7.76£05 6.88e07 78. 1.1306
11723 1.23e07 1.86e07 3.73¢06 1.23e07 4.,14€05 ) 1.55e06 4.89¢07 56. 1.15€06
YTotal = 8.806c08 IXVSS= 628.5
u/m1 ug/ml
3 «
Run 1 Density = |—028:3.1 /g‘l #1072 B8 |, |1012 B |y 1103 S = 7.137e05 W
8.806€08 1 /mi/ | M8 ce ' N
7

Apead as 3.19x 107,
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Table 17. Algal identification for SAL and 0-1" sand layer for laboratory filter run 1 columms.
1977 oo lum Chlorella Coelosphaerium Scenedesmus Diatoms Oscillatoria Ankistrodesmus Total
Date 8p. sp. 8p. sp. sp.

3
u3/ml u3!ml u3§ml u3/ml ua/ml u3/ml uwis g
wet weight

11/8 3 SAL 7.19e072 1.24€08 . 1007 4.92e07 - 1.94e07 2.96e10
3 0-1" 3.31€07 2.91€07 . 7306 3.15e06 5.52e05 - 4.96e09

12/9 6 SAL 3.12£07 3.40e07 4.35€07 1.49¢07 8.28e05 3.5606 1.28e10
6 0-1" 1.23e07 1.01€07 .98¢06 2.0006 - 5.93e05 3.50e09

11/5 8 SAL 6.16£07 1.3708 .10e07 4. 9406 - - 2.35¢10
8 0-1% 1.15€07. . 3.22¢07 4.97<06 3.95e05 - - 4,91e09

12/9 9 SAL 1.23e07 1.10=07 .97¢06 2.93e06 2.76€05 2.96e05 3.18¢09
9 0-1" 1.48£07 1.88e07 .93e06 3.73e06 5.52¢05 5.93e05 4 .84e09

%Read as 7.19x 107 .

Table 18.

ments, runs 3-6 (3/11/78-4/14/78).

Algal identification for laboratory filter run

2 (2/1/78-4/14/78) and SAL experi-

1978 Chlorella Coelosphaerium S@enedesmys Diatoms Oscillatoria Cryptomonas Mierocystis Total — VSS
e SPﬂSfml Sp. 13 /mL SpLB/ml 3 fm 8?.u3fml Spﬁgfml Sp.u?’/ml s :ij;l
1/26 3.29¢06 1.47€07 2.24e07 7.84€05 - - - 4.12¢07 -
1/27 4.93€06 1.68e07 1.61£07 8.16<05 - - - 3.86£07 -
2/4 1.64€06 1.61£07 1.74¢07 9.73e05 - - - 3.61e07 63.5
2/28 6.57e06 5.01€06 9.93¢06 1.10£06 - 5.49¢05 6.73s06 2.99e07 57.5
3/7 3.29¢06 5.97¢06 1.74£07 1.65c06 - - 2.69¢07 5.52¢07  79.5
3/11 8.22e06 1.11e07 1.49€07 3.21€06 1.10e06 - 2.69e07 6.54e07 70.5
3/18 1.15£07 8.42e06 1.61£07 1.57¢06 2.76e05 - 6.73e06 4.46e07 82.5
4/8 1.64€06 6.93e06 2.48e06 7.06€05 1.38e06 - 6.73c06 1.99e07 64.5
4/15 1.64£06 4.58e06 - 3.14€05 2.76€05 - 4.71€07  5.39€07 -
4/16 6.57€06 5.76£06 - 3.14€05 1.38c06 - 3.36e07 4.76e07 -

8Read .as 3.29x 106.
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SECTION 1V

ISF MODEL CALIBRATION

Calibration of the ISF model represented
adjustment of the coefficients from both the
SAL and sand portions of the model. The SAL
model is represented as:

C o 3
_ [, _{saLc _ cd* SALC* 10
Courr © Cm*l L -k dAML)* AREA] THL
O 73 |

The decay coefficient is the only coefficient
present in the SAL phase model. The sand
phase model is represented as:

X % (DZ)

= %xe “ . . . 81
C8Syup = €8Sy (81)

There are four sand filter coefficients (one
for each sand layer) which require adjustment
for each of the DML ranges. 1t was the
s imultaneous adjustment of these coefficients
on laboratory experiment 1 data such that the
predicted [VSS] out of each sand layer
matched the actual measured [VSS] out of each
sand layer which calibrated the ISF model.
"Special" correlation coefficient calcula-
tions were made on actual versus predicted
VSS effluent concentration data sebts to
provide a quantitative measurement of the
agreement between values predicted by the
model and those measured in the laboratory.

Table 19. ISF coefficients.

The final sets of coefficients are listed in
Table 19. 1In the sand phase model (CSSgyr =
CSSyN*e-A*(DZ)), e- ™ (DZ) represents the
fraction of the VSS entering the layer
that remains in the flow ag it passes from
the layer; therefore, 1 - e- A {(DZ) represents
the fraction of influent VSS to the layer
which is removed by the layer (Table 20).
For example, 80 percent of the VSS entering
layer 4 of columns of DML Range 111 will be
removed by that layer.

The special correlation coefficient,
Rg (Sarma et al. 1969) is defined as:

N N 2 N 2
R = (2 £ op, - & P2/ ¢ 0% - . (82)
8 . i1 s L + 1
i=1 i=1 i=1 )
in which
o] = actual (measured) value
P = predicted (model) value
N = npumber of actual and predicted

values

The best agreement between predicted and
actual values yields Rg values of +1.
The results of the special correlation
coefficient calculations are listed in
Table 21.

In comparison of Rg values between
columns, only filter column 9 (99 mg/day
loaded) showed decreased special correlation
coefficient values. Within any one column,

Rnge Columns Decay Coef. Layer(l) A Layer(2) X Layer(3) A Layer(&)X
No. day'1 em™! em™l - em™ em™
III 1,2,4 .39098—01a .5119e-01 .5086e-01 .1263e-01 .2610e-01
II 5,7 .3201e-01 4521e-01 .125%¢-01 .5330e-01 .1816e-01

I 3,8 .2561e~01 .3578e-01 .3112e-01 .1998¢-01 ,2328e-01
<I 6 .1388e~01 4472e-01 .3112e-01 .1998e-01 .1073e-01
<I 9 .3618e~01 .7727e~01 .4107e-01 .2398e-01 .1311e-01

%Read as 0-3909}{10—1.
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the best results were obtained in the upper
layers of the filter. Column effluent

(effluent from layer 4) showed the low-
est correlation in all nine columns. Both of
these observations were concluded to occur

because of analytical error in the measure-
ment of [VSS] at the lower concentration
ranges. Errors resulted from analytical
procedures which exceeded the sensitivity
constraints of those procedures. At low
[VSS] levels (for example < 10 mg/%&), it is
necessary to filter more than the 125 m#
of sample obtained in this research to ensure
accuracy and precision in analytical tech-
nique. Analytical precision suffers at low
concentration levels regardless of sample
size utilized because small amounts of con-
tamination (volatile matter) will invalidate
low level measurements.

The samples taken from within the sand
phase were limited as to sample size because
an attempt was made in sampling to catch the
frontal wave as it passed through the filter
and because problems of unsaturated flow con-
ditions decreased sample volumes (eventually
no sample was obtained within the filter
prior to plugging). This same reasoning
cannot be applied to the column effluent
samples. Column effluent samples were
expected to be < 1b mg VSS/2; however, sample
sizes were not increased to account for the

problems of exceeding analytical sensitivity.
It is recommended, therefore, that future
research in this area specify sample sizes of
250 m¢ within the filter column {(whenever
possible) and a minimum of 1 % sample size
for the effluent samplings because sufficient
sample is available at the hydraulic loading
rates studied.

It must be noted that decreased DML
values resulting in decreased Rg values
could occur also because of increased number
of episodes (samplings) in the lower DML
ranges. Given lower DML levels, the column-
will operate for longer periods of time and
will not reach unsaturated flow conditions in
the sand phase as rapidly as will higher DML
filters. The consequence was, that, at lower
DML levels, more samples (data points) were
available for the special correlation coef-
ficient analysis.. Increased numbers of
data sets (actual versus predicted [VSS])
will, in of itself, tend to decrease Rg
values.

In order to graphically represent the
calibration of the ISF model utilizing
laboratory filter experiment 1 data, actual
and predicted values were plotted versus AML
(for the period of operation of filter units)
for the columns from each of the DML ranges
(Figures 24-32).

Table 20, Fraction of influent VSS removed by layer.
DML
Range Column Layer (1) Layer(2) Layer(3) Layer (4)
No. Nos.
III 1,2,4 0.23 0.12 0.09 0.80
II 5,7 06.21 0.03 0.34 0.67
I 3,8 0.17 0.08 0.14 0.76
<I 6 0.20 0.08 0.14 0.48
<I 9 0.32 0.10 0.17 0.55
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Table 21. Special correlation coefficients for predicted and actual
[vss] effluent values from sand layers for calibration of
ISF model utilizing laboratory filter run 1 data.

DML No. of

Range Cii?mn Episodes L;ger R
No. : (Samples) :
III 1 4 1 0.95
2 0.92
3 0.92
4 0.82
IIT 2 4 1 0.99
2 0.96
3 0.85
4 -2.58
III 4 9 1 0.97
2 0.96
3 0.94
4 0.57
Iz 5 10 1 0.96
2 0.87
3 0.94
4 0.52
I1 7 8 1 0.86
2 0.93
3 0.95
4 0.88
I 3 10 1 0.94
2 - 0.90
3 0.86
4 0.65
I 8 8 1 0.92
2 0.92
3 0.71
4 0.67
<I 6 19 1 0.96
2 0.91
3 0.90
‘ 4 0.72
<I 9 19 1 0.83
2 0.75
3 0.66
4 0.49
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SECTION V

ISF MODEL VALIDATION

Data collected by Harris (1977) and
Tupyi (1977) were used to validate the ISF
model. Both Harris and Tupyi utilized
six (25 feet by 36 feet) field scale ISF
systems on wastewater stabilization pond
effluent from the ponds at Logan, Utah.
The field mass loading data (DML, AML)
are quantified in terms of laboratory scale
filter units for ISF model validation. The
field data are listed in Appendices C and D.
Included in these data are water temperature
measurements for the filter influent. Be~
cause the field temperatures often differed
from the temperature in the chlorination
building at the Logan wastewater stabiliza-
tion ponds (where the model variables were
tested to develop the ISF model), a tempera-
ture correction for the biological activity
term (cd, decay coefficient) of the SAL model
was required. The temperature range in the
chlorination building during the laboratory
phase of the experimentation was 20 + 29¢C;
therefore, c¢d measured in the laboratory was
assumed to be cd at 20°C. The value of
the decay coefficient at field temperature
(DECAY) was:

y(T-20) N ()

DECAY = cd#*
in which

Y
T

temperature activity coefficient
temperature, OC

0w

The value of ¥ for SAL of the ISF was assumed
to be 1.03. This value is in the range for
temperature activity coefficients for trick-
ling filter systems (Clark and Ungersma
1972). The assumed value was based upon the
believed similarity between the biological
film of the trickling filter and the SAL
of the ISF system.

Filter effluent quality, quantified by
[VSS], was predicted. The computer program
is listed in Appendix E. The actual and
predicted filter effluent [VSS}] was plotted
for the period of filter operation for 17 of
the filter runs completed by Harris (1977).
These plots are represented in Figures 33-38.
The special correlation coefficient (Equation
82) was utilized to estimate the accuracy of
the ISF model in prediction of filter ef-
fluent VSS concentrations. Rg values for
the Harris (1977) data as well as data from
the 0.17 mm € filter units for the Tupyi
(1977) data are listed in Table 22.
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In the 17 filter experiments displayed
in Figures 33 through 38, nine experiments
exhibited agreement between predicted and
actual filter effluent [VSS] values (Figure
33: experiment l1-filters 1, 2, 3; Figure 34:
experiment l-filters 4, 5; Figure 36:
experiment 4-filter 1; Figure 37: experiment
7~filter 2; Figure 38: experiment 9-filters
4, 5). In six of the filter experiments,
effluent [VSS] values predicted were less
than 7 mg/% for corresponding actual effluent
[VSS] values which were less than 2 mg/2
(Figure 34: experiment 2-filter 1; Figure
35: experiment 2-filter 6, experiment 3-
filters 1, 6; Figure 36: experiment 5-filter
1; Figure 37: experiment 6-filter 1). Only
two filter runs exhibited poor predictions of
filter effluent [VSS] values (Figure 36:
experiment 4-filter 6; Figure 37: experiment
g-filter 2). 1In both cases, predicted values
exceeded actual values. Upon examination of
the [VSS] influent data (Appendix C) to these
filter units, it was concluded that the model
failed because of excessive variation in
influent [VSS] in these two field scale
systems. Experiment 4-filter 6 contained 13
episodes (samplings) and experiment 9-filter
2 contained 4 episodes. The influent ranged
from 4.6 to 109.1 mg/z [VSS] for both
filters.

Effective Sand Size Variation

The laboratory experimentation phase of
this research and the field scale ISF systems
studied by Harris (1977) utilized 0.17 mm
effective sand size (e€') media. Process
variables were tested and the ISF model was
developed, calibrated, and validated using
filter units which contained only 0.17 mm €
sand. To quantify the effects of changes of
€' on operational scale systems, additional
validation was performed wutilizing data
gathered by Tupyi (1977). These field data
are listed in Appendix D. In his study,
Tuypi operated the same field scale filtra-
tion units as did Harris (1977); however,
Tupyi implemented ¢' as a variable in bhis
s tudy.

Design criteria for intermittent sand
filtration systems specify 0.20 < e¢' < 0.50
sand media (Marshall and Middlebrooks 1974).
Although Tupyi (1977) recommended the use of
0.17 mm ¢' sand to meet the State of Utah,
Class C regulations for effluent BODg5 and
SS concentrations, it was established in
the study by Tupyi that 0.40 mm £' sand is
capable of meeting these regulations under
certain conditions.
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1t was hypothesized that changes in '
(above the 0.17 mm used to develop the ISF
model) can be quantified by adjusting the
sand phase filter efficiency term, The
filters operated by Tupyi (1977) consisted of

0.17, 0.40, and 0.68 mm ¢' media. The ISF
model was run utilizing these data, and
actual and predicted filter effluent [VSS]

values were plotted for the period of
operation of the filter units. The predicted
[VSS] effluent values for the 0.17 mm ¢' sand
were in agreement with those actual values
measured, and special correlation coefficient
values are listed in Table 22. The results
of the ISF model for the 0.17 mm €' sand are
displayed in Figure 39. Of the three filters
analyzed, only experiment 4-filter 1 showed
any variation of predicted versus actual fil~-
ter effluent [VSS]; however, the differences
were minimal. The predicted values were all
less than 7 mg/% [VSS] while the correspond-
ing actual values were consistently less than
4 mg/e [VSS]. The ISF model was unable to
predict these low [VSS] given influent [VSS]
ranging from 5.5-62.4 mg/% [VSS].

The predicted effluent [VSS] values for
the 0.40 and 0.68 mm ¢' media were consis-
tently less than the actual measured [VSS]
for the effluent from these filters. This
discrepancy resulted because the sand phase
filtration terms, X, in the ISF model (model

Table 22.

Special correlation coefficients relating actual (measured) and predicted
model) effluent VSS concentrations for field data; ¢' =

developed utilizing filters containing

0.17 mm €' sand) are greater than those
A values for filters consisting of sand
with larger effective sand sizes. The )

coefficients were adjusted so that the
predicted effluent [VSS] aligned with those
measured by Tupyi (1977). The effects of A
adjustment were quantified by calculating the
special correlation coefficient (Equation
82). The Rg values for some of the reduced
X terms are listed in Table 23.

Adjustment of the ) coefficients con-
sisted of an iterative scheme which de-
creased X by 10 percent for each iteration.
The predicted and actual values were compared
for each iteration, and it was concluded that
both the 0.40 and 0.68 mm ¢' filter systems
would validate the ISF model as developed
if A values were decreased by the same
constant correction factor:

A (83)

24,
the

0.40 mm €'~ 0.68 mm e =20 17 mm o *0-3138

The reduced X values are listed in Table
and the fractions of influent VSS (to
sand layers) removed are listed in Table 25.
In comparing these removals with those of the
0.17 mm ¢' media (Table 20), it was concluded
that the larger sand sizes were only one-half
to one-third (approximately) as efficient as
the 0.17 mm ¢’ media in removing VSS from the

(ISF
0.17 mm (Harris 1977, Tupyi

1977).
Run Filter No. of Episodes
No. No. (Samples) Rs Study
1 1 6 0.66 Harris (1977)
2 5 0.76
3 5 0.75
4 4 0.82
5 4 0.85
2z 1 7 ~2.86
6 ~6.56
3 1 5 ~25.02
6 30 -1.15
4 1 19 0.73
6 13 ~36.48
5 1 5 -4.98
6 1 6 -54.02
7 2 12 0.67
9 2 4 ~12.95
4 20 0.88
5 8 0.76
2 1 7 0.52 Tupyl (1977)
3 24 0.54
4 15 ~-0.23
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Figure 39. Predicted (line) and actual (+) ISF effluent (VSS) for ISF model validation using
field scale units studied by Tupyi (1977).

Table 23. Special correlation coefficients relating actual (measured) and predicted (ISF model)
effluent VSS concentrations for field units (Tupyi 1977) containing media > 0.28 mm
effective sand size (e').

. No. of ' R
Mo BT mpldodes O :
(Samples) A 0.8100x 0.53142 0.3874A 0.3138x
2 2 9 0.40 0.54 -0.96 -0.98 0.91 0.84
3 26 0.44 0.62 0.62 0.86 0.89
5 5 21 0.40 0.31 0.83 0.83 0.76 0.82
6 7 0.29 0.85 0.85 0.79 0.86
7 4 0.38 0.46 0.46 0.92 0.96
8 6 0.35 0.59 0.59 0.81 0.85
1 3 10 0.68 0.53 0.95 0.86
2 30 0.29 0.76 0.83
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filtered wastewater lagoon effluent. It was
also concluded (from observed magnitude of
removals for the larger e' media) that the
sand phase affects the filtration process
in only a minor way for the larger c¢' media.
The SAL portion of the ISF model almost
totally dominates the removal of filter
influent VSS. It was assumed that the SAL
model remained unchanged for the larger ¢’
sand systems.

Because of lack of data for &' values
intermediate between 0.17 and 0.40 mm, it was
also assumed that the ISF X coefficients
would be valid for &' < 0.28 mm (0.28 mm &'
is the mean value of 0.17 and 0.40 mm <€').

Implementation of the model for operating ISF
systems where €' > 0.28 mm involves using
the reduced values of A (Table 24). The
program used to predict [VSS] contains
a step which reduces X coefficients (Table
19) established in model development and
calibration.

The predicted and actual [VSS] field
data for the 0.40 mm and 0.68 mme' ISF
systems ([ 20,17 mm €'1*¥0.3138) are grapbi-
cally displayed in Fi%ures 40, 41, and,
42 respectively. In all cases, the model
predictions were accurate estimates as tO
what Tupyi measured as actual filter effluent
[vSS] for the larger €' filtration systems
(Table 23).

Table 24. Sand phase filtration term (X) for ISF systems containing effective sand size media
> 0.28 mm.
DML
Layer (1) A Layer (2) x Layer (3) A Layer (4) A
Range -1 -1 -1 -1
No. cm cm cm cm
I11 .1606¢-01 .1596¢-01 .3963¢-02 .8190e-02
1T .1419¢~01 .3951e-02 .1673¢-01 .5699¢-02
I .1123g~01 .9765¢-02 .6270e-02 .7305e=02
- <T .1403e~01 .9765¢-02 .6270e-02 .3367¢~02
<1 L2425¢~01 .128%¢-01 .7525¢-02 Al14e-02
Table 25. Fraction of influent VSS removed by layer for ISF systems containing effective sand

size media > 0.28 mm.

Rgzge layer (1) Layer (2) Layer (3) lLayer (4)
— No.
IIY 0.08 0.04 0.03 0.39
II 0.07 0.01 0.12 0.29
I 0.06 0.02 0.05 0.36
<I 0.07 0.02 0.05 0.19
<I 0.11 0.03 0.06 0.22
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SECTION VI

ALTERNATE ISF MODELS

The ISF model consists of two distinct
portions (SAL and sand phases). The sand
phase model (Equation 81) was developed
utilizing four sand layers; therefore, a set
of four empirical x coefficients were quanti-
fied for each of five DML ranges (Table 19).
This 20 empirical A coefficient sand phase
model should describe the operation of any
field operational ISF system operated at
or below the DML ranges studied in this
research.

A modified 1ISF model was developed in
which a functional relationship between A and
filter depth was substituted for the 20
empirical X coefficients. A third model was
described which simplified the modified
ISF model by removing the SAL component of
the model. This simplification was rational-
ized because the distinct SAL which developed
in the laboratory did not develop to the same
extent in the field. Desiccation and wind
factors in the field caused disturbances of
the SAL which did not occur in the labora-
tory. Removal of the SAL portion from the
modified ISF model required that the mass of
algae which was deposited to the SAL (satura-
tion type function, Equation 39) in the first

two models be distributed instead to the top
layer of sand. The functional relationship
between A and depth was then recalculated
to describe a simplified ISF model in which
the sand accounted for all removal of VSS
from the wastewater stabilization pond
effluent being filtered,

In both the modified and simplified ISF
models, the sand layers (Table 9) were
changed such that the integration process was
utilized upon 30 1-inch (%.54 cm) layers of
sand. The fact that the layer thickness (DZ)
was decreased to 1 inch and that both sub-
sequent alternate ISF models utilized
a functional relationship for X, negated
model calibration. If the functional
relationship(s) for A are valid, each alter-
nate ISF model should accurately predict
filter effluent quality.

Modified ISF Model

Sand phase filter terms calculated from
laboratory data (listed in Table 13) were
plotted versus filter depth (Figure 43). The
depth for each of the four layers (Table 9)

T ~0.7285
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Figure 43.
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Sand phase filter term as a function of filter depth for the modified ISF model.



was assumed to be the mean depth for that
layer {layer 1: 2.54 cm; layer 2: 6.35 cm;
layer 3: 11.43 cm; layer 4: 453.72 cm).
The functional relationship between X and
filter depth in cm was concluded to be:

0.7285 (84)

A = 0.7821e-01 * (DEPTH)
where the linear regression correlation
coefficient was 0.889 for the 1n-In plot of
these data. The values of X calculated for
each 1 inch layer (Equation 84) were sub-
stituted into the sand phase model (Equation
81). Filter effluent was predicted as the
effluent value from the 30th layer. The data
for two of the laboratory columns are graphi-
cally displayed in Figures 44 and 45 (columns
5 and 6 respectively). This modified ISF
model included the SAL model (Equation 52).

Table 26.

The special correlation coefficient
(Equation 82) was utilized to quantify
the accuracy of the modified ISF model in
predicting actual laboratory effluent
(V5S8) values. The Ry valyes, listed im
Table 26, will be discussed after the simpli-
fied ISF model has been developed. Included
in Table 26 are Rg values for the ISF model
and the simplified ISF model so that analyses
of the comparisons between the ISF model and
the two alternate ISF models utilizing
laboratory data were possible.

Simplified ISF Model

The simplified ISF model describes the
ISF unit as a one phase (sand) system. The

algal mass which was distributed to the SAL
in the two previous models was instead forced

Special correlation coefficients relating actual

{measured) and predicted (model) effluent VSS con-
centrations for laboratory data.

Ry
Run Column E("Nis"defs Layer ISF Model Modified ISF Simplified ISF
No. No. Sa;hléz) No. (20 Empirical A Model Model
P Coefficients; (x = F(depth): (y = F(depth);
SAL Included) SAL Included) Without SAL)
1 1 4 1 0.95 0.93 0.94
2 0.92 0.91 0.91
3 0.92 0.88 0.85
4 0.82 -0.70 -0.03
2 4 1 0.99 0.98 0.98
2 0.96 0.96 1.00
3 0.85 0.91 0.98
4 ~2.53 -27.50 -16.70
3 i0 1 0.94 0.92 0.94
2 0.90 0.87 0.91
3 0.86 0.80 0.84
4 0.65 0.63 0.85
4 9 1 0.97 0.96 0.97
2 0.96 0.96 0.94
3 0.94 0.92 0.90
4 0.57 -0.66 0.08
5 10 1 0.96 0.95 0.98
2 0.87 0.85 0.88
3 0.94 0.91 0.90
4 0.52 0.43 0.56
6 19 1 0.96 0.94 0.89
2 0.91 0.88 0.78
3 0.90 0.88 0.74
4 0.72 0.72 0.63
7 8 1 0.86 0.90 0.69
2 0.93 0.96 0.91
3 0.95 0.96 0.96
4 0.88 ~0.10 0.00
8 8 1 0.92 0.90 0.89
2 0.92 0.90 0.90
3 0.71 0.76 0.70
4 0.67 0.00 -0.06
9 19 1 0.83 0.79 0.87
2 0.75 0.68 0.80
3 0.66 0.61 0.74
4 0.49 0.42 0.56

o
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into the top layer (two inches, Table 9) of
sand. The sand phase filter term was desig-
nated in this formulation, as Y. The
values of vy were recalculated for the top
layer of sand, and pertinent data are
listed in Table 27. These values of vy, and
those filter terms (A) for layers two, three,
and four (Table 9) listed in Table 13 were
plotted versus mean filter depth (Figure 46)
to obtain the functional relationship between

vy and depth:

where the linear tTegression correlation coef-
ficient was 0.933 for the ln-1n plot of these
data. The Y values for each one inch layer
calculated from Equation 85 were substituted
into Equation 81 to obtain predicted filter
effluent (VSS) values. The data for columns 5
and 6 are represented in Figures 47 and 48,
respectively. This simplified ISF model does
not include the SAL model.

The special correlation coefficient was
calculated to determine the accuracy of the

y = 0Jﬂ28*(DEFHD-OJMB&. . (85) simplified IS8F model in predicting actual
Table 27. Sand phase filter term, vy, for sand layer (1) of laboratory filter run 1.
DML Slope
Range Coizumn I‘?}g" E?SAD do/dAML Y 1
No. 0. cm/day ay V/V/Mass Loaded cm
I1T 1 65.50 10.04 0.5768¢-07 0.6310e-01
ITr 2 65.50 16.04 0.8787e-07 0.9613e-01
111 4 46.78 7.17 0.7822e-06 0.8556¢e-01
IT 5 46.78 7.17 0.8779e~06 0.9603e-01
11 7 28.08 4,30 0.1138e-05 0.1243
I 3 65.50 10.04 0.7843e-06 0.8580e-01
I 8 28.08 4.30 0.9032¢e~-06 0.9871e=01
<I 6 46.78 7.17 0.6682¢~06 0.7309%-01
<1 9 28.08 4.30 0.9739e-06 0.1064
~09934
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laboratory effluent values (Table 26).

Comparison of the three models for the top
three layers (Table 9) resulted in the
conclusion that there was no consistent
difference in accuracy among the three models
for the laboratory data. In layer four
(Table 9), the ISF model was better in four
of the nine columns. Because the actual
(measured) data for the laboratory filter

64

effluent was suspect (analytical values were
at or below procedure sensitivity) and
because five of the nine columns gave com-
parable results, the three models were
concluded to be equivalent in ability to
predict the laboratory data. As a test on
the field data, the three models were com-
pared in Section VII (validation of the
modified ISF and simplified ISF models).



SECTION VII

VALIDATION OF ALTERNATE ISF MODELS

Field data collected by Harris (1977)
and Tupyi (1977) were run on the computer
utilizing both alternate models. The field
mass loading data (DML, AML) are quantified
in terms of laboratory scale filter units for
the validation of the alternate ISF models.
The modified ISF model consisted of a SAL
component (from the ISF model) and a sand
phase ‘component where A was described as a
function of filter depth (Equation 84)., The
simplified ISF model consisted of only a sand
phase component where the sand phase filter
term, Y, was described as a function of
filter depth (Equation 85).

In analyzing those filter units which
contained media of larger effective sand size
than 0.17 mm (the 0.40 and the 0.68 mm ¢'
units), the correction factor utilized to
describe the decreased VSS removals of the
larger ' media was 0.3138.

The special correlation coefficients
(Equation 82), calculated utilizing all of
the field data for the alternate ISF models,
are listed in Table 28, Included in this
table are Rg values for the ISF model so
that the predictions from each of the alter~
nate models and the predictions from the ISF
model could be compared.

Table 28. Special correlation coefficients relating actual (measured) and Predicted (model)
effluent VSS concentrations for the field data (Harris 1977, Tupyi 1977).
. . Effective ISF Model Modified ISF Simplified ISF
Run Filter No. of Episodes g 'ci,e. (20 Empirical Model (A=F (depth); Model (y=F (depth);
No. No. (Samples) bl A Coefficients) SAL Included) Without SAL)
(Harris,
1977)
1 1 6 0.17 0.66 -0.53 0.45
2 5 0.17 0.76 0.51 0.79
3 5 0.17 0.75 0.00 0.42
4 &4 0.17 0.82 0.47 0.42
5 4 0.17 0.85 0.49 0.51
2 1 7 0.17 -2.86 -6.,29 -1.77
6 6 0.17 -6.56 -13.04 -2.65
3 1 5 0.17 -25.02 ° ~56.97 -28.74
6 30 0.17 -1.15 -3.16 -0.05
4 1 19 0.17 0.73 -0.03 0.76
6 13 0.17 -36.48 . ~-101.32 ~50.09
5 1 5 0.17 -4.98 -10.03 ~1.78
6 1 6 0.17 ~54,02 -295,93 -179.07
7 2 12 0.17 0.67 0.90 0.76
9 2 4 0.17 -12.95 ~-97.62 -42.58
4 20 0.17 0.88 0.67 0.82
5 8 0.17 0.76 0.31 0.94
(Tupyi,
1977)
2 1 0.17 0.52 0.24 0.33
3 0.17 0.54 0.22 0.57
4 0.17 -0.23 -2.,67 -1.30
2 22 0.40 0.84 6.48 -0.48
-3 0.40 0.89 0.89 0.92
5 52 0.40 0.82 0.85 0.90
6 0.40 0.86 0.95 0.96
7 0.40 0.96 0.93 0.90
8 a 0.40 0.85 0.95 0.55
1 3 0.68 0.86 0.28 -0.33
2 ' 0.68 0.83 0.92 0.90

&
Y.68 me' * 20.40 mm et = (%.17 am e’) * 0.3138
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Modified ISF Model

Predicted and actual filter effluent VSS
concentrations were plotted versus AML for
both sets of field data. The modified ISF
model was more accurate than the ISF model in
only one of the 17 filter rums (Harris
1977) analyzed (experiment 7-filter 2). The
graphical representation of this single
case along with two other filters (experiment
9-filters 4, 5) are presented in Figure 49.
In these latter two filters, as well as the
other 14 filters, the modified ISF model was
less accurate tham the ISF model in predict-
ing the filter effluent (VSS) values measured
in the Harris study (Table 28).

-

In the statistical analysis of the field
data from Tupyi (1977), the modified ISF
model was more accurate than the ISF model in
three of the 11 filters studied (Figure 50:
experiment 6-filter 5, experiment 8-filter 5,
experiment 2-filter 3). Comparable results
were obtained in three of the remaining nine

filters (Figure 51: experiment 3-filter 2,
experiment 7-filter 5, experiment 5-filter
5).

Simplified ISF Model

Better results were obtained when the
second alternate ISF model was applied to the
field data (Table 28). Predicted filter ef-

RNND, 7 FILTER NO. 2 H.-8.% M&FD

a T T T T T T
] 2005 +aaa S 27,7 ] 19802 1000 1438
A, MG LOADED
" 2

RNN). 9 FILTERNO. ¢+ HB.% MFD

I I
| o

12025
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I !. i
15000 160 218W 243D
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Figure 49.

5
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Predicted (line) and actual (+) ISF effluent (VSS) for modified ISF model valida-

tion using field scale units studied by Harris (1977), effective sand size 0.17

mm.
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Modified ISF model with A as a function of depth.
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fluent (VSS) values were calculated utilizing
the simplified ISF model and were plotted
with actual (VSS) values versus AML for the
Harris field data. The simplified model
yielded more accurate predictions of filter
effluent (VSS) quality than the ISF model in
two of the 17 filters studied by Harris
(Figure 52: experiment 7-filter 2, experiment
9-filter 5). Comparable results were obtain-
ed in 11 of the remaining 15 filters; four of
the 11 cases are represented in Figures 52
and 53 (experiment l1-filter 2 and experiment
4-filter 1, experiment 9-filter &4, experiment
3-filter 6). The simplified ISF model was
less accurate than the ISF model in four
cases (Table 28: experiment 1-filters 1, 3,
4, 5). 1In these four cases, the VSS concen-
trations predicted by the simplified ISF

68

model were consistently less than 3 mgst
while the corresponding actual VSS concen-
trations were consistently less than 1 mg/%.

Predicted and actual filter effluent VSS
concentrations were plotted versus AML for
the Tupyi field data (Figures 54 and 55).
The computer program is listed in Appendix F.
The simplified model was more accurate than
the ISF model in three of the 11 filters
analyzed (Figure 54: experiment 5-filter 5,
experiment 6-filter 5, experiment 2-filter
3). Comparable results were obtained in
three of the remaining eight filters (Figure
55: experiment 3-filters 1, 2, experiment
7-filter 5).
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SECTION VIII

DESIGN CONSIDERATIONS

ISF Filtering Efficiency

In the simplified ISF model, the sand
filter is divided into 30 one inch (2.54 cm)
layers; each layer having a v value (Equation
85). In 30 steps, the VSS concentration in
the wastewater stabilization pond effluent
was decreased such that the same removal was
obtained at all input VSS concentrations and
hydraulic loading levels analyzed in this
research. The linear relationship between
effluent and influent [VSS] is presented
(Figure 56) for 0.17 mm ¢' filters and for
filters containing 0.40 or 0.68 mm ¢'
media. The simplified ISF model quantified
84.6 percent VSS removal for 0.17 mm ¢’
filters and 44.4 percent VSS removal for the

loading rate utilized in the laboratory phase
of this research was 0.7 mgad. Laboratory
data were used to developy as a function of
filter depth (Equation 85); therefore,
a maximum allowable hydraulic loading rate of
0.7 mgad is applicable to the simplified
ISF model.

The highest mass loading utilized in the
laboratory was 687 mg/day/column. The expres-
sion equating laboratory DML rates and field
scale mass loading rates is:

Daily Mass Loading to
L to Field Unit

_ | Hydraulic Loading
aboratory Filter (DML)

0.40 and 0.68 mm &' filters. (mg/day) (mgad)
Application of this simplified ISF model
is subject to limitations concerning hydrau-
lic loading rates and total mass loaded to x [vss]x 14.388
the filter units. The maximum hydraulic (mg/2) B €:19))
BEH7.8 4
ama EFFECTIVE SAND SIZE: 0.40 mm
| 0.68 mm
|85
> = EFFLUENT [VSS] = 0.556 % INFLUENT [vss]
€
- e B g8 EN
‘@
0
\Z.l pe: 7 R L
‘,—
&
%“ 2z2.x -
& EFFECTIVE SAND SIZE: 017 mm
W 8.9 - Va
TR L
. - EF!T‘LUENT [vss] = 0.154 % |NFLUEr~fT [vss]
1a.n a4 BE.a B2 B Tae B2 as.a s

e

Figure 56.

0.68 mm ' filters:

Effluent [VSS] as a function of influent [VSS] for 0.17 mm ¢
simplified ISF model.
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A = the value of the function when SSL
= 1.0 g/m2.day
B = the control parameter for the

shape of the curve

The nonlinear decrease in days to plug with
an increase in SSL was described best with a
log-log relationship.

log (days to plug) = log A - B log (SSL)
When the log of days to plug (dependent
variable) is plotted versus the log of SSL
(independent variable), the slope of the
linear regression line is B and the intercept
is log A.

Table 29. Data for prediction of ISF period
of operation for lagoon effluents
during normal operation with a sand
of 0.17 mm effective size (Harris
1977 and Tupyi 1977).

Mean Suspended
. Days Influent Hydrat.xlic Soplids
Run Filter ¢ Loading
Yo. No. o Suspended Rate Loading,
Plug Solids, d’ S8L,4
mg/ L mga g/m2+day
Harris
3 1 32 29.1 0.4 10.89
5 1 36 29.3 0.4 10.96
4 2 27 22.8 0.6 12.80
5 2 17 33.4 0.6 18.74
8 2 15 23.4 0.6 13.13
5 3 13 26.0 0.8 19.45
5 4 5 16.5 1.0 15.43
6 4 5 23.1 1.0 21.61
7 4 6 43.5 1.0 40.69
8 4 8 40.8 1.0 38.16
9 4 143 30.8 0.4 11.52
5 5 5 16.5 1.0 15.43
6 5 5 23.1 1.0 21.61
7 5 7 43.5 1.0 40.69
9 5 58 18.9 0.4 7.07
10 5 20 45.7 0.4 17.10
13 5 7 19.9 1.0 18.61
1 6 6 10.9 2.0 20.39
3 6 189 27.4 0.2 5.13
4 6 88 38.6 0.2 7.22
4 1 130 28.1 0.4 10.51
6 1 42 47 .4 0.4 17.73
7 2 80 29.1 0.4 10.89
9 2 26 61.4 0.6 34.46
Tupyi
1 3 280 23.0 0.2 4.30
1 1 11 44.8 0.4 16.76
2 1 36 31.2 0.4 11.67
3 1 166 13.8 0.4 5.16
4 1 . 103 24.7 0.4 9.24
a :
Stigsg:zdtgoiais ~ Hydrauli? Loading
Filter (SSL), | to Filter,
g/mZ-day mgad
Suspended Solids
* [ Conc., mg/ & ] x[0.9353]
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The expressions predicting length of
filter operation for the three effective size
sands (¢') are:

1.733

Days to plug= 2529 (SSL) (e"=0.17mm) . . (89)

Table 30. Data for prediction of ISF period
of operation for lagoon effluents
during normal operation with a sand
of 0.40 mm effective size (Tupyi
1977).

Mean . Suspended
Hydraulic .
Run Filter Days Influent Zoading Sol%ds
No. Yo. to Susp?nded Rate, Loading,
Plug Solids, moad S8L,
mg/ 8 g g/m?-day

1 2 6 39.6 1.5 55.56

2 2 37 37.0 1.0 34.61

3 2 177 11.3 0.4 10.57

4 2 17 32.4 O.4b 30.30

5 2 30 34.0 1.0 31.80

1 5 3 44.9 3.0 125.99

2 5 7 42.4 2.0 79.31

3 5 18 24.7 2.0 46.20

5 5 148 10.1 2.0 18.89

6 5 42 25.2 2.0 47.14

7 5 23 27.6 2.0 51.63

8 5 37 21.8 1.0 20.39
a "

S;zzjiizdtioiizs -[:Hydrauli? Loading]

. = to Filter,
Filter (SSL), 4
g/m2-day mea
Suspended Solids
* [ Conc., mg/% ] x [0.9353]

bLoaded twice weekly.

Table 31. Data for prediction of ISF period
of operation for lagoon effluents
during normal operation with a sand
of 0.68 mm effective size (Tupyi
1977).

Mean Suspended
Days Influent H{:;i;ﬁ;c Solids

Run Filter Suspended Rate Loading,
No. No. Plug Solids, mgad, $SL,

mg/ L g/mé. day
1 3 46 38.2 1.5 53.59
2 3 196 15.8 1.0 14.78
1 4 11 44.9 3.0 125.99
2 4 23 35.4 2.0 66.22
4 4 152 14.2 2.0 26.56
5 4 84 34.1 1.0 31.89

Suspended Solids
Loading in the

Hydraulic Loading
Filter (SSL), = to Filter,

¢/m2-day mgad
x | Suspended Solids
[ Conc., mg/ 2 x[0.9353]
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~1.625

Days to pilug= 8,859 (SSL) (¢'=0.40mm) . . (90)

~1.445

Days to plug= 12,350 (SSL) (e' = 0.68mm) .9

The correlation coefficients for the
three equations are 0.801, 0.900, and 0.979,

respectively. All are significant at the 5
percent level.

It is not recommended that sands with
effective sizes of greater than 0.35 mm be
used to polish wastewater stabilization pond
effluents if a 30 mg!ﬁ BODs and suspended
solids effluent quality is required. The
quality of effluent expected from the 0.40
and 0.68 mm effective size sands can be ob-
tained from the report by Tupyi (1977).

Prediction of Length of Filter Operation
for Lagoon Effluents Having Calcium
Carbonate Precipitation Problems

Upon examination of all the field data
(Harris 1977), it was observed that there was
a definite decrease in the period of opera-
tion for some of the filter units as compared
to the run time predicted by Equations 89,
90, and 91. Therefore, a special case was
defined for situations where high algal
growth (and resultant high pH) in secondary

200
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€60

40

PERIOD BETWEEN CLEANINGS, DAYS

20

1 EH g i i

D

O

wastewater stabilization ponds occurred in
the presence of high calcium hardness. At pH
levels greater than 8.3 pH units, the bi-

carbonate-carbonate equilibrium system shifts
towards increased carbonate concentratiouns.
Given the presence of calcium ion (Catt,
prevalent in hard waters), the following
precipitation reaction occurs:

ca™ + coz + CaCOy ¥+ - - o - - (92)
The result is that the ISF develops a
"plaster-like" surface crust (Harris 1977}

which shortens filter rum time. Pert inent
field data illustrating this phenomenon of
decreased length of operation are listed in
Table 32, Days to plug were plotted versus
corresponding SSL values in order to obtain
the functional relationship between these two
parameters for the special case (Figure 61).
The functional form is:

-1.119

. -

Days to plug = 319 (88L) (93)

with a correlation coefficient of 0.948
calculated when the log of the days to
plug was plotted versus the log of the SSL.
In comparing the results of Equations 89-91

€ = 0.68mm
~1.445
AYS =12,350(85L)
fom= 0.979 )

n=6 data points
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8S LOADING , GRAMS;’mQ.DAY

Figure 6.
effective size sand.
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Period of filter operation as a function of 881, for filters containing 0.63 mm
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Figure 6l. Period of filter operation as a function of SSL for lagoon effluents having calcium
carbonate precipitation problems.

Table 32. Data for prediction of ISF period of operation for lagoon effluents having calcium
carbonate precipitation problems (from Harris 1977).

Run Filter o1 Mean dInflSuen‘td Hig;;ﬁ;c Suspgt:tded goiigs u PHf
No. Xo. Days to Plug Suspended Solids Rate, Loa 1n%, SL, ean In %uent
mg/ L ngad g/mZ-day pH Unit
1 1 37 19.6 0.4 7.33 8.8
2 1 25 29.9 0.4 11.19 8.6
1 2 35 12.4 0.6 6.96 8.7
2 2 9 55.2 0.6 30.98 9.1
3 2 12 39.5 0.6 22.17 8.8
6 2 15 27.8 0.6 15.60 8.5
1 3 30 | 12.4 0.8 9.28 8.7
2 3 7 54.3 0.8 40.63 9.2
3 3 9 39.8 0.8 29.78 8.8
4 3 19 16.8 0.8 12.57 8.4
1 4 28 11.49 1.0 11.13 8.8
2 4 3 55.7 1.0 52.10 9.2
3 4 4 47.1 1.0 44,05 8.8
4 4 10 16.8 1.0 15.71 8.5
1 5 23 10.5 1.2 11.79 8.8
2 5 3 55.7 1.2 62.52 9.2
3 5 9 39.8 1.0 37.23 8.8
4 5 10 16.8 1.0 15.71 8.5
8 5 3 40.8 1.0 38.16 8.7
2 6 42 29.6 0.2 5.54 8.9
11 5 7 32.6 1.0 30.49 8.6
12 5 13 13.9 1.0 13.00 8.9
a
Suspended Solids Loading Hydraulic Loading .
[ to the Filters (SSL) ] = [ to Filter ]x[s“zpe“de‘i S‘;;’“‘ﬂx [0.9353]
g/m2-day mgad onc., mg
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and 93 (both with 0.17 mm effective size
sand) over the range of 8SL levels studied in
the field, it was concluded that filtration
systems receiving wastewater stabilization
pond effluents bhaving calcium carbonate
precipitation problems will operate for
approximately one half the period of time as
compared to those effluents without calcium
carbonate precipitation problems at suspended
solids loading rates of 10 g/mZ.day. How-
ever, at suspended solids loading rates
greater than 10 g/m2.-day the period of
operation between cleanings becomes es-
sentially equal. This is attributable to
the characteristics of the log-log relation-
ship where the line of best fit becomes
asymptotic. Also, at higher suspended scolids
loadings the formation of the crust requires
more time than is available before the filter
plugs from trapping solids.

Application of Equations

Table 33 shows the period of operation
between cleanings for 0.17 mm effective size
sands for various hydraulic loading rates and
filter influent suspended solids concentra-
tions. The periods of operation were calcu-
lated using Equation 89, and an example
calculation is shown in Table 33. Therefore,
the results should be used only as a guide to
estimate the frequency of cleaning that can
be expected in a field operation. As shown
in Figure 58, considerable variation from the
prediction equation can be expected.
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Table 33. Periodof operation for 0.17 mm ef-
fective size sand for various hy-
draulic loading rates and filter
influent suspended solids concen-
tations based on Equation 89.

Period of Operation for 0.17 mm

Hydraulic Effective Size Sand, Days

Loading
Rate, Concentration of Suspended Solids
mgad in Filter Influent, mg/%
20 30 40 50 60 70 80 90 100
0.1 854al 423 257 175 127 97 77 63 53
0.2 2577 127 77 53 38 29 23 19 16
0.3 127 63 38 26 19 15 12 9 8
0.4 77 38 23 16 12 9 7 6 5
0.5 53 26 16 11 8 6 5 4 3
0.6 38 19 12 3 6 4 3 3 2
8period of operation =
Hydraulic\ /Filter Influent -1.733
Loading Suspended
2529 Rate, Solids Conc., (0.9353)
mgad mg/ L
= 2529 [(0.2)(20)(0.9353)]7 173 = 257 days



SECTION IX

SUMMARY AND CONCLUSIONS

Design parameters based upon influent
suspended (S5) and volatile suspended solids
(VSS) concentrations and hydraulic loading
rates were evaluated in this research.
Functional relationships and coefficients
describing the efficiency of the ISF process
were developed based upon laboratory data
from filter units containing 0.17 mm effec-
tive sand size {(¢') media. Adequate SS and
VSS removals were observed for the 0.17 mm
' sand filters. Field data from other
studies using filter umits containing 0.17,
0.40, and 0.68 mm €' sand were also evaluated
using the models. Sand sizes larger than
0.17 mm ¢' did not produce effluents satisfy-
ing a federal secondary standard of 30 mg/#
of SS when the filter influent suspended
solids were predominantly algae.

On the basis of the amnalysis of the
special correlation coefficient (Rg) values
for the laboratory filter units (Table
26) and for the field units (Table 28), it
was concluded that the ISF and simplified ISF
models were comparable in predicting ISF
effluent (VSS) quality. The simplified ISF
model consists of a single component (the
sand phase) which contains no empirical
coefficients; instead, a single functional
relationship (Equation 85) defines the sand
phase filter term, Y. It is the simplified
1SF model which can most easily be utilized
by engineers in analysis of the design
parameters of influent VSS concentration
levels and hydraulic loading rates.

SECTION X

RECOMMENDATIONS FOR FURTHER STUDY

Filtration systems containing sand
media of ¢' values intermediate to the 0.17
and 0.40 mm e¢' sand should be evaluated.
The sand phase filter term (y) should be
developed for these intermediate €' values
so that the simplified ISF model could be
used with all size sands.
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ISF systems receliving wastewater stabi-
lization pond effluents containing algal
species other than those present in the Logan
lagoon system should be evaluated to deter-
mine the effects of variation of algal
populations upon the performance of the ISF
process in polishing wastewater stabilization
pond effluents.
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APPENDIX A

DETERMINATION OF INITIAL ESTIMATES FOR THE SAL DECAY COEFFICIENTS

WHICH WERE UTILIZED IN ISF MODEL CALIBRATION

Method 2: Simplified Empirical
Definition of the Final VSS
Concentration Out of the
SAL, Coytk

An alternate development of the SAL
Model decay coefficient was achieved by
empirically defining the final VSS concen-
tration out of the SAL (Cguyrp) without
consideration of the physical removal and
sloughing concepts. Such development of
Couyr included analysis of [VSS] within the
sand column as a function of depth. Given
this functional relatiomship, the [VSS] at
zero depth was Coyrg. Figure 7 indicated
that most of the specific deposit, g,
occurred near the surface of the sand. Since
mass flux is assumed to totally account for
this ¢ (Equation 66) [VSS] would also exbibit
a similar nonlinear decrease with depth. The
natural log (ln) of [VS88] was plotted versus
filter depth for each episode (sampling) for
each column of laboratory filter run 1;
the data are listed in Table 34. Included in
this table are column influent [VSS] as well
as 2 inch effluent [VSS]; Cpyre should have
values intermediate between these two concen-
trations. To grapbhically display the func-
tional relationship between the decrease in

Table 34. COUT
ent data.

[v8S] with filter depth, column 1 (DML 687
mg/day) data are represented in Figure 62,

Given known values for Cqprg, Equation
49 can be solved directly for the empirical
decay coefficient, ce:

—1_/ SALC
ce, day = = \CIN-"‘E‘ ddm]' Covre

DHL * 107

SALC (94

The values of ce, so determined were plotted
versus AML in order to determine whether it
was a coefficient (constant). The magnitude
of ce varied initially and was constant
thereafter. Mean ce values for each column
were calculated utilizing these latter values
and are listed in Table 35.

The approximate estimates for the decay
coefficient {(ce, underlined values in Table
35) were utilized as initial guesses for the
values of cd in the SAL model (Equation 52)
when the ISF model was calibrated using
laboratory data.

» the final [VSS] out of the SAL, as calculated from sand column layer efflu-

2
Column : c R
No. Episode Day Columm Inf, QUTE 2" Eff. Linear Regression
(DML No. No. mg/ £ mg/ L ng/ L 1n [vsS8] vs Depth
Range)
1 1 1 69 30 27 0.99
(I11) 2 3 76 41 38 0.99
3 6 70 55 40 0.99
4 9 67 65 50 0.99
2 1 1 46 25 18 0.99
(I1T) 2 20 55 31 27 0.99
3 26 47 29 26 1.00
4 31 43 36 27 1.00
4 1 1 69 24 26 0.82
(I11) 2 7 67 41 40 0.99
3 13 67 59 44 0.99
4 20 77 60 42 0.98
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Table 34.

Continued.

Column o R?'
No. Episode Day Columm Inf. TOUTE 2" Eff. Linear Regression
(DML No. No. mg/ L mg/ mg/ & in [vss] vs Depth

Range)

5 26 66 53 40 1.00

6 31 60 29 28 0.82

7 35 67 31 31 0.99

8 39 70 43 38 1.00

g 44 52 43 32 1.00

5 1 3 51 20 22 0.61
(11 2 6 47 24 27 0.11
o 3 9 47 29 26 0.99
4 16 47 34 24 0.99

5 20 55 30 32 0.86

6 26 47 28 27 0.90

7 31 43 34 19 0.99

8 35 49 17 19 0.89

9 39 50 15 19 0.08

10 44 40 40 20 0.99

7 1 3 76 22 14 0.86
(11) 2 9 67 24 15 0.86
3 20 77 40 37 0.98

4 26 66 36 32 0.99

5 31 60 19 16 1.00

6 35 67 26 19 0.94

7 39 70 27 26 0.98

8 44 52 25 21 0.98

. 3 1 1 23 10 7.5 0.60
. ’ (1) 2 3 25 13 14 0.95
3 6 24 12 9.7 0.84

4 9 25 18 13 0.83

5 16 25 20 17 0.98

6 31 24 15 15 0.99

7 35 28 16 13 0.98

8 39 25 15 12 0.98

9 44 24 12 9 0.95

10 51 23 17 18 0.97

8 1 3 51 12 10 0.90
(1) 2 9 47 25 25 0.98
3 20 55 35 32 1.00

4 26 47 35 29 1.00

5 31 43 11 13 0.%4

6 35 49 25 23 1.00

7 39 50 18 18 0.96

8 44 40 14 19 0.65

6 1 3 25 16 18 ¢.78
(<I) 2 [ 24 20 17 0.96
3 g 25 21 21 0.96

4 13 25 23 13 0.37

5 16 25 25 18 0.91

6 20 30 26 26 0.99

7 26 26 20 19 0.94

8 31 24 23 16 1.00

9 35 28 22 13 0.97

10 39 25 17 17 0.99

11 44 24 16 19 0.83

12 51 23 13 10 0.84

13 58 23 17 15 0.99

14 65 22 9.1 6.4 0.10
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Table 34. Continued.

Column c Rz
No. Episode Day Column Inf. OUTE 2" Eff. Linear Regression
(DML No. No. mg/ % mg/L mg/ L in [vss] vs Depth
Range)
15 72 19 13 15 0.55
16 78 20 13 9.4 0.97
17 86 18 7.0 10 0.37
18 91 16 5.4 12 0.01
19 93 20 8.3 8.1 0.77
9 1 3 25 9.6 12 0.62
(<1) 2 6 24 2.1 3.5 0.45
3 9 25 19 20 0.93
4 13 25 20 12 0.92
5 16 25 8.4 8.9 0.98
6 20 30 20 21 0.94
,,,,,,, - 7 26 26 11 14 0.78
8 31 24 6.6 5.8 0.99
9 35 28 11 11 0.30
10 39 25 10 12 0.92
11 44 24 13 10 0.97
12 51 23 5.9 12 0.05
13 58 23 13 16 0.15
14 65 22 4.0 7.6 0.02
15 72 19 4.9 5.5 0.65
16 78 20 4.7 3.4 0.41
17 86 18 4.5 6.9 0.74
18 91 16 8.2 10 0.05
19 93 20 11 14 0.80
Table 35. Empirical decay coefficient, ce.
Column(s) Number of r:e_~1 Standard DML
Values day Deviation Range
1 3 .3647e-02 .7781e-01
2 3 .3914e-01 .2644e-01
3 9 .1057¢-01 .2230e-01
4 8 .2869%e-01 2744e-01
5 9 .3188e-01 .2666e~01
6 18 .1929e-01 .2900e-01
7 7 .4903e~01 .1550e-01
8 7 .2648e~01 .1591e~01
9 17 .1950 .1338
1,2,4 14 .2556e-01 .4005e~01 111
5,7 16 .3938e-01 .2350e~01 11
3,8 16 .1753e-01 .2080e-01
3,8,6 34 . 184601 .2511e-01 <I
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APPENDEX B
DATA FOR LABORATORY PHASE OF EXPERIMENTATION

Table 36. V5SS data for influent, 1 inch, 2 Table 36. Continued.
inch, 3 inch, 6 inch (depth ports)
and effluent; mg/%.

DAY EPI COL INF 1IN 2IN 3 IN 6 1IN EFF DAY EPI COL INF 1IN 2IN 3 IN 6 IN EFF
1 1 1 K0.0 33.9 27.¢ 25,0 2%.0 7.3 83 19 & oo.p 13,2 8.1 R,6 7.4 5.7
3 ? 1 76,0 48,0 38.¢ 36,3 25.2 7.0 3 ! 7 76.0 25,8 14,7 18,m 23,7 3.8
6 2 { 7o.p sn.m 4n,r 20,3 36.0 2.9 8 2 T B7.F 22,0 15.0 27.0 23,7 5,0
9 4 1 R7.% B3, %a,p 4R.2 43~ 4,2 2 3 7 77.% 39,2 37,0 37,8 2.1 9.¢
1 1 2 48,7 17,0 18.7 2@.m 16,2 1.7 26 4 7 86,7 45, 32,7 28,7 2R.% 6,1

20 2 2 K50 20,0 27.2 25,4 14,8 1,4 31 5 7 A, ¢ 32,0 16,0 15,0 12,2 1,7

2K 2 2 47,7 31,8 25,7 21.3 {7.¢ 1.8 as £ 7 &7.4 29.p 10,0 20,7 24,7 3.9

31 ¢ 2 43,2 49,0 27.¢ 16,8 13,7 ¢€,P 39 7 7 70,2 24,0 26,7 24,0 (R 2 K6
1 1 T o3.m 18,2 7.8 R4 14.7 4.0 44 ] ? 82,7 20,0 21.7 20.% 21,7 4.7
3 z A% l2 23,0 14,0 11,9 1.2 5.7 3 1 B oKyLr 23,0 12,0 13,2 &7 3.9
& a 3 24.% 19,6 9,7 11,2 13,8 5.0 9 P 8 47.% 33.0 23,7 18,2 16,0 8.9
9 ] 3 25,5 27,.m (3.7 21,7 4.2 64 20 x 8 s5. 2 45,0 32,7 IA, B 24,0 5,2

18 5 3 o827 42,0 17,0 (18,7 17,7 3.5 26 4 & 47,7 3.0 20,7 28,7 2% 7 4.2

31 £ 3 04,7 I7.R 15,0 12,7 11,74 2.9 31 5 T 43,2 25,0 13,0 9,.p 4.4 A8

x5 b4 3 98,7 21,2 13,0 14,0 13,2 4,1 15 6 BoA0.7 4m,2 23,7 P2.p P1.c B0

29 R Y P8.% 13,0 12,7 11,0 12,8 2.1 39 7 2 e, r 28,7 (5.0 16,7 3.1 2,7

a4 a Y o4,0 15,0 9.0 13,0 KR 1.5 44 8 $ 47,2 21,0 19.0 14,0 6.0 4.2

51 1p 3 23 ¢ 25,0 18,7 11,0 9,7 1.4 3 1 9 ps.P (8.8 12,7 7.9 7.5 O8,A
1 1 4 60,0 56,0 26,0 17,7 22,2 12,0 6 ? 9 94,7 21,70 3.5 5.8 nm.e 2,0
4 ) 4 87,2 52,09 4r.0 35.7 39,0 11,4 ) a 9 pE._p 18,0 20,0 14,0 17,0 5,8

18 a 4 B7,0 49,0 44.0 42,7 39.0 3, 13 4 9 o5.6 33,0 12.7 22.7 14,7 2.2

o 4 4 77,7 54,2 47.C A1.m 4272 2,8 16 5 9 28,7 10,m A, 4,2 3.0 2.0

26 « 4 €6,0 37,0 40,0 33,0 28,0 2,9 29 5 9 32,7 32,0 21, 18,4 14,2 T .6

31 5 4 Rn,2 43,7 2R,m 32,0 17.8 17,0 26 7 2 26,0 19,0 14.0 9.9 6.9 4.3

15 y 4 £7.0 38,2 310 26.0 208.¢ 5.6 31 n 9 24,Mm 13.8 5.8 5.5 5.4 1,5

10 n A 7.7 44,0 38,7 3.7 25,7 3,1 35 9 9 28,7 17,0 11,0 12,0 11,0 12,0

44 9 4 32,0 32,4 3I2.M 27,7 22,7 7.8 39 e 9 25.n 12,7 12,7 8,6 £.8 2.8
b 1 " R{.¢ 49,8 20,0 24,0 8.9 7.8 a4 1 ® 24,7 13,0 10,0 12,8 2,8 0.9
® ? 5 47,0 6A.% 27,2 41,0 18.F 17.9 1 12 9 23,7 17.m 12,7 5,1 2.6 4.7
9 x 5 47.7 36,0 26.¢ 21,0 18,0 2.6 gy 9 23,0 1R.p 16,0 7.1 17.2 8.5

18 p % 47.7 43,0 24,0 14,0 14,7 2.0 €5 14 9 22,4 15,8 7.6 2,8 3¢ 5.9

el = s wx .~ 40,8 37,0 32,0 13,8 5.1 72 1K 9 19,8 14,0 5.5 4.7 4,9 6,2

28 £ 5 47.% 54,7 27.0 29,9 18,4 7.5 78 1€ 9 2e.0 3.1 2.4 6.1 6.3 7.5

i3 7 5 43,4 27.2 19.¢ 19,2 14.8 .0 R6 17 9 18,70 R,1 6.8 3.8 4.8 13,0

2% R % 49,7 26,m 10,7 15,2 12.¢2 7.@ 91 18 8 16,7 15,8 10,6 7.4 7.6 9.0

a0 9 X mo.w 29.M 19.¢ 15.2 1a.m 13,0 9% 1e 9 or.0 13,2 14,0 8.9 8.5 4,8

44 1o 5 go.0 36,7 20,0 23.0 17.0 0,0
3 1 € 25,7 13,8 18,¢ 15,9 12.2 9,2
8 2 £ 24,7 19,0 17,2 21.2 12,2 3.8
N 3 A 28.m 22,8 21,0 19,8 12,2 3.9 Table 37. VS8Sdata for influent and effluent;

13 4 6§ 280 48,7 13,7 27,8 2.7 11,9 mg/ L.

16 5 £ 25,7 18,0 18,0 28,0 18,0 5.6

2 £ % xn.0 3p.m 26,0 24,0 22.7 13.0

78 t 8 26,7 22,0 19,7 20,0 12.7 5.0

3 8 § 04,0 21,4 16,7 13,8 P.2 2.0 DAY EPI COL INF  EFF

38 9 8 08,7 9,8 13,2 16,0 16,7 7,8

e qp B 25,7 18.@ 17.7 15,2 12,0 4.1 1 ! 1 69, 7.3

44 11 8 24,0 19,0 10,7 15,0 1n,. 2 6.0 3 ? 1 7K. 7.

51 12 & 23.° 17,0 16,7 15,0 10.0 5.0 5 3 t 78, 2.9

SR 13 6 23,7 14,0 15,0 15,8 14.0 4.9 74 187, 5.7

55 14 A 22,2 11, 6.4 14,70 7.7 7.1 9 ] 1 67. 4.2

72 1% 6 19,0 11,0 1%, 13,8 7.8 7.1 13 ] 1 67, 4.

7R 16 & 20,0 8.9 9,4 13,0 A.3 8,9 16 7 1 67. 2.5

&8 17 6 18,0 2,4 12.0 5.6 7.2 11,0 20 8 1 77, 8.8

a1 R £ 1AL 1.0 12,0 2,1 6.3 6.3 1 1 2 a8, 1.7
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Table 37. Continued.

DAY EPI COL INF  EFF
3 2 2 %1, .8
& 3 2 47, *,
7 4 2 47, §.58
9 X 2 47, . B

13 & 2 47, m,

1K y 2 47, 5.

on ] ?2 5=, .4

26 9 2 47, 1,8

A [ 2 as, =,

is 11 2 49, 5.6
H 1 3 7x, 4,
3 2 A28, 5.7
£ b 3 24, LR
] 4 3 zs, 6.8

13 L] 3 2%, 12,
18 [ 128, 3.%

2m 7 3 3, A3

2K L y 26, N5

31 o Y 24, 2.9

35 {e 3 oa, 4.%

19 11 Y 25. 2.1

44 12 3 24, 1.8

81 1% 3 oex, 1,4

58 14 3 2w, 7.
" 1 ‘ 6°n ’.@-
3 2 4 76, 7.
L} 3 4 70, 6,3
7 4 4 Ry, 11,
9 = 4 87, 1.7
13 [ 4 87, 3.1

15 7 4 &7, e,

20 [} 4 77, 2.8

28 9 4 &5, .9

R 1] 4 Ep, 1M,

35 i1 4 6y, B8

39 12 & Ye. 3.1

a4 13 4 %o, B
1 H 5 48, 11.
3 2 5 %4, 7.
& 3 S 47, 17,
9 4 % 4y, 2.8

13 s 5 47, .8

18 & 5 a7, %

44 7 5 xx, 5.1

28 8 5 ar, 7.5

3¢ o 5  ax, A,

x5 iz 5 4a, 7.

39 11 5 =o, 13.

44 1% 5 44, 2.
| 1 6 gn, 12,
3 ? & 2%, 9,2
5 a & 24, 3.5
9 4 8 2%, 3.9

13 5 6 2%, 1.

16 13 6 25, 5.8

29 7 6 To, 13,

25 8 6 28, 5.

3t 9 6 24, o,

38 i 6 2%, .8

hE: 11 & 2%, 4.,%

a4 i2 5 2a, 8.

=1 13 8 2%, 5.

8 14 & 23, 4,9

85 1% & 29, 7.1

72 18 8§ 10, 7.1

78 17 & 2m, .-

88

Table 37. Continued.
DAY EPI COL INF  EFF
as 18 6 18, 11,
a1 18 8 (&, 8,3
g3 2n £ 2r., 8.7
3 1 7 &a. 1.
b 2 7 7K. 3R
L] h ] 7 74, *
7 a4 7 87, A3
-] = ? RY, %
13 ® 7 A7. 5.1
18 k4 7 B¥. 1.4
1] a ? 7r. 2.
265 5] 7 Rfr, 6,1
3y ye 7 6o, 1.7
35 11 7 A7, 3.9
1 12 ? To, 6.6
a4 13 7 55, 4,7
b i 8 48, 7.5
3 2 B 8y, 3.8
5 x A a7, 7.6
<] 4 N ar, .9
13 o] q 47, [l
16 & 3 47, n,
2e 7 A 5%, 6,2
26 ] A 47, 4.2
3t 9 A 4y, .8
3% {o B 40, 8.
39 i1 3 Sa, N,
44 to 8 4m, 4,2
1 1 9 23, 2.
£ 3 8 24, M.
o a 9 2%, K8
13 & 9 2%, 2.2
16 £ 9 2%, n,
Fdd 7 e ¥, 7.6
26 8 g 2=, 4.3
31 9 & 24, 1.5
35 1o 9 28, 1.2
39y g 2%, 2.8
44 17 8 24, o,
51 13 8 23, 4.7
58 14 9 23, B.%
(b1 18 8 22, 5.
72 18 8 10, 6,2
78 17 9 2, 7.8
86 18 g 18, 3.
94 19 e s, 8.
93 27 9 2p. 4.9



8ot £ird PHi “gal ow

FERS evie vl TN 147

il (1el 114) 2l¢ L

ot T Y LA Bel (1%

Wik optl (29 -1 Xl 139

79 ik NHEu 1123 f96 (274N gt Y

ivd [£:14 Pye szt Wk £¥od del (14

L ¥ié trel Ge 114 (114 ol 8y

vyl L33 314 i b Ll [ is iy

g8l e [X°1% ET 4 wyd 133 wy

LT Lhe Lxs 5§75 F374 ¥l el 114

5 9Lt EM G [1:3¢ yiz gl vy

aul F¥3 £el £yl Sue £61 wel 144

541 Vil M 1A} 1 El) P (44

6wt (1 LT3} (33} e d6d $1i i

<5 - Fal wE ivi vie 3ul [ T4 Y4

vyl et tee w&} wre o6l (¥4 1%

. ‘o 44§ £91 1t vl gle 681 aal 8y

444 o w3t r6l Ty 266 $dl TR vel ix

vpe G wil il 1443 vy $ul 2od eet Guvb N

L6¢ o8 ves -T2} due “§l 1ve 941 L1 Gluw S

Gus od ezl 66¢ wZe oLl rie 5t¢ 9pi PN (43

Vre "™ 61 [ $*T ms« v £¢H 963 wrl I de £x

oic m vel mvn (A%} P1 v il N3 1991 vude ey

61% 9y sl $5e c€d ivi s el vel 85l 119

e g E7A see wéi (¥ e i51 ve 1744 P1N

15¢ vy wii 9:.8 73 81 Lwe 261 £él 8ll 14

L2¢ ¢y 3 vEe 16t (21 vyl [731 £} §il¢ g¢

Y . arl ult g A AR} 3L cel [ 14 Le

olc e WG ole T3] ISy wkd 912 (1} IR T

ie od <P mum sel 1Al ul¢ [T el C12-21 $¢

vic G 3l mnw sst I wwm gua mwu [£1 ) . P

w52 @ el £9f 4t Y&l isd dle 74} éuti £idul ge

cze ic wil 7EE vel 8vi eve $43 oul Jub $Lc0l Q¢

9 92 vyl 24 26 B GeE PETS (39 s8v st9e  T¢

ree 9t S w7l L2143 Y sel Gus 191 2Ll b4 LTI T
ive soe ve Aam (434 iy wel 119 Lds Zie¢ 114 teve 61

svz cae Nl rmo eep yig ape dyr 148 énd viv [AY ¥ 1)

iie ot 6L Jou Ly 174 g6k ivw geel 622 Prid Tiad £

stz st 'Y vy bap #BL wel wav L6381 &2¢ Widb oiry Wi

tes osl L $21 [Y4% ive LLh (%44 28l ive Sgi SuiS H)

ore a1z oy 31 DY wid 691 iug petl 261 w6l gris 9
o1z l2¢ gy L9871 29y Lis a9l 8% £6al &gl wul FOP ] Y

see coe iy mmﬁ wvn Y.V mmw FEt mnm 118 vaR wmmn 2)

iz Jig oy 25t P 88 svl 48y [33 vt ek §set 1)

iz foc 59 E1 43 vy Epe mw. 123 663 [T aén nemm v
cee cel ) by P11 eel uwcw *133 51 4% 484y Sil sy¥ L6l o
51 Sl ey 42 L9 L%é Py ere. 1414 art dyx Suvt ¢
M¢f P 29 [ 4 9et wat M9 FAa! 14+ gtl g¢ oy £
cee u61 iy w2l ret 13°14 £21 wvi 11-14 L1 194 fus 9
e e o ‘s P iet 2% A 81 EEE] 21 spre [12% 9
201 vc_ azes 64 vl 2yl wgl eel €l et ozl ayy pix v
ot cze Pibed iy rel o 961 681 eul £wl 411 iyl e 3
e Y Z5u1 PR el oLl (N Lel vl Gl del (73] 2
sae gre 9svi 9y 8 vy sy ¥4 £ £5 St e Tel 3

6 7100 8 1T0D £ 10D 9 100 & 7100 b 100 € 10D g 10D 1 00 AVQ 6 103 8 710D L 100 9 102 § 100 7 100 € 100 Z 100 1 100 Ava
- penuTIuoy ‘your/oss ‘_ A31oolea yowoaddy -gg 219BlL

'8¢ ?TqEL

1

89



o 29254.d49956.899?5@?549,358,9134?36@3@789558583556545693233@5 0a o g Do
F-o-...a-a4c-a,oo.-oanonnoo.o-'oooo-.oaotsc..;nacooo-conno'o-.-oo.-
K leve o 325.453435243321986554353@,3&9767!}5&43889954445342323264 WM T IS N
e et et LG B g
= QO.R‘dQ414?551&5494?3@5@955952471773211553@.993597?731&13517 W o P W G
o) ?P-?o.c,....;.o,-.-..«-.-..‘-.o.-.n,..ﬁ....-u.o.-.-3....,‘-u.....-c..-.c.‘-v..-nn'o.o.-.-o...-,-.?o,o,.,-.‘-.c
?5?81,.«?717347494445446“51794212?2?37@5649QQ?Q5”47363538394 Ll S IR A > ]
=] R ad Lol LI R ] -t E IR ] - -t - -t
= 41?1}3929623@697?“6?5633‘_70\?95268538@7612.&.941579791@5845459 - O e WO N D MO
el Q...Q...t..".IQ........l‘..'....OQIO,QIIO....,.‘..-.'..Q..‘Il.....Ql..
RO T PN "N OEVTETCORGCECACR " A~ ONATNIOLOEN ~NECNUNSOOIOITIOTLENOT N DA~ DO TE W
Ol -~ -t -t -t . - - B R - - -t . - -t -t -
P AN RON MmO NCEEEM L MERRIE-E NS ENE =l NG-SAAlNCHMORSL LAt~ RNONO I G
e .- % e . 8 & 4 & 8 % A % & 8 & % 8 % 8 & S & 2 ¥ r & 8 3 . - « T 8 8 s & o« . # & s 0 & s ¥ 4 . & = 3 .« @« 3 8 & e. & =u - & @ » & 4
. 3-’.\\0“42°38’5“51566’76898?8?633545995251}.599320&79}#&.943‘473949 WAL O T
" o~ - - - - = - o - - .t - - - -t .. — - - -
anw = NN EC NN OGECEOR L OE «FTIEDCINNOANRR ~ AT CTANAEMNM AR NLERNO N OE O TEONEGY NPOCERNCN®©
n [l l.'..‘.a.....‘.l.OA.I.....‘ll‘.'...4...0.IO..‘Q..I.......O.l0‘.0..-.
od A?3n42949251:¢151719’9@9385784?4603938-}71@422784ussdssgsgg O E Y
I -] powt -t - poy et - Oy vt (N ot wd ot vt -~ - R ] -t -t -y et . e - - - - -t -t -y
m 1717234553152974235M635?11553852792155334828837.&3917“7234 O P N
(&) T T S T T T T T R e T T T T R TR I L I S LI Tt el T A i di T e T e i
W 5“51531!..9.2715?648‘.91@675267@.29478554838286836149695“51531526‘71626
foud e -t Tapm et et - - O wr O4 o= O o= - - O o wow v wd L ad -~ -t v - - - -— - B I - -
Oz., o 6665555‘6“86566??77?77777?7ﬂnoﬂ.ﬂuaaeaﬂ,.-_H88“9&»909A¥Q‘9°,°999990.99 L o aB o R B - v
[aa] m .
3
o H RN CENDEE et QNI O IO D r QO KENIIRNELEC A~ NOANEYSINGEOCORRTERD GG NN W
a fra) -t e et Wt ot et wnd wh ek et et b et
B
M et At DOV MU LT C LTI OB UV ICY T w00 EELECINNEN TS OO EECE WHIN S 3 e 0N N IN W © W O M
Y OO ORMNARNOCE OO NGV N (AR LR SR R I NN N NHKNDKGRLE M ANMRS OO
o e @
ﬂmlwm ) | T eI NN E RN AN OO TN S~ NSENOAONOESE " COVEOIYITOCOAN NS~ NOUOOCRONNCONS
nr Ol) < # & % & 4 & £ & & & B % & & F & & 4 & €& % & S £ B 2 & ®E S 4 & W A 6 F £ 8 5 & F S N 8 X S 5,0 s 8 0 S & % B B & 2 & & & 2
.loet ) ] NE ORI OONMCANSLOMIYTRNECTITMOMAIUNNNm OO OOEND TSI AMNNITI MO OO OGS T M
lh mmmu\ Z | Ve EO RO YOOI OELOARCEURN DA GESSEDRMANAANEGEOREOCYORNE OTEODDNT© AR e
]ta C I‘.tﬁ.......l.....nv.a.«...QIUVOA..r...v.t.vn.’i-‘...-.‘r.....n‘.v-..C.r-.O,Q..-...QOO'Or-xncnvnlax.x-v’.-lrrll.-".
RO e 0o © | FET AR ~SN A SO O AT e TEMICE TN YA ERECO N ANENONONOYCeNALEOT®IC
neanso W et s et e - -y gt - - -t -t wd -t -t
W“DH:% Z B DA MO N TSN E I TEEMMAENE O AR AENAN DA NTCH I ONO S0 E NE S0 vt O -t
= >a d LI B ) . & 8 L I R ] » &8 ® & & 8 & ¥ & x 2 0 . & s @ ® 5 4 & & & 1 a & » L] $ & 4 & & 3 @ . % & ® B % 4 4 * s & 0 e & &
W o oo P MERN TR AN ENRNOCTVNATODNNDON NN DIDNMRA TG AR HNE D UGIDY OO0 BNSYTECIME OO ®
nc -SO e et et wd e e et -t -t - gt W, -t et Ll - L ad -~ -tk et -4 Ll L Lo LI ]
. o
1m/nmm Z  MCOR O GOROCR G wHNELERN O RARNE O ~G T e ONOCOOGKEROBIBIN AN & @ et @ » <TG MWK N O
r gF n fa] i I' .. a 3 . - . . L LI . - . L Ld L .« n L N . - . L] . * L] o # % . . - . @ - & ® 9 .. s - 8, & . ¢ S e . = @ L] . . S, @ 9 =
O6m © ~ CEC BT DN - ESMUCL 0 CREnLAMOMONOEOSECNONUN SO PMGKNDANE GE O D EsECTYTNS OO 9
W mg . e e et e e et -’ - - -t Lo R ] - - Lad Lol -t e -y -t Ll - L o ]
h..,:br Z I NGEMNRCOUAETLCOAWARATYTEINYTEOAN DO —"NO SN TOLND OO N G K © «r 3 3
a C m "ow r 0 [l - - - - = » L] - * » . - - - - - * & . . « - - . L] L - - L] LN “ - » a“ . L L -4m Q‘.VIJ‘WQI B.&.S’J"I‘u”“.glgl ﬂ"“»ﬂ.. 8..&'9.‘
tnetae - 0?39517d37?sﬁq4310.@’.&.59434@323693748577ﬂ.86372725!?““43@78’956
s%.lu Cl VIR R R e R -t - - - - 0 (U O - -t - -t . -t Ead -t R R R IR R
Sﬂfcw TOMENCOETOMRCRAE Y O OMA I MO RS MUNOCECTHINOS D OURENAT O -0 QOO NY CFN< O
nst.ll Wv..?..-;...‘.,P...o......f.,.._r.r...v.-......‘.,......-r....v.....-»f............?.,.t.-....-.......rr.v.r....-.r...-e.._.....-..
Ohe oo & MAEUYE OCHENSOCTAC MUY NDDYOOQMNUE IGO0 SIL YOO -E WD SOCND SOWWNNCMNEYT DN EOME0 O M OO
bnﬂu.. ws o B = O v Do o e e .- - - - - - O = u e LN e e - - Ovie v v o - - — - - o -
Mi‘mﬂwﬂos =B hahaiabe LR LRl A S d AL A A AR AR A AL AL L R R R N
ON oW O )
. —
o H Oy e C G SR e e GV E. T RO R~ O NTIOE N NN G SN TS GO T NGO
o
bt b
—
<G s AP e O OEE WK e COE SOOI T N et OO0 EEENGN T w00 G OO YT GO & OO -
snw (=1 oo ol Ca O 0 T 9 WX - (e r 9SS [ AR AU AW LN AN O I ????3“‘
B~

m—-1

90



APPENDIX C
THE MODIFIED ISF AND THE SIMPLIFIED ISF MODELS

FIELD DATA FROM HARRIS (1977) UTILIZED TO VALIDATE THE
ISF,

filter number, influent VSS concen-

tration (mg/2), effluent VSS concentration (mg/2),

Experiment number, day sample was taken (episode),
de number,

episo

c

EFF 1LOAD TEMP

Table 40. Continued.
INF
NO. NO. MG/L MG/L MGAD

RUN DAY EPI FILT
NO.

NO.

the modi-

fied ISF and the simplified ISF

models.

hgdraulic loading (mgad), influent water temperature

0.
Field data fromHarris (1977) utili-

zed to validate the ISF,

Table 40.
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Continued.
INF EFF LOAD TEMP
MG/L MG/L MGAD C

NO.

Table 40.
NO.

NO.
87

RUN DAY EPI FILT

NO.

C

EFF LOAD TEMP

INF
MG/L MG/L MGAD

Table 40. Continued.
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C

EFF LOAD TEMP

INF

Continued.
NO. MG/L MG/L MGAD

Table 41.
NO.

RUN DAY EPI FILT
NO.

NO.

APPENDIX D
°ey.

the modi-
C

fied ISF and the simplified ISF

models’.

THE MODIFIED ISF AND THE SIMPLIFIED ISF MODELS
EFF LOAD TEMP

INF

MG/L MG/L MGAD

FIELD DATA FROM Tupyi (1977) UTILIZED TO VALIDATE THE ISF,
Experiment number, day sample was taken (episode), episode
number, filter number, influent VSS concentration (mg/&),
effluent VSS concentration (mg/f), hydraulic loading (mgad),

influent water temperature (
Field data from Tupyi (1977) utili-

zed to validate the ISF,

RUN DAY EPI FILT
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Continued.

Table 41.

Continued.

Table 41.

C
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INF
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APPENDIX E
THE COMPUTER PROGRAM CONTAINING THE ISF MODEL UTILIZED
TO VALIDATE THE FIELD DATA FROM HARRIS (1977)

DIMENSTON NREFAY(17,2680),TEMP(17,30), TTEMP(17,260)

NIMENSION DHL (17,2683 ,DL0ADC17,287)

DIMENSION NDLAYER(4)

DIMENSTON WL(17,57)

BIMENSTION nM (17,260)

DIMENSTON DMLL(17,4),PCBD(S,17,2680),A(2603,B(260), c(28a)
TMTEGER TTC17,5A),NNELTY,NONCIYY, ITUMESR)

DIMENSTION AMi [17,2680), SLOPM(!?.QG@)

DIMENSTON SALC(17,280),C0UTF(17,268)

DIMENSYON AL M{17,260),54LMG(17,26Q),CIN(17,268),00UT(17,2560)
REAL CLVLIX).CSS{5,47,503,C5(8,17),DUMERA),D2(4),.C88D(5,17,280)
INTEGER Tn;x_vzu DELTY

NIMENSION £D(8) ) )

NATA N/ 3CPOEmAL, 3201Fnrl, ,2561Ew0),. . 1388Cen], . 3618E=01,0,8/
DATA DY/5,08,2.%4,7,.82,63,96/

DATA NON/37,35,37,28, 23.?5 42,3%,189,130,88,36,42,80,26,143, 58/
DATA NN/8,5,%,4,4,7,6,5,30,19,13,5%,6,12.4,20,8/

DATA DLAVEn/a.??B.a.saa.1.158.9.344/

NENUDENSITY NP ALGAE,MG DRY WT/L WET VOLUME
RMORDENSITY OF ALGAE,MG DRY WY/CMeRI, WET VOLUME
AREABAREA OF FILTER,CMww?2,

NEPaNFPYH NnF THE FILTER,CM

EENBASE NF TWF NATURAL LOGARITHM SYSTEM

DEN®?.137E05
PHORY, 137E02
AREA®153,270F
DEP3A. 2,54
FEWD.71B2R1828

TIMeINPUT VARIABLE TO FUN{ FOR DAILY VALUES
IDYsDAY NUMBER
TEEPISODE NUMBER WHERE AN EPISODE IS8 A SAMPLING

1CcOLUMN NUMBER NCuNUMBER 0OF COLUMNS
INsDAILY MASS LOADING RANGE NUMRER NOENUMBER OF DML RANGES
DELTEDRLTA TIME,DAYS ’ NZMSNUMBER OF LAYERS

12ZxPORYT DEPTH NUMBER NZsNUMBER DF PORTS
NCw1? ’

NDaX

NZuB

NZMaNZmy

NZInd{

NZIMBNZI={

DELTw§

17 DEPTH
1 INFLUENY
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TBAADICAITITOONDDTFIOAAITIAT TFIACTID

e ]

ja Na Xa Ral

[a s e Bl

? IN
3 IN
& IN
EFFLUENT

[ I

CLVLCTIZY®ARRAY{TEMPORARY)ITO WOLD V88 VALUES IN MG/L

HLCIC,IFIwARRAY TO HOLD THE HYDRAULTIC LOADING,MGAD,
OM THE DAY OF SAMPLING,

TEMP(IC,IEYwARRAY TO HOLD INMFLUENT TEMPERATURE,DEG.C.,
ON THE NAY OF SAMPLING,

IYfIC-153l£RRA9(TEHPGRARY)TO HOLD DAY NO, FOR A PARTICULAR EPISOOE

£SStIZ,10,1EYBARRAY TO HOLD VSS VALUES...
L WET VOL/L PILTRATE FOR EPISODES

READ IN AND WRYTE DUT RAW V&S NDATA FOR INF AND EFF,
WRITE TARLE READIMG FDOR RAW DATA

WRITE LS, 98
98 FORMAT('11,33%, TVSS, MG/L')

WRITE (8,97)
97 FORMAT('Q',1¥%,'DAYT, 1x.'EPISODE'.ix.‘caLUMN'.ax.'znr* 8%, 'EFF',4x,
1'LUADING‘.3!.‘TFMP'/1X.‘ﬂo 13X, IND, T, 4%, 'ND, '.ax.vns;L'.sx MG /LY
2.8%, 'MBAD'Y, 4%, 'DEG,CT)

01 READC(E,1039I0Y,TE, IC,CLVLELY,CLVL(8Y, HLCIC, 2EY, TEMPCIL, TE)
TF{INY.EN. 160160 TO 12
WRITE(6,104)1DY,TE,1C,CLVL LY, CLVL(5), HLCIL, TEY, TEMPLIC, IE)

1T(IC,TE R IDY ]
C8SL1, 10, TFYalLVL (1) /DEN
IFCCLVL(SILLE,B, ®)60 TO 13
CSS(%,IC,TIE)YaCLVL(5) /DEN
GO TO 15
13 C88¢(8,10,IF )t 1/DEN
15 CONTINUE
GO TO 9%
103 FmRvA?t1x.14.als.4F5 1) .
184 FARMATC! 1,1%,13,3%,13,4%,12,4F9.1)

12 CONTINUE

WRITE OUT V/V NRATA FOR INF AND EFF EPISODE,

WRITE (8,102) A
02 PORMATC'L',18X, 'VSS,VOLUME OF ALGAE/VOLUME OF FILTRATE  EPISODE')

DO 16 ICwi,NE
NMAXRNN(ICY
WRITE(&,403)1C
16 WRITE(E,502) (ITCIC,IE),C88(01,C, 1%}, CO8 ¢S, IC, TE),0n] , NMAY)
4n3 FARMATEIAY, UROLUMN NO,T/3X,J4/71X, DAY NG, ', 4%, VINFLUENT', 8%, 'EFFLU
TENT Y
K¢2 FORMATC! 7,3%,1%,2%,2E1%,4)

INITIALIZE CHUNTEE AND ARRAYS
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KKnp

BO 20 ICwi,NC

AML(IC, 1) mE,
2¢ SALM(IC,1)sD.,

o
1AAB KKEKKe1
KPEKK®{
KMEKKwy
TIMeKK+DELTY
¢
€ TMAY I8 THE NUMBER OF DAYS FOR THE ICT'TH COLUMN
t . .
€ NONTICIwARRAY TO HOLD THE TOTAL Nn. OF NAYS FOR EACH COLUMN
t .
DO X% ICEYLNE
- o
THAXSNONCICIwDELT
TPETIM AT THAYIGO TO 32
d
o .
£ ITUMCJIBARRAY YO MOLD ALL VALUES OF EPISODE TIME
c IN DAYS,..s FUNCTION GENERATOR,
[
€ DUMIXYNARRAY(TEMPORARYITO HALD ALL VALUES OF £S8S FOR & GIVEN
£ COLUMN AT A GIVEN DEPTHw=wFUNCTION GEMERATOR
L _
B0 3% YIey,N7,4
NMAXWNNLTCY
Do 31 Jmi,NMAX
AOTTUMCIINTY(IC,dY
£
DO 4% Kwl,NMAX
4% DUMKYInCSSETF,IC,K)
”
- & LSCTZ,ICInARRAY(TEMPORARYIVSS GENERATED BY FUN1
r
C8C12,1CYaFUNTCTIM, NMAY, ITUM, DUMY
c ‘
€ CSSOCIZ,TC,MXIeARRAY TO HOLD V58S VALUESC(MG/LY.DAILY,
¢ .
C38D (17, IC.KKIRCS(IZ,1CY#DEN
3% CONTINLE
¢
— £ DAILY VALUES OF CS80 DETERMINED,PROCEED WITH CALCULATIONS
[
DO %2 YCEi,NE
4
- TMAYBNON(IC)DELT
IFLTIM.GT. TMAXIGOD TO %0
c 4
DO %8 TIeg, NIM,Y
[
IF(TZ.F0.1Y60 TO 48
GO TO 49
£
£ DLOAD(IC.KK)®ARRAY TN WOLD THE VOLUME OF SEWAGE LOADED(IN TERMS
r OF THE LAB COLUMNEY IN L.
c
£ BHLCIC,HMISARRAY TO HOLD DAILY HYDRAULIC LOADCIN TERMS
€ OF THE LAB COLUMNS) IN CM/DAY,
¢
£ DMLTIC.KKImARRAY TO HOLD DAILY MASS LNADEDCIN TERMS
£ OF THFE LAB COLUMNS) IN MG/DAY,
t

48 IF{IC,.67.8)50 TO 24
TFIKK, LT, IT{IC,21I0LOADCIL, KK HL CTC,1)+14.388
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e ]

21
22

x4

333

337

342

334

338

TFLKK.BE,TTLTC,2)I0LOADLIC KK Y uHL (IC, 2 w14, 388
6o 10 22 ,

DLOADCTC, KKInHL(TIC, 214,388

CONTINUE N '

DML LIC,KKYnDLNADCIC, KK ] ,AEDS/AREA

DML (IC,KKYuDLOADCTC, KKIwCSSD (1,16, KK}
TFLNMLCIC,KKY,LE. 185,560 T0 334

ACONER 508N

BCONwp, 7478

$Kiw34.5

SK2w190,

AMLETE, KKImAMLLIC KK DML (1L, KK)Y
TFCTINLEQ.TMAX)GO TO 336

AMLETIC,KPYmAML (TIC,KK)

YYXwAML (YC,KK)

TF (KK, EG.1YSALCLTC, KM (8K eXXX) 7 (SK24XXX)
SLOPMITC, KK m{SK1#3K2) 7 {SK2+ XXX #n2,
IF(KK,EQ.160 TO 341

SALCCETE , KKYuSLOPM(IC, KKY wDML (TIC, KKY#SALLCIC, KM)
CONTINIE

G0 TH 335

TFIKK, EQ, 1YSALC LI KK w1, 6A32E=01
SLOPM(TC,KK)sB.0O7E=D4
AMLLTC,KKYmAML CIC, KK)#DML (IC, KK)

IFCTIM.EA, TMAX)IGO TO 337

AMLTIC, KPYmAMLIC,KK)

CONTINUE

TF(KK,FR.1360 TO 342

SALCCIC, KKIYRSLOPMCIC KK #DML CIC, KKI+SALCCIC, KM
CONTINUE

ACONNY , 5AIBE=DS
BCON®Y 2564

50 TO 335
IF(KK.FQ,1)8ALC(IC, KKInd, 871E=B2
SLOPM(TC,KK)nd,PBSE=D4

AMLCIC, KKy mAML (XC, KKI#DML CIC, KK
IFLTIM,EQLTMAXIGO TO 338
‘HLt!c'KP)IA”LtIC1RK’

CONTINUE

IFLKK,EN. 1360 TO 343

QALCCIC, KKIBSLOPMEIL, KK #DML (IC, KKI#SALC(IL, KH)
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343
C
£
338
€
[of
c
46
o
52
¢
o
49
53
59
o
o
c
55
#
£
c
2egn
€
r
&1
¢
62
4
c
aa
L
o
63
o
o
c
o
298
c
c

CONTINUE

ACON®2,737Ewn?
BCON®A, 8960

CONTINUE

IF (KK EG. 1160 TO 48
SALMECIC,KK)w (SALC(IC,KK)=SALC(IC KM} wARER

GO TO %2
SALMB(IC,KKImSALC(IC,KK)wAREA
CONTINUE

SALMIIC ,KKIRSALMEIC KXY »SALMG(IC, KKY
IFLTIM, EG, THAXIGD TO 5%
SALMLIC,KPYaSALMIC KK)

CONTINUE

CONTINUE
CONTINUE

IF(KK,GE, 189160 TO 58
6N .TO inAp

CONTINUE

KK g

KKEKK et
TIMaXKK#DELT

DO 68 ICwi,NE
TMAXSNON(IC)wDELT
IFCTIMLGT, TMAXIGO TO 62
NMAX®ENNC(ICY

DO 61 Jwt,NMAX
ITUMCIImITCIE, JY

DO 82 Kei,NMAX
DUMIKYsTEMP(TC,K)

TTEMP(IC, KXY wPUNSLTIM NMAX, ITUM, DUMY
CONTINUE

IF(KK,.GE, 183160 TO 63
£0 TO 200p

CONTINUE

WRITE OUT V8S,M6/L  DAILY.

WRITE (6,298) .
PORMATC'11,2R%, 'VS8,MG/L  DAILYT)

DO %4 ICWi,NE
TMAXENONCIDY
WRITE(8,4084)1C

DO S8 Kwi,TMAX
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o0

IFeDMLLIC, K3.LE. 165,)10e8
TF (DML EIC, K) LE 27 AND, BHL(IC,KY.6T.1685.)IDst
IF (DML (IC,¥), LE 4M8  AND . DML (IC,K),6T.27¢.)1Ds2
TF (DML CIC,x) LE 687, &ND DML (IC,K),6T.488.)1Dn3
IF (DML (IC,K) . BT, 887,)ID86

%8 WRITE(A,3n3)k,C880(1,1C,K) lCSSD(ﬁ‘!CIK,‘OHL‘(ICOg)DDHLtICOK} DLOADC
11CKY ,AMLCTIC ,K) ,SALMLIC,K),ID

JnTHMAY
ABCmAML (IC,J3/J
WRITE(8,524)ARC

84 CONTINUE

4M4 FORMAT('O!, 'COLUMN NO,T/3Y, 1471, 1DAY NOL! .dx“INPLUENT'.SX.’EFFLU
PENTT,BY, 'DMLT, 11X, {PHLT,8X, YDLOADY,8X, TAMLY, 10X, YSALMY, 18X, 'DMLT /1L
28¥,'HG/L‘.9x.‘HG/L' 7YX, TMG/DAY', 8X, 1CM/DAY!, 7%, TL/BAY!,BY, TMET, 12X
3. a0, 10X, TRANGES

503 FORMATC! ',3%,13,2X,3E13,4,2F12,3,2613.4,112)

5n4 FURPATf'ﬂ‘.Sx.'AVERAGE DML POR FILTER RUNs!',F5,08)

NML{ REPRESENTFN HERE ARE THE DALY MASS LOADED LAMBNnA VALUES
WHTICH HAVE BEEN ADJUSTED IN THE PROCESS OF MODEL CALIBRATION.

WRITE(R,792)

702 FORMAT{IL1,24%,'15F MDDEL COEFFICTENTSV//3X,'DML!,2%,'DECAY COEF,
1a1X, TLAYERCLISLAMY, 0%, PLAYER(2ISLAMY, 1X, 'LAYER(3ISLAM',1X, 'LAYER(A
2ISLAMI 72X, FRANGE! ,aX, 'DAY=11,BYX, TCMult, 0%, 1CHml 10X, IEMa]!,9X, ICHMw
3N

DO 799 IDet,ND
READCS5,791)C0 (ID), (DMLL £10,12),17%1,NZM)
WRITE(8,793)10,CDCINY, (DMLLCIN,12), 1201 ,NZM)

798 CONTINUE ]

791 FORMAT(SX,SE{3,4)

793 FORMAT('@!,18,3E13,4)

Do BlZ ICmi,NC
TMAXRNONIIO)

Do 814 Ksy, ?MAX

IF(DHL{IC K).LE,185,)10e5

IFLnMLEIC, k) LE 279 AND . DMLLIC,K).6T.185.)1ID81
TF (DML (IC,K) LE Ama AND,D¥LLIC,KY,6T, 276.)1Dm2
IFCOMLLIC,K) LE 887 AND, DML(ICaK3 GT.ABG 1103
TF DML EIC, K, GT €87, ) 1086

cn{sluch (Y}

KMu¥ -y

CINCIC,KInme88D (Y, IC,K)

DECAY(IC, KlucotIDJttPSItvtTTEMP(IC,K)-ﬁz 1)

tFIK.EQ,1)60 TO 6486
COUTF (1€, KYMEINCIE, K)w (1. =C(SLOPMEIC,K) #AREA) Y=DECAY(IC,K) #SALLEIC,
1KM) &l (PERI/NHL (10, K)
GO TO R4Y
R45 COUTFLIC, KIstINCIC,K)e (1, =tSLOPMIIC, KY#AREAY)

R47 CONTINUE

814 CONTINUE
t
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EOAMBICICITITTNOIN D3OI OINONOND

R1@ CONTIMUE

WRTITE OUY CIM,rQUTF,8L0PM,SALC, DML RANGE, TEMPERATURE
AND DECAY COEFFICIENT DATA FOR EACH [OLUMN,

DO 815 ICm{,NC
TMAXRNAN(ICY

WRITE(&,817)1C

DO 816 Kmi, TMAX

TFCOMLEIC, K, LE, 165,105

TF (DML EIC,K), LE 279.AND, DML (IC,KY. 6T, 168,10
TF (DML CIC, K) LE,4PB AND ,DML(IC,K),6T7,279,) 1082
IF(RMLTIE, K) LE,887 AND.DMLCIC,KY,.GT,428,) 10w}
IF(DMLCIC,K) GT, A87,)1Ds6

816 WRITE(6,B18)IK,CINCIC,K),COUTF(IL.K),SLOPHIIC,K), SALCPIC, %KY, 1D, TTEM
1’tICoK’nDEﬁAYtIC K) )

B17 FORMAT(Y{!',S5x, 'COLUMN NO,1,T12//2X%,'DAY?,7X, 'CIN‘lng’COUTF"BXQ'SL
{OPMT, 0%, "SALCY, B, 'OML !, 3X, ' TEMPERATURE,3X, 'DECAYI /11X, 'MG/L ', 18X
PoatTMEZLY,BX, TMG/CMew2 /MG, 4X, TMG/EMu 2T, 2%, 'RANGET , Xy, 'DEGREES, L', 4
3N, InaY=11)

R{8 FORMAT(' ',I5,4E13,4,15,F11.1,E13,4)

THE CORREELT couTF CONCENTRATINNS HAVE NOW BEEN DETERMINED,

BASIC MOPEL FDR THE SAND PHASE,.,...

DSP/DT m DHL#C=NCS8/D2) & RETA®SP,

SP RFPRFSENTS SPECIFIC DERPOSIT,

DMLL*CIN & (wDrS8/DZ) . HWHERE NPMLL IS THE SAND FYLTER COEF.,CMet,
AMALYSIS OF THF IMPACT OF BETACIC,KK), MEAN BETA(BMBCIC)),

MEAN BETA FROM SELECTED BETA VALUES,...

RESULTED IN nELETION OF THE SAND BIOLOGICAL ACTIVITY TERM FROM
THE SAND PHASE MODEL,,...

THEREFORE, ., THF BASIC MODFL FOR THE SAND PHASE BECOMES....

DSP/DT » DHL#(«DCS5/DZ)

DMLL«CSSIN & («DCSS/D2)

IN TERMS OF AML.sa.

DSP/DAML ® (DHI /DML) % (=DC8&/DZ)
DMLL#*CSSIN ‘= (=DCS8/D2)

MAKE COMPARISOM OF V88 PREDICTED AND ACTUAL UBING
THE 20 EMPIRICAL SAND FILTER TERM 1SF MODEL.

KKmoy
508 KKEKK{
TIMSKK*DELT

no 872 ICsi,NC

THAXsNONC(IE)
IFCTIM.GT, TMAXIGO TO 870

IFCOMLLIC, KK LE.{65,) 1088

TF (DML CIC, KKY LE.279, AND, DML (1C,XK) 6T, 185.)10n¢
TP (OMLEIC, KKY LE, 4B8,AND, DML CIE,KK) ,67,.275,.)1002
IF(DHLtIC.Kki.LE 887 ,AND DML (IC,KK) ,GT,.488,)INn3
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IFENML (10, kMY 6T, 687,)1Da6

DO R7D YZs{,NZM
17Palzel

DMLLIS, T2 )sDMLL (S, 1Y

TFCIZ.EN.11C88D (1,10, KKI=COUTFITE,KK)
IF(TZ.E0.19PESD (L, IC, KK REOUTFLIC, KK)

WHICH I8 PREDICTED 8Y THE ISF MODEL.

PCAD REPRESENTS THE V&8 EFFLUENT CONCENTRATION FROM THE SAND FILTER
PCSR TP, 10, K) R (PCSDLIZ, IC,KKII# (EE*w(a (DMLLEIN, X230 (DZ(123)))

270 CONTINIE
IF (KK,GE.1R91G0 TO A74
&0 TO sofe

AZ74 CONYINUE

ne 88e ICai,NC
TMAYSNON(TC)
WRITE(E,87131C

1784
TIPa1Ze1

TExy
WRITE(S,772)12

PN RAG KKpt,TMAY

TF (DML LIC,kKY,LE.165.)IDsS

IF (DML EIC,KKY LE, 279  AND DML (TC,KK) . GY,165.31INm}
TF (DML CIC, KKY JLE  ABB AND DML LTIC,KK) ,5T,279,310=2
!FanL(IC,KK?.LE.GB?.‘ND.DHL[IC.KK}.ST.A@B.)ID'S

TFCOML (16, %KY BT, 887,106
DML (8,1Z)YsDMLL(3,12)

WRITE(S,783)KK.PCSD(IZP,IC,KKY,DMLLCIN,IZ), AMLLIC,KK),ID
WRYTE(Y,7833KK,PCSDEIZP, TC, KKY,OMLLLIN, 12Y, AML(TIC,KKY,ID

G0 TD As2

BB1 WRITE(E®,773)KK,CSSD(IZP,IC,KK),PCSDIIZP,IC, KK, OMLLCID,I2),AMLCIC,
1KK), ID
WRITE(Y,7733KK,C8SDIZP, 1L, KK):PC&D(IZP.IC.KK) DMLLCID, I12),AMLEIC,
1KKY, ID
TERYE#

882 CONTINUE

880 CONTINUE

ATL FORMATCTL!, 13X, "MODEL VALIDATION OF FIELD DATA FROM HARRIS,1977t/4
1%, "COMPARISON OF PREDICTED AND ACTUAL EPF V5SS CONCENTRATIONS FOR 2
20 EMPIRICAL POEF, ISP MODELT//27X, 'COLUMN NO,.',13)

772 FORMAT(I®!, FLLAYER ND.',12/28X,7v8S8t,10%,1v881/25%, FAGTUAL EFF',1X,
1PREDICTED EFF', SX, TDMLLT, 10X, "AML ', 10X, VI0V/8X, VDAYV, 17X, VPROM LA
PYER', 2%, 'FROM Lavzn'/zsx TMG/LY, 0K, TMB/LT,8X, "CMetl, 18X, 1MGH)

7R3 FORMAT('! ¥, %y,13,26%,F135.1,F13,5,F13,2,110)

773 PORMAT(! ! 52.13.13X-2F13 1,F13,5,F13,0,110)

PLOT OUT PREDTICTED AND ACTUAL VSS CONCENTRATIONS...

102



c 206 EMPIRICAL COEFFYICIENT ISF MODEL.

£
DO 528 ICm=i,nC
MAXBMNETC)
TMAXRNON(IE)
r
17m4
12Pe2741
1Ewmt 3
WRITE(E,921370,12
[
c
DD 922 KKwi,TMAX
I1eMAX+KK
t
TFKK,EQ.ITCIC, TEYYALIE) mAML (10, KK)
“ﬂ TF (KK, EQ.IT(TC, TEYIBCIEI nCS8D(TLP, 1L, KK)
TF{KK, EN.IT(ICIIEIIC(LIEY ntt,
IF (KK, EQ.ITCIC, TEY) TBaTE+
ACITImAML CTIC . KK)
BEITISPCSDIIZP,IC,KK)Y
CLI1)e1,
922 CONTINUE
¢
NeMAX+THAY
¢
CALL PLOTER(N,A,B,DZ.,C)
920 COMTINUE
c
o
921 FORMAT('11,38%, TMODEL VALIDATION OF FIELD DATA FROM HWARRIS,1877'//
1/27%, "COMPARTSON OF PREDICTED(IIY) ANN ACTUAL(STARY FILTER EFF vss
o CONCENTRATINNSV//28%, FFILTER NO.!,12,5%,"LAYER NO,.YV,12)
AAAAA - o
N
sToP
END
P4 EMPIRICAL SAND FILTER COEFFICIENTS (ISF MODEL).

in LAYER(1) LAYER(2) LAYER(3) LAYER (&)

3 5115Emn .SD86Eany J12683Ew8) 2810801

2 4521E=n1 «1259E=D} 5330801 .1816E=01

1 L3578Fwny I112E=Dy <1008Ewdt «2328Eeay

4 A472Eant «J112Eepy «1998EeB} L1D73E=A}

5 T727Emn A1D7EwDS «2308F-01 1341Ewp}
ARBTTRARY FUNCTION GENERATOR SUBROUTINE  VSS v8 TINME
------.--------.------l.-------ﬂ------.ﬂ.-.---“'Q-..----.‘----‘-.--'
---.—.----..‘.--.--‘..-.O.-.-."----.-..Q.---.-..I---..’.’-----wa.-'

t TIMaTIME,THE INPUT INDEPENDENT VARIARBLE

c NMAX®TOTAL NUMBER OF COORDINATE POINTS

4 ITUMEARRAY OF THE INDEPENDENT VARIASBLE,TIME

t DUMwARRAY OF THE DEPENDENT VARIABLE,VSS

£

FUNCYION FUN{CTIM,NMAX, ITUM,DUM)
REAL DUM(2)
INTEGER ITUM(?)
!FtTIHnr?UNt11)5.5.

& IF(TIM=ITUMINMAX))Y,2,2
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2 FUNSRDUMINMAY)
RETURN

5 FUN{EDUM(1)
RETURN

1 DA 3 Twa,NMAY
TELTIMLLTLITUMCIIIGO 7O 4

3 CONTINUE _

4 FUNISDUMITel 4 (TIMaITUM(T=1)) e (DUM LTI =DUM(Ta1)) ZCTTUMEIY T TUM(T=1)
1)
RETURN
END

..;;.;‘-;-.nn-;.-o-.-;.---;-Q---.--------------.--.----.-**---"O---
PLOTER SUBQGUT?wF )
-..-..-.....---.O-..-.----.---.-.------.---u.----..--..--u---o--.--v

L L P T T e L D e IR P T R PR LA A T T T 2 DY P Al A R R 2 2 L g ]

Com==aSURPOUTINE Tn PLOYT & POINTS SPECIFIED AY ARRAYS A ANO B ,  TaTITLE
CommuwINITTALIZE Pi.0T PAGE .
C-.-----n-C---ﬂ.u----~----.----------------.-------.-'-.---..n--q.-...'-'---.---

INTEGER STAR,TICK,DASH

REAL IPAGE

DIMENSION TMF18),C01)

DIMENSION TPlGE(5§ 128, RE12Y,0018),AL0),801),T0Lm)

DATA IHM/LH1,1H2,1H3,1H4, 1HE, 1HB, TH7, 1HB, 1HE, 1HD/

DATA STAR,TICK,DASH/1IHw, {HT, {He/

NATA IBLNK/IM /

IPGmI20

nn 20 twi,rP6

ng 29 1Isy,5n
2p IPAGE(IT,I)*YBLNK

RO 1 1wy, IPG

IPAGE (S, IV8nASH

TF(¥AD(I=1,IPG/10).E0,8) IPAGE(S3,I1mTICK
1 CONTINUE

0O 2 lei,80

TPAGE(T,1)aTTCK

IFEMOD(1=1.%1 . ER,a) IPAGF(Y,1)8048H
? CONTINUE
C---------n-----..-.ﬁ-.n--.----'----.-.-.---.-.--..-nDQ-.---.-'-OODDOCOC-----.-.
CommwaFIND MAY AMD MIN OF X AND Y ARRAYS
r-...---.---.ﬂ.'.ﬂ----'..-.¢---.----~.--------.'----....n‘-.-..--"-.-.-.'-----.

AMAX®ALY)

AMINWALL)

BMAY®B (1)

BMINSB (1)

DO 3 Is2,N

IF (aMaX, LT AfI}) AMAXRA(T)

TFLAMINGGT, A(I)) AMIN®ALY)

IF(BMAY, LT.%(I)} BMAXRR(I)

IF(BMIN,GT.BTI)) BMIN=B(1)
3 CONTINUE

AEXTE, 1w (AMAX=AMINY

BEXTe, iw (BMAX«BMIN)

c-----.---.---.--O.'..-'..l....---..----.---..---..--..-......---..---...---...-
ComeamEYTEND GRAPH TO FRAME nATA
P---..-.-..-.-.--...-.--..----.—-----..----.-.-.----.-----..------.-n-------.---

RANGEMAMAXwAMING2 # AEXY

DOMAINRBMAXwAMINGD , wBEXT

DO 4 Twi,im

FlLIxI

TIn{lel

RII JmAMINARXT+FLISRANGE/10,

4 D(ITYaBHINBEXT+FLTIeDOMALIN/ 1D,

C---------I--.Q--..Q--...---.--.--.---------.-----.----.---.-'------.-.n..--.---
Cmm=we PLACE DATA POINTS INTO PLOT |

C--n'..-.-......-......-.-.--..-.---.-----------.---.‘...---..---.O‘.Du..-'--.--
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o % Img,N
Ko (AEXT+ALT)wAMING /RANGE«FLOAT (IPS)
TFCK.LT.1) Kel
Le(BEXT+B(I)=BMIN) /DOMAIN®SR,
IFEL.LT.1) Lat
LeSi=| i
IPAGE (L, KYu8TAR
Ko
DO 6 Isy, 52
IFI¥OD(I=1,5) 7,8,7 . B
B WRITE(E,121) DIX), (IPAGELL, ), 81,1P0)
£ 1.2 31
60 TN 6 ) ]
7 uRI?Efﬂul@?) (IF‘GECIIJ)SJ‘j-OIpG)
& CONTINUE . )
1AL FORMATIIH ,FR.4,1%,12041)
102 FORMAT(12X,129A1)
WRITE(SK,1a3) (R(1Y, Tut, 10y
103 FORMAT(IHEZ, 10X, 10(F10,4,2%))
RETURN
END

LA AT L PR LY T A4 I R RS T R T Y A2 22 2 0 L DA 2 1 2 2 2 A2 2 20 B Y LAl A Aa & b L AL 2
B - . [ - ) . .. .

T 0 0 O W T 0t e W PP T D U e OOV A e R A T W e e P D N W T W W A A R DT A e e e e
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APPENDIX F
THE COMPUTER PROGRAM CONTAINING THE SIMPLIFIED ISF MODEL
UTILIZED TO VALIDATE FIELD DATA FROM TUPYI (1977)

1F PROGRAM TMPLIMENTED T PREDICT EFFLUEMT V35S VALUES AND EFS I8
P.A00 NR p &R MM, UTILIZE THE GAMMA CORRECTION STEP,

NIMENSTON NHLCL7,260),DLOADC17,282),TEMP(17,260)
NIMENSTON NLAYER(4)

DIMENSION WL 17,503

DIMENSION nMi (17,282)

RTMENSTON NMIL(%2),A(260),B(280),C0280)
NIMENSTION PCSDA(3%,6,280),PCSNB(35,%,268n)
INTEGER IT{1Y,5M) ,NNCLL1),NONCL1),ITUM(SA)
NIMENSION AML(17,280),8L 0PH(17,280)

NIMENSYON saLC(17,240)

NIMENSTON SALMI17,280),8ALMG(17,260)

REAL CLVLIX),C88(%,17,50),C8¢(%.17),0UM(NB),DZ(4),L88D(3,17,268)
INTEGFR TMaX,TIM,DELT

NATA D2/5.08,2.%4,7.62,60.98/

NATA NON/3A,186,103,40,177,148,4%,23,37,468,219/
DATA NN/7,24.1%,9,28,21,7,4,6,10,30/

NATA DLAYER/N,778,08,.389,1,168,9,%344/

DENsDENSITY nF ALGAE,MG DRY WT/L WET VOLUME
RHOSPDENSITY NF ALGAE,MG DRY WT/CMeQR3, WET VOLUME
AREAWAREA OF PILTER,CMww2,

DEPSDEPTYH nF THE FILTER,CM

EERBASE OF THE NATURAL LOGARITHM SYSTEM

NEN®?, {N7EXS
RWMON7 ,{37ER2
AREAw183,279m
NEPn3R,#2,54
EEs2 . 718281828

TIMaINPUT VARTABLE T0 FUN{ FOR DAILY VALUES
IDYeNAY NUMBER
IEWEPISODE NUMBER WHERE AN EPISODE I8 A SAMPLING

1CwPOLUMN NUMBER NCsNUMBER OF COLUMNS
INSDATLY MASS LOADING RANGE NUMBER NO®NUMRER OF DML RANGES
NELTSDELTA TTYME,DAYS NIMaNUMBER OF LAYERS

T2ePORYT DEPTH NUMBER NZsNUMBER OF PORTS
ML=l

NDsS

NZnS

NZMeNTwy

NZTwdt

NZIMENZTI=

DELTWY

17 DEPTH

107



(2 Kx Be Ne ]

TNFLUENT
¢ IN
3 INM
s IN
EFPLUENT

-SRI

£ VL (IZYSARRAYITEMPORARY)ITO HOLD VSS VALUES IN MG/L

KLCIC,IE)RARRAY T HOLD THE HYDRAULIC LOADING,MGAD,
OM THE DAY OF SAMPLING,

TEMB(IC,TE)ARRAY YO HOLD INFLUENT TEMPERATURE,DEG.C.,
ON THE DAY OF SAMPLING,

TYCIC, TEYwARRAY(TEMPNRARYYITO HOLD DAY Nno, FOR 4 PARTICULAR EPISODE

CAS(IZ,TC,.IEImARRAY TN HOLD VS8 VALUES.,.
. WEY VOL/L FILTRATE FOR EPISODES

READ IN AND WRITE OUT RAW V88 DATA FOR INF AND EFF,
WRTTE TARLE MEADING FOR RAW DATA

WRITE (6,98)
98 FORMAT(ILT,33%,'VES,MG/LT)

WRTITE (4,897)
97 FORMATIYRY, 1!.'DAY',1X0'EPISODE‘ 1%, "COLUMNY, SX.'INF' 6X, YEFF1,4x,
1YLOADINGY,aX, 'TEMP T /1K, 'NOL Y, 3%, TNO, ', 4X, 'NO. ¥, 4X, ’NG/L';SX;'HG/L'
2,8%, VMBAD ', 4%, 'DERLCY)

91 READC(S.IPMIINY,TE,IC.CLVL (1), CLYL (S A HLEIC, TEY TEMP(IL, IE)
TFLIDY.ED.222)60 TN 12
MRYITE (&, 1m83TNY, TESIC, CLVLELY (CLVLIS)  HLLIC, IEY , TEMPLIC, TE)

TTLIC,TEImTDY
£88€¢,1C, TEYNCLVL (1) /DEN
TF(CLVL(SY.LE, O, 2)6B0 TO 13
CSS(S,IC,IF)aCLVL(S)/DEN
GG T0 (8

13 £8S(8,TC,IF)nGi, 4 /DEN

15 CONTINUE
GO TO 91

153 FonnATc1¥.14 218,475, 1)

104 FORMATI! *,1%,13,3%,13,4x, 12,4F8. 1)

12 CONTINUE

WRITE OUT V,/vV DATA FOR INF AND EFP EPISODE.

WRITE(E,1a2) ;
1n2 FORMAT('1Y,1AX, V88, VOLUNE OF ALGAE/VOLUME OF FILTRATE EPISODE*}

Do 16 IC=L . NE-
NMAXaNNLIC)
WRITE (S, 6@33IC
16 WRITE(R, 562 CTT(IC, TE),CSS(1,1C,3E),CS8(5,1C, IEY,IEmI ,NMAX)
433 FORMAT('0!,'C0LUMN NO 'JGX.IdliX.'DAY NO. Y, 4X, YINFLUENT!, 8X, VEFFLU

1ENTY)Y
502 FORMAT(! .ax.Is.zx.2513.43

IMITIALITE CNRUNTER AND ARRAYS
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Cr OO

()

IO TOO

fa Ba el

la B Xs

(o Ba Tha 2

RPN EION

KKnn
90 28 1C1,NE
AMLCIC, 1) 80,

20 saLm(Ic,1)ea,

1020 KKmkK+1
KPuKK 41
KMgKKw{
TTMaKKeDELY

NONCICImARRAY TO HOLD THE TOTAL NO. OF NAYS FOR EACH COLUMN

DO 30 ICs{, N

TMAXSNON(TCY «DELT

TE(TIM.GT, THAXIGO TD 39

ITUM(JI)WARRAY TO HOLD ALL VALUES OF EPISODE TIMF
IN DAYS.....FUNCTION GENERATOR,

DUMCK)SARRAY (TFMPORARYITO MOLD ALL VALUES OF €8S FOR A GIVEN
COLUMN AT A BTVEN DEPTHwewFUNCTION GENERATOR

Do 32 Y7my,N7,4

NMAYSNNCICY

DD 31 Jsi,NMAX
3L rrumMtnysTT YR,

N0 40 XK=l NMAX

4% DUMIKISCS8(I7,1C,X)

CRYZ,1C wARRAY(TEMPORARY)VSS GENERATED BY FUN{

CS(YZ,IC sFUNE (TIM,NMAX, ITUM,DUM)

CSSOCTZ,IC, XK )sARRAY TO HOLD V88 VALUES(MG/L),DAILY,

CRSPLI7,IC.KK)®CS(IZ,ICYDEN

38 CONTINUE

DATLY VALUES oF C88D DETERMINED,PROCEED WITH CALCULATIONS

np 8@ ICEL, NP

TMax 18 THE NUMBER OF DAYS FOR THE IC'TH COLUMN

TMAXBNON(ICI#DELT
IFCTIM.GT. TMAXISD

NO 88 TZw1.NTM,3

To %2

IPCIZ.EQ.LIGN TO 48

GO TO 49

DLOADCIC,KKYsARRAY TO HOLD YHE VOLUME OF SEWAGE LOADED(IN TERMS

OF THE LAB COLUMNS)

PHLCIC,KK)SARRAY TO
OF THE LAB COLUMNS)

DML LIC,KKY®ARRAY TO
OF THE LAR COLUMNS)

IN L.

HOLD DAILY HYDRAULIC LOADCIN TERMS
IN EM/DAY,

HOLD DAILY MASS LOADED(IN TERMS
IN MG/DAY.

48 TF(IC,B67,.5160 Yo 21 ,
TP (KK LT.ITCYC,2))IDLOADIIC, KKIHLCIC,13#14.388
1F (KK BEITCIC,2)I0L0ADEYC, KKYRHL CIC,2)+14.388
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2]

21
22

38

233

7

342

334

343

50 TO 27 )
PLOADTEIC KN ML EIC, 23914, 388

CONTINUE

DHLCIC ,KK)aDLOADCIC, KK w1 ,AEAS/AREA

DML {IE, KKYuDI.OADLIC, KKISCESN (1, 1C,XK)
IFCOMLCTC, ¥K1 . LEL1E8 IGO0 D 334

ACONRD _908%

BCONSD, 7478

8K1234.5

SK2xG100,

AMLIEIC KKy waML (TC,KKY DML {10 ,KK)
TFLTIN.FQ,THAXIGO TO 336

AMLCIC,KPYsAML(XC,KK)

XXXmAML (1€, KK

IF(RK FA 1ISALCETIL KK mESKIw XXX )/ (SK2+XXX)
SLOPMEIC, KK u (SK1w8K2) / (SK2# XXX} uw2,

tFIKK,.En. 1160 TO 344

SALCEIL, KXY uSLOPMLIC, KK) wDML (IC, KKI+SALC{IC,KM)
CONTINIE

50 10 335

TP (KK FN,13SALCEYE KK nt 8Q32Ewny

SLOPMIIC ,KKIu8,PATERY

AMLEIC, KK maML (IC,KKY DML (IC, KK
YFCTIML.FR,THAXIGO Tn 337

AML CTC,KPYwaAML{IC,KK)

CONTINUF

IF(KK.EQ.1IGN TD 342
SALCCIC,KKIBSLOPMIIC, KK «DML{TC, KK) 4SALE(IC,KM)
CONTINUE

ACON®1,5838E=05
BLONRY 2568

50 TH 338
TF (KK ERL118ALC(IC, KK ®d 87 1EwD2
SLOPM(IC, KK)nd . PR5ERDY

AML CIC,KK) =AML (IC,KKI#DML (10, KK)

TFCTIM.EQ, TMAYIGO TO 338

AMLETIC, KPYmamL (IC,KKY

CONTINUE

TP (KK, EO,1360 TO 343

SALCCLIC, MK mSLOPMLIC, KK wDML {210, KK +SALELIC, KM)

CONTINUF
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138

46

52

49

Re

58

W

298

ACON®? ,737Fe0?
ACONES. 8969

CANTINUE

TF(KK.EQ.1)GO TN 46

SALMG(TC,KKIm (SALE(IC,KKI=SALCCIC,KM))wAREA

nO TO 82
SALMG(IC,KKI=SALC(IC,KK)wAREA
CONTIMUE
SALMCIC,KKYRSALM(IC,KKY+SALMG(IC,KK)
IF(TIM.EQ,TMAX)GO TO 53
SALMCYIC,KPYRSALM(CIC,KK)

CONTINUE

CONTINUE
CONTINUE

TF(KK.GE.2191G0 TO 55
G0 TO iaoQe

CONTINUFE

FITE OUT V8S,MR/L  DAILY,

WRYITE(6,298) .
FORMAT(T1V,28X, 'VSS,MEB/L  DAILYY)

DO %4 1Csy,NC
TMAXaNON(TE)
WRITE(6,474)1C

NO 56 Kei,THAX
TF (DML (IC, k), LE,165,)IDES

TF(DMLCIC, K) LE.279,AND,DMLCIC,KY,6T.165,)1Dn1
TF (oML (IC, K) LE.4mB8 AND, DML (IC,K},GT,279,)1Da2
IFCoMLCIC, K) . LE 687 ,AND DML (IC,K),6T.408,.)1D8)

TFENMLCIC,K).GT. 887 ,)1D06

56 NRITETG.5@3)K.CSSD(1-IC.K).CSSD(S.IC.K).DML(IC:KJ.DHL(IC;K).DLDAD(

54

474

503

1I1C,K), AMLCTC.K) , SALMCIC,K), 1D
JeTMAX -

ABCwAMLCYC,JY/J

WRITE (6,304)ABC

CONTINUE

FORMAT ('@, YeOLUMM NO,1/3X,14/1%,'DAY NOu'

1 4%, VINFLUENT!', B, 'EFFLU

lENT'.BXn'DML',!!X.'DHL',BX.'DLOAD' 8x, 'AML',:MX.'SALM' 18x, DML /1
?5!;'MG/L'.9X.'MG/L' 7X,'MG/DAYT, BX;'CN/DAY' X, VL/DAY!,8X, 'MG', 12X

3,'MGY,1AX, "RANGE ")

FORMATC! ',3¥%,13,2X, 3r13,.4,2P12,3,2E13,.4,110)
=34 FORMATt'm'.sv.'AvERAGE DML FOR FILTER RUNm!,F5,.0)

THE SAND PORTIDN OF THE MDDEL WILL BE RUN

IN NRDER TO NBSERVE EFFECTS OF SAL ON I8F MODEL.

THE DMLL UTILIZED HERE WAS DEVELOPED W/0 SAL PORTION OF MODEL.
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RASIC MODEL FDR THE SAND PHASE,...

DSP/DT 3 DHL#(=DCS5$/0ZY + BETA#SEP,

$P REPRESENTS SPECIFIC DEPOSIT,

OM{#CIN 8 (=DCSS/D73,.WHERE DMLL 1S THE SAND FILYER COFF,,CMe{,

ANALYSTS OF THP IMPACT OF BETACIC,KK), MEAN BETACBMRCICY),
MEAN RETA FrnM SELECTED BETS VALUES...

RESULTER IN RELETION DF THE SAND BICLOGICAL ACTIVITY TERM FROM
THE SAND PHASE HODEL.wwse

THEREFORE..,THF BASIC MODEL FOR THE $AND PHASE BECOMES....
DSP/DT » GHLw(=DCSS/D2)

DMLL#CSSIN 5 (=~NCSS/DYY

IN TERHS GF AML...I

NAP/DAML = (DHI /DMLY« (=NCSE/DYY

DMLL#CSSIN = (=DCS8/07)

DMLL 1S CALCULATED FROM THE FUINETIONAL RE{ ATIONSHIP
BETWEEN GAMMA AND NEPTH,WHERE DEPTH IS8 IN CM,

X321 R 2 XTI AA 2222222202220

& L
e DML ® 0,18284(DEPTHY #e(»2,0034) *
W -

(T X 2232232222223 233222 X222 222222 22002 22 A0

SINCE THF SAL MODEL IS NOY INCLUDED IN THE SIMPLIFIED ISF MODEL,
THERE I8 NO TEMPERATURE DEPENDENCE.

LOAD THE DMLL ARRAYV

nn sap1 T2tmy, NZIM
5001 OMLLCIZI)=®,1828%((1Z1)#w(=d. 99343)

MAKE CAMPARISON OF VSS PREDICTER AND ACTYUAL USIMG
DMLL VALUES CALCULATED FROM YHE PUNCTIONAL RELATIONSHIP
RETWEEN DMLL AND NERTH,,...WITHOUT 8AL,

A T T L AL 2R L]
CORRECTION OF GAMMA(DMLLITERM IF EFS_NE 0,17,
IF(EFS EQ.A.17)G0 10 7082

No 7amd TZTwi,NZIM
7004 OMLLCIZIY o, 3138eDMLLCIZY)

7082 CONTINUE
R T T L T T T T T T T A X ] )

KKn }
RAQM KKK+
TIMeKKuDELT
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92

amy

911

R?R

no 872 Ifei,NC

THAXSNON(IC)
IFCTIMLGT.IMAXIGO TO 87n

TFCIC.LE.6Y6n TO 9mt
JKuIlnt

DO 902 IZYef . NZIM
TIIPRITIY

TFCIZT.LENLIPCSDB(1,IK, KKIRCERD (1,10, KK)

PESDACTIZIP,IK, KK)m(PCSDBCILT, JK, KK ) #(EEwe {m (DMLLETZT)) #2,.54))

CONTINUE
G0 YO 879

DO 914 YZIsl. NZIM
T2IPeIZ1¢}

TFCIZ1.60,13PC8DACL, IC,KKYRCS80LT, IC,KK)

PCSDACTZIP,IC,KKYBTPCSDACTZY, IC, KKI)#(EEsw (= (DMLLLTI21))*2,54))

CONTINUE
CONTINUE

IF(XX,GE.219960 YO 874

874

933

60 TO Seep

CONTINUE

DO 882 TCwi,NC

TMAX®NON(IC)
WRITE(E,871)1C

124

IEmy
TZPulZ#!
1Z1s30
TZ2IPwI2I#d
WRITE(S,772)12

IFCIC.LE.GYGN TO 92y
JKaIC w8

DO 994 KKmiy,TMAX
IF(KK,EQ.ITCIC,IEIIGO TO as

WRITE(S,783)KK,PCEDB(IZIP, JK,KKIOMLLIIZI), AMLCIC, KK)
WRITE(?,783)kK,PCSDB{IZIP,IK, KK}, DHMLLEIZI},AML(IC, kK]

GO TO g8

WRITE(8,773)KN,C8SD(IZP,1C,KK),PESDRITZIP, JK,KK) ,OMLLIIZI) AMLCIC,

1K)

WRITE(?,7733vK,C88D(I2ZP, 1C,KK),PLSOBCIZIP, JK,KK) ,DMLLCI2T), AMLLIC,

1KKY
IFRIEs]
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946 CONTINUE

434 CONTINUE
G0 TO 8AQ

973 N0 912 KKmi,THMAY
TF{KK,LEP,IT(TC,IEYIRO TO 913

WRITE(S,783IKK,PCSDACTIZIP, IC,KK) ,DMLLCIZT), AML(IC,KK)
WRITE(?,783)KK,PCSDA(IZIP, IC,KKY,OMLLCIZIY, AML(IC,KK)

G0 TO 914

943 WRITECS,778)KK,CSSD(TZP, IC,.KK),PESDALTZIP, 10, KK)LOMLLCTIZIY,  AMLCLC,
1KK) .
WRITE(7,773)K¥,CSED(IZP, 10, KKY,PCSDAL{TZIP, IC.KKY.OMLL (T2, AMLCIC,
1%Ky
TE®TE+y

954 CONTINUE
512 CONTINUE

88¢ CONTINUE

R7{ FORMAT{'11,13Y,'MODEL VALIDATION OF FIELD DATA (TUPYI.10773)7/1X,'¢C
{NMPARTSON NF PREDICTED V8 ACTUAL EFF V88 CONCENTRATIONS FOR DMLL €
ZALCULATED FRAM DEPTH'//27X,'COLUMN NO,',I3) - .

772 FORMATC!OY, V| AYER NOL!,72/28%,7VSSt, 10X, V881 /28X, TACTUAL EFF',1X,
L'PREDYICTED EFF', 8%, TOMLLY, 10X, VAMLY, 10X, TID /8X, VDAY, 17X, 'PROM LA
2YER',2X, 'FPOM LAYERY /28X, TME/L', 9%, TMG/LY,0X, 'CM=l T, 10X, 'HG")

7R3 FORMATE! !,8Y,I13,26Y,F13,1,F13,5,F13.3)

773 FORMAT(! ' ,8%,13,13)%,2F13,1,F13,.5,F13,0)

8TOP
END

TIMeTIME,THE INPUT INDEPENDENT VARIABLE
NMAXBTOTAL NUMBER OF CODRDINATE POINTS
ITUMBARRAY OF THE INDEPENDENT VARIARLE,TIME
DUMRARRAY NF THE DEPENDENY VARIABLE,VSS

FUNCTION FUNT(TIM,NMAX,ITUM,DUM)
REAL DUuM(2) |
INTEGER ITTUMT2)
TF{TIMaITIUM(1))5,5,8
8 IF(TIMelITUM(INMAXYIYY,2,2
2 FUNIwDUMINMAYY
RETURN
S5 FUN{aDUMCEY
RETHRN
1 0N 3 Tw2,NMAX
TFCTIMLLT ITUMCIYIGO TO 4
CONTINUE A _ ,
FUNLSDUM(Ta it s [TIM=ITUM(Tw 1)) o (BUMCT) aDURLT=11Y 7 CTTUMCTI@TTUNM(InE)
11
RETURN
END

Gl
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Parameter

Chlorophyll

Phytoplankton

Specific Conductance
Suspended Solids

Volatile Suspended
Solids

pH

Total Organic Carbon

Soluble Organic
Carbon

APPENDIX G

ANALYTICAL METHODS

Method Reference

Relative Fluorescence Turner Fluorometer
Manual, Model 110

Sedgwick-Rafter APHA, 1971, Standard

Counting Cell Methods for the
Examination of Water and
Wastewater

Electrometric

Glass Fiber Filter (103°C)

Glass Fiber Filter (5500¢)

Electrometric , Beckman Manual, Zeromatic TII

Digestion, Ampule Oceanographic International,
Operating Procedures Manual,
. 0524 B Total Carbon System

Filtration, Digestion,
Ampule

Computer programs were run on the Burroughs 6700 at the Computer Center, Utah
State University, Logan, Utah.
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