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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 A 
coefficients); in the modified ISF model, a functional relationship 
between A 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 firs t two models was, ins tead, 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 E' 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 E' media. Wastewater s.tabilization 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 extensively 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 engineer design equations for the 
ISF process using data collected in the 
laboratory and field. 

I 

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 appropr iate 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. 
data. 

Validate the models using field 

9. Present pract ical des ign equat ions 
based upon the ISF models. 



SECTION I I 

MATERIALS AND METHODS 

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 cons isted of two phases that 
were operated concurrently. The laboratory 
phase involved extensive testing of model 
var iables 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. 

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 (SS), volatile suspended solids 
(VSS), 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 we,re 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 
firs t two runs were operated unti 1 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 exper iment. 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 
we ight measurements were then performed at 
time increments throughout each run to obtain 
SAL values during the period of operation. 

3 

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

Nine experimental filtration 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. 

SAMPLING 
PORTS AT 

DEPTHS OF 

INFLUENT 

I" 
2" 
3" .... ___ +-
6" 

30" 

EFFLUENT 

TOTAL LENGTH - 6 ' 
51/2" 1.0. PLEXIGLASS 

CYLINDER 

30" OF SAND 

10" OF GRAVEL 

Figure 1. Laboratory ISF column. 
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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. 1 The sand was taken from 
the mid dIe 0 f the O. 1 7 mm e f fee t i ve san d 
size (E;') box, mixed, dried in the sun, and 
placed in the columns to the 3 feet level. 
The columns were bolted toge ther, and d is­
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 E;' sand 
(103 0 C) was we ighed 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 wett 
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 E;' sand. The results are 
summarized below: 

0.17 mm 

1.0 mm 

5.9 

P s 2.65 g/cc 

y = 165.44 lbs/ft3 
s 

IGilson Screen Company, Malina, Ohio, 
located in the So ils Labora tory, Department 
of Civil and Environmental Engineering, 
College of Engineering, at Utah State Univer­
s ity. 

Table 1. Clean filter porosity determination 

where DlO ='the sieve size that 10 percent 
of the sand passed, and the effect ive sand 
size, E;'; D60 = the sieve size that 60 
percent of the sand passed; Cu = un iformi ty 
coefficient; Pi> = density of sand; and Ys 
specific weight of sand. 

The initial or clean filter porosity, 
fo, was calculated from the weight of .d~y 
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, fo = 0.344. The standard deviation 
(S) was 0.025 and the standard error of the 
mean (S/~, 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. Th is 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 
s tart of the exper iment. Because suspended 
solids (SS) was the primary variable in the 
first run, special care was taken to insure 
that these sample ports remained free of 
fines. Th is was accomplished through con­
stant observation and periodic cleaning of 
the ports with a 1/4 inch diameter test tube 

data for laboratory scale filtration units. 

Dry Sand Loaded into Columns 

Height Weight Volume 
of ISF of Total of 

Sand Volume Sand Column 
II (inches) ft 3 lbs. 

0.06789 7.105 

2 5 0.06875 7.430 

3 43/4 0.06531 7.108 

4 51/ 8 
0.07046 7.099 

5 51/ 8 0.07046 7.917 

6 43/4 0.06531 7.152 

7 51/ 4 
0.07218 8.296 

8 43/ 8 
0.06015 6.614 

9 41/2 0.06187 6.614 

Volume of solids = Weight of sand in column 

Weight of sand/ft3 

f 
o 

volume of voids 
total volume 

total 

4 

Solids 

ft 3 

0.04295 

0.04491 

0.04296 

0.04291 

0.04785 

0.04323 

0.05014 

0.03998 

0.03998 

of solids 
0.344 

f 
0 

0.367 

0.347 

0.342 

0.391 

0.321 

0.338 

0.305 

0.335 

0.354 



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

The three suspended solids concentra­
t ions (SS) applied to the laboratory scale 
filters were 75, 50, and 25 mg/~. Suspended 
solids concentrations in the algal growth 
cham b e r we rea d jus ted d ail y sot hat 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 are 
shown in Table 2. 

It was observed in experiment one that 
the low mass loadings applied to the filters 
receiving effluent containing 25 mg/!!' of SS 
yielded run times ter than 93 days for 
the 0.5 and 0.3 hydraulic loading rates. 
Because of time cons tra ints in the labo­
ratory phase, it was decided to eliminate the 
25 mg/~ influent SS concentration from sub:­
sequent experiments. Therefore, in experi­
ment two and in the SAL quantitative experi­
ments (three through six) only SS concentra­
tions of 75 and 50 mg/!!' were utilized. 

Pr ime 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 measllrement of 
the culture in the tank prior to loading the 

filters lacked the necessary accuracy because 
after the determination of tank SS (a minimurr 
of 1 1/2 - 2 hours analysis time) the tank SS 
had changed. Therefore, instantaneous S5 
concentrations were measured daily by deter­
mining the optical density (00) of the cuI 
ture at a wave length of 750 m~ (a 1 cm path 
length) us a Bausch and Lomb Spectronlc 
20. Algal culture tank SS concentrations 
were found to be linearly related to optical 
den sit y me a sur e d a t 7 5 0 m IJ. T his 1 in ear 
relationship, which was updated weekly, was 
used to obtain SS levels in the tank im 
mediately prior to filter loading. Measure­
ments of 00 were also made on the 75, 50, and 
25 mg/!!' SS samples prior to loading as a 
check on the accuracy of the dilution 
process. An example of the 00 versus SS 
relationship is presented in Figure 2. 

The data in Figure 2 represent the OD 
versus SS values for 2 - 50 mg/t, 2 - 75 
mg/~, and six tank measurements between 
September 29 and October 2, 1977. Distilled 
water (0 mg/!!' SS) yielded 00 values of zero, 
and this coordinate point was also utilized 
in calculating the linear regression equation 
relating 00 and SS. The relationship was 
assumed to be linear between 0 and 50 mg/ ~ 
SS. 

Intermittent loadings were made once 
da with subsequent analyses performed on 
the influent, depth ports, and effluent 
samples tw ice per week unt i 1 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 

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

Column If 2 3 4 5 6 7 8 9 

Run 1 
58, mg/!!, 75 50 25 75 50 25 75 50 25 

Hydraulic 
Loading Rate, 

0.3--\ mgad 0.7 0.5 

Run 2 
5S, mg/!!' 75 75 50 50 75 50 50 75 50 

Hydraulic 
Loading Rate, 

1---0.7 mgad +. 0.5 "I" 0.3 

5 
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of 675 foot candles (f.c.) (Figure 3). 
Aluminum foil was added to the lighti 
banks and to both sides of the tank above 
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 operational problems inherent in a 
continuously loaded system by allowing 
the operator to manually load the cultur 
tank. The Logan lagoon secondary effluent a 
times contained zooplankters (Han is 1977), 
and to avoid contaminating the culture with 
zooplank ton, the was tewater was filtered 

l~lix 
New York. 

Equipment Co., Inc., Rochester, 

Table 3. Daily column loading schedule. 

Loading: 

DHL 

DLOAD 

.12 

>-
I-
Cf} 

~.08 
0 

...J 
« 
() 
j::.04 
a. 
0 

0 

0 

cm of algal culture 
applied 
J1, applied 

0.7 

65.50 
10.04 

0.5 0.3 

46.78 28.05 
7.17 4.30 

-4 
SLOPE 8.59)( 10 

INTERCEPT 4> 

50 100 150 200 

SUSPENDED SOLIDS, mg / I 

Figure 2. Algal culture tank OD versus SS re­
lationship for 9/29 - 10/2/77. 
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through 0.52 mm s' sand f iiter columns pr ior 
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 rna intained at. the high concentra­
t ions 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 a 1 culture 
SS concentration be maintained in excess 
of 75 mg/t in order to obtain the highest 
SS loading. To offer a margin of operational 
s a f e t y, the cuI t u r e was rna in t a in e d at S S 
concentrations of 90 to 110 mg/t. 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 utilized to describe 
the algal cultur ing sys tern (McGauhey et al. 
1968) . The rna x imum or steady -s ta te 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 (1) 

dXl 
dt.J{- = QXo - QX 1 + ]JXrV kdXl'lf 

dXl _ ~ 
Cit - 'If (Xo -Xl) + ]JX l kdXl 

At steady state, 
therefore, 

dX l 
dt 0, and Xo OJ 

(2) 

e hydraulic residence time ~/Q, t 
]J specific growth rate, 
kd decay coefficient, t- 1 

2 0 SEWAGE 

WATER 
HEADER TEMPERATURE 

I [illl 0.52mm f! PREFILT~:OROE\R 
FLOURESC'NT UGHTS 

o 
/ AIR 

TEMPERATURE 
RECORDER 

Figure 3. Influent algal suspension culturing 
tank. 



There exists an inverse relationship 
between specific growth rate, 11, and hydrau­
lic residence time, 8. In order to describe 
the relationship between algal concentration 
(X) and e, Michaelis-Menten growth kinetics 
are appli ed: 

(3) 

in which 

C = maximum specific growth rate, t-1 
Ks = saturation constant, ML-3 

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

(4) 

Solving for Sl (the substrate concentration) 
gives: 

Ks (kd + -k) 
P - (kd + -k) 

(5) 

For a steady state system, Sl is an inverse 
function of 8. It is important to maintain a 
constant hydraulic residence time, therefore, 
maintaining constant Sl concentrations in 
the culturing tank. This results in the 
required Xl (alga 1 concentrat ion) since 
X 'V F (S) • 

Since 8 ¥/Q = 163 gallons/13 gallonsl 
day, 8 was set at 12.5 days for this system 
when 13 gallons per day were withdrawn from 
and added to the tank. 

x 
s 

1\ 
X .... F (5) 

a a 

~
o 

1--___ -.::5 . 
SUBSTRATE 

~CE~ON~ ______ _ 

TIME 

maximum conc. of algae, ML-~3 
substrate concentration, ML 

XoSo = Input } Algae and 
Substra te 

XIS I = Tank, Output Levels 

Q Flow Rate, L3t- 1 

-V- Tank Volume, L3 

Figure 4. CSTRmodel (McGauhey et a1. 1968). 
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Insufficient populations of algae 
entered the tank through the pref i Iter: 
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 1971) for 
nitrogen, phosphorus, and trace elements 
(including chelated iron, 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 C02 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 Unger sma 
(1972) as follows: " 

IL = K * 'I' (T-20) 
T 20 

(6) 

in wh ich 

KT, K20 
* 

reaction rates at TOC, 200 C 
multiplication sign 
temperature activity coef­
ficient 

T temperature, OC 

When the ISF model was validated on 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 (So) and 

Table 4. Nutrient spikes to algal culture 
tank influent. 

A. NaN03 12.6 mg NIl Influent 
B. K2HP04 0.6 mg pll Influent 
C. Micronutrients 3 * ~ ~g/l Influent 
D. Iron + EDTA 3 * AAMa llgll Influent 
C02 Bubbled Into Tank To Maintain A Tank pH Range of 

7-8 

a AAM, Algal Assay Medium (EPA, 1971). 
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hydraulic residence times (8 "" 12.5 days). 
The system, as described, was able to main­
tain Xl 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 mi xing 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 OD and 
SS mg/ ~ (an example of which is shown in 
Figure 2), and appropriate dilutions were 
made to attain appropriate SS concentrations 
(75, 50, and 25 mg/~). Laboratory determina­
tions of SS and VSS levels were performed 
daily on mixing tank and 75, 50, and 25 
mg/~ filter influents to verify the OD 
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 
SS feed levels (75, 50, and 25 mg/~) but 
introduced the variable of differing ionic 
strength of the filter influent. Because the 
sand phase of the ISF model was developed 
u t il i z in g run 1 d a t a , it was ass ume d t hat 
vary 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 (acss/ 
az), samples were analyzed at various depths 
within the filter for SS, VSS, and POCo 
These parameters were r lated such that 
they were variable among columns (model 
variable) but were constant to individual 
columns. The tank SS 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 
flows are dependent upon the degree 

sa uration of soils through which such 
flows occur. In 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 
poros ity 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 
f low was compounded by the existence of an 
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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 art! larger, unsaturated flow was 
observed to have occurred in the ISF. 

Wh en con d i t ion sin the 1 abo rat 0 r y 
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 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 SS were more concentrated with algae. 

The utilization of a vacuum to draw 
samples in the laboratory columns was dis­
continued. If 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 determination. Ash weight 
measurements were made for each column in 
each of the six laboratory scale experimental 
filter rup·s. The ash weight analysis quan­
t Hied the mass of volatile solids present 
in the SAL at the time of sampling. The 
ent ire SAL was removed from the sur face 
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 1030 C (dry weight). This 
latter portion was then ashed.at 550 0 C 
(ash weight) and the difference between the 
dry and ash weights (corrected for the 
amount removed for chlorophyll) ref-,resented 
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/cm2 

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 measur'ement 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 5). 

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 SS, 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 
exper ience. Deve lopment 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 
pear the sampler was filled with loose 
sand. At a distance of 13 inches from the 
tip was situated a circ,ular 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 SS and hydraulic loading 
rates for laboratory experiments 3-6. 

Experimental 
Run 

3 
4 
5 
6 

Influent 
SS 

mgtl 

50 
75 
50 
75 

Hydraulic 
Loading 

mgad 

O. 7 
0.7 
0.5 
0.5 
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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
t ion of flow was one dimens ional. A front 
moved down through the filter and conditions 
of saturation existed in the area of the 
frontal .wave. A.s effluent appeared in the 
collectl.on system of the filter, it was 
hypotheslzed 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 poros ity of the filter bed 
and especially upon the poros ity 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 
al~ow filtrate t? flow into the sampler. 
ThlS was aCCOmpllShed by drawing a vacuum 
wi th the pressure valve closed; when the 
sampler was loaded, the valye was opened and 
the sample was drawn into the collection 
flask (Figure 5). Based ~pon the bias of 
la~oratory .data util~zing vacuum techniques, 
thlS technlque was dlscontinued in the field 
study. 

~--P-R-E-S-SU-R-E----~~--VACUUM PUMP 

.. 

VALVE SAMPLE 
TRAP (flask) 

RECESSED 3/~:' STRIP WITH SCREEN 
COVERING 1/4 HOLES 

-RESERVOIR TO HOLD SAMPLE 

Figure 5. Field sampler for operational ISF. 
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In order to obtain field data, an 

at tempt 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 part ially satu­
rated and saturated flows which occur 
in seepage f10ws (Figure 6) subsequent depth 
sampling was done only at the upper layers of 
the filter, i.e., 1.5, 3, and 6 inches. 

10 

,,. 

..... 

... 
I'" 

---SAL (Area of Restricted 
Porosity) 

Figure 6. Hypothetical flownet, ISF. 
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SECTION III 

MODEL DEVELOPMENT 

A detailed Ii terature review of inter 
mittent sand filtration of wastewater is 
presented by Hill et a1. (1977). In the 
following model development only pertinent 
Ii terature are referenced. Detailed infor­
mation on earlier work can be obtained 
by referring to Hill et al. (1977). 

Filtration 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. 

ACss (7) 

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 (A) is a measure of 
filter efficiency (Ives and Sholji 1965) and 
is variable throughout a filter run. This 
variability is due to changes in the internal 
pore geometry of the porous medium (Ives, 
1960) and reflects changes in bed poros i ty, 
f. In terms of the hydraulics of the 
system, A 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 
f i Itrat ion theory: the removal of influent 
suspended solids (Css) from the filtered 
wastewater results in accumulation of de­
posits in the pores of the sand filter. It 
was the development of A, to include Ai, 
the clean filter coefficient, and the sub­
sequent modification of A throughout the 
operation of the filter as a result of the 
volume of deposited solids per unit volume 
of filter (specific deposit, 0) which allowed 
th is model to descr ibe the f iltrat ion pro­
cess. 

A. + F(o) 
~ 

(8) 

in which 

11 

F 
c 

clean filter coefficient (at 
o = 0), L-l 
function of 
specific deposit L3L-3 or 
dimensionless ' 

The value of Ai depends upon the 
initial filter bed condItions (E', CU

, 

and f o ), the system's hydraulics (w), and 
the influent water quality (Css, T), in 
which 

E' 

w 

T 

effect ive sand size; DIO, the 
diameter of sieve opening through 
which 10 percent of the sand 
passes, L 
uniformity coefficients; D60/DlO 
(the diameter of sieve through 
which 60 percent of the sand 
passes)/E', dimensionless 
clean filter porosity, dimension­
less 
interstitial or seepage velocity, 
Lt- 1 
temperature 

When A is plotted versus time of fil­
tration, initially A increases linearly 
wi th 0 (Iwasaki 1937, Stein 1940): 

A. + co 
~ 

c = filter coefficient (9) 

In the later stages of filter operation, when 
increased accumulated deposits exist in the 
sand filter, A will begin to decrease with 
increased 0 (lves 1960): 

~o2 
A = Ai + co -~ ,~ filter coefficient 

o 
. (10) 

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

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

<lCss 
,e" - (" + '0 - _ 0 ) en . (11) <lz 
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and was developed in the laboratory under 
ideal conditions consistin~ of the following: 

1. Influent SS constant and uniform 
with time 

2. Uniform size influent particles 
3. Uniform filter medium, nonstratified 
4. Constant temperature 
5. Constant flow 

I t 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 cont inu ity 
tion describes the equality between he 
change in concentration of fluid being 
filtered and the accumulation of deposit 
(Ives 1960): 

- acss Q at ao A az . (12) 

in wh ich 

Q flow rate, L3 t- 1 
t time, t 
A surface area, L2 

Rearranging 

..9. acss 
A ----az setting V = Q/A • (13) 

.... 
- V 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, 
(aess/at) is zero. 

I 0 .... 
V + (f-~l~S • (15) 

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 wh ich occur with in 
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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 ot 
the Ives model with an added biological 
act ivi ty term. 

In the Ives rapid sand filtration syst~ 
(and in the sand phase of the ISF), as the 
operation of the filter proceeds, specific 
deposits (0) occurred at different rates 
within the different layers of sand. Classi­
cally, the 0 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. wh ich 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. ThiJl rate is described by the 
velocity term, V. 

The continuity equation (Equation 14) 
can be integrated directly to obtain 02, 
the specific deposit at any time t2. when 
01, the specific deposit at the previous 
time step, tl is known. 

.... 
- V • (16) 

. (17) 

Therefore, 0 can be calculated for each time 
and depth. Utilizing the data thus obtained 
for 0, the ewpirical determination of the 
filter parameter A(in terms of its coef­
ficients Ai, c, and .p) is accomplished by 

Figure 7. 

TIME STEPS 

---3 

2 

Z, DEPTH 

Specific deposit as a function of 
depth within the sand filter system. 



comb ininl' the bas ic model (Equat ion 7) and 
the contiI1uity equation (Equation 14): 

= )"Css (7) 

~~=-v (14) 

therefore 

+ 
V A Css or A 1 

-+-- , (18) 
VCss 

To solve for the filter parameter A, 
Ives (1960) plotted Cf versus time for each 
layer of sand in order to determine dCf/ot for 
each time and depth. Given Cf and time 
coordinates throughout the filter run, the 
slope at any time can be calculated utilizing 
numeric~,1 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 inf luent sewal"e. The Cs s va lues from 
each subsequent sand layer are measured and A 
is calculated directly from Equation 18. 

To evaluate the filter coefficients (Ai 
c, and <p), A is plotted versus Cf for each leve i 
(Figure 8). The clean filter efficiency 
coefficient, Ai, is the A value at t 0 
(determined by extrapolation of the relation­
ship back to Cf= 0). The coefficient c is 
defined as HldCf at t = O. With Ai fo 
c, Cf, and A known, <p is calculated dir'ectly 
from Equation 19: 

- 0) 
. (19) 

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

• 'c,. = ('i + " - , ) c... . (ll) 

Figure 8. Ives I filter efficiency term as a 
function of specific deposit. 
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Once ,the SAL has been descr ibed, the 
concentrat!on of solids, Css, goin~ onto the 
sand portIon, of the ISF can be determined. 
The, lyes rap~d sand filtration model will be 
modI fled to !Dclude the biologica lly act ive 
elements pr~sent in the sand portion of the 
lSF: . HaVIng quantified the biological 
a~t:Vlty 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 veloci ty (W, discharge 
velocity) defined as the rate at which fluid 
approaches the surface of the sand, is a 
parameter that is easily measured in fil 
tration systems. A functional relationship 
between porosity (f) and approach velocity 
(W) can be developed, and this relationship 
c~n be u~ed to des.cr ibe the poros ity at any 
tIme durIng the fIltration run in terms of 
measured approach velocity. 

, Har~ (1962) defines W as the quantity of 
flUId whIch percolates through a unit area of 
porou~ me~ium per unit time. The approach 
velocItY:IS the product of the porosity of 
the medIum and the seepage velOCity (w 
interstitial velocity): ' 

(20) 

Groundwater seepage principles were 
used .to develop a solution for the seepage 
v~loClty. The seepage velocity (w) is dif­
fIcult to measure during a filter run without 
destroying part of the filter bed, but the 
approa.ch velocity (W) is easily measured. 
By USIng the relationship (Equation 20) 
between seepage velocity and the porosity at 
any time, t, it is poss ible to express w in 
terms of W. 

lSF 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: 

dW 
dt 

in which 

• (21) 

g gravitational constant, Lt-2 
K coefficient of permeability, Lt-l 

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

K • (n) 



= 

in which 

physical permeability, L2 
specific weight of water, ~L-3 
dynamic viscosity, 3tL-2, Mt-1L-1 
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): 

J Tv 
t . t 

g J ~ dt 
dW 
W 

W 
0 

t=O 

W 
- .Bi (t) In ---.t. 

W K 
0 

W 
f/K 0 

In W /gt 
t 

· (23) 

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

W = Ki 

in wh ich: 

- K lE. 
3z 

i hydraulic gradient, -dh/dz 

· (24) 

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) 

aw 
at 

f ah 
g a; (25) 

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

dh 
dz 

in which 

E' 

• r 

r3/4 (l;3f ) g~. 

effective particle size 
shape factor 
friction factor 

· (26) 
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Collecting all the constants and equatin~ 
them for a new constant a: 

dh 
dz 

· (27) 

At t = 0, the porosity is the clean filter 
porosity fo and the approach velocity is 
Woo At any time t, the porosity is ft and 
the approach velocity is Wt ; the quotient 
of the two gradients is unity (at t = 0 and t 

t) : 

dh (l-f ) 
W 2 0 

dz 
(l---

f 3 0 

0 (28) 
dh (l-ft ) 

W 2 
dz 

(l---

f 3 t 
t 

Therefore, 

· (29) 

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 us ing the Newton-Raphson i terat ive 
technique to solve Equation 29 (Carnahan 
et a1. 1969): 

CON = Constant (l-f )/f 3 
o 0 

CQ (W /W ) 2 * CON 
o t 

constant for each time step 

-CQ :::,}- .1- '"CQ',' CQf 3+ f -1=0 
t t 

· (30) 

Set funct ion G = CQ f t 3 + f t -1. Differen­
tiating G with respect to porosity at any 
time t, and f t 

DERIV 3 CQ f
t 

2 + l' · (31) 



Iterating until consecutive 
porosity differ by less 
function (i.e., < 10- 6 ), 
time t is determined: 

determinations of 
than some error 
porosity at any 

f f __ G_ 
t i +1 ti DERIV • (32) 

ERROR = ABSOLUTE VALUE (f f) 
ti+1 ti 

( 

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 Definitions 

1. Porosity (f) is defined as the 
volume of voids (Vv ) divided by the total 
volume (Vd where \tt equals ~v plus the 
volume of solids ("V-s ): 

¥ 
f 

v 
a. ¥ 

· (33) 
t 

b. ¥ + ¥ ¥ 
v s t 

· (34) 

¥ ¥ 
v + s c. 

¥ ¥ 
· (35) 

t t 

2. Packing Factor (P.F.) is defined as 
the decimal percent of \tt which is taken up 
by solids: 

d. P.F. • (36) 

Therefore, substituting a and b into c 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 SS 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 ISF 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). If 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 wQuld allow 
predict ion of performance of any I SF system 
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 runs completed in this re­
search. The sand por t ion of the mode 1 was 
described utilizing lves 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/Q, 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
vers ion factor: time * da i ly mass loaded = 
accumulated mass loaded). In order to 
describe any ISF system (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 mgh (GIN) to each column 
over each experimental filter run: 

DML = CIN*DLOAD, where DLOAD represents 
the daily hydraulic loading in liters (~) 

(38) 
Pert inent 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 = (SKI * AML) / (SK2 + AML) 

in which 

. (39) 

SALC 
SKI 
SK2 

AML 
* 

surface algal layer, mg/cm2 
accumulation function, mg/cm2 
accumulated mass loaded at one­
half the maximum SALC, mg 
accumulated mass loaded, mg 
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 II and III gave approxi­
mately the same relationship, these data were 
grouped together yielding Range II-Ill 
consisting of laboratory DML values of 
279-687 mg/column/day (Figure 9). At the 
lower mass loadings (Range 1), the data were 
scattered, but because Range II-III data (19 
out of 29 data points) resulted in the 
saturation type function, the same functional 
form was utilized for Range I, data (Figure 
10). Grouping all data (29 data pOints 
plus the origin) and applying the saturation 
type function yielded the single relationship 
which could be used to describe SALC as a 
f unct ion of AML (F igure 11). Therefore, a 
single set of coefficients (SKI and SK2) 
described SALC in terms of AML for all ISF 
loadings between 9 and 45grams/m2/day. The 
coefficients were developed ut ilizing an 

algorithm designed to 
f icients for systems of 
(Beltrami 1970). 

approximate coef­
nonlinear equations 

The coefficients (SKI and SK2) quantify­
ing the saturation type function (Equatior; 
39) are listed in Table 8. On the flat 
portion of the curve (Figures ,9-11), where 
dSALC/dAML approaches 0, biological processes 
(Le., 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. 

Parameters at Time of 
SAL Measurement 

Filter Column Daily Mass Loaded Time Accumulated Mass SALC 
Run No. mg days Loaded, mg mg/cm2 

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 
9* 99 93 9230 4.5 

2 1 551 15 8265 U.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 
9* 163 55 8965 10.3 

3 423 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 8.4 
5 263 10 2630 13.1 
8,9 263 20 5260 18.9 

6 4 391 4 1564 8.8 
1,2,3 391 7 2737 9.0 

*Due to time constraints in the labor tory phase, columns 6 and 9 (Run 1) 
and column 9 (Run 2) were terminated prior to plugging. 
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of exper imental filter run 1 that the lower 
OhL units would perform for per iods of time 
exceeding the time constraints for the 
research; therefore, it was decided to 
eliminate the lower DML from further study. 
uifferentiating the saturation function 
(equation 39) with respect to AML, an exact 
solution for the rate of change of SALC as a 
t IIlct ior of l:~L VIes obtained (folIation 40): 

dSALC = (SKI * SK2) / (SK2 + AML) 2 
dAML 

Since, 

AML = t * DMI.. t * (CIN * DLOAD) 

then, 

dAML dt * (CIN * DLOAD) • 

· (40) 

• (41) 

· (42) 

therefore, 

d S!~C = d ~~ * CIN * DLOAD 

d SALC 
dt 

(SKI * SK2) 
(SK2 + AMI..) 2 * CIN * DLOAD 

Mass Ealance Eiuation--surface 
Alga Layer 

. (43) 

. (44) 

The rate of change of SAL mass with time 
was equated to the difference between the 
mass flux in the lagoon ef fluent flow as it 
D<'lflSecl thr0uph the SAL and the rate at which 

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

Range of DML 

Experimental Filter No. of 
No. Laboratory Field Scale Run Column 

Columns 
Scale 2 in Group 

mg/co1umn/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 1-9 

II 279-408 18-27 1-5,1-7,2-3,2-4,2-5 7 
Run 6 

III 408-687 27-45 1-1,1-2,1-4,2-1,2-2 12 
Runs 3 and 4 

36 

30 
8 

24 "-SALe: (34.5 *AMLI 1(9190 ... 
E +AML). 
(.) 

R' NONLINEAR: 0.87 ....... 
0> 18 CaRR. COEF. : 0.93 
E 4 

u 
-I 

0a « 12 
(f) 

DML RANGES n - 0 
0 m-8 

6 n = 19 POINTS + ORIGIN 

0 
0 4 8 12 16 20 24 28 32 36 

AML, mg )( 10-5 

Figure 9. SALG as a function of AML. 
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36 
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• 30 

, SAle = ( 33.6 * AML)/( 5295 + 
24 AML). .. R2 NONLINEAR =0.58 E 
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E 
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C/) • 

DML RANGE I • 
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Figure 10. SALC as a function of AML. 
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AML. mg X 10-3 

Figure 11. SALC as a function of AML. 
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~ 

Table 8. Saturation function 

DML Range 
No. Mass Loaded No. of Data 

mg loadedj Points 
column/day 

II,III 279-687 19 + origin 

I 131-279 10 + origin 

I,n,II! 131-687 29 + origin 

the mass of SAL was biologically decayed 
(Equation 45). This is shown schematically 
in Figure 12. 

C*v 
d~ 

dt 

in which 

Q 

C 
-V­
CIN,COUTF 

cd 
10- 3 
l1x l1y 
l1z 

(mg/day) 

. (45) 

rate of flow of lagoon efflu­
ent through the SAL, cm3/day 
concentration of SAL, mg/cm3 
volume of SAL, cm3 

SAL influent and effluent 
[VSS], mg/9.-
decay coefficient, day-l 
9.-/cm3 
surface area of SAL, cm2 
depth of SAL, em 

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 descr ibed 
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 act ivi ty 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 
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(SALC as a 

SKI 2 
mg/cm 

34.5 

33.6 

34.6 

function of AML). 

SK2 R2 

mg loaded Nonlinear 

9190 0.87 

5295 0.58 

7836 0.67 

Q*C *10-3 
IN 

Figure 12. Schematic of SAL mass balance 
equation. 

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

Model development includes certain 
definitions and simplifying assumptions: 
~v -3 

d ~ Q * (CIN - COUTF) * 10 - cd * C*V 

v = /',x/',y/',z 

/',X"/',y = Area, constant with respect to (w.r.t.) time 

/',z 0, thickness SAL 

/',z' = depth of sewage lagoon effluent applied 

C*V _ Q*( )* -3 d dt - CIN - COUTF 10 - cd*C*V 

d /',x/',y/',z'C = /',x/',y'/',z' ( 
dt day GIN 

. (46) 



= 

Del (6), the 
va r iable with time. 
hand s.ide of the 
(Equation 46) would 

6dC + 
dt 

thickness of the SAL is 
An expansion of the left 
mass balance equation 
be: 

To avoid this additional term in the 
equation, the definition of SALC in terms of 
mg/cm2 is introduced: 

2 
SALC, mg/cm = 6 * C • . (47) 

The daily hydraulic load (DHL) in cm of 
lagoon effluent applied per day is described 
by b.z' /day; therefore, the mass balance 
expression becomes Equation 48. This is 
shown schematically in Figure 13. 

d SALC 
dt 

-3 
DIlL * (C

IN 
- C

OUTF
) * 10 - cd * SALC 

2 
(mg/cm /day) . (48) 

COUTF, the final concentration of 
sewage VSS 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 COUTF yields: 

] 
103 

+ cd*SALC DIlL 

• (49) 

/-----'11>1 cd * SALC 
f------fl 

Figure 13. Schematic of SAL mass balance equa­
tion in terms of COUTP ' 
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Expressed in terms of the variable AML: 

C C (dSALC * ) ;., OUTF IN - dAML CIN ;., DLOAD + cd * SALC 

in which dt 

· (50) 

dAML/(CIN*DLOAD); therefore, 

* DIlL * AREA * 10-
3 * 10~ 

DHL 

(51) 

in wh ich DLOAD DHL*AREA*lO-3 

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
t ion 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 
COUTF. 

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. 

da 
dt 

DHL * (- DCSS/DZ) + BETA * a 

Basic Model (Sand Phase) • • (53) 

in which 

a specific deposit in the pore 
space of the sand, 

DHL 

volume of deposit 
volume of filter 

(v/v) 

daily hydraulic load (cm of ef­
fluent applied/day) 



-DCSS/DZ = the decrease in VSS concentration 
with depth of filter, 

volume o"f algae ! . 
volume of filtrate cm of layer thlckness 

SETA biological activity coefficient 
of sand column, day-l 

DZ depth or thickness of sand l~yer, cm 

The basic model (Equation 53) describes the 
increase in specific deposit with time (or 
wi th AML) as the sum of the mass flux term 
(DhL*[-DCSS/DZJ) and the reaction term (SETA* 
0). The model was written such that the 
reaction term indicates growth if f3ETA were 
positive and decay if SETA were negative. 

The sand phase filter term (A, in units 
of cm- l ) is defined as the sand phase filter­
ing efficiency normalized by influent VSS con­
centration in volume/volume rothe sand layer: 

or 

A ~ _ DCSS/DZ 
CSS

IN 

DCSS/DZ = ACSS1N 

. (54) 

• (55) 

in which 

-DCSS 

CSS1N 

VSS concentration change across 
sand layer, 
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 SETA and solving directly the basic 
model (Equation 53) for specific deposit, 0, 
at each time step. The sand phase filter 
term (A, Equation 55) substituted into 
Equation 53 for a portion of the mass flux 
term (-DCSS/DZ) yields: 

do 
dt DHL * (A * CSSIN) + SETA * a 

(da/dt - fjETA * a)/(DHL* CSS IN) 

· (56) 

• (57) 

This A value was calculated for each filter, 
each laye r, 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 SETA and sub­
sequent determination of A 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 I SF mode I was 
developed utilizing VSS concentration as 
the parameter which quantifies the change 
in filtrate mass with time of filter opera­
t ion. Samples were taken and analyzed for 
SS, VSS, 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 COUTF 
(f inal VSS concentrat ion ou t of the SAL) it 
was concluded, since the 1 inch effluent VSS 
value was consistently greater than the 
COUTF 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 VSS values. 
Sand layers were def ined 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. 

do 
dt 

Basic Sand Model 

DHL * (- DCSS/DZ) + SETA * 0 . (53) 

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 t 

1 Influent 0 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 (DZ) 
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= 
where CSSIN, CSSOUT represent VSS concen­
trations into and out of the layer being 
analyzed. The CSSOUT va lue represents the 
influent VSS concentration to the layer 
below. The units of CSSIN and CSSOUT 
volume of algae/volume of filtrate. Spec ic 
deposit, 0, was determined from a simple 
difference form of the bas ic sand model at 
each time step (Equation 60): 

° -y 

or 

-----'D=Z'-----e::-=-=-- * DELT + SETA * Ox * DELT 

• (59) 

° = ° + y x 

DHL * (CSS
1N 

CSS ) 
___ --'=-__ --'O'-=U--"T_ * DELT + SETA * ° * DELT 

DZ x 

· (60) 

in which 

DELT 
Ox 

dt, the time step, 1 day 
specific deposit at previous 
tIme step 
specific d sit at present 
tIme step; y x + DELT 
o initial condition of zero 
specific deposit within pores 
of ISF at time zero 

DHL is known and CSSIN and CSSOUT are mea­
sured; therefore, in order to calculate 0y, 
SETA alone remains without quantification. 

SETA, Sand Phase Biological 
Activity Term 

Net biological activity (BAY) of the 
sand phase of the ISF system is expres­
sed in terms of specific deposit (0, 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. 

MY 

in which 

°i 

CSSDi 

CSSDi+l 

DHL 
DELT 
DZi 

4 
l:: 

i=1 
• (61) 

the specific deposit in 
layer 1 

{CSSDi-CSSDi+l)*DHL*DELT/DZi 
1 = 1,2,3,4 
influent [VSS] to layer i;. 
volume of algae/volume or 
filtrate 
effluent rVSS] from layer oi;. 
volume of algae/volume r 
filtrate 
daily hydraulic load, cm/day 
time step, day 
thickness of layer i, cm 
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Total biological activity (TAY) is defined as 
the specific deposit to the entire sand 
column calculated by using column influent 
(CSSIN to layer 1) and column effluent 
(CSSOUT of layer 4). 

TAY = (CSSDI - CSSDS) * DHL * DELT/DEP 

in which 

CSSDI 

CSSD5 

DEP 

. (62) 

sand phase influent [VSS], 
volume of algae/volume of 
filtrate 
column effluent [VSS], volume 
of algae/volume of filtrate 
the depth of the filter, cm 

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

BAY AAY - TAY . (63) 

When these activities were plotted versus 
time (or AML), all nine filter columns 
of laboratory exper iment 1 yielded the same 
form (Figure 14). 

BETA, the sand phase biological term 
(units of day·-I) is the coefficient which 
descr ibes the rate of change of BAY normal­
ized for AAY with time 

dBAYj 
dt BETA * MY

j
_ 1 (64) 

where the net activity is described for the 
present time step, BAYj, and the actual 
activity is based upon the previous time 
step, AAYi-l. The in ial conditions are 
that the SETA for day 1 zero. 

BETA * dt • . (65) 

Plotting (BAYj/AAYj l)versus time yielded 
the slope, SETA. S~TA values were calculated 
utilizing numerical techniques on [(BAYj/ 
AAYi-l), time] data sets. These values for 
i3ETA represent column values; therefore, for a 
given column, the same BETA value will be 
utilized for all layers within that column 
in calculating 0y using Equation 60. 

SETA values were calculated for each 
column on a daily basis. In order for SETA 
to be a coefficient (instead of a variable) 
it would have to be a cons tant. SETA va lues 
were calculated daily for each column of 
experimental laboratory filter experiment 1. 
These daily SETA values were plotted versus 
time and in all nine plots, SETA values were 
variable initially and constant thereafter 
(zero slopes); SETA was therefore assumed to 
be a coefficient. In order to determine the 
final value of SETA for each column, mean 
SETA va lues were calculated for the episode 
data (Table 10). These mean SETA values were 
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Figure 14. Activity as a function of time. 

used in Equation 60 to calculate specific 
deposit at each time step for each sand 
layer. Because of the magnitude of these 
mean SETA values, the reaction term (mean 
SETA * 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 

Analys is of the impact of mean SETA 
values upon the sand phase model resulted in 
deletion of the sand biological activity term 
(SETA) from the sand phase model. 

do 
dE 

o 
y 

DHL * (- DCSS/DZ) . (66) 

DHL * (CSS IN - CSSOUT)/DZ' • (67) 

do 
dt 

A = 

To use AML 
to convert 

dt 

in which 

DML 

DHL * (A * CSSIN) 

(do/dt)/(DHL * CSS ) 
IN 

in the ISF model, 
from time to AML: 

dAML 
DML 

it 

daily mass loaded 
(mglt)*( Mday) . 

do 1 [ ] dAML ~ DML * DHL * (- DCSS/DZ) . 

was 

(69) 

· (70) 

necessary 

• (71) 

CIN*DLOAD 
(38) 

• (72) 

o 
y 

o + x [
DHL * (CSS IN - CSSOUT)] 

* DZ 

* (AML - AML ) Y x 

in which 

Y is the present time step 
x is the previous time step 

Fordayl: 

fDHL .. (CSS
IN 

:- CSSOUT)] 
*t DZ *AML1 

• (73) 

• (74) 

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

do 
dAML · (75) 

Table 10. Mean SETA values for laboratory experimental filter run 1 (initial variable daily 
SETA values omitted). 

Column Period Mean Standard Data Points Used Comments Day-Day SETA Deviation All Data 
day -1 (BAY J AAY. 1) 

J J-

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 7/10 
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 



• (76) 

Given the definition of DML (Equation 38) and 
that CSSIN = CIN/DEN, the final expression 
for A in terms of AML becomes: 

For day 1: 

DEN * DLOAD 
DHL . (77) 

= (l) * DEN * DLOAD 
A AML1 DHL . (78) 

where DEN = dens ity of influent algae = 
dens ity of cr = 7.137e:-05 mg dry weigh t/'L wet 
volume. 

Utilizing Equation 68, specific deposit 
was calculated directly for each column, 
layer, and day. Plot ting cry vers us AML for 
each column and layer throughout the opera­
tion of laboratory filter experiment 1 
resulted in a linear increase of cr in all 
cases except those summarized in Table 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 (d cr/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. 

Filter 
Column 

2 
3 
3 
5 
6 
7 
9 
9 

Summary of filter columns and sand 
layers not yielding a linear rela­
tionship between cry and AML. 

Sand Comments Layer 

2 Zero slope, positive slope 
2 Variable slopes 
3 Variable slopes 
2 Variable slopes 
2 Negative slope 
2 Negative slope 
3 Variable slopes 
4 Variable slopes 
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The slopes determined from the ref-res­
sion analyses (Table 12) were substituted 
into the final expression for A: 

_ I cry - ax ) DEN * DLOAD 
A - \AMLy - AMLx * DHL 

• (77) 

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

Arranging the A data from Table 13 in 
terms of DML ranges, a single se~ ~f com­
posite A coefficients could be u.tlhz~d ~o 
describe any ISF system operatlng wlthln 
those ranges (Table 14). Th is final set of A 
coefficients was determined directly as the 
mean A value of the individual A values 
(wh ich exh ibi ted linear increase in cr wi th 
time of filter operation) within each DML 
range. The 3 sets of 4 A 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. 

A = (- DCSS/DZ) 
cssIN 

(CSS1N - CSSOUT ) 

DZ * CSS1N 

Therefore 

CSSOUT CSS1N - A * DZ * CSS1N 

or 

CSSOUT = css1N * (I. - A* DZ) 

(54) 

· (79) 

(80) 

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

or 

-(DCSS/DZ) 

CSSOUT 
lnCSS 

IN 

· (55) 
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Table 12. Specific deposit versus accumulated mass loaded. a 

DML Column Layer F Ratio Table Value B(O) BO) 2 B(3) 3 B(4) da/dAML R2 
of Fd Range (II of Data at 1% Constant x Coefficient x Coefficient x Coefficient (SP-SX) I (AML

i 
-AMLi _

l
) 

Poin ts) b Leyel 

III IC 1 137. 6.55 - .1l05E-03 • 1634E-06 • 1634E-06 0.93 
(13) 2 879. 6.55 -.4200E-04 .8841£-07 .8841£-07 0.99 

3 3044. 6.55 .7965£-05 .8982£-07 .8982£-07 1.00 
4 1348. 6.55 -.692j£-04 .7520£-07 .7520£-07 0.99 

III 2c 1 3151. 5.98 - .4046£-03 .4369£-06 .4369£-06 2 0.99 
( 19) 2 B(3j' 216. 5.98 -.1I85e:-03 -.1841£-10 .1947e:-14 -.3682£-10x + .5841e:~4x 1.00 

B(4) 639. 5.98 
3 1071. 5.98 .6175£-04 • 1756e:-06 .1756£-06 0.98 
4 14354. 5.98 .7577£-05 .4001e:-07 .400lE:-07 1.00 

III 4 1 166. 7.21 -.6786£-03 .3745£-06 .3745£-06 0.95 
( 10) 2 213. 7.21 .2838e:-03 .1769£-06 .1769£-06 0.96 

3 64. 7.21 -.2420e:-03 .8093e:-07 .8093£-07 0.89 
4 561. 7.21 -.4516£-05 .5736e:-07 .5736e:-07 0.99 

II 5 1 123. 6.94 -.7954£-03 .4070E:-06 .4070E:-06 0.93 
(11) 2 17. 6.94 -.5380£-03 .ll51e:-06 .1I51E-06 0.66 

3 247. 6.94 .3360£-03 .2283£-06 .2283£-06 .0.96 
4 337. 6.94 -.3514£-04 .2763£-07 .2763£-07 0.97 

"" II 7 1 823. 7.57 -.1827£-03 .6268(;-06 .6268£-06 0.99 
\.Jl (9) 2 B(l) 67. 7.57 .4645£-04 -.4350£-06 .2618£-10 -.4350£-06 + .5236£-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 -.2912£-03 .2614e:-06 .2614£-06 0.93 
( 11) 2 0.5 6.94 -.2349£-03 .1467£-11 .2934£-llx 0.48 

3 75. 6.94 -.2402£-04 .3442£-15 .1033£-14x2 0.89 
4 28802. 6.94 -.8738£-06 .4771£-07 .4771£-07 1.00 

I 8 1 53. 7.57 - .1l42e:-03 .2765£-06 .2765£-06 0.88 
(9) 2 203. 7.57 -.1027£-03 .1826£-06 .1826£-06 0.97 

3 1053. 7.57 -.6363£-05 . 1565e:-06 .1565£-06 0.99 
4 272 . 7.57 -.1420e:-04 .3646£-07 .3646£-07 0.97 

6 1 1312. 5.92 -.2421e:-03 .3081e:-06 .3081e:-06 0.99 
(20) 2 41. 5.92 -.3292e:-03 -.1691£-06 -.1691(;-06 0.69 

3 2215. 5.92 .7236e:-04 .2091e:-06 .2091£-06 0.99 
4 331. 5.92 .3648e:-04 • 3989E-07 .3989£-07 0.94 

9 1 8414. 5.92 -.1815£-04 .7901e:-06 .7901£-06 1.00 
(20) 2 214. 5.92 -.3605£-03 .3869e:-06 .3869£-06 2 0.92 

3 B(l) 117. 5.92 -.4051e:-04 .1486£-06 -.1226£-14 .1486£-06 - .3678£-14x 0.90 
B(4) 60. 5.92 

.3801e:-07 - .8235£-15x2 0.98 4 BO) 663. 5.92 -.1437£-04 .3801£-07 -.2745£-15 
B(4) 259. 5.92 

aData represent episode (sampling day) values for specific deposit and AML. e -3 0-6 
Read as -0.1105*10 and 0.1634*1 . 

b ff Data Points includes origin: Day O. Specific Deposit AMI. = 0.0. 
cColumns 1 and 2 only had 4 episodes; tverefore data, DAY = 1, TMAX,2. 
dStandard Mathematical Tables, 1972, S. M. Selby, editor, The Chemical Rubber Co. 705 p. 



u 

"'EI. V • t .63"'"+3'"" X + C- I • I ms: I S:l 'e. T v 21.aa"'iI2fG x "'" C-B.""'Oil!21Ii!!,:::a 

R-SGl = B.awa:.&:'-i& 
3,.. 

COLUMN I , LAYER I '''. 
:aBo > ' ..... 

" > > 
" ::: 2 ...... .. '2. 
~ 

2 

* * 2 ... '10. 

t: 
I:: ., 

~ IS. 
0 

"-
~ s. 

.... 0 
0 

'2. 52 G • 
U ... 
!!; iii 
~ ... + III .... ., 

.... 2. 

'" B. , .... '2. , .... '&. , .. 
1 ... ..... ... ... ,.,. '2. , .... '''. ,a. 

ACCUMULATED MASS LOADED * 101 , MG ACCUMULATED MASS LOADED * 10'3 MG 

N 
0\ 

,e. v ;; m.ses I EI )( ... C2J,B7SSS;::J 'B. 

I 
Y JII 1ZI.7Sall I :)( + C-IZI.6B2!S2I::J 

Fa-sm c: 21.SSE""t/i!f R-!!ICiJ II; m.aalSir .... 'B. COWMN I , LAYER 3 CDWMN I, LAYER 4 

..... 
~ 1'-t. ;: 

> > 

'2 '2. Q '''. 

* * .... r- .a. 
I- iii 
iii l( 
l( B. ~ S . .... 
0 

U 
U B • !; S. 

. i;: u 
Q .... 

"-.... II> "- .... ..... en 

.. 1 .~ 2. 

~ .. ~ "'~;.,"": a. '0" '2. ...... 'G. ,S . r' a .... s. a. , ..... ,,,. 
MASS LOADED * 10"3MG ACCUMULATED MASS LOADED * 10'3 MG 

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



IJ 

T 

..... L v • 1.f.3SBS"1 )( + C-I.f.21I.fS2ISJ "'S. j y. 0.1947E - 01 x'.0.1841 X2·1.185 

N-SGl ~ 21.IiSil~S3 R·SQ.=I.OO 
a ... 

COLUMN 2. LAYER I 
3". 

> 
COLUMN 2, LAYER 2 

'" > > 'Tit. .. ...... 3Y. 
> 

~ ..... ,., 2 38• 

* '" § Ka. I- ";I. 
iii 

"- 2 '" Q -. '" ''7. Q + 
!:! !:! It" G ,. ... !: ':0. 
~ 

U 

+ W 
(I) &; 

"or. .. 
I 

+ 

.. , .. ,. 
+ 

+ + + + + 
.. e- , 

.... .. a. , ... ''''' , .... , .. 'B. II. ... .... II • B. , ... '2. , .... ,S. 'B . 
ACCUMULATEO MASS LOADED '* IO"SMG ACCUMULATED MASS LOADED * 10-' MG 

N 
--..! 

"7. 1 .,. = 1.7SEBS '" + C-lIt.lB t '?1E1D 
Ii, 

l 
v = 21 ..... 11111_ X + tallf'?E'7'7J .. 

A-Bm • 21.i181ooof:&151 A-SCi I; IZl.SlBPU3 

...... s . 
COLUMN 2. LAYER 4 COLUMN 2. LAYER 3 .. 

> > '" ..... 21. + > '7. 

> 
+ "0 

"b , .. ; II. 

* '= 
I- , ... :g E. 

iii Q. 
W 

2 Q 

W '''. 0 U 

~ e.' 
fi,; 
~ 3. 

~ 
Q. 
rJ> 

'" .. .. a . 

oO 

:II. L /oO 
I. 

2. ... S . , ... , ... I '"t •. ,,,. lB. ... e. , ... .., . , .... 'S. 

ACCUMULATED MASS LOADED * 10"3 MG ACCUMULATED MASS LOADED * 10" MG 

Figure 16. Individual layer ~pecific deposits for column 2 as a function of AML. 



... S:. 

...... 

> "'S:. ..... 
> .. ' 
g'", ... 

* !:::: 2S. 
UI 

f w 
Q 11.,. 

~ 
~ 

IS:. 

UI , ... 
s:. 

N 
CO 

T 
I 

!I. 

... 
B. 

> ..... 
> s:. 
'§ 

* "I. 

I-
iii 
~ "'. 
~ 
.. 2. 

~ 
.~ ... 

-I. t 
.. 

Y I; 2.BILf2B X + 1:-•.• ' tElIliJ:J 

R-Bm .. iI.1i2~2 

COLUMN 3 .LAYER I 

;' 

.. 

... S. a. 
ACCUMULATED 

Y=0.3442.-02 X'- 0.2402 

R-SQ.= 0.89 

COLUMN 3 • LAYER 3 

.. + 

+ 

+ 

.. 

'''. 12. 1"1. 

MASS LOADED * 10-1 MG 

+ 

.. 

+ .. 

2. Lt. B. Iii. 1 If. 12. l""t. 

ACCUMULATED MASS LOADED * 10"1 MG 

lB. ,,,. 

IS. lB. 

:0. J. Y·0.1467e - 01 X'- 2.349 

R-SQ.= 0.48 
.. 

I. J. .. 
COLUMN 3 • LAYER 2 .. .. 

::> -I. 
"-
> 

'2 -3. 

* .... -E. 

iii 
0 
Ci -7. 
0 

Ii -a. 
u 
!tI _It. m 

-1:1 . 

2. ... B. a. I ... 12. I .... 

ACCUMULATED MASS LOADED * 10"1 MG 

.. y • 1II .... 771!!£ >c ... c-er.1JI!I1!I7"'::J 

R-!ir.il • 1!I.II!i1S.S 

II. t COLUMN 3 • LAYER 4 

> ..... "t. 
> 

"'2 .. 
* 
IH s:. 

li> 
'" 0 .... 
i! 
I!o ". hi 
D. 
en 

2. 

I . 

... '"I. ·s. B. '''. ,,.. , .... 
ACCUMULATED MASS LOADED * 10"1 V I V 

Figure 17. Individual layer specific deposits for column 3 as a function of AML. 

u 

I&. I •. 

lB. ,S. 



u . , 

..... 
... l:; 3.7'-4'-41iii7 )( + C-El.7SS7Sl:J ... S;. 

1 
.,. .;. t.7SElEI )( + t2,S:l7Eia:t 

A-sGi • 2J.&S""t I ""4 A-51Q • IZJ.SS:!JEUS ..... ... ... COLUMN 4 • LAYER I COLUMN 4 • LAYER 2 

., ... 
> '"I<. 
.... > 
> :'.e. .... ... > :om • 2 2 
'* ..... * aE . !:: 

i a ... 

(/) 

~ ...... 
l!;l 

0 ... 
<.l 

... 
~ 3". y; IS:. 

~. r '" aBo '''. 
I •. ... ". 

,. 
". ". ' •. '3. 'S:. '''. "". 2". r' :I. E. ... ' .. I :I. IS:. lB. a ... 2:1. 

ACCUMULATED MASS LOADED * 10-3 MG ACCUMULATED MASS LOADED 1+ IO""S MG 

N 
\0 

'11. .. V s 15.8IS1J3"4 )( + ':-'2..'"1 I SIIS:' . ... 
l 

v 'C ., .... 73Cs:: )( + 1:-II.11!""tCIB::r 

FiI-aaa '" II.BSIr'T I + R-8Ci1i • 1LIISC8S: .•. 
COlUMN 4 • UttER :3 '11. 

COLUMN 4. LAYER 4 
> ... .... 

> ,I. > , .... .... 
'2 > 

* .:a. 2 •. 
!:: 

* '" ~ '''. t- s. 
t.U Cii 0 

~ .. ~ 7. 
Cl ... 

c::; 
~ ". r", 

rn 
+ U ... 

Il. 
3- en 3 • 

... 
I. :II. 

l'<' II' 

". , ... '3. 'S:. 'B. a ... "". ". IS. , ... '3. 's:. ,,,. "'''. "". 
ACCUMULATEO MASS LOADED * 10-3 MG ACCUMULATED MASS LOADED * 10-3 MG 

Figure 18. Individual layer specific deposits for column 4 as a function of AML. 



u 

aa. y ..... ""S&7& )( + C-'7.Ss: .... '-iSl: '2. 

I 
... , I 5:"76 X + C-!i:,3'7S97:1 

R-SCi • IUl3 I 79 • R-SII 1< IZI.SIi:BiY3 • 
BB. .I. 

COWMN 5, LAYER I , ... 
COLUMN 5, LAYER 2 

"3. > 
> .. ~ e . /. 

" >\ ... .,. . ~\ 'b + 
'!;!. - .,. 

* • * 3 ... 
t-
~ ... 

t- III 
~ :iIII.~ .. CI ... 

III 2 
C "3. !!: .. 
u .. ~ -3 . 

ii: 4-

~ '" ,S:. 
+ -It. 

(/) 

S. + 
-a . 

.. 
t-.... B. a. '10. 'li. , .... 'B. ,B. .... B. B. '8. , ... , .... ,,,. 1,1iI. 

ACCUMULATED MASS LQIIDED *" 10000MG ACCUMULATED MASS LOADED *' IO"!MG 

W 
0 

'1C. ... V ,. 2,;2a.:ll*-t2 x + 1:13.821:1 .... 

1 
Y • lJ.a7&32 x + c-a.3C I 3Y3 

IIt-BGa • 1I.&IW""IB'7 A-_GI • 1i!I.1iiI'7 .... I 
~ ~. 

COWMN 5, LAYER 3 
.... 

COLUMN 5 ,LAYER 4 > /.;. 
.'!;!_. .. ~ :I • 

+ > 1 + /+ 

* .. -. + o ... + 

! ,..,. -.. * t- ". 
CI iii 

(.) a •. ~ 
w ". iL Q 

a 
III 0 9; IS'. + !J; 

'"' UJ 
Q. 

18. 

L: '" .. 
It. Ii!. ~ II pi , 

". .... IS. B. '01. '2. 1'-1. '''. 'B. 01. "'. '-I. Ii. B. 'Ii!. ,:lI. t'-l. '15. ,e. 
ACCUMULATED MASS LOADED *' Io"! MG ACCUMULATED MASS LOADED *" IO-! MG 

Figure 19. Individual layer specific deposits for column 5 as a function of AML. 



u 

... 
"'1:, J. 

... / l++ y • 3.1218112 )( + r-Z.l.t212Sl 
" Y I; -f.ESSI32 X + [-3.2SI.9:1 COWMN 6. LAYER .2 

A-&til .. mSSS"IE A-Sat » 2.as::. ..... ...... 
COWMN 6 • LAYER I -e, ... 

> "'I:. > -I'.iiI! • .... 
> .... 

J;! ,.01. 
> ., 

t .;. 0- 1 "1 • ... - ... ... 
* * 21:. -23. 

~ ... .... 
0 ~ 
~ 211. ... ... ~ -'as . 
a a ... 
(.) 

il: ,I<. ~ -'3!.i. ... 
<3 2 \01 ... CL 3! _"' ... en '01. 

1<. J. ... -4£. 

~ 

.... ... ... ,& '2. , .... , .. '01. 01, 2, ..., 
S. B, '01, 'a, , .... 'B. ,,,. 

ACCUMULATED MASS LOADED * 10'" MG ACCUMULATED MASS LOADED '* 10'3 MG 

W ,..... 

... s;:. ... y It 2.RlSII!&Rl )( + rlil,72:JUe:1 B. 

j 
Y • ..:I_all )( + ra.:aa .... 21 

R-SGII II - i'J.II. I El4 A-!!!rGI • ItJiil4S:aES ...... ! B. 
COLUMN 6. LAYER 3 COWMN 6. LAYER 4 

> > 31:. ::: 7 • 
.... 
> 

"0 '12 "I!. - II. 

* * 2&:. .... ... .... 
e;; iii 
a g .... fi :a •. 
a Q 

~ ,1:. ~ :I. 

iii ~ CL 
U') 'lIS. 5i :il. 

1:. ,. 

l"-
lL B. 'I!. " .. , .... ,S. 'B. t ,.. .... ... .. , 'I!. ,,.. 'Ei • 'B. 

ACCUMULATED MASS LOADED '* lei" MG ACCUMULATED MASS LOADED * 10-3 MG 

Figure 20. Individual layer specific deposits for column 6 as a function of AML. 



.... 
-. 

~ 711. 

'!i! 
",-

... 
iii 
~ ..... 
ILl 
0 ..... 
V 
;;: 
;:; D: "II. 

'""'. 
III. 

v •• ~:nr )( ... C-I .... "7'liP1:J 

fllt-tIGI • ILIUII ElS 

COLUMN 7. LAYER 1 

.-' 

., 

+ 

-2. 

-.... 

> - ... 
> 
12 -8. 

* .... -1m. 

f 
~ -12 • 

u 
it: _I .... 

~ -!R . 

-fH. 

s. 

... t 
> 
>' .... 
'!i! * 3 . 

... u; .'2. 
0 
Q. 

'" '" :I. 
V 
u: 
~ 2. 

"-en 
I. 

I. 

+ yoO.261S X~ 4.350 Xi- 0.4645 

R-SQ.· 0.92 

COLUMN 7. LAYER 2 

+ 

+ 

+ 

... :L E. .. B. iii. f r. 

ACCUMULATED MASS LOADED * 101 MG 

v • a.3lif37ti x ... C-It,l2!Ia5:lI'JlI:J 

R-5G1 • Il.SitSS:ilSS 

COLUMN 7 • LAYER 4 

+. 

2. 3. 5:. 5. ... ... , , 
ACCUMULATED MASS LOADED * 1(13 MG 

Figure 21. Individual layer specific deposits for column 7 as a function of AML. 

u 

+ 

12. , ... 

'''. , .... 



iJ 

+ 

..... 1 v • 2."'.£17 )( + t-I~ISofIs::tl 'B. 

l 
Y a I .925:15'7 )( + c- I .• ""7Oi13J 

A-511: • II.Ba:d!l1ii:: A-Sm \\I ",BaBBa ..... .I. .". COlUMN 8 , LAYER r + COLUMN 8, LAYER 2 > .... .... > 
'::1. 

> 
" 'b ,> 
~g 

'8. ." + ; II 

* 
... 

• S, V; •. 

~ + It .... 
~ 1:aI. a ... .... u a 

~ .. LL 
+ ~ E. 

0 Q. 

~ .... + '" 
+ .. , 

:0. II . 

... .... 8. a. t .. a. 3- ... It • II. '1. B . .. 
ACCUMULATED MASS LOADED * ~ MG ACCUMULATED MASS LOADED * rO" MG 

W 
W T + 

..... J. y • I..IIiiBS3B _)( + 1:-IIf.l!ll53lCD It • 

r 
y ••• 38""d12 )( + t-fII.I"4I.72 

"'-I!5GI.~1!J R-Slil • 1I.Iiit'7'-tSIB 
,:& + ... 

> 
COLUMN 8, LAYER 3, COLUMN 8. LAYER 4 

" ~ ... > II. + 

"b "2 - .. ::I, 

* * 
~ e. ~ ::I. 
0 + Q. Q. .... .... 
a II. 0 2. 

U U 

~ IL ~ 2. 

.... .... 
II; 

Q. 

'" :0. .. 
.. .. 

'. z. ... .... E. G. '1. II . ... 
ACCUMULATED M.6SS LOADED * 10-3 MG 1 ACCUMULATED MASS LOADED * 1(1'3 MG 

Figure 22. Individual layer specific deposits for column 8 as a function of AML. 



u 

.... Y • '7.SHlIlIilIr K + 1:-111.11115'2::1 ... ... v • 3.&_ )( ... 1:-::I •• II£III:11l 

A-Sa • 1i!LtiI.~e'7 -. .I. ... ... 
COI..UMN 9 • LAYER I 

"-SlI ••• 1iiI000liISa 

COLUMN 9. LAYER 2 
> 

"711. + " > :IS. 

> "2 ~-. ." * " ... l! ... * E". 
+ 

;; :'.III:. 
0 + Q. t: 
:!l ..... :g-. 

Q. 

~ III 
0 

~ IE. " .. 0 a. ii: '" (3 
~ 211. + .... 
en + 

'11. s:. 



~ 

Table 13. Sand phase filter term, A. 

DML Slope 
A 

Range Column DHL DLOAD Layer dcr/dAML -1 
em/day 9.,/day v/v/mass loaded em 

III 1 65.50 10.04 1 • 1634e:-06a . 1788e:-01 a 

2 .8841e:-07 .9672e:-02 
3 .8982e:-07 .9826e:-02 
4 .7520E-07 • 8227e:-02 

III 2 65.50 10.04 1 .4369e:-06 .4780e:-01 
2 F (AML) F (AML) 
3 . 1756E-06 .1921e-01 
4 .4001E-07 .4377e:-02 

III 4 46.78 7.17 1 . 3745e:-06 .4097e:-01 
2 • 1769e:-06 • 1935e:-01 
3 .8093e:-07 • 8853e:-02 
4 .5736E-07 .6275e:-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 .6268E-06 .6850e:-01 
2 l/F (AML) l/F (AML) 
3 .7260e:-07 • 7935e:-02 
4 • 3838e:-07 .4195e:-02 

I 3 65.50 10.04 1 .2614e:-06 .2860e:-01 
2 F (AML) F (AML) 
3 F (AML) F (AML) 
4 .4771e:-07 .5219e:-02 

I 8 28.08 4.30 1 .2765e:-06 • 3022e:-0 1 
2 • 1826e:-06 • 1996E-01 
3 . 1565e:-06 • 171Oe:-01 
4 • 3646e:-07 • 3985e:-02 

6 46.78 7.17 1 .3081e:-06 • 3370e:-01 
2 -.1691e:-06 -.1850E-01 
3 .2091e:-06 .2287e:-01 
4 . 3989e:-07 • 4364e:-02 

9 28.08 4.30 1 • 7901e:-06 .8635e:-01 
2 • 3869e:-06 .4228E-01 
3 F (AML) F (AML) 
4 F (AML) F (AML) 

a -6 Read as 0.1634 x 10 and 0.1788 x 10 -1 
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Table 14. Sand phase filter term, A, grouped according to DML. 

DML Range III Layer Column 1 Column 2 Column 4 Composite A Standard 

cm-1 cm- 1 cm- 1 cm-1 Deviation 

1 . 1788£-0Ia .4780£-0I a .4097£-01 a .3555£-0Ia . 1568£-01a 

2 .9672£-02 F (AML) .1935£-01 .145 1 .6843£-02 
3 .9826£-02 .1921£-01 .8853£-02 .1263£-01 .5719£-02 
4 .8227£-02 .4377£-02 .6275£-02 .6260£-02 .1975£-02 

w DML Range II Column 5 Column 7 
0'\ -1 -1 cm cm 

1 .4452£-01 .6850£-01 .5651£-01 .1696£-01 
2 .1259£-01 IfF (AML) .1259£-01 
3 .2497£-01 .7935£-02 .1645£-01 .1205£-01 
4 .3022£-02 .4195£-02 .3608£-02 .8294£-03 

:0; DML Range I Column 3 Column 8 Column 6 Column 9 

1 .2860£-01 .3022£-01 .3370£-01 .8635£-01 .4472£-01 .2784£-01 
2 F (AML) .1996£-01 IfF (AML) .4228£-01 .3112£-01 .1578£-01 
3 F (AML) .1710£-01 .2287£-01 F (AML) .1998£-01 .4080£-02 
4 .5219£-02 .3985£-02 .4364£-02 F (AML) .4523£-02 .6321£-03 

a -1 -1 -1 - -Read as 0.1788xl0 ,0.4780xlO ,0.4097xl0 ,0.3555xl0 ,and 0.1568x10 
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where DZ Zl - Zo represents the thickness 
of the sand layer being analyzed. Therefore: 

ess ess - A * (DZ) • 
OUT ~ IN * e 

(81) 

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

ISF Model 

The ISF model which was utilized for 
calibration of laboratory data cons isted of 
two bas ic phases: the SAL phase (A) and the 
sand phase (B): 

A. 

r, (. SA e) -, cd * SALe * 10
3 

eOUTF = eIN *( - ,d ~ * AREj - DHL 

SAL model to 
predict the 
final [VSS] 
out of the 
SAL, eOUTF ' (52) 

B. Solution a 
CSSOUT = CSSIN*(I. - A*DZ) 

Solution b 

- A * (DZ) 
essOUT = essIN * e 

Sand model to predict 
the [VSS] out of 
each sand layer, essOUT ' 

(81) 

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 hydraulics 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 6 and 7 were operated until 
the end of the laborat'ory 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-l 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-l to that of the clean filter 
approach velocity-I. 

The data input (for the laboratory 
phase) to the ISF model is listed in Appendix 
B and cons is ts of four sets of data (Tables 
36-39). Raw VSS data, in mg/!'" for all the 
sand layers cons isted 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 subseque~tly 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. In 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/ R, (Table 39) are also listed. 

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 7.137xl05 mg/l', 
(DEN in inodel), and the density in terms 
of mg/cm3 was 7.137xl02 (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 eq u a 1 tot h e den sit y oft h e i n flu en t 
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. 
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Table 15. Data verifying that the SAL controls the hydraulics of the 
ISF system. 

-1 
Run No. Column No. AEproach Velocitr sec/inch 

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. 

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)* 10
12 

1977 Chlol'eUa Diatoms Total VSS Density 
Date mg drr wt 

J!. wet vol 

9/21 3.19,,07 1.93,,08 3.71806 2.95,,05 8.25£05 2.30,,08 83. 3.61,,05 

9/28 2.21807 2.08£08 7.43,,06 4.43£05 1.55,,05 2.38,,08 121.5 5.11,,05 

10/6 3.20,,07 5.53,,07 1.24806 1.78,,06 6.90£04 9.04£07 111.5 1.23806 

10/14 3.29,,07 5.42£07 2.48,,06 1.78,,06 1.38£05 9.15807 93.5 1.02£06 

10/27 2.88£07 7.39807 9.31,,06 5.93805 1.13808 85. 7.52,,05 

11/4 1.23,,07 5.23,,07 1. 86806 1.57806 7.76£05 6.88,,07 78. 1.13,,06 

11/23 1. 23,,0 7 1. 86,,07 3.73,,06 1.23807 4.14,,05 1. 55,,06 4.89807 56. 1.15,,06 

ETotal 8.806808 EVSS ~ 628.5 

~3/ml ~g/ml 

Run 1 Density = 
( 

628.5 llg/ml ) * (.10-3 E!8.) * (10 12 ~3) * (103 .££.) 
8. 806,,08 ~3/ml ,llg cc t 

7.137805 mg drr weight 
t wet volume 

---------.----:-----~--~-----.----------------

nRead as 3.19xl07. 
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Table 17. Algal identification for SAL and 0-1" sand for laboratory filter run 1 columns. 

1977 Column 
ChloT'eUa Coelosphaerium Saenedesl71Us Diatoms Osaillatoria Ankistrodesl71Us Total 

Date sp. sp. sp. sp. sp. 

Jl3/ml Jl3/ml Jl3/ml Jl
3

/ml Jl
3

/ml Jl3/ml 

11/8 3 SAL 7.19e:07 a 1. 24e:08 3.1Oe:07 4.92e:07 1.94e:07 2.96e:1O 
3 0-1" 3.31e:07 2.91e:07 3.73e:06 3. 15e:06 5.52e:05 4.96e:09 

12/9 6 SAL 3. 12e:07 3.40e:07 4.35e:07 1.49e:07 8.28e:05 3.56e:06 1.28£10 
6 0-1" 1.23e:07 1.01e:07 9.98e:06 2.00e:06 5.93e:05 3.50e:09 

11/5 8 SAL 6.16e:07 1. 37e:08 3.1Oe:07 4.94e:06 2.35e:10 
8 0-1" 1. 15e:07. 3.22e:07 4.97£06 3.95e:05 4.91e:09 

12/9 9 SAL 1.23e:07 1.1Oe:07 4.97e:06 2.93e:06 2.76e:05 2.96e:05 3. 18e:09 
9 0-1" 1.48e:07 1. 88e:07 9.93e:06 3.73e:06 5.52e:05 5.93e:05 4. 84e:09 

aRead as 7.19x107• 

Table 18. Algal identification for laboratory filter run 2 (2/1/78-4/14/78) and SAL experi-
ments, runs 3-6 (3/11/78-4/14/78). 

1978 Chlorella Coelosphaeriwn Saenedesl71Us Diatoms OsaiUatoria Cryptomonas MiaT'oaystis Total VSS 
Date sP~3/ml 

sp. sp. 3 
Jl

3
/ml 

sp. 3 sP'3 sp. 
Jl3/ ml Jl

3
/ml 

mg/l 
Jl3/ml Jl /ml Jl /ml Jl /ml Jlg/ml 

1/26 3. 29e:06 1.47e:07 2.24e:07 7.84e:05 4.12e:07 

1/27 4. 93e:06 1. 68e:07 1.61e:07 8. 16e:05 3.86e:07 

2/4 1. 64e:06 1. 61e:07 1.74e:07 9.73e:05 3.61e:07 63.5 

2/28 6.57e:06 5.01e:06 9.93e:06 1.10e:06 5.49e:05 6. 73e:06 2.99e:07 57.5 

3/7 3.29e:06 5.97e:06 1.74e:07 1.65e:06 2.69e:07 5 .52e:07 79.5 

3/11 8. 22e:06 1. 11e:07 1. 49£07 3.21e:06 1.1Oe:06 2.69e:07 6.54e:07 70.5 

3/18 1.15e:07 8.42e:06 1.61e:07 1. 57£06 2.76e:05 6. 73e:06 4.46e:07 82.5 

4/8 1.64e:06 6.93e:06 2.48e:06 7.06e:05 1. 38e:06 6. 73e:06 1. 99e:07 64.5 

4/15 1. 64e:06 4.58e:06 3. 14e:05 2.76e:05 4. 71e:07 5.39e:07 

4/16 6.57£06 5. 76e:06 3. 14e:05 1.38e:06 3.36e:07 4.76e:07 

aRead .as 3.29 x 

39 



--" 

SECTION IV 

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: 

. (52) 

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

-,\ * (DZ) 
CSS

OUT 
CSS

IN 
* e . (81) 

There are four sand filter coefficients (one 
for each sand layer) which require adjustment 
for each of the DML ranges. It was the 
simultaneous 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
t ions were made on actual versus predicted 
VSS effluent concentration data sets to 
provide a quantitative measurement of the 
agreement between values predicted by the 
model and those measured in the laboratory. 

Table 19. ISF coefficients. 

DML 

The final sets of coefficients are listed in 
Table 19. In the sand phase model (CSSOUT 
CSSIN*e-'\ * (OZ», e-,\* (OZ) represents the 
fraction of the VSS entering the layer 
that rema ins in the flow as it passes from 
the ; therefore, 1 - e- '\*(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 III will be 
removed by that layer. 

The special 
Rs (Sarma et al. 

N 
R (2 E O.P. 

s i=l ~ ~ 

in which 

correlation coefficient, 
1969) is defined as: 

N 2 
l: O. 

i=l ~ 
. (82) 

o actual (measured) value 
P predicted (model) value 
N number of actual and predicted 

values 

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

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

Range Columns Decay Coef. Layer(l) ,\ Layer(2) ,\ Layer(3) ,\ Layer(4)'\ 
day-1 cm- 1 No. cm-1 cm-1 cm-1 

a 
III 1,2,4 .3909£-01 .5119£-01 .5086£-01 .1263£-01 .2610£-01 

II 5,7 .3201£-01 .4521£-01 .1259£-01 .5330£-01 .1816£-01 

I 3,8 .2561£-01 .3578£-01 .3112£-01 .1998£-01 .2328£-01 

<I 6 .1388£-01 .4472£-01 .3112£-01 .1998£-01 .1073£-01 

<I 9 .3618£-01 .7727£-01 .4107£-01 .2398£-01 .1311£-01 

aRead as -1 0.3909xlO • 
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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 
cons t ra ints 0 f thos e p r ocedu res. At low 
[VSS] levels (for example < 10 mg/t), it is 
necessary to filter more than the 125 mt 
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 wi th in 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 
pr ior to plugging). Th is same reasoning 
cannot be applied to the column effluent 
samples. Column effluent samples were 
expected to be < 10 mg VSS/ti however, sample 
sizes were not increased to account for the 

problems of exceeding analytical sensitivity. 
I t is recommended, therefore, that future 
research in this area specify sample sizes of 
250 mt within the filter column (whenever 
possible) and a minimum of 1 Q, sample size 
for the effluent samplings because sufficient 
sample is availablp at the hydraulic loadin~ 
rates studied. 

I t must be noted that decreased DML 
values resulting in decreased Rs 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 
ava ilable for the special correlat ion coef­
ficient analysis. Increased numbers of 
data sets (actual versus predicted [VSS]) 
will, in of itself, tend to decrease Rs 
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 0.21 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 
[VSSJ effluent values from sand layers for calibration of 
ISF model utilizing, laboratory filter run 1 data. 

DML Column No. of 
Range Episodes Layer 

No. No. R 
No. (Samples) s 

III 1 4 1 0.95 
2 0.92 
3 0.92 
4 0.82 

III 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 

II 5 10 1 0.96 
2 0.87 
3 0.94 
4 0.52 

II 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 

<1 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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Figure 24. Predicted ( and actual (+) sand laver 
effluent (VSS) for column 1. Calibration of 
ISF model. 
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Calibration of ISF model. 
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Predicted (line) and actual (+) sand 
layer effluent (VSS) for column 3. 
Calibration of ISF model. 
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Calibration of ISF model. 
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layer· effluent (VSS) for column 5. 
Calibration of ISF model. 
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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 quantif ied 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
t ion 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 experimentat ion was 20 .::!:: 20 C; 
therefore, cd measured in the laboratory was 
assumed to be cd at 20 0 C. The value of 
the decay coefficient at field temperature 
(DECAY) was: 

DECAY . cd * 'I'(T-20) . (6) 

in which 

'I' temperature activity coefficient 
T temperature, OC 

The value of 'I' for SAL of the ISF was assumed 
to be 1.03. This value is in the range for 
tefuperature activity coefficientS for trick-
1 ing 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. Rs values for 
the Harris (1977) data as well a.s data from 
the 0.17 mm s' 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 I-filters 1, 2, 3; Figure 34: 
experiment I-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/! 
(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-f ilter 1). Only 
two filter runs exhibited poor predictions of 
filter effluent [VSS] values (Figure 36: 
experiment 4-filter 6; Figure 37: experiment 
9-filter 2). In both cases, predicted values 
exceeded actual values. Upon examinat ion 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. Exper iment 4-f ilter 6 contained 13 
episodes (samplings) and experiment 9-filter 
2 contained 4 episodes. The influent ranged 
from 4.6 to 109.1 mg/~ [VSS] for both 
filters. 

Effective Sand Size Variation 

The laboratory exper imentat ion phase of 
this research and the field scale ISF systems 
studied by Harris (1977) utilized 0.17 mm 
effective sand size (s') media. Process 
variables were tested and the I SF model was 
developed, calibrated, and validated using 
filter units which contained only 0.17 mm s' 
sand. To quantify the effects of changes of 
e;' on operational scale systems, additional 
validation was performed utilizing 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 e;' as a var iable in his 
study. 

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 e;' sand to meet the State of Utah, 
Class C regulations for effluent BODS and 
SS concentrations, it was established in 
the study by Tupyi that 0.40 mm s' sand is 
capable of meet lng these regula t ions under 
certain conditions. 
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I twas hypothes ized that changes in E' 

(above the 0.17 mm used to develop the ISF 
model) can be quantified by adjusting the 
sand phase filter efficiency term, A. The 
filters operated by Tupyi (1977) consisted of 
0.17,0.40, and 0.68 mm E' media. The ISF 
model was run utilizing these data, and 
actual and predicted filter effluent [VSSj 
va lues were plot ted for the per iod 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 [VSSj; however, the differences 
were minimal. The predicted values were all 
less than 7 mg/~ [VSSj while the correspond­
ing actual values were consistently less than 
4 mg/ ~ [VSSj. The ISF model was unable to 
predict these low [VSS] given influent [VSSj 
ranging from 5.5-62.4 mg/~ [VSSj. 

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, A, in the ISF model (model 

developed utilizing filters containinf 
0.17 mm E' sand) are greater than thOSl' 
A values for filters consisting of sand 
with larger effective sand sizes. The A 
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 Rs va lues for some of the reduced 
A terms are listed in Table 23. 

Adjustment of the A coefficients con­
s isted of an i terat ive scheme which de­
creased A 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 E' filter systems 
would validate the ISF model as developed 
if A values were decreased by the same 
constant correction factor: 

AO.40 rrun E·~AO.68 mm E·~{A0.17 nun £~ *0.3138 • (83) 

The reduced A values are listed in Table 24, 
and the fractions of influent VSS (to the 
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 

Table 22. Special correlation coefficients actual (measured) and ted (ISF 
model)effluentVSS concentrations data; E' = 0.17 mm (HarrisI977.Tupyi 

1977~================================================ 
Run 
No. 

2 

3 

4 

5 

6 

7 

9 

2 

3 

4 

Filter 
No. 

1 
2 
3 
4 
5 

1 
6 

1 
6 

1 
6 

1 

1 

2 

2 
4 
5 

1 

No. of Episodes 
R 

(Samples) s Study 

6 0.66 Harris (1977) 
5 0.76 
5 0.75 
4 0.82 
4 0.85 

7 -2.86 
6 -6.56 

5 -25.02 
30 -1.15 

19 0.73 
13 -36.48 

5 -4.98 

6 -54.02 

12 0.67 

4 -12.95 
20 0.88 
8 0.76 

7 0.52 Tupyi (1977) 

24 0.54 

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 mrn 
effective sand size (E' ) . 

Run Filter 
No. of 

10' 
R 

Episodes 
s 

No. No. 
(Samples) 

mm 
>- 0.8100>- 0.5314>- 0.3874>- 0.3138>-

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 £' media) that the 
sand phase affects the filtration process 
in only a minor way for the larger £' media. 
The SAL portion of the ISF model almost 
totally domi nates the removal of filter 
influent VSS. I t was assumed that the SAL 
model rema ined unchanged for the larger £' 

sand systems. 

Because of lack of da ta for £' va lues 
intermediate between 0.17 and 0.40 mm, it was 
also assumed that the ISF A coefficients 
would be valid for e:' < 0.28 mm (0.28 mm e:' 
is the mean value of 0.17 and 0.40 mm £'). 

Implementation of the model for opetating Isr 
systems where £' > 0.28 mm involves usinf 
the reduced values of A (Table 24). The 
program used to predict [VSS] contains 
a step which reduces A coefficients (Tabl<: 
19) established in model development ano 
cali brat ion. 

The predicted and actual [VSS] field 
d a t a for the 0.40 mm and 0.68 mm e:' IS F 
systems ([ AO.17 mm e:·]*0.3138) are graphi 
cally displayed in Figures 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 (A) for ISF systems containing effective sand size media 
.? 0.28 mm. 

DML 
Range 

No. 

III 

II 

I 

<I 

<I 

Layer (1) 
-1 

em 

.1606E-01 

. 1419e:-01 

.1123e:-01 

• 1403E-01 

.2425e:-01 

A Layer (2) 
-1 

em 

• 1596E-01 

.3951£-02 

.9765£-02 

• 9765e:-02 

• 1289e:-01 

A Layer (3) A Layer (4) A 
-1 1 

em em 

.3963E-02 • 8190E-02 

. 1673E-01 . 5699E-02 

.6270e:-02 .7305<:-02 

• 6270E-02 . 3367e:-02 

. 7525e:-02 • 4114e:-02 

Table 25. Fraction of influentVSSremoved by layer for ISF systems containing effective sand 
size media> 0.28 IDm. 

DML 
Range Layer (1) Layer (2) Layer (3) Layer (4) 

No. 

III 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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Figure 40. Predicted (line) and actual (+) ISF ef­
fluent (VSS) for ISF model validation 
using field scale units studied 
Tupyi (1977). 
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SECTION VI 

ALTERNATE ISF MODELS 

The ISF model cons ists 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 A 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 ISF model was developed in 
which a functional relationship between A and 
filter depth was substituted for the 20 
empirical A coefficients. A third model was 
described which simplified the modified 
I SF mode 1 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 I-inch (2.54 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 A, 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) 

j'" 

~ 
m._, 

A = 0.7821.-01 * (DEPTH)-0.7285 

r=0.889 
<.> 

:< m.m'?:' 

-
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Figure 43. Sand phase filter term as a function of filter depth for the modified ISF model. 
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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: 45.72 cm). 
The functional relationship between A and 
filter depth in cm was concluded to be: 

A = 0.7821£-01 * (DEPTH)-0.7285 (84) 

where the linear regression correlation 
coefficient was 0.889 for the In-In plot of 
these data. The values of A 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. Special correlation 
(measured) and 
centrations for 

The special correlation coefficient 
(Equation 82) was utilized to quantify 
the accuracy of the modified ISF model in 
predicting actual laboratory effluent 
(VSS) values. The Rs values, listed in 
Table 26, will be discussed after the simpli 
f ied ISF model has been developed. Included 
in Table 26 are Rs 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. 

The simplified ISF model describes the 
I SF unit as a one phase (sand) system. The 
algal mass which was distributed to the SAL 
in the two previous models was instead forced 

coefficients relating actual 
(model) effluent VSS con­

data. 

Run Column 
No. No. 

Episodes 
(No. of 

Samples) 

Layer 
No. 

ISF Model 
(20 Empirical A 
Coefficients; 
SAL Included) 

Modified ISF 
Model 

(A = F(depth); 
SAL Included) 

Simplified ISF 
Model 

('( = F(depth); 
Without SAL) 

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 10 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 
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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 y were recalculated for the top 
layer of sand, and pertinent data are 
listed in Table 27. These values of y, 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 
y and depth: 

y O. 1828 * (DEPTH) -0.9934 • • (85) 

where the linear regression correlation coef 
ficient was 0.933 for the In-ln plot of these 
da ta. The y va lues 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 
simplified ISF model in predicting actual 

Table 27. Sand phase filter term, y, for sand layer (1) of laboratory filter run 1. 
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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 
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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 
ut il izing both alternate models. The field 
mass loading data (DML, AML) are quant Hied 
in terms of laboratory scale filter units for 
the validat ion of the alternate I SF 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). 

Table 28. Special correlation coefficients 

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 
descr ibe the decreased VSS remova Is 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 Rs 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. 

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 Sand Size, (20 Empirical Model (A=F (depth); Model (y=F (depth); No. No. (Samples) 
mm 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 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 2a 0.40 0.84 0.48 -0.48 
3 0.40 0.89 0.89 0.92 
5 Sa 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 0.40 0.85 0.95 0.55 
1 3

a 
0.68 0.86 0.28 -0.33 

2 0.68 0.83 0.92 0.90 

a A .. A 
0.68 mm £' 0.40 mm £' (AO• 17 nun £.) -Ie 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 runs (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 than the ISF model in predict­
ing the filter effluent (VSS) values measured 
in the Harris study (Table 28). 

21!1 
lUI NJ. 7 

15 + 
~ 
~ 1111 .. 
~ 5 

0 

In the statistical analysis of the field 
data from Tupyi (1977), the modified I SF 
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-f ilter 3). Comparable results 
were obtained in three of the remaining nine 
filters (Figure 51: experiment 3-filter 2, 
experiment 7-filter 5, experiment 5-fi1ter 
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-
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Figure 49. 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. 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 
wi th actual (VSS) va lues versus AML for the 
Hanis field data. The simplified model 
yielded more accurate predictions of filter 
effluent (VSS) quality than the ISF model in 
two of the 17 filters stud ied by Han is 
(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 I-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 l-filters 1, 3, 
4, 5). In these four cases, the VSS concen­
trations predicted by the simplified ISF 
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model were cons istently less than 3 mgJQ. 
wh ile 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-f ilter 5, experiment 2-f ilter 
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 VI II 

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 y 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 

igure 56) for 0.17 mm E' filters and for 
ilters containing 0.40 or 0.68 mm E' 

media. The simplified ISF model quantified 
84.6 percent VSS removal for 0.17 mm E' 
filters and 44.4 percent VSS removal for the 
0.40 and 0.68 mm 'filters. 

Application of this simplified ISF model 
is subject to limitations concerning hydrau­
lic loading rates and total mass loaded to 
the filter units. The maximum hydraulic 

T 

I 
570S 

ElIZI.1ZI 

S::OoS 

loading rate utilized in the laboratory phase 
of this research was 0.7 mgad. Laboratory 
data were used to develop y as a funct ion of 
filter depth (Equation 85); therefore, 
a maximum allowable hydraulic loading rate of 
0.7 mgad is applicable to the simplified 
I SF mode 1. 

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

r Daily ~lass Loading to] 
LLaboratory Filter (DML) 

(mg/day) 

* [VSS] * 14.388 

(mg/!(.) 

= [HYdraUliC Loadingl 
to Field Unit j 

(mgad) 

• (86) 

EFFECTIVE SAND SIZE: 0.40 m m 
0.68 mm 

"- .... s::.1!! 
0-

E 
EFFLUENT [VSSJ = 0.556 * INFLUENT [VSSJ 

37.S: 

ru:? 
(/) 

2:J 31Z1.1Z1 

I-
Z w 
3 22.S: 

LL. 
LL. EFFECTIVE SAND SIZE: 0.17 m m 
W 

I S:.11 

7.S: 

__ -- EFFWENT [VSS] = 0.154* INFWENT[VSS] 
..::-,.--+----,.1----.-+--,.,,---+----+----+----0-----+----+----< 

.I!! I :a.1ZI :<! .... I!! :35.21 '-iB.1ZI EiI!!.21 7:<!.1!! B'-i.1ZI SlS.1!! IIZIEI.I!! 

INFLUENT [VSSJ ' mgtl 

Figure 56. Effluent [VSS] as a function of influent [VSS] for 0.17 mm c' filters and 0.40, 
0.68 mm c' filters: simplified ISF model. 
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Rearranging Equation 86 and including the 
maximum DML value to laboratory units (687 
mg/day) : 

[
Hydraulic LOading] 

to Field Unit 
687 1 47.75 

14.388 * [VSS] = [VSS] • (87) 

where hydraulic loading has units of mgad and 
[VSS] has units of mg/fl. The plot of Equa­
tion 87 (Figure 57) is a graphical repre­
sentation of maximum field values of influent 
VSS (mg/~) and hydraulic loading rates (mgad) 
which can be utilized in the simplified 
model. Any coordinate point (influent 
[VSS], hydraulic loading) in the shaded area 
of Figure 57 represents field conditions 
where the simplified model may be applied. 
The 0.7 mgad boundary has been discussed; the 
upper boundary for influent [VSS] is a design 
parameter which is estimated in terms of 
desired period of operation of the filter 
system before maintenance is required. The 
prediction of period of operation as a 
function of mass loading is described below. 

Prediction of Length of Operation 
of the ISF System 

Length of filter operation (days) and 
daily mass surface loading rates (g/m2 .day) 
are inversely related. The larger the daily 

121.72 
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mass surface loading rate (SSL) , the shorter 
will be the period of filter operation before 
it will require maintenance. The analysis 
of prediction of length of filter operation 
included ISF systems containing 0.17, 0.40, 
and 0.68 mm effective size sands. Data from 
the laboratory phase of this study were not 
used to predict the period of time between 
cleanings because of the availability of 
field data. Field data from the full scale 
filters were taken from the studies by Harris 
(1977) and Tupyi (1977). The pert inent data 
are listed in Tables 29, 30, and 31. The 
field suspended solids loading rates were 
calculated on the basis of mass of solids 
applied per unit surface area per day 
(g/m2.day) to make it convenient to relate 
solids loading and hydraulic loading rates 
for design purposes. 

The data (Tables 29, 30, and 31) were 
plotted to ascertain the functional relation­
ship between length of operation and SSL 
values (Figures 58, 59, and 60). The func­
tional form is 

days to plug A * (SSL)-B . (88) 

in which 

.aa aE.aa Ea.allS 7E.al2l I aa.l2la I aE.aa I Ea.12I121 I 7E.aa al2ll2l.al2l aaE.12I12I 

INFWENT [VSS ] t mg II 

Figure 57. Operational (field scale) ISF influent VSS concentrations and hydraulic loading 
rates for which the simplified ISF model may be utilized (shaded area). 
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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 wi th 
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 var fable), 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). 

Run 
No. 

Harris 
3 
5 
4 
5 
8 
5 
5 
6 
7 
8 
9 
5 
6 
7 
9 

10 
l3 

1 
3 
4 
4 
6 
7 
9 

Tupyi 
1 
1 
2 
3 
4 

Filter 
No. 

1 
1 
2 
2 
2 
3 
4 
4 
4 
4 
4 
5 
5 
5 
5 
5 
5 
6 
6 
6 
1 
1 
2 
2 

6 
1 
1 
1 
1 

Mean 
Days Influent 

to Suspended 
Plug Solids, 

mgt t 

32 
36 
27 
17 
15 
l3 

5 
5 
6 
8 

143 
5 
5 
7 

58 
20 

7 
6 

189 
88 

130 
42 
80 
26 

280 
11 
36 

166 
103 

29.1 
29.3 
22.8 
33.4 
23.4 
26.0 
16.5 
23.1 
43.5 
40.8 
30.8 
16.5 
23.1 
43.5 
18.9 
45.7 
19.9 
10.9 
27.4 
38.6 
28.1 
47.4 
29.1 
61.4 

23.0 
44.8 
31. 2 
13.8 
24.7 

Hydraulic 
Loading 
Rate, 
mgad 

0.4 
0.4 
0.6 
0.6 
0.6 
0.8 
1.0 
1.0 
1.0 
1.0 
0.4 
1.0 
1.0 
1.0 
0.4 
0.4 
1.0 
2.0 
0.2 
0.2 
0.4 
0.4 
0.4 
0.6 

0.2 
0.4 
0.4 
0.4 
0.4 

a[SUSpended SOlidS] 
Loading to the 
Fil ter (SSL) , 

g/m2.day 
[

Hydraulic LOading] 
~ to Filter, 

mgad 

x [suspended Solidsl x[0.9353] 
Cone., mgt t J 

Loading, 
SSL,a 

g/m2'day 

10.89 
10.96 
12.80 
18.74 
13.13 
19.45 
15.43 
21. 61 
40.69 
38.16 
11. 52 
15.43 
21. 61 
40.69 

7.07 
17.10 
18.61 
20.39 
5.l3 
7.22 

10.51 
17.73 
10.89 
34.46 

4.30 
16.76 
11. 67 
5.16 
9.24 
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The express ions predict ing length or 
filter operation for the three effective size 
sands (8') are: 

Days to plug = 25:::9 (SSL) -1. 733 (8' = 0.17 mm). . (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) . 

Run Filter Days 

No. No. to 
Plug 

2 6 
2 2 37 
3 2 177 
4 2 17 
5 2 30 
1 5 3 
2 5 7 
3 5 18 
5 5 148 
6 5 42 
7 5 23 
8 5 37 

a[SUSpended SOlidS] 
Loading to the 
Filter (SSL), 

g/m2'day 

Mean Hydraulic 
Influent Loading 

Suspended Rate, Solids, 
mg/x mgad 

39.6 1.5 
37.0 1.0 
11.3 0.4 
32.4 0.4

b 34.0 1.0 
44.9 3.0 
42.4 2.0 
24.7 2.0 
10.1 2.0 
25.2 2.0 
27.6 2.0 
21.8 1.0 

[
Hydraulic LOading] 

= to Filter, 
mgad 

x rsuspended SOlidS] x [0.9353] L Cone., mgl X 

bLoaded twice weekly. 

Suspended 
Solids 

Loading, 
SSL, 

g/m2 'day 

55.56 
34.61 
10.57 
30.30 
31.80 

125.99 
79.31 
46.20 
18.89 
47.14 
51.63 
20.39 

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 Hydraulic Suspended 
Influent Solids 

Run Filter Days Suspended Loading Loading, 
No. No. to Solids, Rate, 

SSL, Plug 
mg/X 

mgad g/m2.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 

tsuspended SOlidS] [HYdraUliC LOading] 
Loading in the 
Filter (SSL), to Filter, 

g/m2 'day mgad 

x [suspended SOlidS] x[0.9353] 
Cone., mgt t 
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taining 0.40 mm effective size 
sand. 



-1. 625 
Days to plug 8,859 (55L) (lS' = O.40llUU) . (90) 

-1. 445 
Days to plug= 12,350 (55L) (lS' = O.68mm) (91) 

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/t 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 
0 

en lS0 
>-
<C 
Cl 160 

en 
(!) 140 
Z 
Z 
<C 120 
W 
-J 
0 100 
Z 
W 
W SO 
~ 
t-
w 
III 

60 

Cl 
0 40 

a: 
w 20 a. 

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 concentrations. 
Given the presence of calcium ion (Ca++, 
prevalent in hard waters), the following 
precipitation reaction occurs: 

Ca ++ + co;.... CaC0
3 

'" • • (92) 

The result is that the ISF develops a 
"plaster-like" surface crust (Harris 1977) 
wh ich shortens filter run 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: 

Days to plug 319 (55L)-1.119 • (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 

, 
€ = 0.6Smm 

-1.445 
DA YS = 12,350(SSL) 

0.979 

n:6 data points 

0, 10 20 30 40 50 60 70 SO 90 100110120 

SS LOADING , GRAMS/m
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Figure 60, Period of filter operation as a function of SSL for filters containing 0.63 rom 
effective size sand. 
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Table 32. Data for prediction of ISF period of operation for lagoon effluents having calcium 
carbonate precipitation problems (from Harris 1977). 

Mean Influent Hydraulic Suspended Solids pH Run Filter Days to Plug Suspended Solids Loading 
Loadin~, SSL,a Mean Influent No. No. mg/t Rate, g/m ·day pH Unit mgad 

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. 9 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 Fil ters (SSL) to Filter x su~pended S/~~dS x [0.9353] 

g/m2'day mgad one., mg 
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and 93 (both with 0.17 mm effective size 
sand) over the range of SSL levels studied in 
the field, it was concluded that f il trat ion 
systems receIvIng wastewater stabilization 
pond effluents having 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/m2 .day. How­
ever, at suspended solids loading rates 
greater than 10 g/m 2 .day the period of 
operation between cleanings becomes es­
sentiallyequal. This is attributable to 
the characteristics of the log-log relation­
ship where the line of best fit becomes 
asymptotic. Also, at higher suspended solids 
loadings the formation of the crust uires 
more time than is ava ilable before the ilter 
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
t ions. The per iods of operat ion 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 
es timate 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. 

77 

Table 33. Per iod of operat ion for O. 17 nun 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 

0.1 854 423 257 175 127 97 77 63 53 
0.2 257a 127 77 53 38 29 23 19 16 
0.3 127 63 313 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 8 6 4 3 3 2 

aperiod of operation = 

[(

HYdraUliC) (Filter Influent) 
2529 Loading Suspended 

Rate, Solids Conc., 
mgad mg/! 

-1. 733 

(o'9353~ 
2529 [(0.2) (20) (0.9353) rl. 733 257 days 



SECTION IX 

SUMMARY AND CONCLUSIONS 

Design parameters based upon influent 
suspended (SS) 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
t ive sand size (c') media. Adequate SS and 
VSS removals were observed for the 0.17 mm 
e ' san d f il t e r s . Fie I d d a t a from 0 the r 
studies using filter units containing 0.17, 
0.40, and 0.68 mm c' sand were also evaluated 
using the models. Sand sizes larger than 
0.17 mm e' did not produce effluents satisfy­
ing a federal secondary standard of 30 mgt! 
of SS when the filter influent suspended 
solids were predominantly algae. 

On the basis of the analysis of the 
special correlation coefficient (Rs) 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 
ISF 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 e' values intermediate to the 0.17 
and 0.40 mm c' sand should be evaluated. 
The sand phase filter term (y) should be 
developed for these intermediate e' values 
so that the simplified ISF model could be 
u sed wi th all size sands .• 
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ISF systems receiving 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: Sim¥lified Empirical 
Definition 0 the Final VSS 

Concentration Out of the 
SAL, COUTE 

An alternate development of the SAL 
Model decay coefficient was achieved by 
emp ir ically defining the final VSS concen­
tration out of the SAL (COUTE) without 
consideration of the physical removal and 
slough ing concepts. Such development of 
COUT included analysis of [VSS] within the 
sand column as a function of depth. Given 
this functional relationship, the [VSS] at 
zero depth was COUTE. Figure 7 indicated 
that most of the specific deposit, 0, 
occurred near the surface of the sand. Since 
mass flux is assumed to totally account for 
this ° (Equation 66) [VSS] would also exhibit 
a similar nonlinear decrease with depth. The 
natural log (In) of [VSS] 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]; COUTE should have 
values intermediate between these two concen­
trations. To graphically display the func­
t ional relationship between the decrease in 

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

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

DHL * 10-3 

* 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. 

Table 34. COUTE ' the final [VSS] out of the SAL, as calculated from sand column layer efflu­
ent data. 

Column COUTE No. Episode Day Column Inf. 2" Eff. Linear Regression 
(DML No. No. mg/t mg/t mg/t In [VSS] vs Depth 

Range) 

1 1 1 69 30 27 0.99 
(III) 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 
(III) 2 20 55 31 27 0.99 

3 26 47 29 26 l.00 
4 31 43 36 27 1.00 

4 1 1 69 24 26 0.82 
(III) 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 COUTE No. Episode Day Column Inf. 2" Eff. Linear Regression 
{DML No. No. mg/fI- mg/ fI- mg/ fI- In [VSS] vs Depth 

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 
9 44 52 43 32 1.00 

5 1 3 51 20 22 0.61 
(II) 2 6 47 24 27 0.11 

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 
(II) 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 23 10 7.5 0.60 
(I) 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 

(I) 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 0.94 
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 0.78 

«I) 2 6 24 20 17 0.96 

3 9 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 COUTE No. Episode Day Column Inf. 2" Eff. Linear Regression 
(DML No. No. mg/£ mg/£ mg/£ In [VSS] vs Depth 

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, ceo 

Column(s) Number of ce Standard DML 
Values day-l Deviation Range 

1 3 • 3647E:-02 .7781£-01 
2 3 .3914£-01 .2644£-01 
3 9 .1057£-01 .2230£-01 
4 8 .2869£-01 .2744£-01 
5 9 .3188£-01 .2666£-01 
6 18 .1929£-01 .2900£-01 
7 7 .4903£-01 .1550£-01 
8 7 .2648£-01 .1591£-01 
9 17 .1950 .1338 

1,2,4 14 .2556£-01 .4005£-01 III 

5,7 16 .3938£-01 .2350£-01 II 

3,8 16 .1753£-01 .2080£-01 

3,8,6 34 .2511£-01 <I 

85 



l t COWMN I - DAY 3 
!It." Y • -11.""'7 1 a )( + c:a ..... I :aaa') "' ... v " - •• .,5:8118 )( + c::a. "7'1I/!f311S:, 

R-BG:I • 1I::I.IiIJiiIRlCI2S 

'u: COWMN 1- DAY I "'.S: 

"'.1 "'., 
".If ".S 

..J 
"-

...J t!) 

...... :it •• 2··::iiI 
t!) 

:E ~ • .I!I .. I,B 

(i) > 
CI) 

:=. 1.::iI ZI-'" 
...J 

Z 
..J ..... .... 

" ... ... ... 
III· ~ 3." ..... .... I .... , ..... la.1!!! :a1.1!I ,. ..... 2"7'.11 ,.... ..... .... , ...... rC.1I I ..... "''- .. ..... :iii.,. .• 

CO FILTER DEPTH, CM FILTER DEPTH, CM 

'" 
T 

l COWMN 1- DAY 6 COWMN I - DAY 9 
...... J. ....... v " -II .... .,..,C x + Ct.t.I"7CI!t'"t::J ..... t -21.mlil"?' I "7 )oil + 1:'"4.Rltt:ilE: I :I 

fill-8m " e.litlill S3 
(l1li-_ • 1I.IUI'-t:aJil 

3.15 J. "-.... ..... 
+ 

".1 
:11..,. 

...J ~ 31..:11 ..... ::i!.7 
t!) t!) 

::!! :::!l 

-= ".2 ..,.: ::It ... 
CI) 

fIl CI) 
CI) > :a.E 2:. 1.a 
Z Z 
..J ...J 

1.3 
2.1 

OS." I.a 

...... I .... 

,I EI ~. ,. ... S." 1 E •• tB.1!!I :at •• :a ..... 1/J :ilI7.B 
::a.IS, ..... ..... , ..... 1&:.21 'a .• ::iIt •• 21""',15 27'" . m ..... 1 •• RI 

FILTER DEPTH , CM FILTER DEPTH. CM 

Figure 62. The functional relationship between decrease in (VSS) and filter depth for column 1. 
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APPENDEX B 

DATA FOR LABORATORY PHASE OF EXPERIMENTATION 

Table 36. VSS data for influent, 1 inch, 2 Table 36. Continued. 
inch, 3 inch, 6 inch (depth ports) 
and effluent; mg/l. 
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Table 37. Continued. Table 37. Continued. 
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Table 39, Carbon data for influent, 1 inch, Table 39, Continued, 
2 inch, 3 inch, 6 inch (depth ports) 
and effluent; mg/t. Data are in 

--4 sets of two: First line is total 
organic carbon (TOe) ; second line DAY EPI COL INF 1 IN 2 IN 3 IN 6 IN EFF 

is soluble organic carbon (SOC). 44 ill el ~.1 . . 
!l\:f? 

. 
fll ., /5 " fl! ' • ., '.9 '.1 J.9 
~1 , iii !I~ ,~ ~.1 ~ • .d 3.2 ,~~ ~.2 

DAY EPI COL INF 1 IN 2 IN 3 IN 6 IN EFF ~e 8 15 11 ~, U'I. ti 9.9 9.' 8.4 3.5 
!58 a I'i 5'. :1! 4.1'1 4'. II! 4.3 :'I.. ~ 2.4 

t 1 1 ?4~4 201.1 16.3 1!~. 5 14.4 12.4 1'I!5 9 I'! j3~~ 12.1 12.3 11.9 1 ~ '. 4 '5.4 
1. t 1 18~' 12.P 1"1.9 H~.5 1~~1 U.(il 65 9 fi \1,4 9.!! ~.' 8.2 "~1 4.4 
q P 1 ''''.3 23.' 1~.9 1"1 • 1 14~3 11.4 72 1(1' fit, 11i ,'" 14.' 1~.9 12.9 11 ~ 4 !'i.9 
9 ';' t 19~1'i 19.15 \1i.1 14.3 12~~ 9.5 ,,, lt" iii 11.6 9.9 8.2 7.6 7~? 3.9 
1. 2 ,~:~ 15.15 l1i.2 14.~ 12~~ 1".9 '!II 11 II 12~3 12.~ ! 1 ~ I' 11.2 If. ~ 4.6 
t ~ I VI'. II 1 1 ~ 8 11. , 11.5 1 QJ • 1 6.5 ,Po 11 I'i ,. ~ 1 5.9 5~ti 5.3 4.!'i ~.I'i 
0 , 2 '~~9 1'.4 15. ::0 14.' 12'. , tI'l.8 86 11' II t1~/I 11. ;., lC'1.1'i 10.('1 "~l J.B 
q :' 2 I 4 ~!! 14.8 13.Cl 13.3 1\~8 II.'! 1'15 12 'I li r 2 "i.9 ,.r ' 4.6 4.4 2.9 ,01 ~ 2 \ 7. P 13.9 12.' 12.5 u~ 0 6.9 93 1~ 1\ t:? ('I " .' 11.3 lVl.9 9.~ 4.Q ,f'I ... , 1\ '., 7.5 1'i.9 15.3 5." 5.~ 9:5 13 6 ~~, !5.!' :i.V 4.7 "~4 3.::> 

?15 " 2 ,:>;~q 12.7 1l ~, 10.!'l 7.11 5.9 1 1 
, 24~4 21.8 16.1'1 16.!" 14." 13.5 

pili <1 
, 1Ii~2 Ii.' 6.r. !5.~ 4.5 4.2 1 1 1 I!! '.2 17.'" 16.3 US.15 14~.1 12.0 

1 , ~ l:?~F 101 • .1 tC".1 9.!5 I\~R '.9 9 2 , '~'.3 21.1 11l.1i 17 .~ 1"1.(, 11. ~ 
1 I 3 6~<I 9.R g.~ '1.9 8.Ei '.' 9 , 7 19:11i 19.4 17.3 16.5 14.~ 10.5 
q , 3 16.8 14.::? 13.(\ 12.4 , 1 '. R 10.' ~(lt ~ 

., '1~ ,~ 17 .s 1('1.1 le.1'! 14.01 1'1.4 
l) , ~ 8~~ 13.4 12.5 11~? 11~5 1,' • II! ,Ill ~ 

., 
'~.15 lV1.11! 11.4 7.3 ~'. P. 15.~ 

:?c-I :,\ 3 , :.'I ~ IS 11 • P. 9.9 9.4 S.' 5.2 26 4 ., !!5 '. ~ 10.8 9.1" 8.~ ~>'1 15.8 
~[ol :t ~ /I.~ 9.9 ?.!'i B.t'! !'I.' 3.9 26 .1 , 7. '5 9 • .1 8~' '.4 6.9 '5.5 
:;>6 " ~ 1 1 '. ~ HI. :? 0.' 9.4 '~!I 4.15 :5~ 15 , H(' 13.2 l'.1i' 11.7 11 '. ~ 4.8 ,5 ,1 J 4'.1 '.' 6 '. 7 5.4 4~!'i 3." ;'15 !' , le~l 8.2 8.1 7.9 Y.5 3.9 
;\'5 !:l ~ 9~d 1!11.Q l{l1.f'! 9.~ a~2 !'I. 2 44 " 7 t II • 1 1:5.2 12.2 11. P. qOc'l 5.1 
35 5 3 6~3 5.e 5.1 5.1'1 "~7 4.1 "4 6 

, ,. !Ii 7.:? ('5.? !'l.9 ,,".5 3.3 
44 " ~ 9'. !II 9.1 '.9 7.~ ~~!'J 4.0 1 1 II 'i7.~5 18.' 13.P 13.6 12~2 tel.4 
4<1 1\ :'I '1~1 ".2 3.B J.' 3~' 3.1 1 , ~ 12.3 14.1 13.t' 12.2 11~4 1'''.2 
!'il , ~ 11i'~' 8.8 8.1 '.!Ii 5.!) 4.2 9 2 II HI'.S 17 .2 1!'1.2 14.1i 1~.' te.3 
"11 , ~ !'i~~ 4.1 3~!l 3.5 ~~1 2.0 0 , A 14 '. 8 14.4 14.C' 13.(1 1'.1 9.e 

I 1 4 24~2 201.' 115.('5 15.15 14~e 13.1' pili 3 8 1'~2 15.13 1 ('5.1 14.'5 12~' 1.ClI 
t 1 4 11\'.2 13.4 12.4 12.1 12~~ 12.5 20 3 II! 8~1 0.9 rl.!'i 8.3 '." 6.(>\ 
\) 2 4 '6~3 22.? 1~.1 1"1 • e l!~QI 11.9 2e 4 R 1(.9 1;'.5 11~.17 S.B ~:~ 7.0 
t) 2 4 tQ.'5 :>@.2 18.1 1'.1 14.'5 11.5 :?[I) 4 " e.2 0.2 1I.!'i 8.0 '~2 'I.' 

~Il' 3 <1 '1:ll' 16~P 1/5 ~ 2 14.C) 1!~ '. e 8.2 :5!! !. 1\ 14~ 1 13.1'1 12.(7 10. , 1 (A ~ 1 15./1 
2('1 ~ 4 1 (,\'. !!i 9.9 9.15 9.' 0~3 1'1.15 :'\'1 !'! /I 8:1'1 8.3 iii.::? !!.15 '5.1 4.q 
?I'i .01 4 1€~3 l~.Q 12.5 11 .9 10'.1:" 6.91 44 5 8 13~e n.l 1 , .• !' 11.1 8.5 4.6 
?I'i .1 ~ ':5 '.' 6.~ '.9 ~'. !'i ~.P! 44 1'1 1\ e>l '.7 iii. 1 5.'- 4~fi 3.15 
~!'i ~ 4 HI~ ~ 14~0I '~~'I 11.9 1 C'! '. 7 6.1 1 1 9 12~8 11.2 lA.' 10.4 9~3 S.I! 
~s 11\ 4 t 0.1 8.!,! ,., '.1 11.7 4.1 1 1 q e,4 1~.3 11".1 0.9 t)~t'I S.1i 
44 II II i 15 ~ 1 1:5.' 11. S 11 .111 101~2 5.!! 9 2 !I 1 e " e 14.1'1 13,. P 1:5.4 U!.O 9.B 
"'4 /! 4 ".5 '.1 1'i.5 6.2 t'i.1!I 4 '. e 9 '- Q ".2 1'-.7 B'.~ 12.1 U': !.' 9.3 

1 1 !II 'f'~5 1'.1 P.5 12.' t)~Q 8.4 2('1 3 9 '3~fI: 12.15 11.3 1i1' • 5 Q:3 '5.5 
1 1 ('5 '!,~5 1(11 ~ 5 9.::' 9.1 8.9 8.111 201 3 P 15~6 '.1 ,.r; e.7 5.!! 4.15 
9 , '5 1!:l.P lB.f/! 1 ~ ' • ., 15.1 13~1'J 10.e 21'1 

'" 
9 11.3 B.l '.3 15.9 f'!:fII 4.1') 

0 ~ 5 14:1'1 115.4 1~~1 14.~ 12~9 H'I~4 2[1) 4 9 4~' 4.15 4.3 4.7 ,.(7 4.3 
2~ 3 '5 1,'~2 13.'5 12.~ 11.' 1 p. ' ... 5.4 35 !5 9 g~ .. U.OJ CI.!! 8.9 ,,~, 5.4 
::'11 :'I 5 II:' 7.' ,,'. , 6.2 !'S '. e 4.1!! 3'5 !Ii 9 15.3 5.1 ".' 4.1 3.' 3.!'i 
('f! 4 !'S 13: 0 12. II 10.2 9.8 8:' 6~e 44 !I 9 9~9 8.9 A.4 8.1! /'I~3 ".5 
1'8 '" 5 6:' 7.Q 11.8 e.3 5'.15 4.7 44 t5 C) !'.5. 1 4.4 4.r 4~!5 3.1 2.9 
~5 5 !'! 14~' 12.0 1 t ~ 1 U.5 9~8 '~2 51 , 9 1'" '. , 8.01 '.1 !'I.B !'I:. 4 3.3 
~'I 'I 'I 8~6 e~p 5. ::r !I'. 8 'I~4 !5~0 51 , 9 !I~(l! 3.8 3.f'i 3.4 ~. 1 2.2 
44 " 'I \3:R 1~.3 11.1 till. 2 8:3 4.1 !'S8 R 9 11,' 10.1'1 Q.R 9.5 8.~ 3.' 
Jl4 fG' 

, I'i~B 7~' ~.7 4.e 4~3 l.5 58 ~ Q !5 r2 5.0 4~6 4.4 3~!1 2.3 
I 1 1'\ 12.8 10.' 1[11~1 1~.0 g~!'5 8.15 6'!l 9 9 13.:5 12.8 1?!I 11.!! 11'1.1 15.~ 
1 1 '!! e:4 HI ~ 1 9~e 9.e 9:" /1.6 ~!5 q 9 11~4 9.4 A .1 5.9 4~' 4.!! 
c;I 2 1'1 16:e 14~4 14~1 14.91 13~4 g~Q 

'2 HI Q '!5~iI! 14. !5 14~2 13".1 11.5 5.5 
Q , f'! 1I~2 US.9 13~4 13.2 lP.' 9~7 '2 1" 9 12.6 9.e A.' ,.e e~1 3.8 ,II' :'I ~ j3~e 10.9 101 • .1 191.111 1I.1l !'S.g ,S 11 0 t2~3 11./1 11.5 11. 1 9.' 4~!5 

?!'I :5 II! t3~1'i 7.0 6.1' 6.1 !'i~, 5.2 '" 11 9 '.1 6.91 5.' !I.e 4.5 3.5 'iii <I '5 11~3 B.l 7.' '.0 6,9 5.5 I!l5 12 0 11 :6 10.' 9.8 9.2 " ,. 1 3.4 
21i 4 1\ 4.' 7~~ !S'.8 ('5~5 4.' 4.1'1 86 12 9 . f5~ ~ !'S.1i !I.4 4.8 ',. II 3.0 
3'1 ~ ~ P~/! 9.8 9~5 9.1 a~l 4.9 93 13 Q 12. '" 11. , 1, • 3 !111. , 9.4 4.6 
:"'1 !'5 Ii 5~:\ !5~171 4.6 4.6 4~ 1 3.' 93 13 9 6~' 4.8 4.6 4.6 3~' 2.9 
"4 Ii !5 Q~9 B.Q 6.4 8.1 "'.1 4.e 
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APPENDIX C 

FIELD DATA FROM HARRIS (1977) UTILIZED TO VALIDATE THE 

ISF, THE MODIFIED ISF AND THE SIMPLIFIED ISF MODELS 

Experiment number, day sample was taken (episode), 
episode number, filter number, influent VSS concen-
tration (mg!t) , effluent VSS concentration (mgl t) , 
hgdraulic loading 
( C). 

(mgad) , influent water temperature 

Table 40. Field data from Harris (1977) utili- Table 40. Continued. 
zed to validate the ISF, the modi-
fied ISF and the simplified ISF 
models. RUN DAY EPI FILT INF EFF LOAD TEMP 

NO. NO. NO. NO. MG/L MG/L MGAD C 

RUN DAY EPI FILT INF EFF LOAD TEMP ~ 2 1 6~'" 0.1 r..11 115.1 NO. NO. NO. NO. MG/L MG/L MGAD C :5 ~ ,. 11 ~ II PI. IS Ill. II 13.9 
1 1 t 2'.6 t:II.l (>..5 21. QI 

~ 115 ~ l' II~~ 0." 0." 11.9 
11 2 1 1 ,,~ 1 2.5 0.11 21.111 ~ 2:5 II ~;'~15 PI.2 Ill." P.5 
Hi 3 1 4~2 "'.1 1'1.11 24.15 

, 3I!1 III '5~1I 0.1S 9J~1I ".1 
23 d 1 I!~II 1. 1 ~.4 211.15 11 t ~ ~9:1 2~~ ;'111 !! 1 n.15 0.9 1'1.11 23." 1 0.2 U.2 

~" 1.1 1 ~1:!5 2.11 1'1.4 '2.9 
~ 3 2 e '''~2 PI.4 0.2 11'1.1 
~ IS 3 " '6~2 1.15 '11.2 19.1 

1 t ~ 2~~ iII.8 0.8 21.0 ~ 1\ 4 15 'l'I~13 1&.(5 til.? 1l~. 0 
11 2 2 '-"~1 11~6 e~1S 21.0 ~ HI !Ii IS B.e 1'1.15 0,.2 17.1 
Ui ~ 

, 11.2 0.7 0.8 24.5 11 1" '5 t5 "~I\ 0.P 111.2 17 .0 
'3 4 2 III~II "'~~ !"I.B 204.15 11 23 , ~ U r 5 0~4 !!I.2 115.8 
3(l1 !'! 2 U .5 0.5 1'I.t! 23.7 11 30 8 8 IS.III 0.4 1'J~2 115.1 

! 3" !) IS t1 :4 0.6 1'1.2 13.9 
1 1 ;, 2'. IS 0.5 1~0 21.1'1 :-I 44 100 15 e:9 111.3 0~2 11.9 

1t , :3 !1~1 1.3 11'.~ 21.0 11 151 11 t5 113~15 !I!.15 "'.2 11.9 
lIS ;, 3 4,2 !2l.8 11'.8 24~5 11 !51!1 11 6 P.5~3 0.4 0.2 \).15 
23 II 3 e.4 11'.6 ('1.8 24.!'l 11 6! 111 e 18.2 1'1.5 1'1.2 7.1 
31'l !'l :5 11:!! 1 • 1 1'I~8 23." 11 "2 14 IS 29~5 0.6 111.2 8.8 

11 79 15 IS t1 :5 111.2 PI.2 15.1 
1 1 4 2~15 1 • 1 1.11 21 • QI ~ 84 16 t'! t8~2 1'1.4 0.2 '.1 

11 2 <1 i"~l 1~3 1.t!' 21.0 ~ 93 1" II \8:1 111.11 QI.2 3.7 
Ie 3 4 4:2 1 • 1 1.P! 24.5 ~ lPil'l 18 III ~1S~9 1.0 111.2 2." 
'-3 4 , 6'.4 Vl.II 1.111 24.15 :5 UI" 19 15 '1~9 1.0 ~.2 3.4 

~ it4 2 III ('I tIS .15 1'1.8 (II~2 2.1 
1 1 15 2:15 0." L5 21.0 11 !P.1 21 IJ ",~a 0.~ "'.2 2.8 

11 l' !'I 1":1 t." 1 ~ 2 21.111 3 128 22 S 4~1'! 1.111 ~~2 3.0 
1/5 :'I !5 4:2 1'1.4 1~2 24.5 3 135 23 e 15.0 QI.15 (11.2 3.PI 
'-3 4 15 e~4 111.1 1.2 24.5 ~ t4~ 24 II 11~5 2.1 0~2 2.0 

:5 149 2!! 8 22~3 3.0 "" .• 2 2.01 , 1 1 1 :5g:1 3~QI 1'1.4 10.2 :5 156 26 (II 27~2 3.1 0.2 2.1'1 , 3 2 1 ", ~2 1.' 1i!.04 111.1 ~ 1(53 21 15 M~4 3.9 1'1.2 2.5 , e 3 1 '15~~ III .1 1'!.4 U~ .1 3 '''II! 28 IS 4P1~2 e.0 9.1.2 3.6 , fI 4 1 '0,8 (.11 III'. oil iD.0 3 117 212 (15 :HI." 15.4 0.2 3.5 
p 1 !'I 5 1 8.S 111./5 1'I~4 1".1 11 qu 301 III 49!~4 3.g 11'.2 4.15 
2 1" e 1 1~8 0.2 0.4 17 .0 , 2 1 1 ~~~5 1~1II 1'1.4 6.8 
p 2' , 1 n .5 0.2 1'1.4 111.8 4 9 , 1 ll r !'l 0.6 111 .• 4 !'I. 1 

4 14 3 1 18 f 2 1ll~8 "'.4 .a.l , 1 1 II 1": 1 2.111 0.2 21.1 .c '3 /I 1 18.1 1.PI "'~4 lI." ,. ~ , II! 4~2 QI~l IIf. :2 24.5 , 3111 ~ 1 tll~g 1.15 11'.4 2.7 , P :'I 1'1 15.4 0.1 1'1.2 24.5 .c 3" e 1 I 1 ~ 9 1.5 0.4 3.4 , 
2' 4 IS 111 ~!5 2.9 1'1.2 n.SI 4 44 , 1 ! 15 • IS (!I.9 0.4 2.1 , :59 !5 15 4!'1~8 0.1; "'~2 UI.4 4 51 e 1 15~8 0.8 1'1.4 2.8 , .011 II IS ~fI'I.~ 1.2 111.2 19.0 /I 58 9 1 4~1'! 1.1 1'1.11 3~fI 
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Table 40, Continued. Table 40, Continued. 

~~ 

RUN DAY EPI FILT INF EFF LOAD TEMP RUN DAY EPI FILT INF EFF LOAD TEMP 

NO. NO. NO. NO. MG/L MGIL MGAD c NO. NO. NO. NO. MG/L MG/L MGAD C 

4 55 1" t /'I.A 111.3 ~.4 3.0 9 t57 1111 4 :HI. , 4.6 !'I. A 3.5 

4 7~ 11 1 it~e ~.'" 0.4 2.0 9 74 1l 4 4(l\~11 3.3 1'1.4 4.5 

4 ,q 12 t l>::!r3 2.5 e.4 2.1'1 
Q 81 12 4 :Hi ~ 111 !I.B ('l.A 11.£1 

4 !Hl 1~ 1 ".2 3.8 1'1 '.4 2.0 Q 88 13 4 4!'l~9 7.3 r.~4 5.7 

4 93 14 1 3~:4 '5.4 e " 411 2.5 
g !l5 14 4 .',1 6.7 j;l~4 2.5 

4 1 (~t'I 1'5 1 4 {'I '. :2 3.3 ('1.4 3.e Q tll!2 15 /I ~8.1\ 3.5 ('l.4 4.7 

4 UII7 II'! 1 ~~:7 6.0 ill. 4 3.5 
Q tOlQ If! 4 1 a '.6 2.15 1'1'.4 6.1 

4 1 14 l' 1 40'.4 6.1 ('1'.4 4.15 9 116 17 4 tt: 1 '-.1'1 (?I~4 e.7 

4 121 U' 1 3t1:0 .II.!) 0.4 4.g Q 123 HI 4 t:2~'- 1.' ~~4 1\'1 • 1 

4 H>8 1Q 1 45'.Q 4.' (11.4 15.7 
!) 130 10 4 1>2 '. ~ 1.8 til. 4 10.5 
!) 137 2111 4 '7:5 2.3 C'I~4 10.0 

4 3 1 6 38'.4 1.6 (11.2 4.7 9 4 1 5 Ul~e ('l.Q ('1.4 2.1 
4 tl'll '- 6 t"~~ 1. :2 1'1.2 6.1 g 11 2 15 e~8 111.7 0.4 2.8 
4 17 3 !5 i 1 ~ 1 !'I.e 1').2 6.7 51 18 :" !5 .:1'1 1.2 1".4 3.0 
4 24 4 6 12.2 rI.e 1".2 till ~ 1 9 2~ 4 5 6:('1 0.5 111.4 3 '.111 

4 ~1 !5 /I 22~3 3.!5 0.2 1I!I.e g 32 "I 5 11 :5 1.5 111.4 2.0 
4 ~B ~ 1\ ,,'. f! Il.! l'I.2 10.0 Q :'1;51 15 5 22:3 3.3 e.4 2.0 
4 45 , 6 14'. ::I' (1\.7 0.' 13.5 Q 46 7 !5 ":~ 3.8 0.4 2.111 
4 52 8 til 4~e !'I.e (!I,. :2 12.1 9 53 8 , ~Q:4 5./1 0.4 2.15 
4 59 0 5 1'19.1 1 • 1 1'1.2 15.1 
/I f55 1,11 5H"Q~ 1 (lI.5 t'I~2 17.7 

" '3 11 f! 15.('1 0.6 1'1.2 18.1'1 .. I!~ ! , II 5~1! ('\.4 t'I.2 17.2 
4 e, 1;' !Ii te:9 ~.!5 ('I~2 1/1.5 

!'J 15 18:8 2.5 VI '.4 15.1 
!! 13 2 tL 1 QI.B 0.4 /1.7 
!5 ::!Ii' ~ 12~2 0.5 "~4 1'.1 
!5 '7 4 22·.~ !!I. 8 0.4 10. !5 
!II 34 ~ 27:f5 Qt.!! "'.4 11!l.0 

/I !Ii 1 .~~ 0.15 1'1.4 12.1 
1'1 13 2 1 eo:!'! "'./IS PI ' ... 115.1 
II '0 ~ 111'!O~1 01.15 0.4 17~' 
II ')7 4 1 15~f5 0.7 Pl.4 18.0 
f! 34 ~ 1 !'I./IS 1'1.15 0.4 17.2 
1'1 41 15 1 le:9 '2!.6 PI.4 1/1~!5 , 2 1 2 t'!~a 3.5 1'1.4 2.B 
7 9 , 2 41'01 1.2 0.4 ~.0 
7 115 ~ ::! 1I.r.! fIl.7 Ill'. 4 ~~0 , 23 4 2 !1 :1'1 3.15 0.4 2.0 
7 30 '5 2 ,)2~3 8.1 1'1.4 2.0 , 37 8 ? 1'7.2 7.1 11!~4 2.0 , Ao4 , P. M:4 14.8 1'I~4 2.15 , 51 ~ 2 4Q!~::! 100~e 0.4 lI.f5 , 158 9 ~ ~e.' 10.15 "'.4 3.5 
7 155 1"1 1- 4l'1~4 9.8 111.4 ... 5 , '2 11 2 ~!5~fIJ !.3 0.4 ... 9 
7 79 12 2 45.9 13.2 0.4 e.7 
Q 2 1 2 f4~2 1.9 fII.!'! 13. !I 
Q 9 , 2 't!5 ~.!5 1'1.6 12.1 
Q 115 :'I 2 I'IP.11l 1.0 !!I.I'! 115.1 
Q 23 4 21Pg:l 1.6 "'~I'! 17.7 

9 4 1 4 ie~15 1'1'.9 til. 4 2.1 
Q 11 2 4 15.8 1 • 1 0.4 2.8 
Q 18 ~ 4 4~L'I l.t'! PI.4 3~0 
51 :(I!5 4 4 e.t?! 0.1 0,4 3.0 
~ 32 !II A 11 :15 1.7 0.4 2.01 
CI 31:1 f'5 4 ~2~3 7.2 1'1.4 2. III 
Q 415 7 4 '7,2 Q.", 0.4 2.0 
Q '3 e 4 M.4 4.8 0.4 2.15 
Q et'! 9 1\ 40 :. It 4.1 1'I!.4 3.6 
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APPENDIX D 

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

THE MODIFIED ISF AND THE SIMPLIFIED ISF MODELS 

Experiment number, day sample was taken (episode), episode 
number, filter number, influent VSS concentration (mgl R.), 
effluent VSS concentration (mg/R.) , hydraulic loading (mgad) , 
influent water temperature (oC) , 

Table 41, Field data from Tupyi (1977) utili- Table 41, Continued, 
zed to validate the ISF, the modi-
fied ISF and the simplified ISF 
models. 

RUN DAY EPI FILT INF EFF LOAD TEMP 
NO. NO. NO. NO. HG/L HG/L HGAD C 

RUN DAY EPI FILT INF EFF LOAD TEMP 
NO. NO. NO. NO. HG/L MG/L MGAD C 

4 II!'! 1:3 1~~0 "'.5 N.r 0.4 , 1 1 1 ~2.5 10 .1 ?I.4 1 4 Q' 14 13~Vl "'.6 Pl • .!! ~l'J.5 . 
1 t5 ~ 1 , !l , 1 ='1~o4 1 • ? 0.4 1!~. 0 4 Q9 1'!'i 1'1.6 fl.A 2\l1.0 

~ 1171 3 1 4 4'. ~ 1.5 ~.4 151.2 1 1 1 ~ :!l5~1'! 4.8 1.5 19.0 , 1!5 4 1 2:3~4 i1l.g ".4 221.0 1 4 2 :3 ~5~:!l lP1.2 1.5 19.(.'\ , t8 5 1 '4.(1\ 2.5 "'.4 17.9 t 9 ~ ~ 22'.5 ~.9 1.~ lSl.2 , ~4 !! 1 HI~4 4.5 1".4 17 .2 \ 16 4 :5 "~4 7.1'1 1 ~ ~ 19.L'l , 29 ., 1 9~2 1.3 1'1.4 16.0 t ! ~ 5 :3 44~ I; 12.5 1 .• 5 19.2 
~ 1 1 1 :3.2 1 • 1 Pi.4 4.Q! t 22 fi :3 ':!l~4 15.5 1.!5 20.(11 
:t, 8 , 1 2~04 1 • til 0 •• !I. Ii! t 25 ., 3 24." 7.1 I .!'5 11.9 
3 15 3 1 :3~~ 1.1 (ill. 4 4.g , 31 !l :3 15~04 4.9 I.!'! 17 .2 
~ :?? " t 7.2 0~Sl 0.4 !I.!! 1 M !l :5 g~2 2.5 1~!5 16.0 
~ ,g !'C 1 g~3 0.8 1".4 3.0 t 43 12' 3 22:q 4.2 1 ~!5 22.2 
3 34 e 1 1171~!5 0.9 (!I~4 2.5 
~ 41 7 1 4.2 0.8 "'~4 4.1 2 1 1 :5 6'.5 1.,4 1.1'1 9.0 
3 "I'" ~ 1 14~9 1.2 1ll.4 4.P! , U , 3 ,(01 1.9 I.PI 5.2 
~ !J7 51 1 u:e 1.3 1'1.4 4.5 , 11 ~ 3 ":2 1.15 1. (II 4.0 
~ 64 1~ 1 t!5~ ('I 1.:3 111.4 1.5 ., 24 4 :, 2'. " 1.!5 1.01 !I. III 
~ 71 11 1 ~:5 1.5 0.4 2.(l! , :n 5 3 ;':t1l 3.0 1. \'I 4.9 
:" 713 1? 1 7~0 (11.2 QI~4 2.0 ? M /! 3 7.? ~,;7 1.f'I 5.!5 
~ 1'1'5 13 1 11~3 4.1 0." 2.0 ? 4!5 7 :!l 9'.3 2.3 1.('/1 3.0 
~ 9~ 14' 1 8~15 3.1 1'!.4 2.'" , 5~ ~ ~ If'1~~ 5.B 1 • PI 2~!5 
~ 'CJlP! 15 1 1\~8 2.7 Pi.4 2.0 , !57 9 ~ ".2 2.3 1.('11 4.1 
II tl'!!5 11'1 1 6.4 3.4 t1l.4 2.'" ? 1515 11'1 3 14'.9 8.9 1.1'1 4.('11 
~ 112 17 1 e '.7 3.0 L".4 3.0 ~ 73 11 3 I9~8 11.5 1.1'1 4.5 
~ 119 le 1 7' ~ 2.7 111.4 2.5 l? 80 12 3 115 '.1'1 12.4 1 • t" 1.~ 
3 1:?!5 19 1 ":'5 2.0 !'I •• 2.5 , 87 13 3 15 '.5 4.6 1.QI 2.~ 
:5 1~4 2\'1 1 t1 ~ 1\ 2.B 0.4 3.8 , 94 14 3 7~t?! 5.15 l.t?! :<'.0 
~ 141 21 1 ~1~9 3.0 "'.4 5.1 , 1(J1I I!! 3 11~3 10.7 1.~ 2.0 
:5 , 47 ~2 1 tl5.:!! 2.5 1'1.4 9.7 ~ 108 16 :5 11,15 7.3 1 • (II 2.'" 
3 '!II4 23 1 :!\:? '.3 9.4 0.4 9.9 , 1115 17 :5 8.B 5.6 1.111 2.0 
:3 '61 24 1 4f(!'5 1.t'! (11.4 10.4 2 121 18 :5 fI!:4 6.9 1.111 2.1'1 
4 1 1 1 t1 :9 2.0 QI.4 19.0 2 , '8 19 3 15~7 15.3 1.0' 3.[01 
4 8 2' 1 2P~1 1.6 121.4 18.111 2 n5 20 3 7~0 5.7 1.P! ,.5 
4 15 :!\ 1 117.15 1.4 0.4 2111.0 2 141 21 3 7:5 5.2 1.V'! 2.5 
4 ~2 4 1 I5~5 1.9 0.4 20.0 , "111 22 :3 11~" e~e 1.1'1 3.8 .. 29 5 1 !5.5 1.5 t'!.A 11.1'1 , , ~17 23 :5 21.9 12.2 1.01 5.1 
4 ~t'i II 1 IP~15 1.111 1"1.4 16.2 , ,83 24 3 ,6:3 1"'.0 1.'" 9.7 
4 4:!1 7 I t3~9 0.9 0~4 23.1 , '71)1 :.'!!'l 3 :52~3 21.5 1. " Sl.!! .. 5P1 8 I e, .• t.9 1'1.4 23.9 , 171 2~ :!\ 4e~!'l 22~6 t.1'JI 10.4 
4 5" 9 1 18:2 2.3 0.4 23.0 , 184 27 :3 11 .7 2.4 t.G' 14.5 .. 154 U' 1 lB~3 3.4 111.'" 23.0 , t'H 211 3 9~2 2.2 t.p 16.111 .. 11 11 1 31,.9 !5~!5 (1\.4 2:3.0 , '12 29 3 117.6 '5f11.:5 1.1'! 21.0 .. 18 12 1 15,.7 1'1.2 0.4 22.!5 t '19 30 3 1'5:5 4.8 1~11I 20.0 
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Table 4l. Continued, Table 4l. Continued, 

~.,!! 

RUN DAY EPI FILT INF EFF LOAD TEMP RUN DAY EPI FILT INF EFF LOAD TEMP 
NO. NO. NO. NO. MG/L MG/L MGAD c NO. NO. NO. NO. MG/L MG/L MGAD C , 1 ! l' :55~3 8.7 t.fII 1!~.0 (; 15 3 5 ".4 1.7 2.1" 5.t'! , e , 2 2?~~ 7.4 1.t'! 19.2 ~ " 4 !5 3~(l! t.9 :?~ 4.9 
2 13 :'I , 21.4 5.:5 1.(/1 19.0 !II :?O !5 !!I 7~~ 15.2 '.11' 5.!'! 

~ US !) .44~5 11'1.4 1.t?! 1!~.2 
!II 35 !5 !'l ()~:5 "1.1 :?I" 3.0 4 !II 41 ., !5 lPl~"I '.!!I :>.r 2.5 , 19 5 2 23 •• 4 '.1 1.1' 20.0 !! Ae A !5 4~'- 1.9 2.P 4.1 , 

" 5 2 24.~ 7.1 1.PI 17.9 '5 57 g !'I 14~q 11 .5 2.1': 4,0 , 28 1 2 t5~4 4.e 1. \'! 17 .2 !II 54 1~ !'I 1!~ ~ e 1.8 2.l" 4.5 , 33 8 ~ g~2 2.8 1.1i" lt5.!'l 5 '1 11 11 t6~01 15.3 2.(/1 1.5 , 41'1 " :2 ;lP.9 ~.4 1. CI ::?2 • 2 "l 78 l' ~ t5~'5 4.6 '.r/! 2.13 
~ 1 2 t5~2 1.5 1. £'I 7.8 

!II 85 1~ !'! ,.e 6.1 2.1'! 2.13 
1 '5 92 14 !!I 11 ~3 IA.0 2.(1\ 2.13 :!I 6 2 , 6~3 1.B 1.('1 5."l !5 ClQ 1~ '5 B~6 7.2 :<' .• '" 2.0 :5 12 :5 ~ 5~!II 2.5 1.1'1 9.111 !5 tQ!t') 1/'i ::'I P.II 4.4 2~t'! 2.0 :'\ 21 4 2 4.QI I.!! 1.ll! 5.2 !'! 111 17 5 ~', " 5.2 :> '. po 2.0 :'I 2/l 5 :2 :5', ~ 1.2 1. ('I 4.ll! !5 118 18 'I f\~7 5.2 2.(1' 3,I?I II 35 Ii ?, 2~4 1, J 1.£?! 5.0 !5 12!'! III !!I 7~(";\ "l.1 2. Ii': 2.5 :'I '" 
, 2 :'1.0 1.5 1.~ 4,9 

OJ 1 :51 2(11 !5 ,. '. !5 4.6 2.t'! 2,~ 
~ 49 II 2 ,.~? 4.2 1.0 5.5 !Ii 14fJ! 21 !'I 11 '. II 1(/1.7 2.VI 3.8 ~ ~(Il 9 2 9:3 3.2 1.!'! 3.0 
3 61 1 ~ 2 t ('I '. ~ 4.8 1.t" 2.5 

iii 1 !5 1~~~ 11 .91 2. 01 9.7 :1\ 58 11 2 4~2 2.4 1.1'1 4.1 1 
~ 77 11 2 1<1:9 li'1.9 1.1" 4.111 6 8 2 !'! ~:<,'. 3 21.9 2.11' 9,9 

3 e4 13 i) t!~: 1\ 9.2 1. (/I 4.5 fi 1~ :'I 5 ,'f,5 27.7 2.1" 1111.4 
:5 IH 1 A ~ 15~1'I 1'1.4 1.1'1 1.5 1\ 2' 4 !II \1:' 2.5 2,11' 14.5 
:5 911 1!'; 2 6~!5 4.5 1.!'! 2.0 6 '9 "I '5 9:2 2."" 2~P 115,'" 
;, I "'!Ii 1/1 ~ 7~0 5.6 1.('1 2.111 15 315 !! !!I 11 :9 2.8 2 ,Ii" 19.0 
~ 112 17 2 11 ~3 7.7 1,(11 2.0 15 43 ,. 5 1',,:1 11.2 2,(:1' 18.(/1 
:.'I I 1 () PI 2 l'!~6 5." 1.11' 2.0 '7 1 1 5 !I: 1\ 1.2 2.1' 17.Cl 
:'\ 127 19 2 11.8 5.7 1 • V, 2.0 '7 8 2 "l ,q:1I 3.3 :1'.(:\ 16.2 
3 1~2 21> 2 e~4 4.5 1. '" 2.0 '7 15 3 5 13~Q 2.3 2.(.' 23.1 
:.'I 139 21 '- 15~'7 4.3 1.0 3.0 '7 22 4 iii M~4 31.9 2.{I 23,g 
~ I d6 22 2 7 '. III 4.1 1.(11 2.5 
~ 1!'!~ 2~ 2 7~!5 4.!! 1 ~ ('I 2.!I e 1 1 "5 1A~J !'I.t5 1.Pi 23.111 
~ 162 2" '- 11 :8 4.3 1 • (II 3.8 II 8 ? 5 :!Il~q 14.9 t'.L'i 23,0 
3 1150 2 !II 2 21:9 8.9 1.(11 5.1 e 15 ~ !5 21'. (II 8.(7\ 1.11' 23.£'1 
~ 17'5 215 '- t6~3 n.p 1. (II 9,7 I! 22 4 !'l 1 ('I'.!'. 1.2 1.(71 23.111 
"l 1 t 5 4~1lI 2.9 2.1" !I.2 ~ 29 '5 !'! 16~9 2.1 1 ,(II 20.1.!5 
!II II ? !II 3~2 1.2 2.1"\ 4.111 I! 3!'l II "5 1/.1: 1 3.1 1, r 2L'l.0 
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c 

APPENDIX E 

THE COMPUTER PROGRAM CONTAINING THE ISF MODEL UTILIZED 

TO VALIDATE THE FIELD DATA FROM HARRIS (1977) 

DIM!~STON nEr.AYC1',2e0"TEM~(17,~~"TTEM~Cl,.25~' 
DIMENSIDN OHLC1'.2e0"DLnAD(1,.~e~' 
DIMENSION ~LAV!RCd' 
DIMENSION ~L(17.~~' 
DIMENSION I'll'll. C17.2e~, 
DrM~NS!ON DMlLC1"4,,PCSDC~.17.2e~'.Ar2e0,.ar2e~'.cc~e0' 
I~TEGE~ tT~1,.5~).NNr17'.NON(17,.ITUMr5~' 
DIMENUt:lN AM!. n 7. :te~" SLOPM 07, U0) 
nIM!NSrON ~ALCC17.2e~'.COUT~(17.2e~, 
OIMFNsrON ~Al~Cl7.2e0'.SALMG(t7.2em,.eINC17.2e0'.COUTC17.2!0' 
PEAL eLvLt~,.cs~r~.17,5~'.CS(!.1".DUMt~0).DZ~4,.eSSD~~,t"280' 
INTEG~R TMAX.TIM,OELT 
1)II1FNSInN eo'te) 
DATA en/~3Q~QE.01.~3201F~~1 •• 256'E.01 •• 138eE.0l,.3618E.01,0 .01 
DATA D,/5.A8.2.54.7.82.~A.~el 
DATA NON/~7,J5,30.28,23.~5,42,33.18g.13e.a8,36.42.e0.26,143 ,5S1 
DATA NN/e,~,~.4,4.7,6,5.30.1g.13.5,e,12.4.10.AI 
DATA OLAYER/~.'78.0.3ep.1.te8,g.3441 

e ~~N_D!NSITY nF ALGAE,MG DRY WT/L wET VOLUME 
r. RHO_DENSITY OF ALr.At.MG ORY WT/eM*Q3. WET VOLU~! 
r. AREA_AREA nF FILTER,CM*.2. 
e nEP_~~PTH nF T~E FILTER.CM 
C EE-SASE ~F TH~ ~ATURAL LOGARITHM SYST!M 
C 

,. 
r. 
c 
r. 
r. 
e 
c 
e 
r ,. 
c: ,. 

r. 
~ 

ClEN.7.137E05 
'HO_7.t37f~~ 
AREA·l!!3.~70l!' 
DEPdtl ~ *2. !',,4 
1:E'-~.7t82I!ie'l\ 

TIM_INPUT VARIABlE TO FUNl FOR DAILY VALUE'S 
UHliCH NUMB~R 
IE-EPISODE NII"4BEIt WHERE AN EPISODE IS A SAMPLING 

ID-OAILY ~A5S LOAOING RANGE NUMRER 

O!LT-O!LTA TiME,DAY! 

TZ_PORT O!PTH NUH~ER 

NC-t7 
NO_5 
Nt-e 
NZM_Nt-s 
N!hU 
NUM_NU-l 
CEL r-s 

e !'Z DEPTH 
r 1 INFLUENT 
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... -------'!'! 

r 
r 
e 
r. 
r': 
c 
r 
r; 
e 
r 
r. 
e 
r 
r: 
c: 
c: 
c 
r. 
c: 
c: 
r. 
c 
r 

c: 

e 

c: 

e 

c 
C 
e 
C 

c: 
r 

'- 'IN 
3 ~ IN 
4 ~ IN 
5 EFFLLlENT 

CLVLCIl'.ARRAV~TEMPORARY'TO ~OLD VIS VALUES IN MG/L 

~LCIc.te'.AR~AV Tn ~OLD TWE ~VDRAULtC LOADING.M~AD. 
O~ THE DAY OF SAMPLING. 

TfMPCte,IE).ARRAV TO HOLD tNFLUENT TEMPERATURE,OEG.C~, 
n~ THE nAY OF ~AHPLING. 

ITCtC.IE~.ARRAVCTEMPORARV'TO HOLD DA' NO. ~OR A PARTICULAR EPISODE 

c:sstIZ,IC,IE'.ARRAY TO HOLD VSS VALUES ••• 
L WET VOL/L FILTRATE FOR EPISOOES 

READ IN AND WRITE nUT RAW VIS OATA FOR IN~ AND E'~. 

W~ITE TA~LE HEADING F~R RAW DATA 

WRlTE"C15,98' 
98 FnRMATt'l'.!3x,tv~s.MG/Li) 

WRlTEC~.9" 
9' FOR MAT C ' (/I , • 1 X, '0 A Y , , IX. ' EP I S ODE' • IX, ' C DL U M N ' • 3X, ' r NF i • 5X , 'E FF , • 4X. 

1 i LOA 0 I NG ' • ~ x • ' TEMP '/ue. 'NO. ' ,3)( , ,'N O. I • 4X, 'N O. ' , 4 iC , j Mt';/L ' , 5X, ,. "'G IL ' 
',15)(, IMr;HJI.4x. 'DEG.C i ) 

~1 READre.l~3'IOv,IE.rC:,C:LvLCl"eLVL(5),HLCIC,IE',T!MPCIC,IE) 

IFCInV~EQ.tgQ)GO TO 12 

wRITEce.104'IDY,IE.IC,eLVL(1),CLVLC5),HLCIe,IE),TEMP(Ie,IE' 

IT erc, TE) atOv 
CSSC1.IC,!F).CLVL(I)/DEN 
I~CCLVLC5l~LE.~.~)r.e T~ 13 
CSSC5,rC,!F,.CLVLC5'/DE~ 
GO Tn is 

13 CSS~5,II:,IF).0.1/0EN 
115 CONTINUE 

(;r'! TO 91 
,A3 FaR~'TrlX,I4.2I!,4F!.I' 
104 FORMAT(' l.l)(.I3,3x,r3.4x,I2,4F9~1' 

12 CONTINUE 

WRITE OUT V/V nATA FOR INF AND !FF 

WRnl!ce,l~l2) 

EPUODE~ 

102 'ORf04'Tc'l',l~)("VSS.VOL.UME OF 'LGAE/VOLUME OF FILTRATE 

DO 1/5 rC.l.N~ 
Nf04AlCaNN"ClC' 
WRITlfCI'I,403) II: 

EPUOOE " 

Ie WRITEte,!5~p)~ITCIC.IE,.c~srl,IC,I!).CSS~!.IC.II!).I!al.N""X) 
4~3 ~ORMAT~im,.j~OLUMN NO~j/3)(.I4jl)(.iOAV NO.I.4)(,'INFLUENT',!)(,fEFFLU 

1 ENT" 
~'2 FORMATe' i.3V,I3,2X,?EI3:.' 

C INITIALIZE cnUNTER AND ARRAYS 
C 
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r. 

c 

1(1(1" 

DO ~(:II YClt.N!: 
AMLrre.t"PI~ 

'?0 SALM erc, 1 "0'. 

1"''''0 1(1(110(+1 
I(PII<IC+t 
I(MII<IC.i 
TIMdhOEL T 

e TMAX IS TH~ NUM~ER OF OAY8 FOR THE IC'TH eOLUMN 
c 
r NDNrlc~IARRAV TO HOLn THE TOTAL NO~ O~ ~AVS FOR ~AeH COLUM~ 
c 

c: 
c 

TMA~I~ONCle~.DELT 
IFCTI~~~T.T~AX)GO TO ~0 

C ITUMCJ)IARRAY TO HOLO ALL VALUES OF EPISODE TIME 
C IN OAYS~~~ •• FUNCTION GENERATOR. 
r 
C C!"IotClChARPAYCTFJ04POFlARY)TO H(,!LO ALL VALUES OF CSS FOR A GIVEN 
c: COLUMN AT A r.IVEN OEPTl-t ••• FIINCTIO"l GE~lERATOF! 
c 

c 

003'11 rz l t.N;,4 
NMAXINNCTn 
00 :U Jll,NMAX 

~t TTUMCJ~lrTCIc,J' 

00 4!'1 1C11,NMAX 
40 OUMCIC)ICSS~I7,IC.IC) 

e C5rtZ.IC'IAF!RAYrTEMPORARY~V8S G!N!FlATED BY FUN1 

e 
e CSSDCIZ,TC,ICIC).ARRAy TO H~LO vas VALUES~MG/L).OAILY~ 
e 

essDtlz,rc.KK)'CSCI7.IC).OEN 
3(11 CONTINUE 

C 
r DAILY VALUES O~ csso OET!RMINED.PROeE!D WITH CALCULATIONS 

c 
TMAXINONeIC).D!LT 
TFeTI~~GT.TMAX)GO TO !0 

C 

e 

e 

00!50 nll.NtM,;, 

IFerZ~FQ.1'Gn TO 4S 

GO TO 49 

C DLOADeIc.KI()IA~RAY TO HOLD THE VOlUIot! OF SEWAGE lOAOEOflN TERMS 
r: O~ THE lAB Ct'lLllMNS' IN L. 
e 
c OHLCIC,KIC)IARRAY TO HOLD DAllY HYDRAULIC lOAOCIN TERMS 
e OF THE LAB COLUMNS' I~ CM/DAV_ 
e 
e DMlCIe,ICIC'IARRAY TO HOLD OAIL' MASS LnAOEDCIN TERMS 
r.; OF THE LAB COLUMNS' IN MG/DAV. 
e 

48 I~Cte~GT,!'Gn TO 21 
I'CK~~lT.ITCYC.2')OLOADCle,I(K'IHLCle,11.14_;,e" 
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· 

rFCkK~GF-.ITCTCI~))OLOAOCIC.kK"HLCICI2)*14.388 
('H) TO ~? 

21 DLOAO~rC.KK1.HLCIC.2).1A.388 
22 CONTINUE 

OHLrrc,KK1.oLnAOCIe.KK)*1.~E03/AREA 
nMLcrc,KK'.OlOADCIC,KK)*CSSC(l,IC,KKl 

c 
c 

IFcnMLCIc,KK'.LE.le~.)GO TO 334 
C 

ACO~'!.'I~g98!'! 
BCON.I'1~7478 

C 
e 

SK1.3<1.5 
SKh9HI". 

e 
AML~IC,KK1.AML(IC,KK)+DMLCIC.kk' 

c 
IFCTt~~EO.TMAx'no TO 33e 
AML~IC,KP,.A~LCIC,KK' 

~3e IOO(-'IofL OC, k!O 
C 

IF(Kk~FQ.1'SALCCIC.kK)'CSkl*XXX'/CSK2+XXX) 
c 

SLnPMrrc.KK).(SKt*SK2)/(SK2+XXX)**2. 
c 

TF(kK.EQ.1'~0 TO 341 
C 

SALCCTC.KK"SLOPMCIC,KK).OMLCIC.KK).SALCCIC.KMl 
C 

~<ll C:ONn~II.'~ 
c 

GO TO ~M 
C 
C 

~33 tFCkK~EQ.t'SALCClr..KK"I~e~32E-0i 
C 

SLOPMtTc,Kk).e.00'E-04 
A~LcrC.KK,.AMLCIC,kK)+O~LCIC,kK' 
IFCTIM~E~.TMAX'GO TO 337 
AML~re.kP,.AMLCIC.Kk) 

33' CONTINUE 
e 

rF(KK~FQ.l'nn TO 34~ 
r: 

SALccre.kk"~LOPMcrC,KK'.OMLCIC.KK)+SALCCIC,KM' 
c 

:U~ CONTTNUE 
C 

ACONlll~~11I3f1E~05 
BCON.' ~ 2!5fHI 

C 
(';0 TO 3115 

c: 
334 rF(KK.EQ.l'SALCCte,KK)I.~e71E.02 

c 
SLOPMCTC,Kk).4.085E-04 
AMLcrC.KK)IAML(IC.Kk'+D~L(IC,KK' 
IF(TrM~EQ~TMAX'GO TO 338 
AMLcrC.KP,IAMLcrC.KKl 

338 CONTINUE 
e 

IFCKK.~Q.t'~~ TO 343 
C 

SALC(IC:.K~1.9LOPM(IC,KK)*OMLCIC.KK'+SlLccrc,K~' 
e 
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e 

c: 

r: 

r: 

c: 

e 

c: 

e 

c: 
c: 

c: 

C 
C 

c: 

c: 

r-

e 

c 

c: 

c 

c: 

e 
r 
c: 
e 

c: 

C 

:\43 C:ONTINUE 

AC:ON'2~"3"".0" 
aeON18~8069 

~35 C:ONTHIU! 

IFC~k~!Q.llGO TO 4e 
SAL~~CYC:.kK)I(SALc:(rC:.K~'.SALC:[IC:.KH".AREA 

r,0 TO !l2 

4t5 SALMGCIC,Kk)ISALC(IC:.KK).AREA 

52 eONUII/U! 

SALM[tC:.KK'.~ALM[rC.KK~.SALMGCIC.~K' 

IF[TtM.EQ.TMAX)GO TO 53 
SAL~[Ic:,KP'ISALMCIC.K~l 

AQ C:ONTYNUE 
!l3 C:ONTINU! 
50 C:ONTlNIl! 

IFfKk~G!.180'GO TO ee 
GI'l .TO HHH!' 

55 CONTINUE 

KKI(lI 

211101'1 KI(I~K.t 

TtMIl(hD!LT 

00 em IC I 1.Ne: 
TMAXINONcrc:,.OELT 
IFCTIM~GT.TMAX'GO TO 150 
"'MAXINN rIC:, 

no 111 Jlt ,~IHAX 
ell ITUM (J) In'nc. J, 

no 52 1(11,NMA)( 
52 OUMCI('ITE~PCrC,~l 

TTEMP(IC,I(K'I~UN1CTIM,NMAX,ITUM,OUM' 

eOi CONTINllE' 

IF[KI(~G!.u!nGO TO e3 
GO TO 20010 

153 CONTINUE 

WRIT! OUT VSS,MG/L OAn.'t~ 

WR!T!.'ce,20S) 
';8 ~ORMAT~ttl.2~X,IVSS,MG/L 

00 54 ICIlINe: 
T"IAX-NONUc:, 
WRIT! ee, 4U, ic 
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r. 

e 
e 

t~COML~IC,K'.LE.le5.'!D.~ 
IFCO~L~IC,Kl~LE.279:ANO.O~LCIC,Kl.GT.le5.'IO.1 
IFCOMLtIC,K'rLE.4~8~AND,DMLCIe,Kl~GT.27~.'IO.2 
IFeCMLrIC,K).LE.eS7.ANO.OMLCIe,Kl.GT.408"tC.~ 
IFCOMLCrC,K):GT.ea7~'ID.e 

~e WRITfr~,~~3)K,CSSOC1,Ic,K"eSSOC5,IC,K"OMLCIe,K"D~LCIC,K1,DLOADC 
ltc,1<) ,AMLC!C.K) , SALp,IUC,IO ,10 

J.T",.X 
4BCdMLClc,nIJ 
WRITE ee, 504) AAC 

54 CONTI NUE 

4~4 FORMATC'0',ieOLUMN NO.'/~~,I4/1X,ICA' NO.',4X,f!N'LUfNT',5X,'fFFLU 
1 r:: '! T ' , a x , 'O!olL i, llX , i OHL i , !I X, 'OL 0 AD' , 8X, I A ML i , 1(/1 X, f S AL M ' , 10 X, 'OML ' 11 
2!511, 'MG IL ' , 9 X. I MG I L i , 7 X, I MG /0 A 'f ' ,8 X, 'CM 10 A 'f , , '1'1( , i L 10 A V , ,8 X, i H G ' , 12 X 
3, 'Mr,; .1"'X, iRANG!') 

~~! FORMAT(' '.~1I,I~,2X,!El~.4,2F12.~,2El!.4,I10' 
!5B4 FOR~ATt'0',5x,IAVERAG! DML 'OR ,tLT!R RUN.',F!J.0) 

r DMLL R!~RESFNTFO HERE ARE THE DAIL' MASS LOADED LAMe~A VALUES 
e WHICH HAVE BEEN ADJUSTED IN THE PROCESS 0' MODEL CALI8RATION. 
C 
r. 

r 
e 

e 

c: 

e 

e 

14IttT!-CfIIJ,7P" 
'192 FORMATC'l'.24X, 'ISF MODEL COEFFICIENTSiI13X,IDML',2X,'DECAV COEF.' 

1 , lX, ,. LAVER -C 1 ~ $L AM' , 1X, i LA 'fER (21 SL A 11 , , IX, , L AYE R C 31 SL A M I ,IX, 'LAYER C 4 
~]SLAM'/2l(. 'RANGE' ,4X, 'OA'.I' ,ex, iC"1-1' ,9X, 'Cf04.1' ,9X, iCM-l',!ill(, iCM-
31 il 

DO 70f! IO_t,ND 
~EAOC~,'1011C~(IDl,COMLLrIO,IZ~,Il-l,NZMl 
wRITEte,7g3'~O,CDCI~,,~DMLLCI~,rz',tZ.1,NZM) 

'19111 CONTtf-llJE 
'1P1 FORMATf~X,!Ei~.4) 
'19~ FORMATt'e l .rj,5E13.4) 

00 810 Ic.i ,NC 
TMAXINON CIr:) 

no e14.K.l.Tf04AX 
IFCCHLJIC,K)~LE.le!.)IO.S 
IFCOMLfIC,W).LE.279.AND.DHLCIC,K,.GT.15S.'ID I 1 
IFCDML(rC,~l~LE~4~e~ANO,O~L(IC,K"GT.279.)IO-2 
I~COMLrIC,K)rLE.ee'.ANO.DML(%C,K'.GT.4,e.)IO.! 
IFCOMLfiC,K).GT.8S'1.,Jo.e 
co (ehCD C!) 
KM·II:-l 
CIN(Ie,K1-e!~D(1,IC,I(' 
~ECAV~IC,~'.~OCIO'*~PSI •• tTTEMPCIC,K'-20.') 

IFCK~E~.11GO TO 84e 
COUT~CIC,K'.~INelc.K'.tl:.(SLOPM~IC,I('.AREA)'.O!CA'CIC,K'.SALC~IC, 
lKMl*1.~E33i"~LeIC,I() 

GO TO '14'1 

R46 COUTFCIC,K'.~IN(IC,k)*tl:-(SLOPM~IC,I()*AREA)) 

1114'1 CONTINUE 

"14 CONTrNUE 
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r 
e 

A10 CONTINUE 

e W~TTE OUT et~,~nUTF.SLOP~.5ALC.DML RA~GE,TEMPERATURE 
C AND D~CAV COEFFICIENT DATA FOR EACH COLUMN. 
e 

e 
e 

DO 81e Ie.t,NC 
TMAX.N~NCIe' 

WPITEt~,e17lre 

D~ 8te K.l.TMAX 
rF(nMLftC,K'~LE.le~.)ID.~ . 
TF(OMLtIC,K'.LE.279.AND.D~LCIC,K'.GT.le~.)IO.1 
TFCOMLCIC,K)~LE.4~e.AND.OML(IC,K'.GT.279.)ID.2 
IF(n~L~tC.Kl:LE.e87~AND.nML(Ie,K'.GT.40e.)ID.~ 
Ir(OMl~tC,K'~GT.8e7.)ID.e 

Ale W~!TECe,elelK,CtN(Ie,Kl,eOUT~(IC,K',$LOPMCIC,Kl,SAlC~IC,Kl,!O,TTEM 
tP(IC,K"DEeAV(Ie,K) 

AI7 FnR~ATC'1'.5x,'COLUMN NO.',I2112x,'DA",7X,'CtN',;X,iCQUTFt,ax,'SL 
10PM',9X.'SALCI,~x,lnML'.3x.'TEMPERATURE',3X,'DECAvi/llX,'MG/L',10X 
2,'MG/Li,5x.'MG/CM**2/MG'.4X,'MG/CM.*2 1 ,2X,'RANGf i ,3X.'D!GREES,C',~ 
JX,'nA'-t'l 

A!S FOR~AT(' '.I~,4EI3.4.!~,Fl1.1,Et3.4) 

e THE eORRECT rOUT~ CnNCENTRATION~ HAVE NOW BEEN DETERMINED. 
C 
e RASIC MoneL 'OR THE SAND PHASE.~ •• 
e aSP/DT. OHL*C~~CS~/DZl • SETA*SP. 
e SF REPRE~~NT8 ~pECIFIC O!POSIT~ 
r. DMLL*eIN. (_oeSS/OZl •• WHERE OMLL IS THE SAND FYLTER COEF.,CM-l. 
e 
c A~ALY5IS O~ THF I~~ACT OF !ETACIC,KK), ~~AN BETA(BMB~IC)l, 
C M~AN 6!TA FROM sELECTED BETA VALU!S~ •• 
C R~SULTeo I~ neLETI~N OF THE SA~O BIOLOGICAL ACTIVIT' TERM FROM 
C T~F. SANDPHA~~ MODEL •••• 
e 
C THEPEFOR! ••• THF BASIC MODFL FOR TH! SAND PHASE BECOM!S~ ••• 
C 
C O~P/DT. OHL*C;~CSS/DZ) 
C 
e O~LL.CSSI~. (-OCSS/OZl 
r 
e IN TERMS O~ AMl •••• 
r 
e D~P~OAML I tOH~/DML'*(.OCS~/OZ) 
r. 
e OMLL*eSSIN'. (.OCSI/O!) 
c 
e MAKE COMPARISON O~ VIS PREDICTED AND ACTUAL USING 
e THe 2~ EMPIRICAL SAND ~rLTER TERM ISF MODEL. 
e 

e 

C 

KK.~ 

5~V~ KKIKK.i 
TtMIKK*oELT 

00 S7~ Ic.i,NC 

TMA~'NON(IC' 
IFCTIM.GT.TM~X)GO T~ 81. 

r~COML~IC.KK'.L!.IS!.)IDI~ 
IF(OML(IC.K~'.LE.270~ANO~OML(IC,K~).GT.le5.)ID.l 
I~CnML~Ic,KK'.LE.40e.AND:oMLt!e.KK).GT.219.'IO.2 
I'(DML~IC.~K'.LE.e81~Awn:DMLCIC,KK'.GT~~08.'ID.3 
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IF(~~L(IC,w~'.GT.!87.'ID.5 

DO 1170 !t. i ,~Il'" 
tlP.rz+l 

nMLL(~.!Z'.OMLL(3,IZ' 

rFClz~~~.l'cssorl.Ie,KK)aCOUTFrIC,KK) 
TFcrZ~!Q.1'P~SOC1.IC,KK).COUTF(IC.KK' 

C 
C W~ICH IS pREDICTED BY THE ISF HODEL. 
e 
c peso R!PRfSENT~ THE VS! !FFLU!NT CONCENTRATION FROM TH! SANO FILTER 

PcsotT'P,TC,KK'.CPCSDCIZ,IC,KK,).rEE •• r.COMLLfIn,IZ".(OZrtz),), 
C 

iii 7'" CONTtNlIE 
C 

tF~KK~~E.l!1I)'GO TO 874 
r: 

1':1') TO !'Hl1'l0 
C 

"74 CfI"ITINUE 
C 
e 

r'ln eell! IC.i.NC 
TMAIt.NON (Ie' 
~fRrT!r~.e71,Te 

IZU 
UPaIZ+l 
TIr.·l 
WRIT!!r!!!, nil' TZ 

r. 

e 

r: 

r: 

r 

e 
e 

r)~ 11180 KK,I', ,;'MAX 

tFCDMLCIC,KK'.LE.lee.)IO.5 
IFcnMLrIe.KK'.LF..279.ANO~OMLCIC,KK).GT.165~)tn.l 
IFCDMLrIc,KK'.LE.408.AND~DMLCIC.KK'.GT.~79.'IO·2 
rFrnMLrIc,K~'.LE.51!7.ANO:OMLCIC,KK'.GT.40e"tn.3 
IFCDML~IC,WK'.GT.~87.'IDa~ 

~MLL(e.IZ'.OMLLC3.Ill 

WRIT!Ce,7!3'KK,PCSDCIZ~,IC.KK).OMLLCID,IZ,.AMLCtC.KK',10 
WRITE(7,7e~)KK,PCSD(tz~,IC,KK',DMLLCID,IZ',AHLCIC.KK',10 

GO TO 11112 
IIIAI WRITEre,773'~I(,CSSDctZP,IC,KK',PCSDCIZP.IC,KK',OMLLCID,IZl,AHLCIC, 

1100,10 
WRITEC"i7~lKK,CSSOCIZP,Ir:,~K),peSDCIzp,IC,KK',OHLL~ID,IZ),AMLrIC, 

2KIO,II) 
IF:·!!!+1 

882 CONTINUE 

(fI!Hl eONTINUP: 

(1111 FOR~ATC'l'.I~~"~OOEL VALIDATION OF FIELD DATA FROM HARRIS,lg77'/l 
lx,'eO~PARI~ON OF PREDICTED AND ACTUAL EFF VSS CONC!NTRATIONS FOR 2 
2~ EMPIRICAL ~OE'. IS' MODEL'1127X,'COLUMN NO.',13l 

77~ ~~R"AT~'01. '(AVER NQ.',t~/28X,fVSSI,10X,~VSSI/25~liA~TUAL ~'F'.lX, 
I'PRfDICT!O EF",~X"DMLL',10X,'AML',1~X,'ID'/5X,IDAVI,17X, "ROM LA 
~YER',2X.'FROM LAVER i /2!X,'MG/Li,;X,IHS/Li,gX,iCMel i ,10X, 'MGI) 

1A3 FORMATC' i.5X,IJ,25X,F13~I.Fla.,.F13.0,!10l 
173 FORMATCi '.5X,I3,13X,2F13.1,F13."F13.0,I10) 

e PL~T OUT PR!nrr.T!D AND ACTUAL VSS ~ONC!NTRATIONS ••• 
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c: 
r. 

!'. 

r: 
e 

e 

e 

e 

r: 

e 
c 

r. 
r 

,~ EMPIRtC:AL C:~EFFrerENT UF MOOEL. 

co 921'1 ICII, .. JI:: 
MAXINllloe, 
TMAXINONfre) 

rzl4 
IZPIU+l 
lEI 1 
w~rTEf~,02!,je,Iz 

[)O 022 KI(I\,TMAl( 
UIMAX+!(!( 

!FCKK~EQ.IT(tC,IE1'A(rE"AML(rc.K!(' 
fFfI(K.fo.rT(TC,I!"efIE,.CSSD(rzp,IC,I(I(, 
rF(K!(~EO.ITCrC,IE"C(IE'~0. 
IF(!(I(.EQ.IT(tC,YE"l!.rE+l 
ACII).AML(TC.KKl 
BfII'IPCSD~I~P,IC,KI(' 
e CIlhl. 

022 CONTtNII£ 

"laMAX+T,..A)' 

CALL PLOTER(N,A,B,DZ,Cl 

02t'! Crl~ITnJUF 

921 FORMAT('1'.3!)(,'MOD!L VALIDATION OF FIELD DATA FROM HARRIS,t9"'11 
1/2,x.iC:OMPAR~SON OF PRECICTEDCIII' AN~ ACTUALfSTAR' FILTER EFF VSS 
, r.ONCENTRITI~NSiI12e)(.tFILTER 1II0~I,I2.5)(,ILAYER NO~t.I2' 

STOP 
END 

PI!! EMPIRICAL SAND FILTER COEFFICIENTS ·(ISF MODEL). 

In LAVER(!) LAY!FH21 LAYER(3) LAyER (41 

3 ~!5119E·t/lt • !l0IUn.1II1 ~ 1283E-el .2/H0!-01 
2 .41521.[-1111 .1259E-0 i • 5331'1!-ru • 18UE-01 
1 ~3!178E-"'1 .:5112E-el .t9OU:·0t .2328E-01 
4 .44121!'·l'It .:'H 12£-01 ~ 1!HlfIlE-e1 ~ 10,3E-Al 
5 .1127E .. 1111 .4101£-211 ·.2308!"01 .1311E-0·1 

AReJT~ARY FU~CtION G£NERATQR SUBROUTINE VSS VB TIM!: .. -..... -........ _---.. -_ .. -_ ....... -.•..•...•.•...•...•.•....•....• 
. " -. ' ......•......•.....•... ~~-.. -•••....•... -.•...•... ---....... ---.... . 

c: TIM.TIM!,TH! INPUT INDEPeNDENT VA~I~BL! 
e NMAX.TDT~L NUM8!R OF COORDINATE POINTS 
r. ITU~-A"~Y 0; T~E INDEPENDENT VARIA~LE.TIME 
e DUM_ARRAY OF THE DEPENDENT VARrA~LE,vSS 
r: 

FUNCTION ~UN1(TIM,NMAX.ltuM,DUMl 
REAL DUM(2' 
INT!'G!R !TUM'til 
rFCTr"~ITUM(i"5.5.8 

e IF(TIM-ITUM(NMAX))1.2,2 
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C 

2 FUNS -I'IU~ C~''''A\t) 
RETURN 

5 FUN1-0IJMCU 
~ETUR'" 
1)0 :!I r-2,NMAlC 
TFCTr~~LT.!TUMC!))GO Tn ~ 

~ CONTlNlIE 
A 'UNlaOIIMCY-l,+CTIM-rTUMcr-l,'*CDU MCI)-DUMCI-l,)/CYTUMCI)-ITUMCT-l' 
n 

RETLIRN 
ENI'I 

------.---.. -.-.---~~-.-------.--.-.----.------------.---._.--.-.---~ ~... " . . _.-._.-.-.-. __ .. -.---._-----.. -----------_._._----.-------.---------
--~-----~ .. -~.~-------.---~-------~----------~----.---~~----------~--._----._.-.. __ .----_._._------.-------...... _----_._--.---.--.•.. _. 

C-----SUBPOUTIN! Tn PLOT N POINTS SP!eIFlen ~y ARRAV, A AN~ B. TaTITLE 
c---- ... YNtTULI'ZE' flCOT PAGt: e----____ ~~~_~. _____ -_____ ~ ___ ~ _______ ~ ____ . _______ .-.. _~_~._. __ . ___________ ~ __ _ 

TNTEGE~ eTAR.TICK.OAS~ 
REAL IPAGE 
DIMENStON tMr10),CC1) 
DIMENSION tPAr.!C~0.120~,RC1~'.OC1~l.AC\'.srl'.TC10' 
DATA IH/lHl.i~2,1H3.1~A.iH~,lHe.iH7,lH8.1Hg.1H01 
nATA STA~,TIeK,OAsH/lH*.iHI.1H., 
I'! AT A II3L~j(/1H I 
TPG-121'l 
on ~t" I-l,fPC: 
"0 ,'" tral.!'iPi 

2~ TPAGECII,I'.ieL~K 
I'!O 1 I-l,IP!; 
IPAG!C!p,I'.nASH 
tFt~~orI-l.tPG/10'.EQ.0' IPAGEC50,t)-TICK 
CONThU! 
DO 2 IU,5111 
TPAGE'rr, l' aTTCK 
I'C~OOCI·l,~'.ED.I'l' tPAGF(I,l)aOASH 

, ~~NTHlIJE.. .. . c------____ ._._. ____ -____ ._ .. ______ ._._._._._. _____ ... ____ . _________ . __ . ____ ._._ 
e-----FIND ~A_ ANO MIN 0' ~ AND Y ARRAV5 r---.--___ ~~~ ... ~._.-___ .~ ____ ~. ____ ._~ ________ . ____ ._._~_~.---_____ . ___ . ______ _ 

AMAltaA(1) 
AM!NaA(n 
SMAlCllfco 
BHIt.JIf! C 1) 
I'!O :!I r-2,N 
IFf A"lAX.L T~ A 'tIl ) 
tF CAMtN.~T~A!:O' 
I'C"~Alt.LT.IHr" 
IF CBMIN~GT~etn) 
CONTINUE: 

AMAltIACIl 
AMINden 
~MAlt-IHIl 
!!MI Naec n 

AEXT.~i*tAMAV.AHIN~ 
8EltT_.l*ceMAK-BMIN) c-- •• -.-~_._~_.~~.; •• __ ~.~.~.;; ____ ~._~~. ___ •• --_~. ___ •• ~._._ •• __ ••• ___________ _ 

C--·.-!ltTENf) G~APH TO F~AHE nATA 
r.---._~~ __ ._~ .. ~~.~.-. ___ ~._.~;. __ . __ .~ ______ ~ .. ____ ._. __ .~ .. _ ......... __ ... ___ . 

~.NG!aAHA~-AMIN+2.*AE~T 
OOMA!N_eMAx-AMIN+2.*BE_T 
DO ~ hl . .tOl 
Hr-! 
trail-! 
ReI )IAMIN.A~~T+FLr*RANG!/lq • 

.c Qcrn~~"'rN~8~~T+F~hOOM~I~l/tIil~ .'. .. 
~----.. --.. -........ -............ -....... -..•...•••...•..•.•.•......•..•........ 
C-~-.- ~LAC[ DATA ~orNT~ INTO PLOT, c •••••• _ •• _~ •••• ~.;. __ ••• ~ •••• ~ ••••••• ~ ••••• ~ •••••• _ •••••••••••••••• ~.~ ••••••• _. 
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1')0 !5 r.t,N 
K.rAE~'+ACI';AMI~"~ANGE*~LOATCIP~' 
IFCI(~LT.D Kat 
L.(BE~T+BtIl;BMI~"OOMAIN.!50. 
IFCL.LT.il Lot 
Lo!5t-L 

!5 IFAG~CL.I(,.STAR 
ht 
00 I.'l rol,50 
IFC~~O(I·l.!5" 1.~.1 

A WRrTE(8.10~' OrK',rrpAGE~l,J).J.i.I~G' 
l(oK+t 
flO TO 15 

1 W~ITEC~,10')~IPAGE(I,J),J.l,IPG' 
15 r:ONTINUE 

10t FORMATtlH .Ft~.~.lX,l?~Ai' 
1~' FOR~AT~12~.1'~Al) 

WRITEC~.\~~)t~(I,.I.t,1~' 
'~3 FORMATtlHe.lmX,1~(F10.~.2~" 

RETUPN 
E~O 

. " 

--~.-.~.~--.~.!.---~~~.-.. ~-.-.-.. ~---...... ------.-~-~ .. --.-... ~------.•..••... _-...... -.--.. -----..... --_ ... -.-... -.... -.... -._ .. _----
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C 

APPENDIX F 

THE COMPUTER PROGRAM CONTAINING THE SIMPLIFIED ISF MODEL 

UTILIZED TO VALIDATE FIELD DATA FROM TUPYI (1~77) 

IF P~OG~AM TMPLI~ENTEO Tn PREDICT EFFLUENT VSS VALUES ~ND EFS IS 
r.40 n~ 0.e~ M~, UTILIZE THE GAMMA COR~!CTION ST!P. 

~IMEN~ION ~HLC1,,~60l,OLOAor17,280),TEMPC1',2e0~ 
"IMENSTON ~LA¥!~r4l 
OIM[NS!ON HLr17,~~, 
D IME'NS!C1N I"IMi ct 7,2150) 
I'lTMfl:N!IIYON nMLLC!5!'l' , A (2lHq '!H280~ • C (280) 
nIMEN~YON PC!OAC3~.6,28r),PCS~B(3~,!,2e0' 
INTEGE~ !Tr1'.5~"NNC11"NON(11l.ITUM(5~' 
nIMENstON AMLr17,28~"SLOPMr17.280) 
OIM'NsrON SA[CC17,280, 
~IMENSION SALMr17,2e0).SALMGC17,~e0) 
REAL rLVLr~"CSsr~,17,S01,CS(~.17"DUHC~0,.ozr4),CSSDC5,17.280) 
tNTEGfR TMAX.TIM,OELT 
O.TA Dr/5~~a.2.54.7.82,60.9B/ 
DATA NON/315,I~e,le3,40,177,14e,43.23.37.48.2191 
DATA NN/7.24.15,9,28.21.7,4,6.10.301 
~ATA OLA¥ER/~.778.0.3e9,1.1e8.g.3441 

C DEN_DENS lTV of ALGAE.MG OR¥ WT/L WET VOLUME 
C RHo_orNSIT¥ nF ALGAE,MG ORV WT/CM*Q3. WET VOLUME 
C AREA-AREA ~~ ~ILTE~,eH*.2. 
C n~p.OPPTH ~F THE FILT!~,~M 
C EEIISASE OF THE NATURAL LOGARITHM SVST~M 
r. 

e 
e 
e 
c 
e 
e 
e 
r. 
e 
e 
e 
C 

I'lEN-7.137E(I!!'i 
IHI01l7.137EL'!2 
o\REA-l!'!3.279(J! 
nEP_~L'I:.2.54 
H.I'.71e28111~!I 

TIM_INPUT VARIABLE TO FUN1 FOR DAIL¥ VALUES 
!DVlOA't' NU~8F.R 
IE-ePISODE NUMBE~ WHERE AN EPISODE IS A SAMPLING 

In-nAILY MASS LOADING RANGE NUMBER NO-NUMRER OF DML RANGES 

OELT-DELT, TrHE.DA¥! 

TZ-PORT OEPTH NUMAEP 
~JC-11 
NO-!'! 
'JIll! 
'lZM_NZ-l 
N7h3t 
NZI~-NII·l 
OELT-! 

I'l nEFTH 

NZH_NUMBER OF LAVE~S 

NZ-NUMa!~ OF PORTS 

107 



-.~ 

e 
r. 
e 
e 
r. 
e 
c 
r. 
r. 
e 
c 
c 
e 
e 
r. 
e 
c 
e 
r: 
c 
e 
e 
e 
e 

C 

e 
r. 
e 
e 

c 
r. 

r"'FlUE~jT 
~ 2 IN 
;5 3 IN 
4 ~ IN 
"i !:FI'LUf!'~T 

el VLrIZ).A~RAV~TEMPO~A~V'TO HDLD VSS VALUES IN MG/L 

Ml(IC,I~'.AR~AV TO HOLD THE HyDRAULIC LOAOING,MGAO, 
ON THE DAV OF ~AMPLING. 

T~~DrIc,IE'.ARPAY TO HOLD I~FLU!NT TEMPERATURE.DEG.c:. 
ON TH! DAV OF 8AMPLINS. 

TT(IC,IE,.ARRAVCTEMPnRARY)TO HOLD DAV Nn. FOP A PARTICULAR EPISODE 

CS~CIz,rc.rE,.ARRAY TO HOLD VSS VALUES ••• 
I. WET VOLIL FIl TFln! FOFl EPISMES 

READ IN AND WRITE OUT RAW ves DATA FOR TNF AND EFF. 

WRYTE TAAl! HEADING FDR RAw DATA 

WRIT! (e,9S' 
9!1 FORMATC'1'.33lt,IYSS,MG/Li, 

wpnE (fII. I)" 
07 FOR~ATr~~i.llt,IOAVI!lX,IEPISODEi,llt,ICOLUMNI.3X"I~Fi.6lt,iEF~',4X, 

1 I LOAD pJt; I ,~lt • IT EMP , 11 X , 'N C'. ' ,3 X, I lifO. ' , AX • I NO • I • tillt, ' M GI L ' , II X, , MG IL ' 
'.!5lt, jMilAD',Alt,'DEI'l.C" 

Ql ~EAn(!5.1~~'rnv.!E,Ie.CLVLrl',CLVLr!!1.~L~IC.I£1.T!MPCIC.IE) 

TFrIDV~EQ.'2,)GO Tn 12 

WPIT!~~.t04,inv.IF,IC,CLVLC1l.CLVLC!5,.HLCtc,tE"TEMP~Ic,tE) 

tTCte .1'E"'OY 
Clsrl.rC,I~'.CLVLC1"OEN 
tFCcLVLr!5'~L'.~.A'G~ TO 13 
eSSC5,tC,I~)IC~VLC5"~!N 
GO TO 1!5 

13 ~sst!,re,IF,.~.1/DEN 
15 r.:ONTt~UF 

GO TO !H 
'0~ FOFlMATC1V,r~,2I!5,4'!~I) 
l,A FOR~AT~I '.llt,I3.3X.I3.4X,I2,A'9:1) 

12 CONTI NUl! 

"'I"ITEC6.102' 

!!'ISODE. 

1~2 FnRMAT~'II,l~x,lveS,VOLUME 0' ALGAE/VOLUME OF FILTRATE 

DO 16 IC.LNr. 
NMAXINNcrc, 

EPISODE i, 

WRITE CS. 4031 IC 
16 WRITE~~.!50~'ltTCIC,IE',cssrl,IC,IE',csst!5,IC.IE',IEI1,NMAx) 

403 FORMATC'~I,I~OLUMN NO.'/3X.I4/1X.'OAV NO.',AX.tINFLU!NTI,5x,tEFFLU 
lENT" 

5~2 FOR~ATr' '.3lt,IJ,2lt,2E13.A' 

e I~ITIALI'E e"UNTER AND ARRAYS 
r. 
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e 

C 
c: 

I(I(.~ 

')0 20 rC:'l.N~ 
4"'LOC"hl'l. 

2~ !AL~CIe,1"0~ 

1111:'!!! I(IUkl(+1 
I(Pal(l(+l 
l("'al<l(-1 
TYMIl(hOF.L T 

C NONCle)'ARRAV TO HOLD THE TOTAL NO~ OF nAYS FOR EAeH eOLUHN 
c 

e 

C 
C 

00 31'1 ICl1.N~ 

T"'AxaNON(I~'.DELT 
rF(TI~.GT.T~AX)GO TO 30 

C IT!IM CJ' IAPj:tAV TO HOLD ALL VALUE! OF EF'ISOOE UMF 
C IN DAV!~~ ••• '\JNCTION GENE/UTOR. 
e 
e DUM~I()I.j:tRAV(TFMpn~ARV'TO HOLD ALL VALU!S OF ess FOR A GIVEN 
r:: rOLUMN AT A !;TVEN DF.PTH ... FlINCTION GENE~ATOR 
C 

e 

e 

DO 31'1 rz a t.N1,4 
NMAYINN (Ie:, 
no :It J.I,~IMAX 

31 ITUMrJ'a'T~!c:,J' 

"0 40 l(a1,NIoUX 
4' nUHrl()'CSS~I1,IC.I(' 

e r::~(rz,tc'14RRAvrTF.MPORARV)V55 GENERAT~O BV FUN1 

e 
e CSSDCIZ,rC,I<I<'aARRAV TO HOLD vas VALU!SCHG/L),DAILY~ 
e 

r 

e~~~rIl.IC.I(I()ICS(I!,Ic,.nEN 
;'0 CONTINUE 

r DAILV VALUES OF CSSD OETERMINEO,PRDCEED WITH CALCULATIONS 
e 

r 
C TMAX IS TH! NU~BER OF ~AVS FOR THE !C'TH COLUMN 

e 

e 

C 

e 

TMAXINON(IC'.CELT 
IFCT!M~GT.TMAX)GO TO ~0 

00 !!I0 n l t. N7M,:! 

IFCIZ~EQ.l'GO TO 48 

(;0 TO 49 

C DLOADCIC,I(I().AR~AV TO HOLD THE VOLUME OF SEWAGE LOADEDCIN TERMS 
~ OF TH! LAB COLU~NS' IN L~ 
c: 
c nHLCIC,K~)'A~RiY TO HOL~ DAILY HYDRAULIC LOADCIN T!RMS 
C OF nt! LAB COLUMNS) IN CM/OAV. 
e 
e D~LtIC,KI().ARR~V TO MOLD DAILV MASS LOAO!OCIN TERMS 
C OF THE LAa COLUMNS) IN MG/DAV. 
e 

48 tFrIC.GT.~'GO T~ 21 
IFCKK~LT.IT(rC,2)'CLOADtIC,KK"HLCIe,1"1'.~88 
tFCI(K.GE.t~cre,2)'OLOAOrIC,I(K'.MLrIe,'-'·14.388 
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.. ~ 

GO T" ,~ 
21 nLO.Ottr.,K~'.~LCIC.2'.14~~8a 
~? C"NTH!IIE 

"HLCIC.K~).OLOAOCIC.KK'*l.~Ee~/AREA 
DHLCrc,KK'.OLOADCIC.K~'*CSS~C!.IC,KK) 

c: 
t' 

tF(OMLCJC,~K'.LE.l~~.)GO Tn ~:'54 

c 
AeON.' '. 9 ~8!5 
BCO~I.0~74"A 

C 
C 

51(1-:'54.15 
C!f(2·gU)(1I. 

c: 
AML~IC.~Kl.A~LCIC.KK'+D~LrIc,KK' 

e 
IFCTIM.FQ.TMAX1GO TO 3!~ 
AMLtIe.~p).AHLCIC,I(K' 

~:'51!1 lCXXdML (tc .K~) 
~ 

IFCKK.~Q.l'SALCCIC,KK).CSK1*XXlC'/CSK2+XXX] 
c: 

~LOPMCIC:.KK).(SK1*SK2'/(S~2+XXX'**2~ 
e 

t'CKK~F.q.!'r.n TO 341 
C 

~ALcrlc,KK'·~LOPM(IC.KK'*DHLCrC.KK)+SALCCIC.KM) 
r 

:541 CnNTtNilE 
c 

GO TO ~3~ 
e 
e 

~~~ TF(KK.Fn.1'SALCCIC.KK'-t~~0!2E.~i 
C 

SLOPHCIC,KK).8.P07E.e4 
AMLrIc.KK).A~LCIC,KK'.OMLCIC,KK' 
rFCTIM~F~.TMAl()GO T~ ~37 
AMLrrC,~p).AMLCIC,KK' 

~~7 CCNTlfIIlJl" 
C 

IF(KK.FQ.l'Gn TO 342 
r. 

SALCCIC.KI('.!LDPM~IC,KK)*DML(rC.KK)+SALCCIC.KH' 
C 

342 CONTINUE 
C 

ACO~'.'l ~5QJUE';;IlJ!5 
BCOI"I."~2!5ee 

C 
e GO TO 33!'1 

3:'54 IFCI(K.EQ.l'SALCCIC,KK].4~a"lE.02 
c: 

SLOPM~re,KK].4.08SE.04 
AMLCIC,I(K].AMLCIC,KK'+DML(IC.KK) 
!FCTrM~fQ.TMA~'GO TO 3~e 
AML~Ie.KP].AMLr!C,K~' 

~U CONTINUf' 
e 

IF(KK~~Q.l'GO TO ~A3 
C 

SALCr!e,KK'.SLO~M(IC,~K'*DML(!C.KK'+S~LCCIC.KM' 
C 

343 CONTINur 
e 
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r. 

r. 

c: 
r. 

C 

r. 
r. 
r 
c: 

r. 

r. 

,. 

C 

I: 

r. 
r. 

AcnN.:»~737F..~7 
B C 0 ~J - e ~ 89 t!! Cl 

TFCKK.EQ.l'GO T~ 4t!! 
!AL~G~TC,KK)_CSALCC1C,KK'.SALerIC,K~)'.AREA 

GO TO !5' 

!52 CONTINU!' 

~ALMCIC,KK'_!ALMCIC,KK'.!ALMGCIC.KK) 

tFCTIM~EO~TMAX'GO Tn ~~ 
~ALMCIC.KP'-SAL~CIC,KK' 

49 CONTINLIE 
5:5 C~NTINUE 
"'0' C:ONTINlIE 

TFCKK.GE.219'GO TO 55 
GO TO 1000 

5!'1 CONTINUE' 

W~ITE OUT Vss,~~/L OAILV~ 

WRIT~-Ct!!,291!' 
'98 FOFU".TC'l'.2I1X, 'VSS,MG/L 

00 ~u H'-l.NI: 
TMU.NnN Crr' 
WI=!ITE C6, <11'141) YC 

00 !5t!! K_l,TM&X 
IFCOML~Ic,K)~LE.lt!!5.)ID.5 
!~CDML~IC,K)~LE.~79.AND.O~LCIC,K'.GT.le5.)IO.l 
IFCDML~IC,K)~LE.4~8~AND.D~LCIC,Kl.GT.279.)ID.2 
tFCOML CIC.K).LE.t!!87.AND.OMLCIC,Kl.GT.408.)ID.~ 
I~COMLCIC.~'~GT.eB7.'ID-t!! 

!'It!! WRITEtt!!,5031K,CSSOC1,IC,K).CSSDC!5,IC,K),OMLCIC,K',OHLCIC,K),DLOADC 
lIC,K),AMLcrC.K),SALMCrC,K).ID 

".T~AX 
A6C_AHL(rc.J,/J 
WFUTEUI,5121,)ABC 

541 CONTINUE 

41'14 FO R MAT C ' "" • i [: 0 L UH ~I NO.' I ~ X , 1411 X • ' DAY NO iI ' , ')(. ' INn U ENT , , ex, 'E F FLU 
1 EN T i , ex, 'D lolL i, 11 X, '[) HL ' ,8 X, ' OLD AI) i , 8 X, i A ML i , 1111 X, is A L M ' , 10 X, .- DML ' 11 
'5 X, 'MG I L ' , g x • .- M GIL' , 7X , ,'M G I DAY" • 8 X, .- C MID A Y i , 7 X, i L 10. Y , , ex, 'M G ' , 12 X 
3, i MG i , 1 (II X, iR ANGE" 

~~3 PORMAT~' '.~x,I3,2X,3El~~4,2F12.~,2E13.4,I10) 
-1"14 FClF""AT-Clflll.!5V,'AVEFUGE OHL FOR FILTER RlIN-',F!5.fIl) 

C THE SAND poRTION O~ THE MODEL WILL BE RUN 
e IN nRDER TO nsSERVF EFF~eTS OF SAL ON ISF MODEL. 
C 
e THE OMLL UTILIiED HERE WAS DEvELOPED WIn SAL ~ORTION OF MODEL. 
I: 
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e 
C RASIe MODEL FOP THE SAND PHASE ••• ~ 
C ~$~tDT. OHL.(-OCSS/DZ' + BETA.!P. 
r. s~ REPRF.!ENT~ SPECIFIC DEPOSIT. 
C ~~LL.CIN. C.DCSS/Dl'~.WHE~~ DMLL IS THE SAND FYLTER COfF.,CH.1. 
e 
r. 
c A~ALYST5 OF THF I~PACT OF RETACIC,KK'. MEAN BET.rBMa~IC~', 
e MEAN aETA FAnM SELECT~D aET; VALUES ••• 
r. PF!!iUl.TEI':l IN nElF-TH1N OF THE SAND BIOLOGICAL ACTIVITY TERM FROM 
C TME SAND PHASE MODEL •••• 
C 
C THEREFORE ••• THE BASIC MODEL FOR THE SANn PHASE BECOMES~~ •• 
C 
r. nSP/OT. OHL.C-OCSStDZ' 
r. 
r. O~LL.C!!iSIN. C~OC~StDZ' 
r. 
C 
C 
e 
C 
C 
c 
r 
c 
c 
c 
c 

TN TE~MS OF AML •••• 

D~LL 15 CALCULATE~ FROM THE FUNCTIONAL R!LATIONSHIP 
BETWEEN GA~~A A~O nEPTH,WMEPE DEPTH IS IN CM. 

e •••••••••••• • •••• •••••••••••• •• ••••••••• 
e • • 
c • D~LL • '.1e28.~OEPTM' •• C.'.9934' • 
r. • • e •••••••••••••••••• • ••••••••••••••• • ••• •• 
C 
e 
r. 
C 
C' 
e 
c 
C 

SINCE THE SAL MODEL IS NOT INCLUDED IN THE SIMPLIFIED IS" MOD!L, 
THFRE IS Nn TEMPERATURE OEPENnENCE~ 

Dn ~~~1 Izr.',NIIM 
5~Al OMLLCIZI'.A.i82e.(CIzI' •• ~.0~9934') c 

e 
e 
C 
r: 
C 
C 
e 
e 
e 
C 
C 

.t: 

MA~E cnMPA~ISON OF vSS PRfDICTEn AND ACTUAL USI~G 
D~LL VALUES ~ALcULATED FRO~ TH! FUNCTIONAL RELATIONSHIP 
AeTWEEN DMLL ANO nEPTH •• ~.~WITHOUT SAL. 

•••••••••••••••••••••••••••••••••••••••••••• 
r.~RPECTION OF GAMMA(DMLL'TERM I~ !~S.NE~m~1'. 

IFCEFS~rQ.~.i7)GO TO 7mm2 

e no 7~~4 !Zr.i,NZIM 
e7~0~ ~MLLC!!I'.~.~138.0MLLCIZI) 
e 
e7M2 CONTINUE 
r •••••••••••••••••••••••••••••••••••••••••••• 
e 
r 
r. 
r. 

I(K.0 
5"'IlIA I(I(.KI(+1 

TIM.l(h['lELT 
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c 
r 

C 

r. 

e 

e 

C 

e 

c 
C 

C 

e 

C 
e 

e 

e 

e 
e 

C 

C 

e 

r')(1 810 ga;:,NC 

TMAltaNON Cre) 
IFCTr"'~GT~TMA.'GO TO 81~ 

TFCIC.Lc.e'Gn TO gAl 
JKaIC./I 

DO 902 IlIal.NZIM 
YUllanI+1 

IFCI!I.F~.t'lIeS08Cl,J~.~~)aCS~OCl,IC.KK' 

peS~~CIZIP.JK.KK'aCPCSOe~IZI.JK.KK".CEE*.C.(OMLLCIZI''·2.~4') 

!H1J2 CONTINUE 

Q~1 00 911 IZIal.~ZIM 

Q11 

/l1Ll! 

1114 

TlIPaIlI+l 

tF(IZI~E~.l'lIeSOAC!.IC,KK)aCSSOCi.IC.KK' 

PCSD~crZIII.Ic.KK'a~PCSDA~tzT,re.KK".CEE.*C.CO"'LLCIZI''.2.54" 

CONTINUE' 

eONTINUF 

tF CIO(.(;E" .?ttnGO TO H4 

r.O TO 51'1(1)f' 

cnNTII.JUE 

00 eel!! r.C'l,~C 

TMAXaNON CIe) 
WPITEC!.810rc 

rza" 
IE'at 
IZPaU+! 
Illa30 
YUlllaI!I·! 
WIUT[ ce ,1,,) Yl 

IFrlc~LE.e'Gn TO g0~ 
JKaIr.·e 

00 !H14 I<Ka\,TMA)( 
IFCKK~EQ.ITCTC,IE"~O TO 90~ 

WRIT!Ce,18~)KK.PCSDBCIZIP,JK.KK).OMLL(IZI1,AMLcrC.KK' 
W~IT!C7.18~)KK,PCSOBrIZIP,JK.KK'.O~LLCIZI),A"'LCIC,KK' 

GO TO 9",/!I 

o~, WRIT!Ce,7731KK,CSSOCIZP,IC,KK),PCSOACrZIP,JK.KK).OMLLCIZI),.MLCIC. 
11(K) 
W~ITEC1.71~'~K.CSSOCIZP,IC,KK,.PCSOBCIZIP,JK,KK).OMLLCIZI).AML~IC. 

!KK) 
Hal!.! 

113 



" 

c: 

e 

e 
C 

e 

e 

C 

C 

C 

C 

C 
C 
c: 

C 
C 

gQll'\ 

0"4 

O0!3 

CONTINUE 

CONTTNUE 

(;0 TO IHIIl! 

00 !H2 I(I(.i,TMAX 

!FCKK~E~.ITCTC.IE"r,O Tel 91:'1 

WRITEte,'8!'~I(,PC$OACIIIP,IC:.I(K,.DMLLCI%I"AMLCIC:.KK' 
WRITE~,.'e~'I(K,PCSDACIZIF.IC.I(I('.OMLLCIZI"AMLCIC.I(K' 

1';(1 T(1 1'114 

013 WRITE~~,"!'I(I(.CS!~~!ZP,I[,I(K"pe!OACIZIP,Ie,KK,.DMLL(III'.AML~IC, 
11(10 
WRIT~C',"~'Kr.,CSSDrIZF.tC.KK"PC:50A(IZIP,IC,I(K,.DMLLCIZI,.AML~IC. 

11< 1(, 
IEwIE+1 

°1" CONTt NU!,: 

!'Hi? CONTtI,JIJE 

liB€! CONTtNUf 

R'l FOQMAT('1',1:'1X,'MODEL VALIDATION OF FIELD DATA CTUP'I.19""/1X.iC 
tOMPARYSON nF PREOICTF.O VS ACTIJAL EFF vas CONCENTRATIONS 'OR DMLL C 
'ILCULATE~ FRnM DEPTH'1127X.'COLUMN NO.i.I~) 

772 FM~H(lI.'l!I.'LAVEq NO.I.I~/2Al(.'_V5S'.11!!l(.'VSS'/2!5~,jA~TUAL I;FF'.1)(. 
l'Pllt!IHCTEn EFF',!5X.'DMLL'.1PJX.'AML'.10X,'IQ.I/ex.'DAV'.17)(."ROM LA 
,VER'.2X.'FPOM LA'ERiI2elC,I"G/L',QlC,i"G/LI,9X"CM-li,1~X,'M~" 

7e3 FQRMATr' 1.~x.I3.2ex.F13.1.'l:'1.~.F13.~' 
77~ FORMATt' '.!5x.I~.lllC.2Fll.1,F13.!5.F1J~0' 

STOP 
END 

C TIM_TIME.THE INPUT INDEPE~DENT VARIABLE 
C NMAX.TOTAL ~U"BeR OF COORDINATE POINTS 
C TTUM.ARRA, OF THE INO!PENnENT VARIABL!.T%M! 
e OUMwARRAV !"IF THE DEPENDENT VARIABLE, vas 
C 

'UNCT!O~ FUNirTIM.NMAX,I~UM.OUM' 
r;EAL OllM(2) 
INTEGER ITUt4'r2' 
YFCTIM.ITUMCi"5,~.~ 

5 IFCTIM-ITUM(NMAX"1.2,2 
2 FUN1.0Uf'lCNMAX' 

RETURN 
5 FUN1.0UMCO 

RE'TIJRN 
on 3 I-2,NI'I4)( 
IFCT!I'I~LT.!TIJ"CI"GO TO 4 

3 r:ClNTINUE 
4 FUN1-nuMCt-l,+CTIM-ITUMtI-l".CDUMCI'.OUMCI-1"/CITUMtI'-ITUM(I-t, 

1) 

RETURN 
nm 
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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 

Relative Fluorescence 

Sedgwick-Rafter 
Counting Cell 

Electrometric 

Glass Fiber Filter (1030 C) 

Glass Fiber Filter (5500 C) 

Electrometric 

Digestion, Ampule 

Filtration, Digestion, 
Ampule 

Reference 

Turner Fluorometer 
Manual, Model 110 

APHA, 1971, Standard 
Me thods for the 
Examination of Water and 
Wastewater 

Beckman Manual, Zeromatic II 

Oceanographic International, 
Operating Procedures Manual, 
0524 B Total Carbon System 

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