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ABSTRACT 

The direct filtration water treatment scheme does not 
include sedimentation and in some cases flocculation. Compared 
to conventional treatment, direct filtration has lowered capital 
costs, reduced space requirements, decreased sludge quantities, 
and reduced coagulant dosages. 

One objective of this research was the statistical compari
son of the direct filtration, Utah Valley Water Purification 
Plant (Orem, Utah) and the conventional Little Cottonwood Water 
Treatment Plant (Salt Lake City, Utah). These treatment plants 
are the two most compatible treatment plants having the highest 
correlation of source water in the local area. The Little 
Cottonwood plant receives approximately 65 percent of its source 
water from Deer Creek Reservoir whereas the Utah Valley plant 
receives all of its source water from Deer Creek Reservoir. 

Data from August 1, 1980, through August 31,1983, were 
obtained from the daily water quality and plant operation logs of 
the two treatment plants. Utilizing the computer, the data were 
blocked into season means and compared statistically in several 
fashions. The water quality parameter of most importance in the 
comparison is the finished water turbidities. 

The most beneficial results were obtained from a two-way 
analysis of variance using an F-ratio as the reference for 
significance. The F-ratio for the finished water turbidity at 
the degree of significance, ex = 0.01, proved not significant. 
The overall statistical analysis exhibits that the Utah Valley 
plant produces not only acceptable finished water turbidities 
well below EPA's maximum contaminant level of 1 TU, but one that 
is also comparable in quality to that of the conventional pro-, 
cesses of the Little Cottonwood Treatment Plant. 

Another objective of this research was the operation of two 
pilot-scale direct filtration systems at the Utah Valley treat
ment plant. The pilot plant treated the same source wa ter and 
used the same dual-filter media as the Utah Valley treatment 
plant. The pilot plant flow processes consisted of a rapid mix 
basin, a flocculation basin, and the filter column. 

Filters were evaluated by the filter performance index 
(F.P.I.), which is based on the quantity of turbidity removed, 
the volume of water produced during a filter run, and effluent 
quali ty. The highest F.P. I. values were achieved during the 
filter runs using alum as the primary coagulant and a cationic 
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polymer as a coagulant aid. These filter runs produced a product 
water with finished water turbidities considerably below the EPA 
maximum contaminant level of 1 TU. The most successful filter 
runs were characterized with filter loading rates ranging from 3 
to 5 gpm/ft2. and alum and polymer dosages ranging from 2.1 to 
8.1 mg/l and 0.70 to 2.2 mg/l. respectively. These filter runs 
treated raw water with average turbidities from 13.6 to 22.8 
NTU. 
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INTRODUCTION 

Direct filtration offers a low cost 
but relatively untested component for 
municipal drinking water treatment 
plants. Direct sand filters were tried 
in the early 1900s but proved unsatis
factory because they quickly became 
clogged by fine sediments and organic 
matter. In the following years, parti
culate matter has generally been removed 
by chemical flocculation followed by 
sedimentation within a settling basin. 
However, sedimentation is expensive and 
becomes increasingly so as greater 
removal is required and longer detention 
times are involved. 

In the last 20 years, coarse-to
fine dual and mixed-media filters 
have been developed that can accomplish 
economical floc removal without ex
cessive head loss, but their effective
ness in removing pathogens and poten
t ially toxic organic compounds requires 
further evaluation. The goal of such 
studies is the design of cost effective 
direct filtration within a total treat
ment system for potable water to comply 
with regulatory standards, recognizing 
that the best design varies with the 
characteristics of the raw water. This 

study examines the effect iveness of 
direct filtration in satisfying the Utah 
and National Interim Primary Drinking 
Wa ter Regulations through a li terature 
review and a performance analys is of a 
Utah plant. 

Since June 1977 when t he EPA's 
National Interim Primary Drinking 
Water Regulations lowered the maximum 
turbidity contaminant level from 
5 to 1 turbidity units, many communities 
have been faced with the need for 
treatment to remove particulate matter 
from potable water supplies that pre
viously only required disinfect ion. 
These regulations,' coupled with the 
increasing demand for treated water for 
growing urban areas, have intensified 
the search for low-cost water treatment 
options. Direct filtration is one 
method receiving increasing scrutiny and 
adoption as a means of treating public 
wa ter suppl ies . Compared to conven
tional treatment, direct filtration has 
lower capital costs, reduced space 
requirements, and smaller sludge 
quantities. Moreover, direct filtration 
offers large reductions in coagulant 
dosages and chemical costs. 



RELEVANCE AND OBJECTIVES OF RESEARCH 

Active research is underway on 
direct filtration in several parts 
of the nation, and the principal find
ings are reviewed below. However, 
the only published literature on the 
applicability of direct filtration 
to the raw potab le water sources of the 
Intermountain region was the pilot study 
for the Central Utah Wa ter Conservancy 
District (CUWCD) (Tate et al., 1977). 
This study provided background informa
tion for construction of the Utah Valley 
Water Purification Plant in Orem, Utah. 

The Utah Valley Plant, constructed 
in 1979, is the first direct filtration 
plant to be operated in Utah. The 
Duchesne direc~ filtration facility was 
the second to be constructed in Utah and 
has been on line for 2 years. The 
Southeast Regional Water Treatment Plant 
(Sandy, Utah) was put on line in April 
1984. Currently, the construction of a 
fourth direct filtration plant 1S 

underway in Central Utah. 

The Utah Department of Health, 
Division of Environmental Health, 
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is interested in searching out low-cost 
treatment facilities that are appro
priate for the Intermountain area. In 
the face of the above four direct 
filtration plants and the prospects of 
more to come, the Utah Department of 
Health is particularly interested in 
performance evaluations of their effec
tiveness. 

The specific objectives of this 
research were: 

1. Evaluate an online direct 
filtration facility (i.e., Utah Valley 
Water Purification Plant, Orem, Utah) 
and determine parameters appropriate for 
analyzing the "quality of the product" 
such that an impartial party can evalu
ate the water. 

2. Determine the ability of a 
direct filtration system (pilot scale) 
to remove constituents from surface 
waters, and subsequently reduce turbid
ity. 



LITERATURE AND BACKGROUND REVIEW 

The AWWA Water Quality Division 
Committee on Coagulation-Filtration 
defines direct filtration as any water 
treatment system in which the filtration 
is not proceeded by in-plant sedimenta
tion of flocculated water. This defini
tion includes systems that utilize 
either flocculation basins or contact 
basins not equipped with sludge collec
tion equipment and systems which contain 
neither. Figures I and 2 illustrate 
typical conventional treatment systems 
and Figures 3 and 4 illustrate typical 
direct filtration processes. 

History 

According to Culp (1977), direct 
filtration dates back to the early 
1900s. At that time several attempts 
were made to follow chemical treatment 
wi th the rapid sand filtration without 
the use of settling basins. These 
efforts failed because of rapid clogging 
in the top few inches of the single 
media filter beds and subsequent rapid 
head loss. However, the more recent 
development of coal-sand, dual-and 
mixed-media filters permit storage of 
larger quantities of floc within the 
filter bed without excessive headloss. 
This innovation has made the treatment 
of a wide variety of raw waters by 
direct filtration feasible. 

The direct filtration process is 
current ly bei ng uti 1 i zed a t seve ral 
water treatment facilities in the United 
States, Canada, and Australia (Mons
civitz et al., 1978, Sweeney and Prendi
ville, 1974, and Walder et al., 1975). 
As early as 1964, direct filtration has 
been used in the province of Ontario at 
the Toronto Water Treatment Plant on 
Lake Ontario (Tredgett, 1974, and 
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Hutchison and Foley, 1974). The Toronto 
plant, constructed in 1917, used drift
ing-sand filters until 1964 when the 
plant was converted to direct filtra
tion. In 1973, after this plant proved 
successful, three additional direct 
filtration plants were put into opera
tion in Ontario, namely, the Owen Sound 
WTP on Georgian Bay, and the Lake Huron 
WTP, and the Port Elgin WTP both on Lake 
Huron (Foley, 1980). Since that time, 
several former sedimentation plants 
have been converted to direct filtration 
and a number of new plants have been 
constructed, bringing the number of 
direct filtration plants in Ontario to 
14 (Foley, 1980). 

A partial listing of the operating 
full-scale direct filtration plants 
(Culp, 1977 and Committee Report, 1980) 
includes: 

Municipal, without contact basins: 

Oakland, OR (0.5 mgd) 
Veneta, OR 
Vail, CO (1.4 mgd) 
Camas, WA (2.0 mgd) 
Baldwin, KA, iron removal 
Bellingham, WA (24 mgd) 
Bonner Springs, KA 
Las Vegas, NV (200 mgd) 

Alfred Merritt Smith Water 
Treatment Facility 

Stonewall OK 
Willipa Valley, WA 

East Raymond Water 
Treatment Facility 

Ft. Collins, CO (24 mgd) 
Bearspaw Dam, Calgary (78 mgd) 
Bogota, Columbia 

(200,000 m3/d) 
El Sapo Water Treatment 

Plant 



Poly.er or 
Activated Silica 

Influent 
Rapid 

Mix Flocculation 
1-8 Hr. Settling With 
Mechanical Sludge 

Collection 

Rapid Sand 
Filtration 

Figure 1. Flow sheet for typical older convention filter plants (Culp, 1977). 

Alu. 

J Rapid 
nfluent Mix 

~ 
Coagulant 
Control 

I Filter 
I 
I 
I 
I 
I 

~ Flocculation 
1-8 Hr. Settling With -- Mechanical Sludge 

Collection 

Nonionic Poly.er 
0.05-0.5 .g/l or 
ctivated Silica 

Rapid Sand 1-". Filtration --
Figure 2. Flow sheet for typical recent design trends for conventional fil ter 

plant (Culp, 1977). 

Alu. 

J _ Rapid 
I nfluent lIix 

Nonionic Poly.er 
0.05-0.5 .g/l or 
Activated Silica 

... Dual or 
Mixed Media 

Filter 

r---

Figure 3. Flow sheet for typical direct filtration using alum and nonionic polymer 
or activated silica (Culp, 1977). 

Cationic Poly.er 
1-2 .g/1 1 

Rapid 
Mix 

Flocculation 
Dual or 

t-----------........ Mixed Media 
Filter 

Figure 4. Flow sheet for typical direct filtration using a flocculation basin 
(Culp, 1977). 
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Municipal, without contact basins 
continued: 

Dundee, Scotland (24 mgd) 
Clatto Treatment Works 

Riverside, ID (1 mgd) 

Municipal, with contact basins: 

Richland, WA (15 mgd) 
Medford, OR (15 mgd) 
Lake Oswego, OR (10 mgd) 
Peoria, IL (10 mgd) 

Peoria Water Co. 
Clackamas, OR (6 mgd) 
Whatcom County Public 

Utility Dist., WA 
Denver, CO (120 mgd) 

Havison Water Treatment Plant 
San Diego, CA (40 mgd) 

Miramar Filtration Plant 
La Mesa, CA (66 mgd) 

Alvarado Filtration Plant 
Pine Valley Water Purification 

Plant 
Lakewood Treatment Plant 

Arvada, CO (9 mgd) 
Spiro, OK (1 mgd) 
Lower Otay Lake, San Diego 

County (15 mgd) 
Colorado Springs, CO 

(40 mgd) 
Duluth, MN (30 mgd) 
Aurora, CO (18 mgd) 
Arnprior, Ontario (5 mgd) 

Industrial, with contact basins: 

Fraser Co. Ltd., New Castle, N.B. 

Industrial, without contact basins: 

Crown Zellerback, Wauna, OR (50 mgd) 
American Can Co., Halsey, OR (18 mgd) 
Boise-Cascade Corp., St. Helens, OR 

(15 mgd) 
Publisher's Paper, Newburg, OR 
Union Oil Co., Ft. St. John, B.C. 

(1 mgd) 
American Oil Co., Texas City, TX 

(36 mgd) 
Boise-Cascade Corp., Salem, OR 
Mobay Chemical Corp., Salem, OR 
Skeena Kraft, British Columbia 

(20 mgd) 
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Several other pilot plant and 
full-scale tests have led to the 
proposal or cons truc t ion of addi tiona 1 
direct filtration plants. One of the 
largest is the Los Angeles Department of 
Water and Power (LADWP) direct filtra
tion plant which treats Owens River 
Aqueduct Water. The Owens River Aque
duct delivers 530 mgd of mountain water 
to 2.2 million residents in Los Angeles 
(McBride et al., 1982). 

In 1979, the California Safe 
Drinking Water Act established a strict
er t urbidi ty standard 0 f 0.5 nephe 1 0-

metric turbidity unit (NTU) for finished 
water. The LADWP started a series of 
studies to determine the most cost 
effective and efficient method to treat 
the Owens River Aqueduct Water. The 
pilot-plant work, conducted by the 
department and consulting engineers, 
Brown and Caldwell and Camp, Dresser & 
McKee, indicated direct filtration to be 
an effective treatment method for 
bringing the Owens River Aqueduct water 
into compliance with the new California 
standards. The LADWP plant is now under 
construction and expected to be treating 
water by August 1985 (McBride et a1., 
1982) . 

pilot plant tests were also used to 
investigate the feasibility of direct 
filtration for treating water from Deer 
Creek Reservoir in central Utah (Tate et 
al., 1977). The investigators found 
Deer Creek Reservoir water to have an 
average turbidity of 2.6 NTU, a minimum 
turbidi ty of 0.1 NTU, and a maximum of 
60 NTU. This maxi~um turbidity is 
within the limits given in Baumann's 
(1976) statement that direct filtration 
is a currently accepted technology for 
producing potable water from a raw water 
with a turbidity of 50-60 NTU. Further
more, Letterman and Logsdon's (1976) 
nationwide survey of operating direct 
filtration plants meeting the National 
Drinking Water Standard of 1 NTU 
indicated that over 50 percent of them 
had average raw water turbidities 
exceeding Deer Creek Reservoir's 2.6 
NTU. Approxima tely 40 percent had 



maximum raw water turbidities in excess 
of Deer Creek Reservoir's 60 NTU. This 
experience of others, coupled with the 
pilot plant tests, indicated that direct 
filtration would produce an accept
able water and led to the construction 
of the 42 mgd Utah Valley Water Purifi
cation Plant in Orem, Utah, in 1979. 
Since that time the 4.5 mgd Duchesne 
direct filtration plant and the 20 mgd 
Southeast Regional Water Treatment 
Plant, were put on line in May 1982 and 
April 1984, respectively. Construction 
is also underway for a fourth direct 
filtration plant in central Utah. 

Several other case studies on 
direct filtration were found in the 
literature. These include McCormick and 
Kings' (1982) evaluation of direct 
filtration for treating five different 
source waters in Virginia; Sequeria et 
al. (1983) investigated expanding the 70 
mgd American River Water Treatment Plant 
in Sacramento. to a new capacity of 105 
mgd or more by incorporat ing direct 
filtration into their conventional 
treatment plant; Bowen (1981) studied 
the feasibility of operating the 
Traverse City Water Treatment Plant in a 
direct filtration mode to treat the 
stable low-turbidity water from Lake 
Michigan; Westerhoff et a1. (1980) 
conducted a full-scale comparison of 
direct filtration with conventional 
treatment for raw water from Lake Erie; 
Peterson et a1. (1980) conducted pilot 
and full-scale plant studies investi
gating the effectiveness of treating 
Lake Superior water for Duluth, Minne
sota, for removal of asbestiform fibers 
by direct filtration. Wagner and 
Hudson (1982) cite additional examples 
of direct filtration studies conducted 
in the United States, Brazil, Guam, 
Jordan, and West Africa. Case studies 
are also reported by the Direct Filtra
tion Subcommittee of the AWWA Filtration 
Committee (1980). Although all of the 
aforementioned studies were conducted on 
raw water sources with different 
characteristics (turbidity, temperature, 
pH, etc.), each study found direct 

8 

filtration to be a feasible and effec
tive mode of water treatment. 

Direct Filtration-
Process and Operation 

Direct filtration differs from 
conventional treatment systems in 
that it does not provide sedimentation 
after chemical addition, coagula
tion, and flocculation. Solids, both 
natural and added, must be stored 
in the filter, making proper coagulation 
of the suspended particles critical for 
efficient operation of a direct filtra
tion system. 

Raw water characteristics 

In evaluating the treatability of a 
source water by direct fil.tration 
several factors should be considered, 
such as the quantity and character of 
the particulate matter in the raw water, 
bacterial quality, taste and odor, 
color, and the possible formation of 
trihalomethanes (THMs). From the 
Committee Report (1980), natural waters 
with low turbidities and color prove to 
be most suitable" for direct filtration. 
In the Committee's survey the upper 
limits of these constituents varied 
with location as did other water quality 
factors. In the survey it was also 
found that there was no set trend toward 
plant operation, with some plants 
employing operation techniques designed 
to overcome specific precluding raw 
water conditions. In general, the 
Committee (1980) reports that waters 
with less than 40 units of color, 
turbidity consistently less than five 
units, iron and manganese concentrations 
of less than 0.3 mg/l and 0.05 mg/l, 
respectively, and algae counts of up to 
2000 ASU/ml, appear to be very good 
c and ida t e s for d ire c t f i 1 t rat i on . 

Cu I p (1977, p. 375, 376) s tat e s 
"the possibilities of applying direct 
filtration to municipal plants are good 
if 1) the raw water turbidity and color 
are each less than 25 units; 2) the 
color is low and the maximum turbidity 



does not exceed 200 TU; or 3) the 
turbidi ty is low and the maximum color 
does not exceed 100 units." Culp 
further states that diatom levels in 
excess of 200 ASU/ml may require coarser 
top media but are treatable by direct 
filtration. Reports of successfully 
handling coliform MPN's of 90 per 100 ml 
by direct filtration have been received 
by AWWA with potential for higher 
coliform removal (Culp, 1977). Treweek 
(1979) and Tate et al. (1977) have shown 
direct filtration to be suitable in 
treating Deer Creek Reservoir (Utah) 
water with raw water turbidities from 
0.1 to 60 TU, successfully achieving 
the I-TU limit required by the Safe 
Drinking Water Act. McCormick and 
King (1982, p. 241) define raw water 
characteristics for acceptable treatment 
by d ire c t f i 1 t rat ion a s follow s : 
"turbidity, 0-10 NTU; color, 0-15 APHA 
units; algae (clump cound, 0-1000 
units/mI." They further concluded that 
higher values for an individual water 
parameter could be tolerated when the 
other raw water parameters were lower. 

Often a single parameter such as 
turbidity is the sole criterion of 
determining raw water quality for the 
applicability of direct filtration 
treatment. Direct filtration methods, 
while effective for turbidity removal, 
may be inadequate for plankton and taste 
and odor removal. It should be the 
objective of a treatment plant to 
consider all treatment parameters on an 
individual basis and under various 
circumstances such that the design of 
the plant is tailored to the character
istics of the raw water treated. In 
order to achieve this, pilot 'plant 
studies are necessary in des igning any 
direct filtration plant. 

Hutchison and Foley (1974) have 
demonstrated that data obtained with 
pilot plant operations correlate well 
with data obtained from full-scale plant 
operations if similar media compositions 
are used. Pilot plant studies will also 
indicate an optirr.um type and dosage of 
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coagulant aids required for the raw 
water to be treated. 

Colloidal destabilization 

Coagulation captures colloidal 
particles in the raw water as chemical 
reactions form a floc (ASCE, AWWA and 
CSSE, 1969). Two broad classes of 
materials are removed by coagulation
turbidity and color. The floc forms 
within seconds of the application of the 
coagulating reagent to the water. At 
the point and time of chemical addition, 
intense mixing is applied to ensure 
uniform Chemical distribution and the 
rapid exposure of all the fine particles 
in the water to the coagulating agent 
before the coagulation reaction 1S 
completed. This is achieved in the 
rapid mix unit, the first process in the 
direct filtration system. 

Colloidal destabilization occurs 1n 
the rapid mix unit. In this process, the 
repulsive forces between colloidal 
particles are reduced, bringing the 
colloids together. Colloidal material, 
because of the small particle size 
(1-200 nm), has a large ratio of surface 
area to volume. Because of this immense 
surface area, colloidal activity is con
trolled by surface chemical phenomena. 

Most colloidal particles in water 
are negatively charged. A fixed 
covering of positive ions is attracted 
to the negatively charged particles by 
electrostatic attraction during floccu-
1 a i: ion. T his i s ref err ed t 0 as the 
Stern Laye rand is sur rounded by a 
movable, diffuse layer of counterions. 
The diffuse zone extends into the 
surrounding bulk of electroneutral 
solution. Figure 5 illustrates this 
theory. 

The surface charge on colloidal 
particles is the major contributor 
to their long-term stability; particles 
which would normally settle or coalesce 
are naturally repelled. In destabi 1-
izing these colloids, there are four 
di st inct mechanisms: 1) compres sion of 
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Figure 5. Guoy-Stern Colloidal Model 
(Clark et al., 1977). 

the diffuse layer; 2) adsorption to 
produce charge neutralization; 3) 
enmeshment in a precipitate; and 4) 
adsorption to permit interparticle 
bridging (Weber, 1972). 

In diffuse layer compression, 
electrolytes are introduced and the 
repulsive potential energy of the 
colloidal partic Ie is affected directly 
by the ionic strength of the surrounding 
bulk solution. As the ionic strength of 
the bulk solution increases, the repul
s ive energy de,creases and the volume of 
the diffuse layer necessary to maintain 
electroneutrality is decreased, reducing 
the thickness of the diffuse layer. The 
compression of the diffuse layer is 
sufficient enough to permit particles to 
come in contact with one another and van 
der Waals' forces of attract ion become 
dominant allowing aggregation to occur. 
Aggregation of particles in this manner 
results from contacts by thermal motion, 
often termed Brownian motion. The 
transport process of interparticle 
contacts produced by Brownian motion is 
termed perikinetic flocculation (Weber, 
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1972). Electrolytes found to be most 
effective are multivalent ions of 
opposite charge to that of the colloidal 
partic les • 

For a simplified understanding of 
charge neutralization by adsorption, it 
is instructive to consider the energy 
involved in a simple electrostatic 
coulombic interaction between a col
loidal particle and a coagulant ion. 
For a simple monovalent ion such as 
Na+ and a particle with a potential 
difference across the di ffuse layer of 
100 millivolts, the electrostatic energy 
of the interaction amounts to 2.3 
kcal/mole. The electrostatic energy for 
a hydrogen bond interaction is on the 
order of 5 kcal/mole and the energy 
forming a chemical covalent bond is 
in the range of 50-100 kcal/mole (Weber, 
1972). From these numbers it can be 
seen that many colloid-coagulant inter
actions can overshadow the coulombic 
force in colloid destabilization. At an 
appropriate coagulant dosage, sufficient 
adsorption will occur neutralizing the 
charge on the particles, leaving them 
destabilized. 

LaMer and Healy (1963) developed an 
interparticle bridging theory that 
provides a q uali tat ive model of the 
ability of polymers of high molecular 
weight to destabilize colloidal disper
sions. In order for destabilization to 
occur, the polymer molecule must contain 
chemical groups that can interac t wi th 
sites on the colloidal particle. When a 
colloidal particle and polymer molecule 
come into contact, some of the chemical 
groups of the polymer are adsorbed by 
the particle surface. The remainder of 
the polymer segment is left extending 
into the solution, and will attach to a 
second colloidal part1cle with vacant 
attachment sites, forming a polymer
particle complex with the polymer 
as a bridge (Reactions 1 and 2 in Figure 
6). If a second colloidal part ic1e is 
unavailable, the extended polymer chain 
will eventually adsorb on other sites on 
the original particle, and the polymer 
will no longer be available to serve as 
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Figure 6. Schematic representation of the bridging model for the destabilization 
of colloids by polymers (Weber, 1972). 
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--~ a bridge (Reaction 3 in Figure 6). The 
energy barrier between colloidal parti
cles is not eliminated by the bridging 
mechanism, but is superseded by the 
chemical adsorption energy which can be 
as large as 100 kcal/mole· compared to 
2.3 kcal/mole for a simple electrostatic 
coulombic interact ion (Weber, 1972, and 
Tanner, 1974). 

The degree to which part ic Ie 
destabilization and aggregation occur 
is a function of coagulant dose. High 
polymer dosage can saturate the col
loidal surface, leaving no available 
reactive sites on the colloid, thus 
produc ing a restabilized colloid (Reac
tion 4 in Figure 6). Low polymer dose 
results in partial destabilization of 
the colloidal dispersion, leaving 
reactive sites available on the colloids 
but no polymer chains available for 
bridging. Finally, it has been shown by 
LaMer and Healy (1963) that a system 
wh ich has been destabi lized and aggre
ga ted can be restabil ized by prolonged 
agi tation. By extending agi tation the 
polymer-surface bonds can be broken 
allowing extended polymer segments to be 
folded back onto the surface of the 
particles (Reactions 5 and 6 in Figure 
6). 

As Weber (1972) explains, when a 
metal salt such as alum (A12(S04)3), 
ferric chloride (FeC13), a metal oxide, 
or hydroxide in the case of lime, 
is used as a coagulant in high enough 
concentrations to cause rapid precipita
tion of a metal hydroxide or metal 
carbonate, colloidal part ic les can be 
enmeshed in the forming precipitates. 
The colloidal particles present in the 
water tend to serve aB nuclei for 
formation of the precipitate, so that 
the rate of precipitation increas
es with increasing concentration of 
colloidal particles to be removed. 
Thus, the greater the amount of coi
loidal material to be removed, the 
lower quantity of metal coagulant 
needed. 
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Coagulants 

Colloidal destabilization by 
chemical treatment is an important step 
to the overall success of direct fil
tration (Culp, 1977; Hutchison and 
Foley, 1974; Tredgett, 1974; Habibian 
ana O'Melia, 1975; and Kawamura, 1976). 
Two experiments with the direct filtra
tion pilot plant conducted by the 
Central Utah Water Conservancy District 
(Tate et. a1., 1977), one with a coagu
lant and the other without, were 
evaluated by Trussell and others (1980). 
The results showed that although signi
ficant reductions in both particulates 
and turbidity were achieved without 
chemical addition, the results with 
chemical addition were significantly 
better. For particulates, filter 
performance with a coagulant aid is 
improved by a factor of nearly 20 
(Trussell et a1., 1980). Table 1 
presents these results. Trussell et al. 
0980, p. 709) concluded "the addition 
of coagulant chemicals is an inherent 
part of any wa ter fi 1 t rat ion process. II 

The chemicals generally used as 
primary coagulants for direct filtration 
include aluminum salts, iron salts, and 
cationic polymers. Anionic polymers are 
often used as filter aids to reduce the 
requirement for primary coagulants. 
Kawamura (1976) reported that aluminum 
salts are one of the most effective, 
economical, and foolproof coagulants in 
use. 

Coagulation by aluminum salts is 
affected by alkalinity, colloidal 
concentration, pH, temperature, nature 
of solids, mixing, and coagulant concen
tration (Weber, 1972, and McCormick and 
King, 1982). A problem associated with 
using aluminum salts as a coagulant has 
been early breakthrough of turbidity 
with increasing coagulant dosages. 
Hut chi son (1 9 76 ) in his stud i e s 0 f 
Ontario's direct filtration plant on 
Lake Huron, where alum is the primary 
coagulant, found that alum dosages less 
than 3.8 mg/l led to an effluent tur
bidity in excess of the 0.3 NTU ob
jective. At higher alum doses of 20 



Table 1. Filter performance with and without chemical addition at the Central Utah 
Water Conservancy District pilot Plant (Trussell et al., 1980). 

Run Chemicals - mg/l 
Number Alum Polymer* Chlorine 

4 0 0 0 
5 3 1.25 1.5 

*Cat fl oc T. Calgon Corp. , Pittsburgh, Pa. 

mg/l, polymers were found necessary as 
coagulant aids to prevent turbidity 
breakthrough. This combination of high 
alum dosage and polymer led to short 
filter runs of less than 10 hrs at 
loading rates of approximately 5 gpm/sq. 
ft. (Hutchison, 1976). A concern with 
using aluminum salts as coagulants is 
residual alum which may floc after the 
filtration process and settle out on 
pipe walls reducing the pipe flow 
capacity or increase the aluminum 
concentration in the finished water. 

Kawamura (976) reported that the 
advantages of using polymers as the 
primary coagulant include reduced 
coagulant dosages, reduced sludge 
volumes with improved dewatering, 
lower e d c hem i cal res i d u a 1 sin the 
finished water, and fewer problems with 
alkalinity and pH adjustments. General
ly, cationic polymers are used as 
primary coagulants and coagulant aids, 
and nonionic and anionic polymers are 
used as coagulant aids and filter aids. 
Cationic polymers allow deeper penetra
tion of floc into the filter bed than 
the nonioniC and anionic polymers. 
Culp (1977) reported that when a cat
ionic polymer is used as the primary 
coagulant a typical dosage range is 0.1 
- 5 mg/l, and for nonionic and anionic 
polymers (as filter aids) the dosage may 
be 0.05 to 0.5 mg/l. These dosages are 
dependent on raw wat'er quality. The 
Committee Report on the Status of Direct 
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Particulates-
Turbiditz: - TU Earticles/ml 
Raw Filtered Raw Fi 1 tered 

Water Water Water Water 

0.55 0.24 2000 220 
0.57 0.11 1600 14 

Filtration (980) states "cationic 
polymers cannot reduce color to the same 
degree as metal salts; on the other 
hand, where turbidity removal is the 
primary objective, cationic polymers 
have proved effect ive and cost effec
tive." 

In addition to the previously cited 
studies of coagulants and coagulant aids 
in direct filtration, Yeh and Ghosh 
(981) conducted a study on selecting 
appropriate polymers for use as primary 
coagulants. They found that cationic 
polymers with low to medium 00,000 to 
100,000) molecular weights and high 
charge densities performed the best. 
For these polymers it was also found 
that rapid mixing at velocity gradients 
of 300-600 sec- l for 3 to 8 minutes 
was necessary prior to filtration. Yeh 
and Ghosh (1981) suggest that jar tests 
with high intensity mixing followed 
immediately by particle size distribu
t ion analys is should be the me thod of 
choice for selecting polymers for 
direct filtration, and that for optimum 
filtration there exists an optimum floc 
size dependent on filter and particulate 
characteristics. 

Flocculation 

The need for flocculation basins in 
direct filtration has been an area of 
controversy among several investigators. 
Adin and Rebhun (1974) conducted a study 



on contact flocculation-filtration, 
where a suitable flocculant was injected 
into the system just prior to the 
porous filter bed. They found that 
high-rate direct filtration allows 
particulate removal from dilute suspen
s ions wi thou t the need of separa te 
flocculation and settling units. In 
Cu1p's (1977) investigation of direct 
filtration, flocculation basins as well 
as the sedimentation process could both 
be eliminated without an adverse effect 
on the filtration process or the finish
ed water quality. Yeh and Ghosh (1981, 
p. 217) report that, "for most direct 
filtration operations, slow flocculation 
following rapid mixing may not be 
needed, especially if the suspended 
solids concentration 1.S 30 mg/l or 
higher." 

Treweek (1979), in his phase 2 
study of the Utah Valley water purifi
cation pilot plant investigation, 
indicated that the flocculation basin 
was necessary to achieve the desired 
level of treatment. In Springfield, 
Massachusetts, pilot plant studies, 
willis (1972) found that a rapid mix and 
flocculation time of 25 minutes would be 
required for pretreatment in the direct 
filtration process. Monscivitzet al. 
(1978) reported that after the con
struction of the Las Vegas direct 
filtration plant, which excluded floc
culation, operation difficulties were 
encountered that led to the addition of 
flocculation to the treatment process". 

Trussell et al. (1980) slUllmarized 
four different studies evaluating the 
influence of flocculation on filter 
performance (Table 2). In general the 
authors did not feel these results 
presented any compelling evidence for 
the necessity of flocculation; however, 
the need to study flocculation in 
pretreatment for direct filtration is 
warranted from the varying resul t s in 
turbidity and particulate patterns. 

The overall goal of flocculation is 
to produce a floc tailored to the 
process needs. For direct filtration at 
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high rates a dense, small, pinpoint floc 
is preferred; opposed to the large, 
bulky floc desired in conventional 
treatment systems. This small floc is 
strong enough to resist the prevailing 
shear forces, occupies less space in 
the filter, and fortifies longer filter 
runs with less breakthrough tendency 
(Tredgett, 1974). 

Previous research has provided a 
wide range of applicable flocculation 
times. Sweeney and Prendivi lle (1974) 
found that flocculation times should be 
varied from 10 minutes during hot 
weather to 30 minutes during colder 
periods. This was supported by Hutchi
son and Foley (1974) in their findings 
that water temperatures below 3.3°C led 
to slowly forming flocs requiring 
detention times longer than 10 minutes 
to prevent after floc formation. They 
also indicated that flocculation 
times during warmer weather should be 
g r ea t e r t h an 3. 5 min ute s top rev e n t 
after floc formation, but less than 10 
minutes to prevent turbidity break
through and rapid head loss accumula
tion. Hutchison (1976) found in later 
experiments that the pilot plant filters 
were more apt to reach turbidity break
through at flocculation times greater 
than 4.5 minutes. This was attributed 
to the weakening and shearing of the 
fl oc caused by cont inued interpart ic le 
collisions and aggregate collisions with 
the stirring mechanism. Tate et al. 
( 19 77 ) in the i r p i lot p 1 ant stud i e s 
reported that increasing the floccula
tion time from 13 to 26 minutes did not 
result in improved water quality, but 
rather increased the chance of earlier 
turbidity breakthrough.' After the 
modification of the Las Vegas direct 
filtration plant to include floccula
t ion, it was found that the Lake Mead 
water required" 15 to 20 minutes of 
flocculation for optimum reduction of 
alum, turbidity, and plankton carryover 
(Monscivitz et al., 1978). 

The Committee Report (1980, p. 407) 
on direct filtration states "there is no 
unique process that can be said to 
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Table 2. Influence of flocculation on filter performance (Trussell et al., 1980). 

Media 
Flocculation Sand Coal Turbidit):, Part i eulates UFRV 

Alum Polymer G Time de Depth Uni formi ty de Depth Uniformity Number Raw Filtered Raw Waler Fit t ered m/run gaI7 
Location mg/L mg/L s-1 min. mm mm Coef fident mm mm Coeff ic ient of Water Water Part ic les Water sq hI 

runs TU TU mL Part ides run 
mL ------

Owens River, 2 2 10 20 0.51 254 1.20 1.1 508 1.24 14 5.0 0.15 8800a 21 330 8100 
CA (1976) 2 2 0 0 0.51 254 1.20 1.1 508 1.24 8 5.0 0.20 8800& 15 281 6900 

Lake Casitas 4 1 70 20 0.51 381 1.20 1.1 838 1.24 1 1.6 0.20 2552a 57 1590 39000 
(1976) 4 1 0 0 0.51 381 1.20 1.1 838 1.24 I 1.6 0.21 2552a 68 791 19400 

Columbia River, 15 1 75 20 0.54 419 1.24 1.2 838 1.24 3 12 0.12 63000b 65 620 15200 
WA (1972) 15 1 0 20 0.54 419 1.24 1.2 838 1.24 3 12 0.08 59000b 65 611 15000 

Wyong. Australia 12 Ie 75 20 0.50 381 1.30 1.2 762 I. 30 1 1.4 0.22 5200b 400 ISS 3800d 
(978) 12 Ic ,0 20 0.50 381 1.30 1.2 762 1.30 I 1.4 0.33 6000b 402 212 5200 

aNo chemicals added. 
bTreated water applied to filter. Tested immediately upstream of filter, particles greater than 2.5 microns. 
cNalcolyte 801, remainder are Cat floc T. 
dTerminated by turbidity breakthrough, remainder by limiting headloss. 

Ln 



define direct filtration mixing require
ments .... DO trend in times or energy 
inputs is evident, although the plants 
with the fewest problems have control of 
both the coagulat ion and the floccula
tion processes." 

Filter mechanisms 

The filtration of suspended and 
colloidal particles from water involves 
at least two distinct steps: 1) the 
transport of the suspended particles to 
the immediate vicinity of the filter 
grains; and 2) the attachment of these 
particles to the filter grains or other 
part ic Ie s t hat have been prev i ous ly 
d e p 0 sit e din the b ed ( H a bib ian and 
O'Melia, 1975). The transport step 
depends on physicohydraulic factors 
inc Iud i ng fl owrate, fil trat ion media 
size and shape, filter configuration, 
bed porosity, and the shape, size and 
density of the suspended particles. The 
particles may be transported to the 
medium by diffusion, interception, 
gravity settling, or hydrodynamic 
forces. Adin and Rebhun 0974, p. 109) 
stated that "the most important conclu
sion that can be drawn today concerning 
the transport step is, perhaps, its 
relative insignificance in filter 
design." Transport mechanisms appear to 
be more than sufficient in accomplishing 
their task even for the most difficult 
to transport particles. Adin and 
R~bh~n (1974) also stated that by 
v1ew1ng attachment as the major step 
in the filtration process efforts for 
filtration might be easier and more 
worthwhile. 

Attachment depends on physicochemi-
cal mechanisms. These mechanisms 
may involve electrostatic interactions , 
chemical bridging, or sped fic adsorp
tion, all of which are influenced by pH, 
ionic composition of the water, age of 
the floc, nature and dosage of the 
coagulants, and the composition and 
surface condition of the medium. The 
mechanisms of attachment may be con
sidered analogous to those of the 
previously mentioned destabilization of 
colloidal particles. 
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Media specifications 

Proper filter media specifications 
are at the heart of filter design 
and performance. Selection of a filter 
medium is dictated by the desired degree 
of purification, durability of the 
filter media, length of filter run, and 
ease of filter wash to remove suspended 
matter from the media. An ideal filter 
media should be of such size and speci
fic gravity to provide a satisfactory 
e f fl u e nt, ret a ina m a xi m urn qua n tit y 
of solids, and be easily cleaned with a 
minimum of wash water (Kawamura , 
1975). 

The longest filter runs and optimum 
water production result when in-depth 
filtration 1S achieved throughout the 
filter media. Penetration and removal 
of the fl oc throughout the fil ter bed 
avoid turbidity breakthrough from 
unremoved small aggregates, and exces
sive head loss from entrapment and 
clogging of large aggregates in the 
upper layers of the filter media. 
Several investigations have been con
ducted to determine the best media 
configurations for direct filtration 
wi th emphasis placed on mixed media and 
dual media filter beds (McCormick 
and King, 1982; Hutchison, 1976; Hutchi
son and Foley, 1974; Monscivitz et al., 
1978; Cu 1 p , 1977; Tat e eta 1 " 1977; 
Sequeria et al., 1983; and Bowen, 
1981) . 

In a survey of direct filtration 
plants (Letterman and Logsdon 1976), 
dual media filters consist of a sand 
layer varying from 15 to 38 cm wi th an 
effect ive size of 0.46 mm, and a coal 
layer of 35 to 50 cm with an effective 
size of 0.98 mm. Hutchison (1976) found 
that on dual media filters the effluent 
turbidity was not a function of the 
effective size of the coal within 0.9 to 
1.55 mm. However, for the overall 
efficiency of the filter including 
effluent quality, length of filter 
run, and floc distribution within the 
filter, the best effective size for the 
coal was near 1.05 mm. McCormick and 



--: King (1982) reported that a filter media 
configuration of 51 cm of 1.3 mm effec
tive size coal and 25 cm of 0.45 mm 
effective size silica sand was more 
efficient than a dual media filter with 
1.7 mm effective size or a mixed media 
filter with coal having an effective 
size of 1.0 mm (the sand effective size 
of 0.45 mm was not varied). This 
investigation is supported by Hutchi
son and Foley's (1974) earlier report 
that with coal of 1.7 mm effective 
size only 66 percent of the head loss 
took place in the coal layer forcing the 
floc to be stored in the sand layer 
which led to filter clogging and early 
turbidity breakthrough. For the coal 
layer with effective size of 1.3 mm, 92 
percent of the head loss (and hence floc 
storage), occurred within the coal thus 
allowing longer filter runs. 

In the studies conducted on mixed
media versus dual media for direcL 
filtration, both types of media will 
produce an acceptable quality effluent 
(Cu1p, 1977, and Sequeira et al., 1983). 
Culp (1977) reported that mixed media 
filters have the advantage of providing 
greater storage for floc in the bed, 
thus increasing the length of filter 
runs; whereas dual media beds exhibit 
rapid increases in head loss and 
shorter filter runs. Sequeria et al. 
(1983, p. 78) reported. "mixed media 
provides greater health protection as 
demonstrated by its better resistance to 
bact erial and turbidi ty breakthrough ."" 
They also found that after backwashing, 
mixed media filters take less time LO 
recover and produce good effluent 
turbidities than dual media filters. 
Although these studies indicate mixed 
media filters are more efficient than 
dual media filters, the dual media 
filter bed is more economical and can 
produce an acceptable finished water. 

Comparing head loss characteristics 
for different filter media, Tate et al. 
(1977) found a consistent pattern 
indicating an increase in initial head 
loss with decreasing size of the bottom 
media and an increase in the head loss 
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accumulation rate for smaller bottom 
media. Their studies were conducted on 
media configurations that had bottom 
layers of sand or garnet with effective 
sizes in the range of 0.21 to 0.5 mm, 
with the 0.5 mm sand performing the 
best. Monscivitz et a1. (1978) varied 
the effective size of the coal layer 
from 0.70 mm to 0.95 mm in their dual 
media filters to determine its effect on 
filter performance. They found that a 
coal medium with an effect ive size of 
0.95 mm produced a more uniform head 
loss across the coal-sand media than the 
0.70 mm coal medium. 

Hutchison and Foley (1974) investi
gated the effect of media size on filter 
performance in relation to the depth of 
media (18 inches and 12 inches) and 
filtration rate (3.1 gpm/sq. ft. and 4.8 
gpm/sq. ft.). At a filtration rate of 
3.1 gpm/sq. ft., the 18 inch depth of 
coal exhibi ted a 60 percent .increase in 
the total water filtered per filter 
run as compared to the 12 inch depth of 
coal. At the rate of 4.8 gpm/sq. ft., 
the gross water production for the 18 
inch depth of coal was 100 percent 
higher than for the 12 inch depth of 
coal. Kawamura (1975) in studies of 
different sizes and depth of filter 
media reestablished the relationship 
that media depth for small size media 
can be less than for large size media. 
This relationship reiterates the 
importance of total available surface 
area of media gra1ns of the fil ter 
bed. 

Filter rates 

The Direct Filtration Committee 
(980) reported that the majority 
of the filtration rates for operating 
treatment plants range from 1 to 
6 gpm/sq. ft. (0.7 to 4.1 mm/s)' Filter 
run times of up to 4 to 5 days have been 
achieved at the lower rates. Turbidity 
breakthrough is the problem most asso
ciated with higher rates (up to 10 
gpm/sq. ft). The Committee "(1980) 
stated that filtration rate is not the 
most crucial parameter 1n controlling 



the filter run times, but rather proper 
coagulant dosage and/or diatom algae 
c oncent ra t ions. 

Westerhoff et al. (1980) compared 
direct filtration versus conventional 
treatment and found filtration rates of 
2 to 6 gpm/sq. ft. (0.7 to 4.1 mm/s) for 
the direct filtration system produced 
filtered water with a turbidity of 0.1 
to 0.3 TU which was comparable to that 
produced by conventional treatment. 
During the Westerhoff et al. (980) 
testing period, raw water turbidities 
varied from 1 to 100 TU. Wagner and 
Hudson (1982) found that several waters 
pilot-tested have been successfully 
treated at filtration rates of 5 to 15 
gpm/sq. ft. 0.5 to 10 mm/s). Among 
these was the pilot plant testing at the 
Skinner Water Treatment Plant of the 
Metropolitan Water District of Southern 
California where the pilot filters were 
ope rat e d a t 1 5 g pm / sq. ft. D uri ng 
the several months of testing, the raw 
water turbidity averaged 2.1 NTU, and 
the effluent turbidity was 0.3 NTU or 
below. Another example cited by Wagner 
and Hudson (1982) was the pilot studies 
conducted on the Owens River water by 
the Los Angeles Department of Water and 
Power. Direct filtration rates of 10 
and 15 gpm/sq. ft. (7 and 10 mm/s) 
successfully treated the Owens River 
water to California's 0.5 NTU limit with 
filter runs between 10 and 12 hours. 
Pilot studies conducted in Brazil 
(Wagner and Hudson, 1982) indicated 
successful operation at a filter rate of 
7.8 gpm/sq. ft. (5.2 mm/s) for average 
raw water turbidi ties of· 25 NTU, and a 
maximum of 48 NTU. The average filter 
run time for this study was 15 hours. 

In Tredgett' s (1974) summary of 
direct filtration pilot studies con
ducted on Lake Ontario water, a normal 
operating filtration rate of 4.8 gpm/sq. 
ft. was optimum for raw water turbidi
ties of less than 13 Jackson turbidity 
units (JTU). At this rate filter runs 
were in the range ·of 20 to 40 hours. A 
peak fil t er rate of 8 gpm/ sq. ft. was 
also successful with filter runs of 10 
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to 30 hours. During the peak rate at 
raw water turbidities of 13 to 43 JTU, 
filter runs of 8 to 15 hours could be 
achieved with effluent turbidities of 
0.2 JTU." Trussell et al. (1980) sum
marized the impact of filtration rate on 
ef fluent turbidity in three di fferent 
pilot studies where filtration rates 
ranged from 3 gpm/sq. ft. to 18 gpm/sq. 
ft. and indicated that filtration rate 
had little to no impact on the effluent 
turbidity for this range. 

The optimum filtration rate is raw 
water quality dependent. Rates of 8 
gpm/sq. ft. or greater are possible 
mainly because of favorable raw water 
conditions and proper pretreatment. 
Operational problems caused by raw water 
conditions become more pronounced as the 
filtration rate 1ncreases (Hutchison, 
1976). Further, increased filtration 
rates require a higher degree of plant 
operator vigilance and increased 
instrumentation. Filter run length is 
partially dependent on filtration rate. 
Generally as the rate is increased 
filter run time is decreased. Other 
parameters affecting the filter run time 
include raw water color, turbidity (alum 
dosage), algae, mixing energy for floc 
formation, and filter media. Changing 
anyone of these parameters will result 
1n a change in fil ter run characteris
tics. 

The Committee Report (980) indi
cated that the majority of the direct 
filtration plants operate at a constant 
rate rather than a declining rate mode. 
Li tt Ie research has been conduc ted 1n 
the area of dec lining rate fil t rat ion, 
but the pilot studies that have been 
conducted (Committee Report 1980) 
indicated that little effluent quality 
advantage was achieved by operating a 
filter at a declining rate. 

Fil ter wash 

A major difference in the operation 
of a conventional treatment system and a 
direct filtration system is the volume 
of wash water required for backwashing. 



In conventional treatment a settleable
floc is produced in the coagulation
flocculation process. This floc is then 
removed in the settling basins. The 
filters in conventional treatment 
serve primarily as a polishing process 
with few solids stored within the 
filter. Thus, conventional treatment 
wash water requirements are generally 
less than 2 percent of the total volume 
of water treated (McCormick and King, 
1982). In direct filtration all solids 
removed from the water are stored within 
the filter media, ultimately increas
ing the volume of wash water required 
and decreasing the filter run times. 
Culp (1977) reported that wash water 
requirements can economically only be as 
high as 6 percent of the total water 
produced by a direct filtration system. 
Hutchison (1976) reported that 5 percent 
or less of the total volume of water 
produced was a feasible volume of 
wash water needed for backwashing the 
Ontario direct filtration plant. 
However when high diatom levels are 
present, as was the case for the 
Toronto plant, as much as 27 percent of 
the total treated water was required for 
backwashing the filters (Hutchison and 
Foley, 1974). 

Filters are backwashed when the 
head loss across the filter reaches a 
predetermined value (8-10 ft.) or when 
turbidity breakthrough occurs. Occa
sionally filter runs are terminated 
prior to either of these, simply because 
they have reached a set maximum number 
of hours before backwashing is required. 
Backwashing is performed by revers1ng 
the flow of water such that it moves 
upward fluidizing the filter media 
bed. Fluidization occurs at the criti
cal velocity of the individual media 
particles. As the velocity of the wash 
water increases beyond the critical 
velocity, the particles become more 
widely separated and travel in an 
unhindered manner. During the bed 
expans ion the part ic les trapped during 
the filtrat ion process are freed from 
the media particles by the shearing 
action of the wash water or the abrasive 
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action of the contact with other rising 
bed part ic les. The waste solids and 
wash water are then treated for reuse in 
the plant with appropriate sludge 
handling. Kawamura (1976) stated that 
the use of polymers as primary coagu
lants or coagulant aids reduces sludge 
volume and improves subsequent sludge 
dewatering. 

The rate of backwash is media size 
and distribution dependent. The ulti
mate goal in backwashing is sufficient 
media bed expansion such that trapped 
waste solids are freed from the media 
while using the smallest volume of wash 
water possible. One operating parameter 
for backwash that was typical of the 
literature reviewed was the cleaning 
of the filter surface by surface wash or 
a1r scour prior to commencing backwash. 

Air scour was found to be necessary 
for the prevention of mudball formation 
and algal growth in the Ontario direct 
fi ltration plant (Hutchison 1976). The 
Commi ttee Report (1980) further states 
that cleaning the filter by air-scour 
prior to backwashing has been success
ful in reducing the volume of wash water 
required. 

A recent development in backwashing 
has been the introduction of an appro
priate polymer in the c lear water used 
for backwashing. According to Yapijakis 
(1982), by adding a polymer to the 
backwash water it was possible to 
simultaneously condition the filter 
bed, reduce the initial turbidity 
breakthrough durat ion and peak, and 
improve the settling ability and conse
quent sludge thickening of the backwash 
solids. This' procedure provides both 
economic and ope rat ional advantages in 
the direct filtration process compared 
with adding polymers separately for each 
purpose. 

Advantages and Disadvantages 

The principal attraction of direct 
filtration is the potential capital 
savings of up to 30 percent of the cost 



of conventional treatment systems (Culp, 
1977, and Tate et a1., 1977). Similar 
savings are realized in the operation 
and maintenance of direct filtration 
facilities. The savings in capital cost 
result from elimination of the sedi
mentation basins and the sludge-col
lection equipment, which cuts down 
not only on construction costs but also 
the 1 and required for the treatment 
plant. When applicable, some direct 
filtration facilities incur even greater 
capital savings by eliminating the 
flocculation process. 

Operation and maintenance costs are 
reduced because there is less equipment 
to maintain and less chemical require
ments. In direct fil tration a fil ter
able floc is desired rather than a 
settleable floc. To achieve this type 
of floc less alum is required. Culp 
(1977) reports that the costs for poly
mer may be greater than in conventional 
plants, but these higher costs are more 
than offset by the lower costs for co
agul ants wi th savings of 10 to 30 per
cent. The decrease in chemical coagulant 
dosages further results in decreased 
sludge production and maintenance. 

Westerhoff et al. (1980) reported 
that the direct filtration process can 
consistently produce high quality 
fil tered water with significant annual 
operating cost advantages of about 
$50,000 for the present (1980) plant 
produc tion, not inc1ud ing the savings 
incurred in less sl udge treatment and 
disposal costs. The City of Spring
field, Massachuse tts, experienced a 43 
percent savings with construction of 
its 60 mgd direct filtration addition 
opposed to expanding its conventional 
treatment plant facility "(Willis, 1972). 
After two years of operation of the 
Bella Vista Water District direct 
filtration facility in North Central 
California, Chapman and Benoit (1980, p. 
104) report "low operation and mainte
nance costs, in addition to the low 
capital cost, have made the system 
(direct filtration) cost-efficient, with 
minimum labor, power, chemical and 
required maintenance expenditures." 
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The Direct Filtration Pilot Plant 
studies for Croton, New York, proved 
to be well worthwhile by indicating a 
potential savings of $14 million, 
the difference between the construction 
cost of direct filtration and optimized 
conventional treatment (Fulton, 1980). 
Logsdon et al. (1980) present an ex
cellent analysis method for the compari
son of costs and capabilities of direct 
filtration and conventional treatment 
based on varying construction costs and 
operation and maintenance costs. 

The limitation to direct filtration 
is the ability to handle high concentra
tions of suspended sol ids. Di rec t 
filtration may not be applicable for raw 
waters with high turbidities ()200 TU), 
color greater than 100 units, or plank
ton exceeding 2000 ASU/ml. Another dis
advantage of direct fil tration is short
er filter runs compared to conventional 
systems. Culp (1977) reports the cost 
consequence of this is not significant, 
but that more operator vigilance is re
quired, increasing the chance of opera
tion error. Wash water requirement in 
direct filtration plants is another dis
advantage. Requirements may be as high 
as 6 percent if not greater compared to 
the average 2 percent required for con
ventional treatment of similar raw 
water. Culp (1977) reports that this 
difference is not significant in the 
overall treatment plant operating costs. 

The overall potential of economy, 
both in capital outlay and operating 
costs, make direct fil trat ion attrac
tive. This is especially true for 
commun1t1es whose water supplies were 
potable with little or no treatment 
other than disinfection but must now 
further treat to comply with the 1 NTU 
limit of the EPA National Interim 
Primary Drinking Water Regulation. By 
using direct filtration, communities can 
meet the more stringent turbidity limit 
at a cost substantially less than that 
of a convent ional treatment system. 
Direct filtration can also make an 
important contribution to drinking 
water safety in developing countries 
with limited financial resources. 



RESEARCH METHODOLOGY 

To achieve the object ives of this 
research project the investigation was 
divided into two phases; phase I the 
evaluation by statistical comparison of 
treated effluents of an online direct 
filtration facility and a conventional 
treatment facility, and phase II the 
construction and operation of a pilot 
scale direct filtration system. 

Comparison of Treated Effluents 

In order to analyze the quality of 
the product water of an on line direct 
filtration facility, the effluents of an 
operating conventional treatment facil
ity and an operating direct filtration 
plant treating comparable waters were 
compared through statistical testing 
for significant differences. The 
Metropolitan Water District of Salt 
Lake City, Little Cottonwood Water 
Treatment Plant (LCWTP) and the Utah 
Valley Water Purification Plant (UVWPP) 
(direct filtration) were the two 
treatment plants chosen for comparison~ 
The Little Cottonwood Treatment Plant 
receives approximately 65 percent of its 
source water from Deer Creek Reservoir 
whereas the Utah Valley water plant 
treats only Deer Creek Reservoir water. 

Little Cottonwood Water 
Treatment Plant 

The Little Cottonwood plant is a 
conventional water treatment plant 
located at the base of. Little Cottonwood 
Canyon in Salt Lake County. This' 102 
mgd plant is a major supplier of water 
to Salt Lake City and County. The plant 
r e c e i v e s wa t e r from two sou r c e s , 
Little Cottonwood Creek and Deer Creek 
Reservoir. Deer Creek Reservoir 
supplies about 65 percent of the water 

treated annually with the largest 
withdrawals occurring in the winter, 
summer, and fall seasons. The water 
from Deer Creek Reservoir is delivered 
via a 32 mile long reinforced concrete 
aqueduct. The raw water from Deer Creek 
is normally treated at the reservoir 
outlet with 0.5 mg!l chlorine to control 
bacterial growth during transport. 

The Little Cottonwood Water Treat
ment Plant employs the convent ional 
treatment processes shown schematically 
on Figure 7. Potassium permanganate 
( KMn04) is added at the raw water in
take for taste and odor control and 
aeration basins are used prior to the 
rapid mix. Alum is the primary coagu
lant, added to the rapid mix with silica 
as the coagulant aid most generally used 
at the plant. Lime is also added at 
varying dosages for pH and corrosion 
control. 

Minor amounts of chlorine are added 
at the rapid mix to control algal and 
bacterial growth during treatment, 
and post chlorination is used prior to 
filtration to maintain a residual. 
During the period of this research 
(August 1980 - August 1983), the filters 
consisted of 24 inches of sand supported 
by gravel. In 1984 the Little Cotton-

wood treatment plant converted to a 
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mixed bed media of anthrac ite, sand and 
gravel. Thus current fil tercharacter
istics and finished water data at the 
Little Cottonwood plant may not corre
late with those used in this study. 

Utah Valley Water 
Purification Plant 

The Utah Valley Water Purification 
Plant is a 42 mgd direct filtration 
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facility located at the mouth of Provo 
Canyon in Orem, Utah. This plant serves 
the urban areas of Central Utah by 
treating water from Deer Creek Reser
voir. The water travels from the 
reservoir in the same aqueduct that is 
supplying the Little Cottonwood Treat
ment Plant. The water travels 10.1 
miles to the Utah Valley plant, where 
water- is withdrawn, with the remainder 
traveling on to the Little Cottonwood 
plant. 

As shown in Figure 8, the direct 
filtration treatment begins with 
the addi t ion of KMn04 for t as te and 
odor control. It is followed by 
coagulant addition at the rapid mix 
un it. The ma j 0 r d iff ere n c e from 
the conventional treatment plant at 
Little Cottonwood is elimination of 
the sedimentation basins. After floc
culation the water travels direct
ly to dual media filters, 20 inches of 
anthracite coal and 10 inches of 
sand supported on an 18 inch grave 1 
underd rain. 

The primary coagulant used at the 
Utah Valley plant is alum with cationic 
polymers added as coagulant aids during 
the high turbidity season. When neces
sary, the pH is controlled by the 
addition of caustic soda. Disinfection 
is accomplished by post-chlorination 
after filtration and just prior to 
discharge of the water into the reser
voir and distribution system. 

Data for analysis 

The Utah Valley Purification Plant 
was placed online in the spring of 1979, 
and the Li tt 1e Cot tonwood Treatment 
Plant has been operated for the past 23 
years. To allow a one-year period for 
correcting initial operating diffi
culties at the Utah Valley plant, the 
water quality data prior to August i980 
were not used in comparing the two 
treatment facili ties. Thus, data log 
sheets from August 1, 1980, through 
August 31, 1983, were obtained for both 
the Utah Valley and Little Cottonwood 
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treatment plants. A representative data 
sheet from each treatment facility is in 
Appendix A. 

The parameters chosen for compari
sons were total daily flow, raw water 
turbidity, effluent turbidity, effluent 
chlorine res idua1, raw water pH, efflu
ent pH, finished water temperature, and 
alum and KMn04 dosing concentrations. 
These parameters where chosen, because 
not only are they common to both treat
ment facilities, but the treatment 
processes of coagulation and floccula
tion are dependent on turbidity, pH, 
temperature, and chemical dosing. In 
addition to this finished water tur
bidity has historically been the param
eter for evaluating the quali ty . of the 
product water. These were available 
from the sample data sheets on a daily 
basis for a total of 1055 days of data 
for the Little Cottonwood plant and 1044 
days for the Utah Valley plant (period
ically data were missing from the log 
sheets) • 

Data were entered into computer 
storage for each parameter aforemen
t ioned for each day between August 1, 
1980, and August 31, 1983, -for both 
locations. Listings of the data were 
c h e c ked for any dis c rep an c y from 
the original log sheets. Following 
entry, the data from Little Cotton
wood Treatment Plant were matched with 
those from the Utah Valley Treatment 
Plant on a day-to-day basis. At this 
time, any difference in the units for a 
parameter between the two treatment 
plants were corrected (e.g., tempera
tures were converted °c, total flows to 
mgd, etc.). The matching procedure also 
involved the elimination of any day that 
had missing data from either treatment 
plant for anyone of the parameters 
under investigation. This procedure 
gave 509 days of matched data. Days 
missing in the matched data set appeared 
random. Adjustments to the Little 
Cottonwood data were necessary because 
of the two different source waters. The 
total fl ow was taken as the sum of 
the Deer Creek water and the Little 
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Cottonwood Creek water treated at the 
plant. A weighted average was used in 
estimating the raw water turbidity and 
pH because the waters from the two 
sources are mixed prior to treatment. 

Using the matched set of data 
several different statistical methods 
were tried for some type of correlation 
between the two treatment plants. The 
statistical methods included a listing 
of the mean, standard deviation, maxi
mum, and minimum for each designated 
parameter and each treatment plant. 
Finally the matched data sets were 
examined by the t-test for significant 
differences of the parameters. 

Review of these comparative statis
tics suggested that the large sample 
size created abnormally high statistical 
precision when the mean values showed 
little descrepancy. The sample size was 
thus segmented into smaller groups such 
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that a "practical" statistical compari
son coul d be achieved (S i sson, 1984) . 

Reduction of the sample size was 
achieved by grouping the data into four 
seasons, with winter including November, 
December, and January, spring including 
February, March, and April, summer 
including May, June, and July, and fall 
including August, September, and Octo
ber. The months placed in each season 
were select ed from sequent ial plots 
for raw water turbidity where a eye lie 
pattern was seen. 

The total, rather than just the 
matched data were used for the seasonal 
comparisons. This was accomplished by 
including any measured parameter for 
days that had been eliminated because 
one or more parameters were missing. A 
package statistical program (Minitab) 
from Penn State University was used to 
determine the seasonal means, standard 



deviations, and sample sizes for each 
parameter and location. 

The seasonal data were examined for 
significant difference by an F-distribu
tion based on a two-way analysis of 
variance. In the data, there were 
possible variations in location (e.g., 
Li ttle Cottonwood vs. Utah Valley) and 
in season. An F-ratio, which is the 
mean square of the variation in the data 
associated with location (or season) 
divided by the mean square, is used as 
the reference to indicate significance. 

pilot Scale Direct Filtration 
System 

Duplicate pilot-scale direct 
filtration water treatment plants 
were constructed following the flow 
scheme of Figure 9. Duplicate systems 
were used such that one system could be 
used as a control during data col
lect ion. The pilot plants were set up 
and operated at the Utah Valley Water 
Purification Plant in Orem, Utah. This, 
enabled the pilot plant to treat the 
same source water as the full-scale, 
operating direct filtration facility. 
The parameters under evaluation included 
raw water characteristics (i.e., tem
perature, pH, and turbidity), coagulant 
type and dosage, filter loading rates, 
and effluent quality (i.e., temperature, 
pH, and turbidity). 

The raw water reservoir was a 
208 ~ (55 gallon) barrel, teflon coated 
to inhibit rust. A submersible pump, 
sui table to pump in exces s of 30 gph, 
was used to pump water from the raw 
water reservoir to the constant head 
tank. The constant head tank was a 
13 ~ (3.4 gallon) acrylic cylinder with 
inlet, outlet, and overflow port of 1 em 
(l/2 inch) acrylic tubing. The raw 
water flowed from the constant head 
tank to a 13 ~ (3.4 gallon) acrylic 
rapid mix basin through 1/2 inch ID 
Tygon tubing. Filter flow rates were 
con t r 0 lIe d by us in gas em i - g lob e 

'ballcock valve on the Tygon tubing. 
Coagulation chemicals" alum, and 
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polymer, were added to the rapid mix 
basin by two polystaltic, chemical 
feed pumps. From t he rapid mix basin 
the chemically treated water flowed by 
gravity into a 47 1 (12.4 gallon) 
plastic flocculation basin. The design 
velocity gradient for the flocculator 
was 42 s-l which is in the typical 
range of 20 s-1 to 60 s-l cited in the 
literature. The detention times for 
the rapid mix basin and the flocculation 
basin were dependent upon the filter 
loading rate as presented in Table 3. 

Following flocculation the water 
flowed by gravity into a 19 t (5 
gallon) plastic pumping reservoir. The 
pumping reservoir was used as a control 
for assuring a constant filter loading 
rate. This was achieved by maintaining 
a constant water level in the reservoir 
once the system had established equili
brium. The water was pumped from the 
pumping reservoir to the filter unit by 
a Cole-Parmer Masterflex, variable
speed, peristaltic pump. The filter 
unit was made of 10.8 em (4 1/4 inch) ID 
acrylic tubing lengths that were joined 
together by sealed, bolted flanged 
connect ions. Flow through the fil ter 
was controlled by an airbreak located on 
the effluent line, level to the filter 
media surface and by the application of 
a constant flow rate to the fil ter. As 
headloss across the filter accumulated, 
the water level in the filter increased 
sufficiently to maintain a constant 
effluent flow rate. The construction 
details of the constant head tank, rapid 
mix basin, flocculation basin, floc
culation paddles, and filter unit 

Table 3. Detention times for rapid mix 
and flocculation basins. 

Filter loading 
rate gpm/ft2 

3 
4 
5 

Detention time (minutes) 
Rapid Mix Flocculator 

2.8 
2.1 
1.7 

42.0 
31.5 
25.2 
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are illustrated in Figure 10. Figures 
11 and 12 represent the support stand 
and the flow of the system once com
pletely set-up. 

It was decided that since the pilot 
plant was treating the same source water 

as the Utah Valley direct filtration 
plant t the filter media used in the 
pilot study should have the same speci
fications as that of the Utah Valley 
Plant. Starting fran the bot tom of the 
filter unit to the tOPt the media had 
the following characteristics: 

GRAVEL SUPPORT 

Layer No. Passing Screen Size Retained Screen Size Depth 

1 1-1/2 inch diameter 3/4 inch diameter 6 inch 
2 34 inch diameter 1/2 inch diameter 3 inch 
3 1/2 inch diameter 1/4 inch diameter 3 inch 
4 1/4 inch diame ter No. 6 S1eve 3 inch 
5 No. 6 S1eve No. 14 sieve 3 inch 

Total: 18 inch 

SAND LAYER 

Effect ive Size Uniformity Coefficient Depth 

0.34 mm 1.38 10 inch 

ANTHRACITE COAL LAYER 

Effective Size Uniformity Coefficient Depth 

1.02 mm 

The initial headloss across the filter 
media as calculated by the Rose equation 
(Clark, et al., 1977) for stratified 
beds with uniform porosity is 4.1 inches 
for the anthracite coal layer and 29.4 
inches for the sand layer. These values 
are based on the coal porosity of 0.47 
and the sand porosity of 0.38. The 
theoretical detention time in the 
filter column, assuming a clean filter 
bed and a total initial head loss 
of 33.5 inches, is 7.5 minutes at 5 
gpm/ft2 t 9.4 minutes at 4 gpm/ft2, 
and 12.5 minutes for 3 gpm/ft2. 

The filtered water was collected 1n 
a 208 X. (55 gallon) teflon lined barrel 

1.23 20 inch 
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for backwashing. The filters were 
backwashed at the end of each test ing 
period which was generally characterized 
by terminal head los s of 8 feet acros s 
the filter or turbidity breakthrough of 
lNTU. A back wash rate of 22.4 gpm/ft2 
was used for 7 minutes once the filter 
bed had expanded 50 percent. This rate 
corresponds to the Utah Valley media 
specifications for 50 percent media 
expansion. A minimum of 2 minutes was 
allowed for bed expansion, during which 
time the filter column was manually 
vibrated to eliminate cohesion of media 
particles to the side walls of the 
column. The total volume of wash 
water used for the back wash process was 
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less than 30 gallons. This volume of 
water sufficiently cleaned the filter 
bed and allowed for proper media separa
tion and settling. 

Operating parameters 

The parameters that were varied 
during this study included filter 
loading rate from 3 gpm/ft2 to 5 gpm/ 
ft2 and the use of coagulation chemi
cals and their dosages. The choice 
of filter loading rates was on the 
general operating rate «5 gpm/ft2) 
and the design rate (5 gpm/ft2) of the 
Utah Valley plant. Different tests of 
the pilot plant consisted of water 
treatment without coagulants, alum 
(6.8-20 mg/l) as the only coagulant, and 
alum (2.14-9.40 mg/l) as the primary 
coagulant with T-chem 512 a cationic 
polymer (0.28-1.54 mgtl) as a coagulant 
aid. Some of the testing periods in
c luded the addition of potassium per
manganate (KMn04) at the raw water 
reservoir. KMn04 was added in doses 
of 0.3 to 0.6 mg/l primarily for taste 
and 0 d 0 r c on t r 01 . Howe ve r , aft e r 
approximately 4 hours of filter run time 
a pink tint, characterist ic of KMn04, 
was visible in the efftuent water. 
Because of the KMn04 interference in 
the e f fl u en twa t era nd the 0 v era 11 
object ive of the pilot plant being the 
determination of efficient coagulant 
combinations and doses for turbidity 
removal, use of KMn04 for taste and 
odor control was discontinued. 

The aforement ioned chemical doses 
were not necessarily the target doses, 
but rather the average chemical dose for 
the testing period. The average dose 
was obtained by knowing the initial and 
final volume of the chemicals during the 
testing period and the assumption that 
the chemical feed pumps pumped at the 
constant rate they were calibrated to at 
the beginning of each testing period. 
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It was necessary to make this assump
tion, because once the pilot plant 
system was in operation and chemicals 
were being added, any interrupt ion to 
the system for recalibration would have 
resulted in a shock to the system 
resulting in conflicting data. Prior to 
each testing period the tubing in the 
chemical feed pumps and the Cole-Parmer 
peristaltic pumps was replaced. At this 
time the pumps were also calibrated to 
the desired flow rates. 

A problem encountered after shut
down of the pilot plant was entrapped 
air in the filter media. The air in the 
filters was a result of the solubility 
of dissolved oxygen decreasing as the 
temperature of the water remaining in 
the filter media increased to ambient 
temperature. The oxygen released during 
temperature equilibration caused air 
voids in the filter media, result ing in 
an initial headloss across the filter 
greater than 33.5 inches. In order to 
release the air prior to .. the next 
testing period it was necessary to back 
wash and manually vibrate the filters. 
This back wash procedure was in addition 
to the normal operating back wash stage. 
During this back washing the filter 
column was not allowed to drain until 
the entire pilot plant system was 
in full operation. 

The performance of the pilot plant 
was assessed by raw water characteris
tics (temperature, pH, and turbidity). 
headloss buildup across the filter, 
volume of water produced and effluent 
quality (temperature. pH, and tur
bidi ty) • Data for these parameters were 
not collected until flow equilibrium for 
the system was established, generally 1 
hour after plant start-up. All analy
tical t es t ing that was performed to 
charac terize the s ys tem was in accor
dance wi th St anda rd Me thods . (APHA. 
1980L 



RESULTS AND DISCUSSION 

The discussion of the result s for 
the statistical comparison of the 
treated effluents and the performance of 
the pilot scale direct filtration system 
shall be treated separately. 

Comparison of Treated· Effluents 

The statistics computed. from the 
509 days of matched data are shown in 
Table 4 (UVWPp) and Table 5 (LCWTP). The 
first parameter to consider in comparing 
the conventional treatment plant and the 
direct filtration plant is finished 
water turbidity. According to the 
literature reviewed, finished water 
turbidi ty has typically been the main 
criterion for evaluating the quality of 
water for operating and pilot-scale 
direct filtration plants. As seen from 
Tables 4 and 5, the mean finished water 
turbidity for both the Utah Valley Water 
Purification Plant and the Little 
Cottonwood Treatment Plant is below 
the EPA Primary Drinking Water Regula
tion of a maximum contaminant level of 1 
TU. 

A t-distribution test (Ott, 1977, 
and Huntsburger and Billingsley, 
1977) was conducted to examine the 
significance of any difference in 
the finished water turbidity for the 
matched data means. The rejection 
region for the t-test of equality of 
means is specified by the inequality 

t>t an-l, , 

where 

(1) 
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and Yl = mean value for location 1 
Y2 = mean value for location 2 
nl = sample size for location 1 
n2 = sample. size for location 2 
sp = the pooled standard deviation 

for locations 1 and 2. 

The value for to. n-l at et = 0.05 is 
between 1.645 and i.661 for 509 degrees 
of freedom (sample size), and for et = 

0.01, tet n-l is between 2.326 and 2.358. 
The valu~ calculated for the t statistic 
from the data on finished water turbid
ity was 5.2053. Since this value is 
larger than both t et'n-l, the t-test 
hypothesis was rejected. Although 
this difference in means is statisti~al
ly significant, the measured mean 
finished water turbidities (Tables 4 and 
5) show that the difference between the 
treatment plants is too small to have a 
practical impact in achieving the 
turbidity standard. 

The results of the two-way analysis 
of va ri ance tes t ing for d if ferences 
among the means of the parameters for 
each location based on the seasonal data 
are presented in Table 6. The two-way 
analysis of variance of all available 
data was approached in three di fferent 
fashions. As seen in Appendix B, Tables 
12-18, seasonal values for the mean, 
standard deviation, and sample size of 
each parameter under invest igat ion for 
both treatment plants were available for 
use in the analysis. An analysis of 
variance using strictly the mean values 
for each location, with the block being 
the seasons, proved to be the simplest 
method. An analysis of variance was 
also tried by weighting the means with 
the standard deviation in one instance 
and the sample size in another. This 
method was somewhat more complex wi th 
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Table 4. Statistics* for the direct filtration Utah Valley Water Purification Plant-based the matched 
set of data. 

Total Raw Fin. Fin. Raw pH Fin. pH Water Temp. Alum Dose KMn04 
Flow Turb. Turb. Cl Residual °c MG/l Dose 
(MGD) (NTU) (NTU) MG/l MG/1 

Mean 7.37 3.54 0.1649 0.6891 7.9697 7.8609 10.38 11.72 0.244 

Std. Deviation 2.79 3.95 0.1806 0.2417 0.2085 0.1811 5.22 4.75 0.521 

Maximum 14.82 26.00 ' 1. 7000 3.0700 8.6000 8.4000 20.30 34.00 4.500 

Minimum 1.72 0.70 0.0200 0.1200 7.4000 7.3000 4.00 0.00 0.000 

* Values taken from computer. 

Table 5. Stat ist ics* for the Little Cot tonwood Water Treatment Plant - based on the matched set of 
data. 

Total Raw Fin. Fin. Raw pH Fin. pH Water Temp. Alum Dose KMn04 
Flow Turb. Turb. Cl Residual °c MG/l Dose 
(MGD) (NTU) (NTU) MG/l MG/l 

Mean 43.57 2.11 0.1204 1.0161 7.7543 8.072 7.85 22.89 0.184 

Std. Deviation 28.3 2.48 0.0684 0.2127 0.2201 0.263 3.78 5.19 0.234 

Maximum 120.0 17.03 0.5300 2.7200 8.2500 9.370 16.67 35.00 0.990 

Minimum 12.0 0.21 0.0200 0.6900 6.8500 7.290 3.89 6.00 0.000 

* Values taken from computer. 
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Table 6. Analysis-of-variance comparing the Little Cottonwood Water Treatment Plant and the Utah Valley 
Water Purification Plant--based on seasonal data. 

Mean 
Little Cottonwood 

Total Flow 41.0 

Raw Turb. (NTU) 2.2 

Fin. Turb. (NTU) 0.12 

Raw pH 7.8 

Fin. pH 8.0 

Water Temp °c 8.2 

Alum Dose (mg/l) 21.8 

*N.S, 
S. 

Not significantly different. 
= Significant difference. 

Utah Valley 

7.2 

3.7 

1.20 

8.0 

7.9 

10.6 

12.4 

Signi ficance Probab1.htyof 

* - 0.05 * - 0.01 a Larger F 

S. S. <0.005 

S. S. <0.005 

N.S. N.S. 0.98 

S. S. <0.005 

S. S. 0.007 

S. S. <0.005 

S. S. <0.005 

I" , 



results not significantly different than 
those obtained by use of the means 
alone. Thus the F-ratio presented in 
Table 6 and the data in Table 19 
were derived from the seasonal mean 
values of each parameter for both 
treatment plants. This technique is 
commonly referred to as an unweight
ed means analysis for disproport ionate 
subclass numbers (Sisson, 1984). 

As shown in Table 6, the two-way 
analysis of variance using an F-distri
bution indicates there is not a signi
ficant difference between the finished 
water turbidities for the Little Cotton
wood treatment plant and the Utah Valley 
treatment plant. 

For the turbidity data segregated 
by season, Table 7 shows that the Utah 
Valley plant cons istently treats water 
of higher raw turbidity, with the 
greatest turbidity occurring during the 
fall months of August, September, and 
October. The high fall turbidity is no 
surprise because Deer Creek Reservoir, a 
eutrophic lake, characteristically 
turns over during this period. Although 
the turbidity is higher during this 
period, both plants produce a product 
water well below the maximum contaminant 
level of 1 TU specified by EPA. 

The difference in raw water tur
bidity between the two plants may be 
attributed to two possible factors. 
Part of the raw water from Deer Creek 
Reservoir travels via the Salt Lake 
Aqueduct for 10.1 miles to the Utah 
Valley Plant, and then travels an 
additional 22 miles to the Little 
Cottonwood plant. The additional 22 
miles allows opportunity for some of the 
particulate matter to settle within the 
aqueduct before it reaches the Little 
Cottonwood plant, thus lowering the raw 
turbidity. 

The other contributing factor is 
the low turbidity of Little Cottonwood 
Creek. During the fall when the tur
bidity of Deer Creek reservoir is at its 
highest, Little Cottonwood Creek's 
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turbidity is generally less than 0.2 
NTU. It is also during the fall season 
that the relative volume of Little 
Cottonwood Creek water treated at the 
plant is greatest.· The lower turbidity 
and higher volume of Little Cottonwood 
Creek water coupled with the particulate 
matter settling as the Deer Creek water 
travels through the aqueduct accounts 
for·the lower raw water turbidity at the 
Little Cottonwood treatment plant. 

The other water quality parameters 
investigated with the F-distribution all 
show a significant difference. It is 
obvious that a difference should be seen 
for the total flow considering the 
design capacity of the Little Cottonwood 
plant is 102 mgd and that of the Utah 
Valley plant is only 42 mgd. The 
important factor here is that both the 
Little Cottonwood and Utah Valley plants 
are treating volumes of water for which 
they were designed to treat, but less 
than their maximum capacities. 

The difference between the raw 
water pH and the finished water pH 
for the two plants is significant 
statistically, but from a practical 
standpoint, a difference of 0.1 and 0.2 
in the pH for the finished and raw water 
pH respectively, is not high. For the 
finished water, Little Cottonwood 
exhibits a pH of 8.0 and Utah Valley 
shows a pH of 7.9. According to Stan
dard Methods (1980) + 0.1 pH unit 
represents the limit -;;f measurement 
accuracy under normal conditions. This 
difference cannot be considered signi
ficant from a pract ical viewpoint. 

The difference in water temperature 
between the two plants is accounted for 
by the additional 22 miles the water 
travels underground in the Salt Lake 
Aqueduct to the Little Cottonwood plant. 
In the summer the water is cooled by 
the lower temperatures encountered below 
the ground surface, and the longer the 
water is underground the more time it 
has to equilibrate with the lower ground 
temperatures. The major temperature 
concern is the minimum temperature 
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Table 7. Mean seasonal turbidi ties for the Little Cottonwood Water Treatment Plant and the Utah Valley 
Water Purification Plant. 

Mean Raw Turbidit~ (NTU) Mean Finished Turbidit~ (NTU) 
Little Cottonwood Utah Valley Little Cottonwood Utah Valley 

Fall 80 4.78 6.66 0.11 0.36 

Winter 80-81 0.85 1.69 0.08 0.14 

Spring 81 0.93 1.60 0.09 0.22 

Summer 81 1.49 1.64 0.14 0.01 

Fall 81 4.78 8.71 0.17 0.13 

Winter 81-82 0.82 2.16 0.10 0.07 

w Spring 82 0.60 1.99 0.14 0.09 
...... 

Fall 82 3.66 8.28 0.11 0.29 

Winter 82-83 0.69 2.84 0.10 0.24 

Spring 83 2.86 3.09 0.15 0.18 

August 83 3.87 5.84 O. t5 0.60 



encountered. Hutchison and Foley (1974) 
reported that at temperatures below 
3.3°C there may be after-floc formation 
when using alum as the primary coagulant 
in direct filtration systems. The 
minimum water temperature of 4.0 °c 
(Table 4) approaches the level for 
after-floc formation, but does not go 
below. Low water temperatures can be 
handled in the direct filtratio~ plants 
by increasing the detention time in the 
flocculators (Hutchison and Foley, 
1974) . 

The other parameter investigated, 
alum dosing, is not compared meaning
fully by the statistical analysis 
because of outside variables that 
affected it. Periodically, the treat
ment plants would use either cationic or 
anionic polymers as coagulant aids 
without a set pattern of dosing. 
Although alum was used by both plants as 
the primary coagulant, its dosing 
concentrations are directly related to 
the concentrations of polymer doses. 
Thus the erratic addition of polymers 
and not the effects of direct filtration 
accounts for the difference in amount of 
alum dosing. 

Figures 13 through 18 provide 
pictorial representations of the 
seasonal differences in chosen param
eters for the Little Cottonwood and 
Utah Valley treatment plants. The most 
apparent trend is the cyclic pattern in 
raw water quality among the seasons. 

Pilot scale direct 
filtration system 

The appl icabi 1 i ty, operat ion, and 
overall performance of a direct filt ra
tion water treatment system is dependent 
on the raw water characteristics. As 
seen in the literature reviewed, filter 
loading rates and types and dosages of 
coagulants vary with raw water char
acteristics. During the course of the 
pilot plant study the average raw 
water turbidity ranged from 2.7 NTU to 
23.8 NTU. Being unable to hold the raw 
water turbidity as a constant parameter 
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made it neces sary to change coagulant s 
and coagulant dosage as the raw water 
turbidity changed. 

A summary of the performance of the 
pilot scale direct filtration system is 
presented in Table 8. All of the raw 
data collected during the pilot plant 
portion of the study is presented in 
Appendix C. 

The overall performance of the 
filter columns was evaluated by the 
filter performance index (F.P.I.). 
Sequeda et a1. (1983) defined the 
F.P.I. as a numerical method expressing 
the relative performance of two or more 
filters operating under similar but not 
necessarily identical conditions. 
Factors affecting the F.P.I. are the 
quant ity of t urbidi ty removed, the 
volume of water produced during a filter 
run, and the effluent quality. The 
higher the F.P.I. the better the per
formance of the filter. Mathematically 
the F.P.I. is represented as: 

(NTU - NTU )G 
F.P.I. = 

a e 
NTU 

e 

where 

G 

= turbidity in units applied 
to the filter 

= turbidity in units in filter 
effluent 

= gallons filtered between 
backwashes 

As seen from Table 8 the highest 
F.P.I.s were achieved when alum was used 
as the primary coagulant and the polymer 
(T-Chem 512) was used as a coagulant 
aid. During testing period 1 coagulants 
were not added, resulting in only a 
small reduction in turbidity. This 
indicates that very little filtration 
was taking place through the filter 
media and further supports Trussell et 
al. (1980) findings for the need of 
coagulation chemicals to induce a floc 
which can be removed by the filter 
media. The testing periods which used 



70.0 - -8- - Utah Valley WPP 
--0- Little Cottonwood WTP 

60.0 

50.0 

-c 
(!) 

:E - 40.0 
;: 
e 
...J 
IJ.. 

...J -
ct: 30.0 
l-
e 
I-

20.0 

10.0 

0 CD CD CD CD 
C\I C\I C\I C\I rt') rt') rt') 

CD I CD CD CD CD CD CD CD 
'- E 0 Q. 

I '- E I ... E ::::I If - Co C\I 0 CD en en CD ::::I If 
Q. ::::I LL. en CD en c c en en .- .- c 

:t 3: :t 

TI ME (seasons) 
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treatment plants from August 80 through July 83. 

43 



18.0 
- -I1:r- - Utah Valley WPP If ---0- Li.ttle Cottowood WTP , t 

I \ 

16.0 
I , , 
I 
, , 

I \ , 
I \ 

u , 
I \ 'i 0 \ 

LLJ 14.0 , I , 1\ 
a:: I , 

:J \ A \ I \ 

~ \ \ 
, , 
1 \ a:: \ I 

LLJ , 
I 

, I \ 
Cl.. 12.0 \ \ , 

\ ::0: I I 
\ I LLJ \ 

, 
f \ .... , , I , 

a:: I I 
, 

f:. LLJ \ \ 
, 

.... 10.0 , I , I « I , 
I := , 

I l \ , 
0 \ , \ \ I 
LLJ t I \ , , 
:J: \ en 8.0 , I l , I - I 4 z 

~ 
\ I 

u.. I \ ~ I , \ \ \ I \ 

~ 
\ 
\ .'1 6.0 \ , 

\ , 
~ 

4.0 

0 IX) IX) CD CD N C\J N N If) If) If) 

CD I CD IX) CD IX) CD CD CD 
0 

.... E I I 
E Q. .... E ;:, 

~ - Q. C\J .... 
0 CD (J) CD 0 Q. ;:, LL. (J) (J) ;:, CD LL. (J) (J) c c (J) 

.C 

3: 3: 3: 

TIME (seasons) 

Figure 18. Finished water temperature for the Utah Valley and the Little Cotton
wood water treatment plants from August 80 through July 83. 

44 



.. ., Table 8 . Summary of pilot plant performance. 

Test ing Period Flow Rate Ave. Turb. Coagulants Added F.P.I.* 
and gpm/ft2 (NTU) (m~/l) 

Filter Column Raw Effluent ·Alum Polymer 

I-A 5 3.6 
I-B 5 3.6 
2-A 5 2.7 
2-B 5 2.7 
3-A 5 8.1 
3-B 5 8.1 
4-A 5 8.3 
4-B 5 8.3 
6-A 5 10.3 
6-B 5 10.3 
7-A 5 11.3 
7-B 5 11.3 
8-A 5 21.4 
8-B 5 21.4 
9-A 5 23.8 
9-B 5 23.8 

10-A 5 22.8 
10-B 5 22.8 
11-A 5 15.5 
11-B 4 15.5 
12-A 4 13.6 
12-B 4 13 .6 
13-A 3 18.3 
13-B 4 18.3 
14-A 3 14.9 
14-B 4 14.9 

*F.P.I. ::; Filter Performance Index 

alum as the only coagulant at a loading 
rate of 5 gpm/ft2 did not produce an 
averaKe effluent turbidity below the EPA 
Primary Drinking Water Regulation of a 
maximum contaminant level of 1 NTU. 
Test period 7-B had an alum dose of 20.0 
mg/l and produced the lowest finished 
water turbidity of 1.1 NTU for a testing 
period with alum as the. sole coagulant. 
However this higher alum dose was 
coupled with a faster increase in 
headloss across the filter. The filter 
run time was only 4 hours before termi
nal headloss (8 feet) was reached. The 
maximum filter run time at 5 gpm/ft2 
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2.9 43 
2.8 51 
1.8 74 
0.87 311 
4.1 6.8 260 
3.8 6.8 301 
4.3 15.0 137 
2.7 15.0 306 
1.9 15.0 769 
2.3 15.0 627 
3.1 10.0 387 
1.1 20.0 1,107 
0.15 6.7 0.67 16,745 
2.4 9.4 0.81 1,677 
2.5 8.9 0.99 998 
2.6 3.4 0.28 956 
1.9 7.5 0.53 1,663 
0.99 8.1 0.70 3,256 
0.29 7.1 1.20 7,867 
0.21 7.6 1.30 12,049 
0.24 3.3 1.30 10,528 
0.16 8.3 1.50 17,872 
0.28 3.3 1.30 10,270 
0.27 4.4 2.20 17,365 
0.23 3.9 1.40 11 ,270 
0.23 2.1 1.50 10,519 

for an alum dose greater than 10 mg/l 
was 6 hours before terminal head loss was 
reached with the finished water turbid
ity never below 1.1 NTU. 

The highest F.P.I. (from Table 8) 
was achieved at a filter loading rate of 
4 gpm/ft2 with an alum dose of 8.3 
mg/l and a polymer dose of 1.5 mg/l. 
The filter run time for these parameters 
was 9 hours before terminal head loss was 
reached. This testing period also 
produced the lowest average finished 
water turbidity (0.16 NTU) for the 
course of the pilot plant study. 



Testing period 13-B exhibited the 
second highest F.P. 1. of 17 ,365 which 
was only slightly lower than the highest 
F.P.I. of 17,872. This filter run was 
characterized by a loading rate of 
4 gpm/ft2, an alum dose of 4.4 mg/l, a 
polymer dose of 2.20 mg/l, and a filter 
run time of 11 hours. Comparing this 
filter run with that producing the 
h i g he s t F. P • 1. (t est per i od 1 2 - B ) i t 
is seen that by decreasing the alum dose 
50 percent and increasing the polymer 
dose 32 percent a high quality effluent 
could still be achieved with a longer 
filter run time. Note also that filter 
run l3-B was treating a raw water of 4.7 
turbidity units higher than that of the 
superior filter run. Fitter run l4-B 
was a further decrease in the alum dose 
of 75 percent from that of test period 
I2-B. The polymer doses for both runs 
was 1.50 mg/l. Although the F.P.I. for 
l4-B was less than that of I2-B an 
acceptable effluent of 0.23 NTU was 
produced. 

A cost analysis for the alum and 
polymer doses of filter runs I2-B, I3-B, 
and l4-B was completed for the Utah 
Valley Water Purification Plant. These 
testing periods were chosen because they 
were all conduc ted at 4 gpm/ ft 2 and 
they produced a finished water turbidity 
well below the EPA I S maximum contaminant 
level of 1 TU. In the analysis it was 
assumed that a combination of alum and 
polymer would be· used from August 1 
through October 31 which generally 
corresponds to the period of the highest 
turbidity. The volume of water treated 
at the Utah Valley plant in 1984 for 
this period was 1,073 million gallons. 
The 1984 Utah Valley cost for alum was 
$.09/lb and $.82/lb for the T-Chem 512 
polymer. The results for the cost 
analysis of the three di fferent coagu
lant dos ing combinations are presented 
in Table 9. Note, the cost analysis is 
based only on the cost of the chemicals 
and does not include the operation and 
maintenance of the chemical feed equip
ment. 

As shown in Table 9 the optimum 
co ag u 1 ant d os e for the be s t f i 1 t e r 
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performance is not necessarily the mOB! 

economical. Although filter run 14-i 
has a lower F.P. 1. than the other t,,~ 

filter runs it provides at least a J' 
percent savings in chemical costs and 
still produces an EPA acceptable qualitj 
of water. 

As shown in Table 8 decreasing tbe 
filter loading rate from 4 gpm/ft2 did 
not increase the F.P.I. Filter rum 
l2-A and I3-A were conducted at 4 
gpm/ ft2 and 3 gpm/ ft2, res pe ct ive ly. 
The alum and polymer doses for these 
testing periods were equal as was tbe 
filter run time of 9 hours. The F.P. I. 
for the two testing periodS di ffered br 
only 258 with testing period 12-A (~ 
gpm/ ft 2 ) exhibiting the higher F.P. I. 
These results substantiate the Com
mit tee I s (l 9 8 ° ) fin din g s t hat t he 
crucial parameter in controlling; 
filter run times is not the filtration 
rate, but rather· proper coagulant 
dosage. As the data log sheets frol!l 
Appendix C indicate, the average raw 
water temperature ranged from 13.4 to 
14.8°C, whereas the average effluent 
temperature for both filters was 
between 16.6 and 17.9°C. The minimum 
change in average temperature between 
influent and effluent was during test 
period 8 with an increase in temperature 
of 2.5°C at the effluent. The maximuill 
change in average temperature occurred 
during test period 11 wi th an lncrease 
of 3.5°C from the influent to the 
effluent. The increase in the tempera
ture is a result of the raw water 
starting to equilibrate with the average 
ambient temperature of 20°C as it passed 
through the filter system. The increase 
in temperature over time resulted in 
a decrease of dissolved oxygen. As this 
occurred air was entrapped between 
filter media particles, consequently 
increasing the head loss across the 
filter. This accounts for the initial 
head loss across the filters being 
greater than the calculated 33.5 inches 
of media headloss. The finished water 
temperatures of the pilot plant corre
spond to the mean fall finished water 
temperatures found in Table 17 (Appendix 



Table 9. Cost analysis for different coagulant dosing combinations. 

Testing Coa~ulant dose (m~/ 1) Coa~ulant Cost ($) Total Cost F.P.1. 
Period Alum Polymer Alum 

12-B 8.3 1.50 6,691 
13-B 4.4 2.20 3,547 
14-B 2.1 1.50 1,693 

B) for the Utah Valley treatment plant. 
Generally, the average water temperature 
f or t he Uta h Va 11 e y pI an t range s 
between 15.0 to 17.6°C during the months 
of the pilot plant study. 

The average raw water pH ranged 
from 7. 2 t 0 7. 8 and the fin ish e d 
water pH between 7.6 to 8.2. The 
maximum change for any test period in 
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Polymer ($) 

11 ,016 17,707 17,872 
16,158 19,705 17,365 
11 ,016 12,709 10,519 

pH was only an increase in 0.5 units 
from influent to effluent. As seen in 
Table 17 (Appendix B) the mean seasonal 
finished water pH is between 7.8 to 8.1 
which is within 0.2 units of the pilot 
plants. This indicates that the pilot 
plant pH does not need to be adjusted. 
In addition the pilot plant finished 
water pH falls within the range of 
desirable finished water pH of 7.8 + 
0.4. 



CONCLUSIONS 

Overall the data exhibit that the 
direct filtration process employed at 
the Utah Valley Water Purification Plant 
produces an acceptable quality of water 
and one that is comparable in quality to 
that produced by the conventional 
process at the Little Cottonwood 
Water Treatment Plant. 

The pilot scale direct filtration 
system was unable to treat a raw water 
with a turbidity of 8.1 NTU or greater 
using alum as the sole coagulant. Alum 
doses of up to 20 mg/l were added to the 
system, but the raw water turbidity was 
only reduced to 1.1 NTU, not meeting EPA 
regulations. A combination of alum and 
polymer was necessary during the testing 
period of the p Hot plants to meet the 
EPA regulations. 

In general the pilot scale direct 
filtration system produced acceptable 
finished water when alum was used as the 
primary coagulant with a polymer as a 
coagulant aid. Several testing periods 
characterized by different raw water 
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turbidities, filter loading rates, and 
coagulant doses were ab Ie to meet the 
EPA Primary Drinking Water Regulation of 
1 NTU maximum contaminant level. 

The optimum filter run based on 
filter performance, for the pilot scale 
direct filtration system was achieved 
with a filter loading rate of 4 gpm/ft2, 
an alum dose of 8.3 mg/l, and a polymer 
(T-Chem 512) dose of 1.50 mg/l. The 
average raw water turbidity during this 
testing period was 13.6 NTU with an 
average finished water turbidity of 0.16 
NTU. 

The most economical coagulant dose 
for the Utah Valley Water Purification 
Plant for the months of August, Septem
ber, and October was 2.1 mg/l alum and 
1.50 mg/l polymer (T-Chem 512). This is 
based on the 1984 costs for the coagu
lant chemicals and includes only the 
costs of the chemicals. At this chemi
cal dos ing and a fil ter loading rate of 
4 gpm/ft2 a finished water turbidity 
of 0.23 NTU was achieved. 
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Appendix A 

Sample Data Log Sheets From The Utah 

Valley Water Purification Plant and the Little 

Cottonwood Water Treatment Plant 
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Table 10. 

.. • ... 
• 0 
a • 

~ 0 

1 Clear 
2 Clear 
3 Clear 
• Clear 
5 Clear 
6 Clear 
7 Clear 
I Clear 
9 IC11!!ar 

10 Cloud 
II Cloud 
12 Cloud 
13 Cloud, .. Cloud 

Utah Valley Water Purification Plant data for the month 
of August, 1981. 

FILTER OPERATION CHEMICALS USED 

~~ .. - c: : - Alum ~N04 Co, bon PEe 0 
Toiol 0'" i '0» 0:0 .s .. 0 . 

a:: ... . 5 co .. . 
Amoun' Clem .... ! J ." ... 

~~ !~- to! .. ." - c: c co 
Wol., :0 ... 0'· .. 0 c: ... ;i= :.: "; 
U .. d '" E I .. :: .::: .. .- 0 u~ L.L. ... ... ... i.i::t :lID 

Mall Mall j.ln'1 t.l" 11 
v.x 

33745 .39 l24 - - 8 
33825 .39 25 8 .60 
34675 .40 28 - - 8 .60 
34830 .40 il28 8 .60 
39040 .45 tl.l5 - -
39258 .45 !l15 I i 
39771 .46 tt 17 8 .60 I-
45434 .53 tl,32 8 .60 
43065 .50 l27 I 8 .6 I i 
41269 .48 ' 22 13 .6 r 
39818 .46 17 13 ~ I i 
37920 .44 12 13 .6 .i..-L_ 
40354 41 ~18 13.6 .6 
43704 .51 !L21 24 .8 8 .6 

15 Pt. C Iv 38649 .45 13 

* 
10. .6 

16 il"lear 40607 47 .18 29_ 8.1~ .6 
17 Clear 43876 .49 27 * 8.0 .6 
18 Clear 34200 .39 00 36 I 8.0 .8 
19 Clear 27103 .31 80 8 .a. 
20 Clear 23621 .27 70 1~/15 111: 
21 Rain 25927 .30 76 61.5 .5 -U ~2. 
22 Clear 29699 .34 87 15 2.2 I 
23 IRain 28475 .33 a3 15 2.2 : --' 
2' Clear 23714 .27 69 I 15 2.2 
2S Clear, 30375 .35 .89 10 2.2 ! 
26 Clear! 313RO .36 ICl3 15 1.4 I 
27 Clear 32424 .37 95 I 10 1.5 
28 Rain 34306 .40 1101 ! lQ 1.5 I 
29 P.C. 33495 .39 98 10 1.5 i 
30 P.C 3m7R .35 RCI 10 1.5 
31 ! Cbar 361'0 .4' 110R ** ** I 10 1.5 I 

TolOI 1090857 13303 !n7 Ci4 
i A .... 35188 .411~4l i 0.58 1.12 

Moa. 45434 .51 13 1.2 i 15 2.2 i 
i Min. 23621 .2770 I 0 'i 8 .60 I 
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Table 10. Continued. 

CHEMICAL 01 PHfSICAl TE STS 

I Chlo,in. I I ~! Colo, 
. I 

Tu,biclity pH Odo, Ho,dn.n i 
I R •• id';QI 

II Q. 
i 

p,M·i IlOW 

'0 E ' 
~A.M. App. Fin. J.! lIow App. Fin. 110.' Fin. low Fin. Row Fin. 

HH60 5.9 .11 8.1 , 

. .60 .10 

,1.59
1
.55 ~.:....d,t1. .31 18.~ ~.O .0 20 5 78 77 

~~,~_p.: 1_~.52 ~9.6 S·t~ .0 20 '5 i2 174 
'1. 65 1.50 ~.e-L -h.l7 118.~ !l.9 17.9 25 5 76 175 
,.60 :'42 ~.C' 11.16 '19.2 7.9 17.9 4 I 2 140 5 [~i 174 
[55"1. 48 1.1 ~6 . 20 18 . .7 7.9 .9 74 175 
• I , , -,;:- - - 1-'-=" 

I ; .53 :.44 V. 3 ._. 17 19. 7.9 .9 
.. 58 i.55 I 17,9 .9 -

.28 I 19.5 7.9 17.9 20 5 75 174 , L~~15.3 -

.19 119.2 7.8 113 5 L74 .l.l.!J i.65 :.60 14.9 .18 .8 
G.~O i· 55 15. ~I Hl , lQ 1 17.9 17,9 20 3 76 175 I -
r.75 !.68 .~ ~.09 118.0 7.9 17.8 20 3 81 -.l68 ' 
1.57 i.57 i4.6 .19 18.0 7.9 17.9 4 1.4 15 3 73 J68 ! 
.60 i.57 .i .24 18.3 
.60 .55 .. 1 .08 17.1 
.52 ,.55. p.8 .22 117 ,~ 7.9 .8 120 3 l72 1170 
.00 \1U.! .36 .08 18.5 7.9 .8 50 4 71 169 
.65 j.50 111.0 .8 ffi-i19.3 7.9 .8 60 5 71 168 

1.55 ,.55 10.2 19.2 7.9 7.8 4 2 50 4 
.50 14.1 .06 19.8 7.9 .8 60 3 

1.:65 i· 58 11~.:! - .08 120 .8 7.8 171 164 
1.74 pS t- --,ILl 1.05 
! .681.68 ,15.1 I, .18 , 19. 7.8 7.7 60 4 
---'--Ir-~- .19 ! 18.( 7.8 7.6 60 3 170 167 L:..?!L.70 ,1 ... 7 
i .55 i .48 i 11.1 .06 i 19. 7.9 '7.7 60 3 173 170 
I .651.53 12.5 .09 20 7.8 7.7 6 ' 3. 174 173 
I .62 .68 1C.3 .10 20. 7.8 17,7 60 4 170 167 
i .42,.70 10.9 1.06 20 
; .63, .51 111.1 .13 
! .35 14.3 . 11 19 . 7,8 7.2 17.7 50 4 172 170 
I 

, .60 .58 9.4 .14 .17 18: 7.8 4.5 2.1 38 ~ 11.3 IlL 
1.75 .78 116.1 1.8 .52 , 20. 8.0 :6 ,3 60 5 181 175 
I .35 i .42 4.5 ,. fa .05 17.1 7.8 :4 1.4 13 3 it7D 167 
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Table 10. Continued. 

"". 

E'nrf ?nl Ci7Ci? 
, 

Alkalinity I 
Beg 1933114 

I Conduct Alkai 82638 

Raw Fin. " Raw Fin. 
TemQ.. 

High Low 
95 70 
97 74 

57 350 1129 J.28 97 7I 
132 125 96 72 
129 123 
127 123 

369 365 131 122 
93 72 
90 65 , 130 122 66 

: In1 11 ?1 Ci7 
128 122 79 62 

: l28 1 J 23 79 60 ! 
1360 350 129 1125 85 58 

88 63 
87 61 

~2fi I, ?C; gO fi4 
~28 126 

356 637 28 132 90 63 
91 68 
97 64 

26 121 88 63 
87 67 

355 343 126 125 ' 90 58 
130 120 93 71 
128 119 90 68 
130 121 90 64 

350 340 132 122 
89 63 

129 121 

357 347 1129 123 9D 65 
~.2§i 365 131 128 97 74 
i 350 337 1127 119 79 57 
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Table 11. Little Cottonwood Water Treatment Plant data for the month of July, 
1983. 

I 
TOTAL pH TOTAL 

1 

COLOR 
DATE ALKALINITY HARDNESS 

as CaC03 UNITS as CaC03 Pt·Co Uniu 

I 01 ~ 

I I 
0 ~ 

0 llC: 0 
~ 

r..u 0 r..u 0 0 r..u 0 
0 r..u 0 0 r..u 0 

I 

-l0 r..u r..u r..uo r..u r..u r..u 0 r..u r..u r..u 0 r..u r..u 
1-:1: e:: 

I 
:I: -l:1: ex: :I: -l:1: ex: :I: -l:1: ex: T 

1-2 U ~ ~2 U en ~5 u !:2 1-2 U § -0 1-0 -lI- e:: 

I 

2 -0 ex: ::: ex: 2 ex: 2 -ll- -I- -l-
I- r..u r..u -ll- r..u -ll- r..u 

I 
r..u u.. I- r..u u.. r..u u.. u.. 

0 0 0 0 r..u 
U 0 

U 
0 U 0 U 0 

; 

1 I j 141 1 140 1 7.7517.70 149 170 I 1 25 1<1 I 
2 1 1 138 134 I 7.75 7.75 151 160 25 1 < 1 
3 I I 1 I I 1 
4 1 

I I 1 1 I 
5 1 I 140 I 138 I 7.66 7.63 148 149 1 30 1<1 1 
6 1 38 I 152 I 109 I 7.78 I 7.66 7.79 45 I 157 137 20 30 1 <.1 
7 

I I I I ! 1 1 I <I I ! 40 , 131 i 132 ! 7.71 7.74 7.80 43 141 156 20 25 
8 I 32 i 132 I 113 ! 7.69 7.7117.83 52 145 158 20 1 20 1 < 1 I 
9 1 1 133 117 I 1 7.79 8.02 i 146 153 20 I "1 
10 I 1 I I 1 1 I 

11 ! 14 6 7.67 7.80 138 I 
, 

144 25 i .. 1 
12 37 I 1 0 7.69 7.97 I 53 162 148 20 25 ld I 
13 I 37 I 129 104 4 I 7.69 r 8.12 1 45 176 1-135 15 I 25 ! < 1 
14 35 

I 129 ! 87 7518.221 65 152 132 15 25 I < 1 I 

15 I 43 ! 129 i 82 I 7.83 7.7018.15 54 153 107 25 I 25 .. 1 
16 I 1 H 17 I I I 
18 I 116 126 7.6017.88 122 136 25 1<1 I 

19 I 44 I 125 i 861 7.83 7.70 8.28 38 126 96 17 I 25 1 <. 1 1 
20 36 I 120 I 1021 7.91 7.66 7.93 35 120 117 I 

I I I 

21 I 36 I 121 I 901 7.89 7.7418.15 40 119 100 I i 
! I 

22 I I I 103 I 7.82 i 7.76 I 122 I I 
, 

35 I 123 8.29 43 132 15 27 I ~ 1 ! 
23 i I , 1 
24 1 1 I I 
25 I 1 I I 
26 I 153 1 137 I 7.55 7.93 I 144 1151 I 30 ... 1 
27 1 ! 116 I 125 7.55 7.89 I 135 1151 35 ! <. 1 I 
28 37 I 120 86 7.821 7.6218.04 40 I 107 96 I , 
29 1 39 ! 121 1 78 7.901 7.6918.01 43 126 98 I I 
30 I I 1 
31 I I I I 1 

TOTAL 1 489 '2739 '2336 101.31161.4!167.2 596 2813 12826 167 1442 I .. 1 1 
AVE. 38 110$ 7.6917.96 33 134 134 19 26 I <.. 1 
MAX. 44 153 140 7 7.79 8.29 65 176 170 20 30 1 <: 1 
MIN. 

" 1 1 n 7.601 7 .63 1 35 I 107 96 15 20 <. 1 

I I I I I 0 I I I 
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Table 11. Continued. 

DATE i 
TURBIDITY I ODOR 

N.T.U. I T.O. No. 

I 0 ~ I ~ 0 

~ I 0 w w 0 I 

I 
wO w 0; 

W w O 0 ~ w W 
..J~ a: I a: ..J~ a: I => 
~Z U 

~ U ~Z 0 ~ 
0 

!::O ~O w (.I) 
a: z a: z 

..JI= w w -~ X .:; 

I 
w ~ W ..J~ 

:E 
~ '<!' 

0 0 0 0 en u u 
I 

1 3.5010.17 i 6 IN.O.O N.o.oI. I I 
2 I 3.8010.09 I 
3 I 0.081 
4 I 10.10 I I 
5 I 1 4.20 0.19 ! 1 I I 
6 1 4.70' 3.9010.471 
7 

. 
3.5010.201 I I I 5.90 

8 I 7.001 4.00 0.15 i 6 1 N.o.olN.O.O. I 
9 I 3.9010.171 I I I 

10 I 0.17 i i 1 I 1 
11 I 3.70 0.10 ! I ±j 12 9.40i 3.90,0.13: 
13 I 3.601 . I I I I 3.90 0.25, 
14 3.401 

I 
6 N'.D.O 1 N. O. C • 3.9010.53 1 

15 I 5.90 4.1010.30 I I 
16 I I I ~.-:;-'), i I 
17 10.721 
18 1 4.40 0.341 
19 I 2.001 4.4010.391 I 
20 1.901 5.60 0.221 
21 I 2.50! 4.601 0.27 I I , 
22 1 1.901 4.4010.17 ! 1 I 
23 o 14 
24 I o 11 I 
25 0.191 
26 4.901 0.151 
27 5.10 0.31 6 1 N.O.O N.O.C. I 
28 2.201 4.40 0.21 I 
29 1. 70 9.6010.141 I 
30 0.15 ! 

I 31 1 0.16 i 
TOTAL 152.1 193.7 I 6.40 I 24 3 1 IN.o.olN.o.q. 
AVE. 3.471 4.4 20, 6 1 N.O.O N.O. . 
MAX. 9.40 9. 531 6 1 N.o.olN.Q.C. 

F MIN. 1. 70 3.5C 0.08 6 1 IN.O.O N.O.C. 

l I I I 
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Table 11. Continued. 

I APPLIED 1 
CHLORINE 

Ii 
RAW 

I I 
W RESIDUAl. WATER WATER 

DATE WATER DATA e:::~ , TERMINAl. FLOW TEMP. OF 
(at filtersl we::: I RESERVOIR M.G.D. 

I 
1-0...1 I I ~...I~ ! 0 ~ I , 

>- ;::::;:::> 
l- I- i 0 W 

I c ug 
I~~ I 0 

I 

I- Z Z w 0 W Ci Ww tll W w a:: w 

I 
:::;: 

:I: :I:<.;IW ::> ::> ...IZ u X til i CD c. ~~a:: ...I ...I 1-0 c:: ~ a:: IJ.. 1.1. !:I- Z I ::> Ze::: Z l.L. W I 
I I 

-W ...II- w 

I 
IJ.. I- IJ..> UJ 0 0 I I ~ u 

i 

1 I () R? 7 7Q I 1.Q3 11.34 Q. ~7 Ii I 7Q I 44 I 49 I 
2 I 1. 40 I 7.69 I 1.12 II 52 i 44 \ 49 
3 I 1.08 ! 52 44 1 49 
4 I 1.07 II 52 I 44 J 49 
S 1 0.82 I 7.70 i 1.01 1.46 0.59 i 19 71 I 44 I 49 I 
6 i 1.20 7.83 I 1.04 1.12 0.59 ! 35 I a.5 i 44 I 49 I 
7 . I 

! 2.10. 7.92 I 1.24 11.32 I 0.7711 26 I 67 I t.4 I t.9 I 
8 11.301 7.98 I 1.19 '1. 25 0.75 I; 33 I 60 i 44 1 49 I I 

9 I 3.10 I 7.93 I 'I 1·2 I 65 i 44 i 49 
I 

LOS ,. t 
10 I 1.08 II 36 I 44 I 49 I 

0.7' I 
. 

i 6.9 I 11 0.41 8.06 1.02 1.'W 56 ! 44 
12 0.64 8.10 I 1.00 1.18 0.54 i 48 '18 I 44 I "-9 I 
13 1 1.10 8.15 1.07 lola '.-0..6911 21 48 

! 
44 1 49 i I 

14 11.10 1.80 ! 

I 
45 .. 1 48 i I i 8.34 1.09 1.00 I I 44 ! 47 

15 11.40 8.18 1.04 11.42 
i 

0.72 ! 19 1 50 44 I 47 i 
16 I 1.02 I I 45 1*-1 17 j 1.03 I Ii I 61 
18 ! 2.80 7.95 I~LOOII 19 77 
19 11.70 8.50 0.931; 39 62 1 44 i 4.8 

3.70 B.32 1.15 II 97 
I 

"-4 ! SO I 10 I 

21 12.90 8.46 1 15!; 59 i 5b. i 44 148 I 
22 I 2.20 8.49 1 • 06 11. 90 1. a 5 I, 19 i .:22 ! ("4 : 4 't I 

I 

23 I i Ii I 5? ! I 4Q 
, 

0.97 19 44 : 

24 I LOB Ii 19 i 52 i 44 150 : 

25 1.06 II 19 5' I 45 I "\ 1 I 

26 I 0.92 8.19 1.09 1.42 0.75 II I 70 I 45 I 51 
27 I 1.90 8.07 1.04 11.05 I 

0.6511 52 I 64 44 1 51 i 
I 

28 1.50 8.33 1.12 ! 1.45 
i 

0.72 iI 54 I 36 44 ! 49 I 
29 1 1.30 7.97 1.14 !I 35 I ~8 44 I t..9 ! 
30 1.12 

I 
I 

II 
35 

I 
38 44 ! 49 I 

31 I 1.06 35 38 44 i 49 I 
TOTAL I 34.3 169.9 33.3 24.3 114.3 II 672 

I 

! U66 hS.L8 : 11702 
AVE. 1.63 8.09 1.07~ 0.79 i 30 54 44 I 48 I 
MAX. 3.70 8.50 1.24 1.15 I 48 97 I 45 I 51 I 
MIN. 1.10 7.95 o 97 0,98 o 54 12 36 44 ! 47 

I 
!: , I 
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Table 11. Continued. 

DATE I TREATMENT MILLIGRAM PER LITER (PPM) I 
I i LIME 1 ALUM I K Mn 0 4 COAGULANT AID I CARSON I 

21 "II~ 2\ • SILICA z i 

I 
Q ~'O'" S:." a: 0 ." 
I- w - c:: I- a: w liZ I i= I 

c:: In 

<'~I~ ~ - <:~ ~ z w c:: 
:2 <fl ~(/) i 0 II: 

... ." < )( w 
~ • < 1- • "' - • , we: UiC: ';:, c:. ina: a: 

~ I-

~ I w I ~ ~ I ~ i ~ I ~ ~ ~~ c::'" I <w . w< i WW S~ UJ ...J 

I 
C.~I...J~·r:::"'IC:::: ~ w u: c:: UJ c:: < w c:: <Q.. :iE 1.l..:iE I c..w. Q..:iE II.~I w c: 

Q.. a: A-....J c:: c:. ...J I ~ a: A-
I t.. I II. A-. IJ. • 1< I C. 

1 1 I 6 I I 22 : i .27 ! I , I i I 

I 
i I I I ! , I 

2 1 
I 

6 I ! 2S i I .27 1 I 2 I I I I I i I I I I 

I I i I 25 I i .30' I 
, 

I I 1 i I 3 7 I 2 I ! I 

4 I I 7 25 i .30 I 2 I i ! I j I ! I 

5 I I 2 1 I 22 I I I I 2 1 
I I I I 1 .JQ I I ; 

6 I 1 10 130 I I .25! I I 2 I I i I I I 1 I I I I 

7 i I 

301 1 .2 5! .1 I 2 I i I I I i I I i ! 10 I , 
8 I i 10 30 I ! .27! 2 I I I i ! I i i 

; , I 

9 I I 12 I 30 I .• 271 ! I 2 I I I i I I I 
10 ! 10 ! ';lS I : .291 2 I I I I I I 

I ; I 

11 I I I 20; ! 1 • ?~: i ? I ! I I I I i 
I lQ i I , 

12 I l2 I I JO i I .2Q· 
I I , ! I I i I ! I , 

13 I ! 11 1 : 25 i I • ?oi i I ., i I I I I I I 
I 

I 

I i I I JQ ! I .,01 I 2 I i ! J I 14 12 i , ~. : I I 
15 I j ! ! 30 I I I I I ? I ! J I I I i I 12 I .20' i I I 

I I I I JQ I I .20: i I 
I i 

I 

! i I I 16 I 12 I 2 i 

I I I 130 I ; I i I i 
, , I 17 12 20; I 1 I I I i I 2 

! 
, 

18 I I H) I 1 ?'i I I ?O;, i I ? I i I , 
I i I I , ! I I 

19 I I 11 25 I • ';lSi 
, I ? ! I I I I I i 

I 
I , 

20 I 12 25 ! I .25 
I I I I I i I ! I 1 2 

130 I I.? 51 I I ? I I 
I 

I I I 21 I I 13 I i I 

22 I j 

I 130 i I .? 51 i I 2 I 
, 

i I I ! I 14 I 
I , 

130 I I ; '81 I I ., I I i , i ! I 23 14 ; ; I ; , , I I I 

24 I i; I I ;~ : I .,~I I I 2 i I I I ! I I 
I I 

I 

I I I I 1 I I 25 I i : ;=1 I , 
26 I 12 I 

1 25 I I .281 I I ? i I I I I I I I 

27 I I 11 I 130 i 1 .28! I ! 2 i ! I ! , I ! I ! 
28 I I I I I .2Bi 

I 

I 2 
i 

I 
I I I ! I I 

1
30 

! 
! 

, 
1] , t 

I 

I I ' i I I ! 1 i 
, 

I 29 i 11 ~Q I .• ZQ: 2 , ! 

30 I I 130 I I .201 ! 2 i ! I I I I i I I 
12 i I 

31 I I I ~Q I .20' I I? ! 
i I I I I i I I I 1, I ; 

TOTAL I 1333 I 8651 b .88: I 
I I I : I I I I :2 I I 

Ave. I 10 i 127 I I .fa I I ? I I ! I I I 
MAX. I 14 I 30 ! I I 2 I I I I I ! I 
MIN. I I I 25 I .20! I I 2 I I I I r r I 10 

I . : I 

I i I I I I ! i ! . 
! i 

I I I 

I I I I j 
! 

I 
, 

I I I I j i I I ! ! i : I , 
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Table 12. Statistical data for analysis of variance for total flow (MGD). 

Utah Valle~ Water Purification Plant Little Cottonwood Water Treatment Plant 
Mean Std.- Deviation Sample Size Mean Std. Deviation Sample Size 

y. 
~ Si ni Yi Si ni 

Fall 80 8.788 2.721 92 56.691 24.689 68 

Winter 80-81 4.864 0.459 31 24.557 6.857 79 

Spring 81 5.462 1.190 83 30.372 10.282 78 

Summer 81 9.576 2.701 92 62.906 34.415 85 

Fall 81 8.213 1.958 92 67.333 33.860 87 

Winter 81-82 5.819 0.804 92 28.837 6.960 92 

Spring 82 8.416 1.738 89 22.977 10.lO7 88 
0-
+-

Summer 82 10.703 1.818 92 48.438 24.521 89 

Fall 82 8.133 3.675 78 44.467 24.268 90 

Winter 82-83 3.337 0.810 92 30.363 7.574 91 

Spring 83 4.481 0.888 88 22.977 10.107 88 

Summer 83 6.770 1.384 92 48.438 24.521 89 



., II II 

Table 13. Statistical data for analysis of variance for raw water turbidity (NTU). 

Utah Valley Water Purification Plant Little Cottonwood Water Treatment Plant 
Mean Std. Deviation Sample Size Mean Std. Deviation Sample Size 
y. 

1 Si ni Yi Si ni 

Fall 80 6.6598 4.4135 87 4.7803 4.0606 60 

Winter 80-81 1.6897 0.6977 87 0.8532 0.4243 75 

Spr ing 81 1.5972 0.4249 71 0.9251 0.3590 73 

Summer 81 1.6400 1.4564 85 1.4881 1.0847 68 

Fall 81 8.7141 4.6027 85 4.7849 2.7017 67 

Winter 81 ... 82 2.1598 0.9790 92 0.8187 0.3185 63 

Spring 82 1. 9931 1.1625 87 0.6046 0.2671 65 
0\ 
\JI 

Summer 82 2.0176 0.6164 91 2.1842 0.9444 43 

Fall 82 8.2769 5.1244 78 3.6636 2.2407 58 

Winter 82-83 2.8363 1. 7993 91 0.6947 0.5211 38 

Spring 83 1.4414 0.9191 87 0.6710 0.3346 58 

Summer 83 3.0934 1.0249 91 2.8588 2.1624 26 

August 83 5.8379 2.1563 29 3.8718 1.7955 II 
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Table 14. Statistical data for analysis of variance for finished water turbidity (NTU). 

Utah Valley Water Purification Plant Little Cottonwood Water Treatment Plant 
Mean Std. Deviation Sample Size Mean Std. Deviation Sample Size 
y. 

1 Si ni Yi Si ni 

Fall 80 0.35593 0.36278 86 0.10835 0.04339 85 

Winter 80-81 0.14077 0.5157 86 0.07711 0.01550 83 

Spring 81 0.21833 0.9798 72 0.0854 0.03934 89 

Summer 81 0.09488 0.06079 86 0.14304 0.09870 92 

Fall 81 0.12919 0.07892 86 0.17326 0.08891 92 

Winter 81-82 0.07109 0.03011 92 0.09811 0.04058 90 

Spring 82 0.08545 0.02904 88 0.13693 0.05004 88 
0-
0-

Summer 82 0.11374 0.03687 91 0.16589 0.03342 90 

Fall 82 0.28756 0.21074 78 0.10700 0.02939 90 

Winter 82-83 0.23912 1 .46788 91 0.10176 0.03690 91 

Spring 83 0.06118 0.02422 85 0.08148 0.01466 88 

Summer 83 0.17910 0.12955 89 0.15222 0.11206 90 

August 83 0.60000 0.27905 88 0.14767 0.07113 30 



.. 

Table 15. Statistical data for analysis of variance for raw water pH. 

Utah Valle~ Water Purification Plant Little Cottonwood Water Treatment Plant 
Mean Std-. Devi at ion Sample Size Mean Std. Deviation- Sample Size 
y. 

1 Si ni Yi Si ni 

Fall 80 7.7793 0.1490 73 7.7538 0.1356 60 

Winter 80-81 8.1224 0.1062 85 7.9892 0.0542 76 

Spring 81 8.3174 0.1248 69 8.0293 0.0957 75 

Summer 81 7.9639 0.1274 83 7.6391 0.1963 67 

Fall 81 7.8788 0.0827 71 7.5693 0.2076 64 

Winter 81-82 7.9854 0.0739 82 7.8534 0.0753 62 

0'\ 
Spring 82 7.9730 0.1995 74 7.8192 0.0859 66 

"-o.l 

Summer 82 7.9388 0.1707 69 7.4969 0.1765 42 

Fall 82 7.7712 0.1702 59 7.511 0.2347 56 

Winter 82-83 8.0734 0.0740 64 7.8279 0.0841 38 

Spring 83 8.0576 0.0724 59 7.8811 1.095 57 

Summer 83 7.8816 0.1236 49 7.7644 0.0759 27 

August 83 7.6400 0.0737 15 7.77550 0.0942 12 
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Table 16. Statistical data for analysis of variance for finished water pH. 

Utah Valle! Water Purification Plant Little Cottonwood Water Treatment plant 
Mean Std. Deviation Sample Size Mean Std. Deviation Sample Size 

y. 
1 Si ni Yi Si ni 

Fall 80 7.8238 0.1705 84 8.0097 0.1909 64 

Winter 80-81 8.0236 0.1128 89 8.0340 0.1536 75 

Spring 81 8.1246 0.0991 69 7.9816 0.1672 76 

Summer 81 7.8628 0.0971 86 8.2363 0.3735 76 

Fall 81 7.7108 0.1067 72 7.8961 0.1649 75 

Winter 81-82 7.8805 0.0761 82 7.8495 0.1715 66 

0'1 Spring 82 7.7133 0.1613 75 8.0264 0.2320 74 
00 

Summer 82 7.7855 0.1342 69 8.0226 0.3375 74 

Fall 82 7.6950 0.1500 60 8.1476 0.2461 74 

Winter 82-83 7.9354 0.0892 65 8.0429 0.2464 73 

Spring 83 7.9533 0.0747 60 8.0284 0.1802 73 

Summer 83 7.7902 0.1404 51 7.9442 0.3139 71 
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Table 17. Statistical data for analysis of variance for temperature (OC). 

Utah Vallex Water Purification plant Little Cottonwood Water Treatment Piant 
Mean Std. Deviation Sample Size Mean Std. Deviation Sample Sue 

y. 
1 Si ni 1 Si ni 

Fall 80 16.798 1. 783 87 12.899 1.874 69 

Winter 80-81 7.373 2.277 8~ 5.437 0.892 79 

Spring 81 6.017 1.346 71 5.062 0.971 78 

Summer 81 13.180 3.577 83 8.831 2.187 86 
~ , . 

Fall 81 17.637 2.453 76 13 .094 2.661 88 

Winter 81-82 7.667 3.005 78 6.183 2.610 92 

Spring 82 5.287 1.234 69 4.330 0.620 88 
0'> 
1..0 Summer 82 11. 091 2.054 76 8.408 1.504 89 

Fall 82 14.792 1.215 59 11.599 1.869 90 

Winter 82-83 7.353 2.079 74 5.976 2.211 91 

Spring 83 5.818 0.716 61 5.696 0.552 88 

Summer 83 10 .688 1.753 49 8.140 1.810 90 



I 
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Table 18. Statistical data for analysis of variance for alum (mg/l) dosing. 

Utah Valle~ Water Purification Plant Little Cottonwood Water Treatment Plant 
Mean Std. Deviation Sampl e Size Mean Std. Deviation Sample Size 

y. 
1 Si ni Yi Si ni 

Fall 80 10.663 3.417 92 23.000 7.746 90 

Winter 80-81 7.565 0.856 92 16.176 2.795 91 

Spring 81 8.012 1.612 83 16.921 7.400 89 

Summer 81 11.505 4.009 92 24.315 7.275 92 

Fall 81 8.303 9.238 92 29.185 2.701 92 

Winter 81-82 11.448 3.677 92 21.522 4.042 92 

Spring 82 10.973 2.09 89 17.045 3.985 88 
-...) 

0 

Summer 82 11.612 2.007 92 25.444 1.431 90 

Fall 82 13.132 3.002 79 25.278 1.152 90 

Winter 82-83 22.223 7.432 92 24.451 1.138 91 

Spring 83 17.003 2.796 88 24.034 1.985 88 

Summer 83 15.746 3.517 92 25.311 4.239 90 
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Table 19. Two-way analysis of variance data. 

Degree of Mean Sguare (MS) 
Freedom Total Flow Raw Turb. Fin. Turb. Raw pH Fin. pH Temp. Alum Dose 

df (MGD) (NTU) (NTU) °c (mg/1) 

Location 1 7476.2 15.01 0.0383 0.2388 0.2187 37.777 568.6 

Season 12 143.5 8.85 0.0122 0.0480 0.0111 28.646 26.8 

Error 12 98.5 1.01 0.0114 0.0103 0.0200 0.803 16.7 

Total 25 

/ 
-..J 
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KI·~nO. "LUM POLY'1ER TH.",> t>'<>'T<>- wu-, ""'"T 
\)'»IU>. ~""AV"'e. Q' 

B A B A B A B -';'''''''',c'-r''f ~~. 

·87 .3 ·3 15.0 15.0 -0- -9-

~·o ·3 .3 15'.0 15.0 ) 
._ . 

~.9 .3 .'3 15:0 1'5.0 ( T~'OIH~ v~~ IJ, 
~ "'" IQ:>O"~ • 

1;:·7 15.0 15.0 
, T&..JIIIU!::l;. K~ f",u'-.1J1iI!4C. 

.3 .~ I\I'\"01""~'~ .~ 

~\f'pp t...a.~ ,<"A,!> 

~'N."1 A .......,/ 1Vt't>-
OF U·o .. w 

.-

._ . 

----

. c--

, ~ .. -



()) 

o 

LOCATION lInl FP ....- O~....., , \hw 

FILTER OPERATION 

THIE FLOW RATE* HEAOLOSS (i n. ) 

(hrs. ) A a A I a 

I 5" 5" 41.'5" 4] 

Z 5" 5" ".5 '5~ 

3 s S (,,7 '::'3 

4 1> 5" 78 7+ 
5" r--' - 5" 5" 8l.5 19.'5 

'" 5" 5" "::4.5" 89 

Avta. 

RAW 

1"3..'3 

14·0 

14.'5" 

14.0 

13·5 

14 

1+.0 

1 l 

PHYSICAL & CHEMICAL CHARACT~RISTICS 

TEMP. °c pH TURa. (NTU) .-. 
A 8 RA!~ A I (j P.AW " B 

I 
11·'S '7·~ T·4!!> I ?'.b8. 770 10.8 ,.,,~ 4.(' 

17.S" f_17·6 7. ~ 7.1l:. 77 k).~ e·1 2.4 

J7.0 17·z.. 74e. 7<7 8., 51.", \·1 \. '1 

17.0 1.5.0 7·5'S ?6~ 7."- 10.+ I· :s '·t..8 .. 

,,,.5 1(".6 7·'S'!> 7.78 7-81 10.3 \·4 1.U. 

~:7 ~ 7."S" 7.ee. 7.':1 lo.~ '.4Z. 1·57 

\7.0 11.5 
1-

7.4, 17'"' ?eO 1O.1!o \.9:; Z·27 

1-

I 

I ----

.~ ---- .... _._-

'-----

DATE I ~FT""'M""",-g M 
TESTING PERIOD_-=-c,, ___ _ 

CHEtllCALS ADDED (mgll) COMMENTS 
li" ,\pm 1+1"-

KI·lnO, ALUM POLnlER ~,.~-.:.t> \J~\::. Of -"('r\'" 

I A I UYv/PP II ......... "u~. 
A B B A B t-\W""f~ - To Goti"nUc,& 

'V~ ut'\'"'(\,,- \;;.r'\o ClI>'F 
-0- - 9- 15 IS- -0- ocr P"''''l'"'''-'T· 

) ,S" IS" 

I ,~ 1'5' 

.,. IS" ) 
f-- r --

I~ IS" 
._-

1 ~ 
I V""If&~ f"....o.c... , .... ~ 

15 I'!r 
, 

~~':9"?~ 
~~-....t:t. 

_. .-

, 

I 

__ I_ ". ,--



LOCATION UYVPP ..... O'-''''''''1 1 ~ DATE .a"'.:>"fQ-"1~ 84 

TESTING PERIOD_..:..7 ___ _ 

FILTER OPERATION PHYSICAL & CHEMICAL CHARACTERISTICS CHEIII CALS ADDED (mgll) COMMENTS 

I 
T1~IE FLOW RATE" HEADLOSS (i n. ) Tmp. °c pH TUPB. (NTU) K1-InO, ALUM POLYM~R "" 'fP'" 1#"-

.-'-.......c. 

RAI-i I A (hrs. ) A B f. B RAW I A C RAii A r. B A B A i! A B 

I 5" S 4>0 54 '"?l.e. 11·8 16.0 ~ 7·8 7-7':5 I~·o c·8 1·1e. - 0- o o. /0 eo -0- ~-

i! 5" 5' ""·Z'5 6<5.5 \""3.~ 1 ..... '.5 17·0 7-43 7·7 7."'e. 11·5 ~·1 I.? ~ ) /0 /:0 ) ) 
3 S- S 7~-5 7t" I?>,o I~.o 1".4- 7.45 7·'39 7. 7~ II. I '"".:>·4 1.05 /0 

'\ 
eo I 

( V''''''P>''-JII.. f:'\,.Oc... B 'V"t:.. 4 

00 

( 
I I T~It<ic..t.-. "t=.AD\...CY~ I 

-4 S- S Be. . 87 1;;.6 1(P, c:. IID.c. 73'3!.... 1.70 ~ ~ 3·1 ·8~ /0 LO \ "R"'""""!:I...c. .-S~ r-'---
\ \ 

_.5 5 5 85 \"3.~ 1 n,o - 7.3=' 778 - 10.9 e:.G" - t ; 
/0 - 1 f TI;.JU'"\' ....... L M.t::...cIo.'>~" 

,- '- ?\~~ ""';:.y7"f ........ A 

A""",. \~.4 11.. . ., 1(,.'" 7-4'"".:> ~ 7.(p~ II·~ ~.I~ 1.09 ~.-:r"'~. 
---- r---' -- -

-'---
r---, 

r---'~ - ---

-----~+ .. ~.-- r-----' - -- - .--

~.- --- --

---. 
I =i F-

r-"~- '---. 

--- .~ --- i 

1- , - - '-------



00 
N 

LOCATION VVv/PP' ~ QY:.'=¥\) VTM 

FILTER OPERATION 

TIME ~ RATEitE HEADLOSS (in.) 

(hrs. ) 4 ~ A 9 

1 5" 5" 5<=25 4~·!!.'5 

C S' S 4>0.0 5...0 

..3 5' 5" 7(".0 tW..·o 
-~ ... 

4 5 S' 84.0 70.0 

5 5 5 - 80·0 

<P 5 :5 85.C:':5' 

'7 fi 5 - 93.0 

A .. ",. 

--

=t= 

:tAW 

1'3.l.. 

p...e 

I?·S 

1'!t.5 

14.5 

15.0 

I!I'.O 

14.Z. 

I 
I I 

PHYSICAL & CHEMICAL CHARACTERISTICS 

TH1P. °c pH TURB. (NTU) 

A a Rh:l .~ B RA~! A B 

'fl·D 17.e:. 771 8.o'!o 7·~e ce:.·o .e~ I·B8 
I 

\",.S! lIP.? 7.'-5 7·50 7.e4 e\.o • II 1.75 

I"·S ,,,.3 7,&,,,:} 7.'93 7"1 el.o '05 e·lo 

1".4 II...~ 7-70 6'00 7·135' Z:z'..o .Ie. C.W 

- 1"'·8 7·89 - 7." Ci:..o i!:,.o 

- 17.0 7.70 - 7·B5 ~I.o 3.0 
-----

- '''.~ 7·7:' - 7. !31 cl.o - 3.5" 
i- i- 1-

lCo,{" '(".7 ,."e!. /.,., 7.f!':; el.4 0.'5 z.,,5 

I 

-L 
~-.. 

-'--

DATE B?-rT""16c-;E 84 

TESTING PERIOD ~ 

CHEIII CAL S ADDED (mgll) COMMENTS I 
KHnO ALUM POLYMEI\ ". 'lP""/4 .... 

A B A S " Ei 

7Acq£ 'T l>C'f>".~ ~~ 
-00· . o· ·b7 4>-7 '.4- .81 &~HA#B ..,,,,~ 

) \ "'·7 '·4 .(,'/ .81 
AL.vM' '" 8./ _,1-' 
~_~"'8" •. k) ,. ... 1.) 

( #·1 '·4 ·'7 .81 
\ ".'$y~~ A """VT """""oj 

&,·7 '·4 ~ ~ ~::t -4.~ ~,,~. """',. ... I:,.Mt~ 
\ t'~~""::;) '1\~""''b 

",.7 ~.4 ,(,,7 .81 lI' 9,5" 

I r (,." '5.4 .UI/ ·~I , , ~"t>"f\l:,..t;'\ b ~"'vT ~"'1'i f ",·7 9,4 .6.7 ,t!J/ ",:" 7 ~~. - 'T"""",,\.l6-I... 
t-I~~"ft~~O 

:r ~~I# 

ell ...... " ......... f'U"'P'" "., ""T 
f"t Ot,ll't. .... CO""~~" 

f\-<)'VI 

--.---



00 
w 

LOCATION UVVlP? - 0"'''''4 1 \J,.<:.»\ 

FILTER OPERATION 

TII·IE flOW RATE* HEADLOSS (in.) 

( hrs.) A I B A I' 

1 5 5' cl4 "54 

<! ~ 5 74- ~o 

" s 5: et..5 <1>8·5 

4 5 5" -::>3 710 

A..rr... 

---- f-----

f---- i-

-- -- ---

--_. 

r--- - f-------

I , 

PHYSICAL & CHEMICAL CHARACTERISTICS 

TEt1P. °c pll TURB. (NTU) 

~I A . n r.A:~ ! A B R,!lW A 

14·0 175 17.5 7·60 7,=,c ~l ~1 .=>0 

I:;?,." 17.0 17·0 7·1'10 8·0 8.0 l<4 l.c5 ---
14.0 17'0 \7·0 7·7Z. 7.% 7-~ e+ I. '5"!> 

1::50 It..:=:> 1(,..9 8.0 8·1 7.~ 2~ (".0 _c=-- = 
14.c. 11.1 \I. a 1·8"!> 8.00 "'·':!Cc c:!>t\. a~l!. 

---

1--- --- r-- --

I 
I 

-
I 
I 

DATE ~ 'S"'f"Tcl'"l e'=J"- B4 

TES 11 NG PERIOD __ ""-'--__ _ 

CHEm CALS ADDED (mg!1) CONt1ENTS 
I 

K/·lnO. ALUM POLYMER lit 9P"'" /.f+!:" 

Il A B A B A B 

e.e. -0- _0_ 1:1.~1 '3.44 .,~ ~I ... ~ 1-'--- ... f-- ---- f-----
v.~ttO~ f"\.....;O!C.. \\..1 e.? ) 8·", 3.+1- .::086 ·ze/ "'-ff'l. ....... ,.. ~.,~ ..... <;. .... -- c---~ ----~ , .... e. 

/!.7"" ) 
8·""1 3.+1 .~B .ZIJI 

3.0 8·':l'1 344- .5'88 .261 

e·.z. 
T~,c..T v ..... L..U~ roe:.., 
_,... "?Y"'T",,,,,,, A~ 'I!> 

Au>,", ~'> 6. 1 0'''1/./ ,.I 
''i2D",~"",,,,~. :1'-1"4/. 

('OoIL.t\H ... '!::It.L.. PV"'~ vo.c;\.....o 

---

-

---- f------

I -- -

----- --
-- --



00 
.j::"-

LOCATION LJVVPF ..... 01"1""""1 Vr~ 

FILTER OPERATION 

TIME FLOW RATElf'\ HEADLOSS (i 1'1.) 

(hrs.) A B A • 1\ 

I 5 5 608.0 '5 :'.'5 

.::! S- 5 73.0 58.0 

3 :> 6"" 70·5' 71!!!.0 

~ .... 4 5 5" ee·o 14·:5' 

5 5 S 88·0 ee,.5 

r-- A"t.::.. 

_ ...... 

'---. 

~!\W 

14.0 

"'.0 
14·0 

1<\-.0 

I~.b 

1"'.2:. 

PHYSICAL & CHEMICAL CHARACTERISTICS 

TEMP. °c pH TURB. (NTU) 

A B R~W A B RAW A a 

1('>·8 17-0 7.{;'1 7.90 7·90 21!·1) .I.Z- ·5e.. 

17.~ 17.,\- 7.75 7.~:;' 7:~o Z~o .~e. . 3il> 

17.5 17.5" 7.71 7.~3 8·0 c4.0 .33 .~1! 

17- I 17.Z. 7-7'!> 8·01 7·~9 Z3·0 1.~5' 1.-:;>4 

17·0 17.) 7.81 a" 7. ':Jo Zc:.o (,.~ ~.2. 
- -

1'1.~ n.z, ...,.r~ 7.:;';' 7.?4- zee 1.8Go 0.<;19 

I 

Li II Y 

DATE 16 =-~g:J:l5!:=\-E=~'-'-

TESTING PERIOD.--:.lo ___ _ 

CHEttlCALS ADDED (mg!l) COMI-IENTS 

1(1-10(\ • ALUM POLYMER "* '1f'" /.f.t2:-

A B A B A II 

-0- o· 7·5 a.ce . :;.3 .70 

) 7.5' 80B .:53 .70 

7.5' 805 53 .70 : v"""" y~~~ ... , .. ¥ ....... 'ei 
"''';''''''''''''''l''r ~ Ih" :. 

) f 7."5 B.ca 5'" .70 f\ ... oc... v.~,~ ll" "f3t;::r'n-\ . ~ "?:t "'T!?:M ::'>' "'fP="E=. .. ,. 
+ i 7.<$ 8·CIB .53 ·70 " " 

"~,we..,- p.-=:...A..1;>-o~'S 
"'f>P~.c..c';,"~ ~~ ~,,!, 

-ru .... ..". ~~--f~---
~V""f-~"l. 

,.~., ..... .,.. C""...".c.A._ ~ 
1'l" .... """''n< A _b~'" 

.0............,....., _ 8.0' ... ~IJ 

j><>.>tM"""· .70 .. ",I.lI 

--------------

I 



00 
i.Jl 

LOCATION INVPP ~ 0\>1'"-'"'\) u,."'H 

FiL TER OPERATION 

TII·IE FLOW RATEii' HEADLOSS (in.) 

(hrs. ) A C A C 

1 :5' 4 (,,(}() 5Z..5 

C S- 4- ~.o Sk-o 

3 5 4 7(,.·5 c.z·o 
-

<I !> -1 I-_B~ &S.O 

1--.5 5 4 !:3b.o 7Z-.? 

4> - 4 -- 81.0 
._. 

7 - 4 - 84·0 

A-,:". -. 

+----. 

i- .~ 

RAW 

14.'3 

14.3 

14.\ 

14·1 

14=.1 

1"5.0 

15.0 
--
14.4-

.-

--

PHYSICAL & CHEMICAL CHARACTERISTICS 

TEMP. °c oH TURB. (NTU) 

A B R'\t~ A B P.Atl A I 

\8.0 IS. a. 7.(,?8 7.~ ~'C> Ia..l.. .~o 

17.& \7.~ 7.7i!. 8.0"7!o B.O"'!> I'!!>:t.. • "Ii!! 7 

17.7 17.~ 
f--. 

7.7'S 6.03 8.CJ3, 14.e .24 

17.8 \7.~ 7.75" 8.01 7·~ I"., • C:~ 

17.9 JS.D 7. eo B.ol 8.01 11...5 .z.'!!> 

- leA 7·1?:> - 8·02- 17.1", -

- \7.~ 7./7 - $.03' Ir...~ -
\1.5 IS.O 7.74 8.01 8.0, 15.$' 0.29 

~.- r---- , 
I I 

~ f--- I--~ 
.- I 

OATE J~ 'S"'f'T"'.:r'e>"-~ 8t 

TESTING PERIOD._-'-I1 ___ _ 

CHEIlI CAL S ADDEO (mg/1) COMHENTS 

Kf·1nO. ALUM POLYMER 11< 1pml.f.l"-

B A a A B A B 

·4a. -0- '"'9- ?- CIP 7·57 /.z4 /·<:13 
,.. ........ ,. v .... ~u....., F."'r:. 
I':J"' .... ""'" -s =",A,;e, 

017 ) 7- "fI:> 7.57 l.e4 /.ze, A...,.,"'l ""> 8. \ 'Z',v ,i) /. 
Pc:><.l.iH",,,,=i';.4 "'" .1 

) rJ 

-17 7·[){P 757 I·Z4 tZ8 

L • 1Ct> '.I:(P 7-57 . !.z.4 f.Z8 

( 
'-:;-:-.---

.r1 1-: 7·57 ,·7:.4 I· Zit 
"""1""-'- """""''''''T "I' p.oc. 

7-0 .. 'Y'''''::>I~.~~ 

I ~-::.,.--""~' "'fi'"'-V""''' .J:') 7,.ob '757 /.24 /. zf:, }ott: ~. 

+ I :$y~~ A "'!>"vT = ..... 
'l~ 

, 
7.(;>(1 7-:n /.z"l ,.z.e 

"''' 5.'7~"c.. bel ... -r" 
~~""\W..a..\- ~~ 

O.Z.I 

ft~,Dov~ b4...V~,t\VlA.,.. 
""'-/:.-

.. FF ....... ""'T A - ;:."1"'~1.P 
'k.f'f',-"..n, P.o - 1'I'I.<tqU 

12 ...... , - 145 .... 71Jl 

'fllt:;..hI'OlV.o..\- c.....v"""\l"\J~ 
~""u,. -l':>OVI"\l -

:: 

C.fF\,..\J~H, f>... - "3OO",uf 1.11 
__ F-f.LV"-M""'f P.:> - lOirE> -""1.0 

~ ... w - e.1 e -<At/:JJ 
_. 



00 
a-

LOCATION ______ .J--~ 

FILTER OPERATION 

TI~IE FL0l4 RATE HEADLOSS (in.) 

(hrs ) A s* A S 

I -4 -4 ~o 451.0 

e 4 4 '55.0 48.0 

3 4 4 /W·5 55.S' 

4 4 4 (,,1.0 ~·o 

5 4 4 71.5 &1.0 

.::- 4 4 81·0 7-'1.0 

7 1- 4 8aO 71·") 

4- 74.'5 _. B 4 ~.O 

'3 4 4 - ';.lI.a 
--------

A'll::!. 

.... -

-. 

- .. 

i!.!\W 

14.4-

14.0 

14.1 

14.'5' 

\4.0 

14~ 

~.o 

14.2-

14.0 

14.e::. 

I 
I I 

PHYSICAL & CHEMICAL CHARACTERISTICS 

TE~IP. °c DH TURB. (NTeI 

A Is R"W A IJ P.A14 I A B 

18.0 IS·\ 1.78 a·le. 8. OS \Lv. .~ 1.4c. 

\1. '!i 17.S 7.el 9·0::1 e.o,> 11'.'1: . :'3 'GO 

\8.0 17·0 7.81 13·1 z. 8{);3 II.? .2.+ . Ie.. 

",. e 1("·9 ~:Ec 6·11 8·oB 1l.,9 .IS' "0 

1'7·0 11.1!. 1· 70 8·19 B.co 13·C ·Ie· ·10 

Il.."!i 1"4 1.{P& 6·15 8·01 14·(" .11. ·Iz... 

1"·8 170 7.&1 8.\5 6·10 \5.S . It. ·10 

J{,.c I",.'\- 7.59 B·II 8.oz 11;..(., ·1(" '\1 

- ,,,.51 /.5& - 1·::t5 It". z. - -IS" 
-

1/.1 1/·0 7.70 8·1"';, 8.04 ,~" 0.24 0·' " 

:----..... 

I 

DATE ~~~~~~::r: 

TESTING PERIOD_..:.;Ic..=-__ _ 

CH[IHCAlS ADDED (mg/l) COMl-tENTS I 

K!-InO. ALUM DOLYMER 'It- "\?"'" I-He. 

A B A I I! A B 

-0 - ~- 3·3<1 /3.zLo I.~I ,.~ 

~ \ 3.3? B·U. - \.'01 1·45' 
. frobou... ~~H\1I> Of' 
~ VI"":!o\f2.~ 

I 
, 

~.33 (3.Zf.p I· i51 \.45" 
-----

I \ 
I 3·'!I!; g.Z~ \.'3\ 1.45 

l ( 
~.~ S.U ,·31 I.+S' 

( '.'!'>3 e.Z& '.3\ \.-45 

I I ".,,~ 8. zIP 1·3\ \.45 

( \ 3·33 A2:fI1 I·~I 1·45' 
1i.,r;.~u".cw- to\~ -

~"'''-'"\ A. I 

~ t 3.33 e.z.f.p 1·>;1 '·45' 
\p.tZ H.\~ "h\:,.,Q."t:;!\,.-O"' .. ~-

~'l"'-'-'4 e 

T""-"'<n~" y~,,-,,> fC>'=-
Uc..HoU-o..h : 

,to. ALUM ~7 "t.o:r .,. 11 
oOt.-'-I~'I:!.f2t:' 1'44~'~ 

1'!'> Ao..u ...... "''7 ';.1 "'~11I ' 
'Dt" ,/~,.,"I: ~ 1.4"\ ",,·Ii 
I I 

--------

IJ 
-- ------



00 
-..,J 

LOCATION tlvlt/PP -<.- 013"""'7 b 

FIL TER OPERATION 

TIME FLOW RATE'" HEAOLOSS lin.) 

(hrs. ) fl. 3 A 9 

I 3 4 3/l·0 40.0 

i! 3 
.- + ""..Q _ 43.S" 

3 3 4 -Ia 7§" ";"'ZJ5 

-4 3 4- 57·Z!5 53·50 

t. 3 4- 54·zS tA·D 

7 .-~ 4 &5.0 71.0 

t--- _ 8 3 4 ~.5" 7(..D 

-~ r-3 4- 88.0 8Z.~ 

10 - 4 - 84·0 
r---~ --- -

II - 4 - ".0 

-- Av~ 

--f--

PHYSICAL & CHEMICAL CHARACTERISTICS 

TEMP. °c pH TURB. (NTU) 

RAW P. !l !{;.w A B RA~; I /l 8 

/4.1 17.0 11".5 7·bo. 6·09 i8·01 I~.s- .51- .-+8 

j4.c. 11·() ,,,.9 u,o f:j.I{) 8·U) 1'>.4- .3l. .27 

14.~ It..{' 
r-

II,.$" 7·4' 8./1> 8.09 1t...4- .30 • z,2. 

140 /(. .. 4- ,,,,:;- .,.,,5 8.0'::1 8.d3J 113·8 .z.!) .<:1 

1'\-·0 17., ''''·7 7.1>/ ".c;of fH>4 1~.5" .23 .1' 

/4.0 '10.'5" 1(,.5 7.5t:.. 8. oS 8·10 ".8 .15 "7 

14.0 1".7 'I.. f> 7.11;0 B./o 8.04- 19.~ .19 . /" 

14.0 /( •. 8 1G.·8 7·(,.0 8·10 t3.()~ .2/.0 ./(" I .:54 

14·0 - 1('·6 7·100 - 8. IS" 113.(" - .3C!. 

/4. ? - II... e 7.52- - 8·<:;7 18.0 - .1/.1 

------14.1 1(p.6 110., (.51 
f--- 3.0" epg lB."!> o.ze. 0.2-7 

~r r-------1------

--

,-~ .. - - -- -

')' .. 

OA TE e.7 S"f"'I"btle=.g d4 

TESTING PERIOO_'..::;.'!> ___ _ 

CHEt1lCALS ADDEO (mg/1) COMMENTS 

KI·lnO. ALUM POL YMER ')\'.: 'l1""'/~'" 

A B 
I 

A B A B 
T.o..,..."" w......,,,,,,,,",-

-0 - -<>- 3.41 4·41 1·Z.7 .2.·19 1;00"'", FO",- "%OT".;', ~5 
"- {;:;,VM =F?-, 4-. C'5 ":"'1 1..0 :.9 3·4-1 4-+1 1·z:.1 z. F-> 1..'"'' -P' _ \ .44 • 

I 
, 

1 3.47 4·41 \.z.7 Z..I'3 

3.41 4.41 /,z7 Z..I'3 

\ 3.47 4.4/ 1·r1 e..I'::> ~.;... ';;"" -",,·i 6y"'-.E.J.< A .... ........, 

\ '3.+7 4.41 l.Z:l e.19 

~Y"TC.>--1 A £..><1"0£/,,"""_ I 
r 3·41 4.41 1·<:1 ~.I" "'$~oc."", \....00.0""'\'<:" \D 

l V"1~ """ V.c::...£,,,w'-=-i 
I 3-41 4.41 1·2:7 Z..I' ...... ~...,. _T<>. ____ 

( 4·41 - .:'.1::> 

\ ~~4r.-- ~ov*"T Of' - 4.41 - Z·\!) ¥'-"<X'- "'\~ty:;a\, .. :~_., .. 

\<.f'fO--v"'''1 <'f' "!> 

- r----~ ---

Ic"~ .... ",,,,,-- ~f 
--!-- -- ""T .. ou .. 5> """" """p",,,x, 

...,. .... I""\oI"T~. 

r--- - --- --
-
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