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ABSTRACT -

As population densities incredse, there will be a_graduai trend
to larger and more éentra]ized sewage treatment facilities which in
turn will necessitate longer and larger collection systems. Since a
collection system generally accounts for 40 to 70 percent. of the
entire sewerage system costs, proper collection system design will ope

most important. Therefore, it is imperative that investigations be

-made to establish proper design criteria. This study was designed to

determine what sewage quality changes take place in transit since
certain chénges in quality could Tead to sewer cerrosion, and to
determine what effect the addition of friction-reducing polymers have
on the flow velocity.

It was found tnat a noticeable lag in oxygen uptake rate exists
in fresh sewage; whereas sewage which had been retained in a pumping
station for 8 - 12 hours exhibits an initially higher oxygen uptéke
rate during the first‘few hours.,

The addition of a friction-reducing polymer produced a marked‘
increase in the sewage flow vé]ocity. The polymer was more effective
when added to a high velocity flow than when added to a Tow velocity
f]qw. The polymer showed no toxic effect on biological reactions in
the sewage; in fact, the results indicated that it was used as a

food source as other organics in the sewage wére depleted.

iy



From initial calculations it appears that when a sewer is over-

loaded by infrequent short peridod peak flows, it may be more economi-

. cal to manage these‘peak flows py the addition of a friction-reducing

poiymer rather than by the construction of an additional sewer line.
It is recommended that polymer usage be considered when sewer

Tines are subjéct fo infrequent surcharges. It is aiso recommended
that po]jmér usage be encouraged in long lines which are subject to
surcharge, as the cost of polymer dosage is a function of the flow
rate and not a function of the length of the line. The cost of
polymers is high enough that their routine continual use is not
recommended for regulating quality changes in sewage by decreasing

its transit time.
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"PART 1. INTRODUCTION

1.1 Statgment-of the Problem
_ As the ﬁnvironmental Engineer projects requirements for
future wasie c011qction and treatment systems, he musi seek answers
to several queﬁtions includihg: |
--  Wnat economiés of séale may be achieved by a singie
centﬁa]izéd waste treatment plant as contrasied with
several smaller waste treatment plants? |
~~  How lardge should the main interceptors of a waste
bo]1?ction system be to serve adequately in the future?
--  Wnat economic tradeoffs are available between the
economiés of scale of a large centralized waste treatment
p1an£ and a 1arggr, more costly waste colliection system
to servé this plant?
A noted authority in Environmental Engineering nas predicted
the trend w11?‘be §oward 1grge centralized waste treatment piants
saying, " When one weighs Fhe arguments for and against the installia-
tion of 1arger:and larger treatment plants, the apparent trend toward
centralization at large treatment plants would éeem to be justified." (1)
However, a larger treatment plant requires that the area io be
served be proportionately larger. The larger servidce area necessitates

londer transport distances for the sewage, thus providing a greater
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opportunity for natural degradation in transit. The decline in the
sewage's dissqived\oxygen content pr%or to arrival at the waste
treatment plant may necessitate aeration prior to treatment. In
addition, there is the opportuhity, in extreme cases, for structural
damage through corrosion of thé waste transport system.

| Generally, as the residence or transit time of a sewage increases,
the dis$o1ved oxygen content {(D.0.) of the sewage decreases to a
point where there is no dissélved oxygen present; under this latter
conditiOn, the sewage becomes anaerobic (septic).

Under anaerob%é conditions, one of the main products resulting
from sewage degradétion is the generation of hydrogen sulfide (HoS)
gas. This hydrogen suifide is utilized in a series of reactions by
microgrganisms whiéh may result in structural damage to concrete
sewers through corrosion.

Gaudy (1) has investigated the prablem of sewer corrosion. From
his work, he has concluded that sewer pipe corrosion may occur in
Tong runs of pipe Qith low velocities. To prevent anaerobic condi-
tions from occurriﬁg the dissolved oxygen content (D.0.) of the
sewage must be greater than 0.0 mg/1 (2). |

As one can see from the above statements, increasing the velocity
decreases the resjdence time of the sewage in the sewer and reduces
the opportunity for anaerobic conditions to develop. Tﬁus, by avoid-

ing the generation of hydrogen sulfide gas, sewer corrosion 1s

precluded.
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The rate at which the dissoived oxygen is removed from the
sewage depends onlsuch factors as the age, composition énd strength of.
tnhe waste. The standard for measuring the strength of the wasté is |
the Biochemical Oxygen Demand (BOD) after five days at 26°C.

When one considers that t%e trénsport time of sewage is genera?]f
less than one:day, the app1icab1{ity of the five day BOD test to pre-
dicting quality chénges occurring during transit is questioned. It
would seem that a test measuriﬁg the oxygen uptake at certain intervais
for a period of less than one day would be more suitable. This belief
is strengthéned by the fact that some researchers {3) have reported a
nigh oxygen uptake rate during the first few hours while others {(4)
have stated tﬁat there may be an initial lage period during which
1ittle oxygen uptake occﬁ;s.

The injection of high molecular weight ( 4,000,000), straight
chain polymers into the sewer line has recently been considered as a
method of increasing the velocity of flow. This increase in velocity
is brought about by tHe friction-reducing effect of the polymer. To
date there is only one case where polymers have been applied to a
sewer (5). In this éaqe under certain conditions, polymers were
found to increase the flow by more than twice the flow of the non-
polymered sorihtion. |

Most of the work with polymers has been carried out by the

U. S. Navy, with specific appiication to naval vehicies being able to

provide.suddenlbursts of speed (6).



A. G. Fablua (6), of the Naval Ordnance Test Station at Pasadena,
California, has experimented with several different types of polymers,
He concluded that polyethylene oxide, a water-soluble, high molecular
weight material of compietely Tinear éonstruction, was the most
effective frictibn-reducing agent known. This polyethylene oxide'is
sold by Union Carbide Corporation under the commercial name, POLYOX.

In a regional wastewater collection system, the residence time
may be sufficient to permit sewer corrosion caused by sewage quality
changes. However, it may be possible to reduce this residence time
with the addition ff a friction-reducing polymer. Therefore, in order
for the Environmental Engineer to properly design regional wastewater
collection and treatment facilities, he must be aware of the sewage ‘
‘qua]ity changes taking place in the collection system; ne must know -
if there is a critical residence time after which sewer .corrosion
will occur; he‘must avoid designs which enhance corrosion; he should
_.know the measures which can be taken to regﬁ1ate these quality
¢changes; and he shbu]d know if it would be beneficial to introduce
a polymer 301ution?1nto the sewer line. '

1.2 Justification for the Study

Since a collection system generally accounts for 40 to 70
percent of the entire sewerage system costs, it will be extremeiy

important to design the most economic collection system. When



considering a regional collection system, the length of the Tines and
consequeht]y the residence time of the sewage will increase signifi-
cantly; consequently, it will be important to determine if there is

a criticai residence time afte;lwhich the collection system becomes
damaged by sewage guality changes. Also, it wou]d be important to
know if a friction-reducing p61ymer could:

-- regulate this quality change by 1ncreas{ng the velocity of
the sewage,

--  be used as & more economical method of increasing the
present collection system capacity rather than constructing
parallel sewer lines.

To date, there has been little research conducted which would

provide answers to these questions.

1.3 Statement of Objectives

This thesis will be directed toward answering such questions
as:

-~  How rapid are the quality changes which take place in tne
waste coliection system? '

--  Will polymers exhibit similar friction reducing abiiities
in open channel flow that have been observed in closed
conduit flow?

--  Can the time in transit of the wastewater be reduced by

the introduction of friction reducing poiymers into the flow?



--  When will it be economically feasible to increase the
capacity of a sewer through the use of polymers instead

of constructing a paﬁa1}é] larger capacity sewer?
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PART 2. LITERATURé REVIEW
w 1 !
2.1 Sewage Quality
The titerature.provides little inforﬁation on the quality
changes of sewage while in transit. Considerable work has been done
and published with reference to the standard 5-day Biochemical Oxygen
Demand (BOD)} Test. However, this test is not exactly app1iéab1e 1o
this research because it does not give the rate of oxygen consumption
for a period of less than one day.

The 5-day BOD test is widely used to determine the strength of
wastes in water and sewage (7); in effect, it measures the amount of
biodegradable organic material present in a wastewater by the quantity
of oxygen consumed by micrporganisms in decomposing the waste (8).

By taking dissolved oxygen measurements at one day intervais or
less, the rate at which the organic material is stabilized can be
determined. However, this method of determining the rate of stabili-
zation becomes tedious when the DO determinations are more frequent
than one day; the reasons being: several dilutions are requived
necessitating a large number of bottles, a Targe constant {femperature
storage space is required for the bottles, and great care must be
taken in preparing the reagents to maintain the precision of the test.

Much has been writfen about the classical BOD curve. This curve
is obtained by piotting the BOD exerted at one day intervals or less
versus time. When thé points are plotted, they approximate a first

order reaction. Streeter and Phelps (9) stated that the rate of



biochemicai oxidation is proportional to the conceniratién of unoxidized
substrate measured in terms of oxidizability. This results in a first

order reaction which can be expressed in equation form as:
y = L(1 - 107K _ Eq. (1)

where y is the BOD exerted at-time t, L is the ultimate BOD and k is
the rate constant for the reaction.

Several methods have been proposed td calculate the parameters, L
and k, for the BOD curve. Aﬁong the most widely used methods are
Thereiault's tabular method (10), the Thomas siope technique {11}, the
Moore moment method (12), Navone's méthod using simultaneous equations
(13), and severai graphical methods by Fair (14), Wiegand (15) and
Fujimoto (16).

From these methods a k value can be determined; however, some
authors (3, 4) believe that the k value var{es.during the first several
hours depending on the characteristics of the sewage. This variation
is not important when one ?s concerned only with the strength of the
waste, but faor this proposed reseérch, the amount of gxygen consumed
-during the first several hours is important. Fair has stated (4):

In unseeded samples (i.e., samples that harbor initially an
inadequate flora and fauna to activate the BOD reactions), lag
periods are experienced before the reaction proceeds normally.

By contrast, wastewaters that have undergone partial anaerobic

decomposition or contain reducing chemical substances may exert

an immediate demand (sometimes called a chemical demand) at the
beginning of the BOD run.



In contrast, Schroepfer {3) has conducted research on raw sewage from
the Minneapoiis - Saint Paul Sanitary District; he reported, "a very
high rate of deoxygenation occurs in the first day ahd then decreases
to usual values thereafter.” Thus, k is time dependent with values
in the first & to 12 hours being as high as 1.0 to 2.0 per day,
graduaily Towering to 0.2 to 0.3 per day after 1 to 3 days.

The lag phaseiin the first part of the BOD curve can be expressed

in equation form as (12):

o -k(t-t )
L[t - 10 1 Eq. (2a)

~
"

or

L(1 - 1c107Kty Eq. (2b)

<
I

|
. kto
in which t0 is thel1ag period and ¢ - 10 ~. Both the slope method
and moment methods can be extended to account for this lag period (7).
Researcners dq-not believe the calculation of lag factors are
worthwhile. Ruchhoft (18) has summarized this feeling as follows:

The calculation of the lag factor, as embodied in either the
modified slope method or the present moment method, has never
seemed to be worthwhile in this work. This positive lag is a
real thing especially when low temperature BQOD observations are
made. Under such circumstances, it is preferred simply to
examine the data and apply it to the data after recovery from
the lag is indicated.

For this proposed research it will be important to know the amount
and rate of oxygen consumption during a period of less than one day.
In other words, how iong wouid it take for all the dissolved oxygen

to be removed from the sewage? Once ail the dissolved oxygen has
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been removed, the sewage becomes anaerobic, a condition which could
lead to serious problems such as sewer corrosion. Anaerobic condi-
tions are one of the factors which cause the generation of hydrogen
sulfide. Hydrogen sulfide does not cause corrosion itself, but is
indirectly responsibie for crown corrosion in concrete sewers.

Sewer corrosion is a problem in many areas of the United
States; it occurs in regions where domestic wastewater iemperatures
are high and detention times are long (i9). The trénsport system can
be considered part of tﬁe overall treatment process for the sewage
inasmuch as the sewage is continuously undergoihg biological changes
while in transit. [f there is sufficient reaeraiion in the sewer to
.maintain aerobic conditions, the opportunities for sewer corrosion
are remote, provided sewer velocities are hign enough to preclude
the build up of sludge deposits which may become anéérobic_(s]uggiSh
velocities will bé discussed in detail later).

The fact that sewage does undergo biological changes while in
transport has caused researchers (20) at the University of Delaware
to investigate the possibility of so-called "in-line treatment."
They claim that a section of the sewer line can be adapted into a
two-phase Bio?ogica1 reactor. This reactor would consist of an
aeration section followed by another aerated section to which is
added activated sludge. This sludge is obtained at the head end of
the plant. To show the advantagés of this iﬁ-1ine treatment, the

researchers completed a case study comparing the performance of a
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typical, conventional, activated sludge plant that treats the effluent
from a community of 100,000 having a 5-day BOD of 200 mg/}. From
thfs,_thé researchers predict that the in-line treatment scheme would
have a BOD removal of 96 percent as compared with 90 percent removal
from the conventional plant. Also, the former method eliminates the
secondary treatment aeration tank. Prob§b1y the most significant
results of the study are tpe cost comparﬁsons -- the in-1ine treat-

ment method would cost 30 percént or $700,000 less than the conventional
l l
plant. The major conclusion from this research was: "Pipeline sewage

treatment is not only feasible, but promises to offer greater B(QD
reduction at Tower !initial capital costs than conventional activated
sludge plants" (ZOf.

The whole 1de§ of in-1ine treatment has been summed up by
| : .

i

Gaudy (1) as folloys:

Indeed, the trend toward larger and larger collection systems
has fostered a new concern in the pollution control field, i.e.,
a so-called ¢n-Iine treatment. Concerning biological interactions
in the collection system, we may onithe one nand attempt to
create conditions which wouid be ideal for the desired type of
biological activity, thereby providing some type of pre-treatment
before the waste enters the treatment nlant, with the very impor-
tant provision that the biological activity does not tend to
deteriorate the materials of which the reactor is made. On the
other hand, we can take the tact that the conducting material
performs so vital a function that we can not afford to take the
risk of deteriorating it in any.way and we should provide an in-
Tine treatment which arrests biclogical activity which may be
deieterious to the materials. In .either case it is obvious
that we must give prime consideration to the interactions which
take place between the microbes and materials of construction.

To measure tha oxygen uptake of the sewage while in transit, it

would be important to simulate as closely as possib]e'the actuai
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conaitions in theisewer. Such factors as the amount of mixing; the
temperature of the waste, and actual strength of the sewage should .
be consi&ered. With the standagd BOD bottie method, these factors
are not considered. In tne standard BOD test, a very small sample
is diluted down decreasing the probability of a representative
sampie (21), temperature is cq?tro11ed at 20°C, there is no mixing,
and nutrient salts and sometimés a seed is added to aid in the
biological activity.

" In this research the sewage should be at the same temperature as
it is in the sewers, It shouid experience the same type of mixing
as it does in the sewers, and no nutrient salts should be added
which would enhance the biological activity which would otherwise
exist in the sewer.

A respirometric method of measuring the biochemical oxygen
demand appedrs to be ideal for this research because‘it can control
to some extent all the parameters which are considered important
for fhis work. A respirvometer is an instrument designed to measure
small quantities of gas, either adsorbed or evolved in biochemicaT‘
reactions. The apparatus consists of a constant temperature water

. bath equipped with a shaking mechanism to which severai small flasks
are connected, each with a monometer for indicating changes in gas
volume. |

This respirometric method is based on the theory that only oxygen

‘and carbon dioxide are involved in the gas exchange; and also the
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effect of the Tatter is completely eliminated by using an alkali
absorbent placed in a separate compartment within the reaction flask.
This belief has been substantiéted by Wooldridge and Standfast (22).
They aerated sewage for considerable periods of time under conditions
which enabied them to analyze the air by standard gas analysis :
methods. Their findings shawed negative tests for hydrogen sulfide,
hydrogen, n{trogen, and methane and they concluded that under
ordinary conditions for the BOD test, there is no reason to suspect
any other gases besides carbon dioxide aéd oxygen to be invoived.

When the results obtained from the bottle method are compared to
the manometric method, it is found that theé ﬁanometric resuits are much
higher. Also, dilution of the sample to be used in the respirometér
has an effect on the results. Dilution lowers theé calculated demand
and this becomes more noticeabie with hign dilutions (23).

As can be seen, manometric techniques provide a method of
observﬁng changes in the system without destroying the sample which

ailows for a continuous BOD curve to be qbtained.'

2.2 Friction-Reducing Agents
As early as 1906, Blatch (24) demonstrated that water flowing /

+ - a i . 1 )
with very low concentrations of solid particles had lower head losses

——

than with water flowing alone. 1In 1927, Gregory (25) found that at Tow /
clay concentrations, head losses were somewhat suppressed. More recent

| o i
investigations (26, 27) have proven conclusively that clay-water suspen-

sion head losses are definitely lower than plain water head losses.
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Vanoni (28) used a laboratbry flume to measure the friction
factors for various channel slopes, qnd different concentrations of

wspended loads. He found that sediment-laden water had less

‘resistance than water without sediment; therefore, sediment-laden

water flowed faster than clear water. The reduction in resistance
varied with the grain size and total sediment load. With certain
suspended loads the friction factor was decreased by 20 percent.
Later, Vanoni and Nomicos (29) showed that suspended solutions could
reduce the friction factor up to 28 percent.

Wood pulp and synthetic fiber solutions have also been used to
reduce resistance. Daiiy and Bugliarelio (30) found solutions of this
type to decrease the friction,factor with increasing solids concentra-
tion, fiber length and pipe diameter.

More recently, interest has centered on the addition of small

amounts of soluble high-molecular weight polymers in causing drag

reduction. Very small concentrations of these polymers (10 - 100 ppm)

have caused sighificant drag reduction.

The application of polymers for friction reduction has gone

unnoticed for so many years because of the metnods used in measuring

friction reduction. Hoyt {6) stated:

The reason the drag-reducing effect of polymers escaped
notice for so long probably iies in the characteristics of the
instrument used traditionally to measure the friction created
by the fiow of fluids, the viscometer. Since all viscometers
operate in laminar flow, measurement of polymer-solution vis-
cosity as shown in Figure 1 indicates only that these solutions
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Polyethylene Oxide of 4-million Molecular Weight (6)



16

have a somewhat higher viscosity than the solvent. O0On the
basis of this data only, one would logically predict that a
slight friction increase; not a remarkable decrease, would
occur during the turbulent fiow of fluids contining polymers.

However, Hoyt (6) stated that when a solution of one of three
polymers (poiyethylene oxide) was pumped in turbulent flow through
a pipe (i.e., at a Reynolds number greater than 3,000) friction

reductions such as those shown in Figureé 2 were obtained.

‘The U. S. Navy has done much work with polymers as friction-
reducing agents. They first became interested in this subject in
'1951 when Westco Research made known their findings. This firm is

an oilfield equipment concern. VTheir workers found that less power
was required to pump high-pressure water through pipelines when they
added Guar gum to suspended sand particles in the water (6).

Based on these initial findings, the U. S. Navy set up a% exten-
sive screening program to determine useful high-molecular weight
polymer additives. A. G. Fablla (6) of the Naval Ordnance Test
Station has identified polyethyiene oxiae as the most effective
known friction reducing agent: It is sold under the commercial name

"POLYOX.. POLYOX is a high-moiecular-weight material, having a
straight chain structure consisting of oxygen, hydrogen and carbon.
The U. S. Navy has identified several other promising cheﬁicai

additives, such as the polyacrylamides, polysulfonates, and hydroxy-

ethyT cellulose. See Tabie 1.
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TABLE 1. Various High Molecular Weight Polymer Additives (34)

Trade Name Chemical Identification : - Manufacturer Molecular Weight
ADM-7097 Archur Daniels Midland Co. 24 x 106
Minneapolis, Minn.
B-1459 Polysaccharide gum Commercial. Solvents Corp. -
{fermentation) New York, New York
B-1459 Elanco Products Co. : -
Indianapolis, Ind.
Carbopol - 934 Carboxyl vinyl polymer B.. F. GoodrichChemical Co. -
Cieveland, Ohio
DMC - 74SCP Sodjum carboxymethyl cellulose Hercules Powder Co. (5 to 50} x 10%
' Witmingtaon, Del,
Dextran ~ Alpha glucosyl polysaccharide Pharmacia, Uppsala, Sweden (5 to 40) x 106
ET-597 ' Sulfonated polyvinyl toluene 8. x ]06
Dow Chemical Co. 6
ET-720 Sodium polystyrene sulfonate - Midiand, Mich. {8 to 9} x 10
Jaguar - 124 Modified guar gum Stein, Hall, and Co. -

New York, New York

Kelco Gel HV : - : -
. Sodium alginate ‘
Kelgin HV ' -
Ketco Co., Sanpiego, Calif.

gL



Table 1 (continued)

Trade. Name
Kelzan

Kelzan H
Methocel - Q0HG
Polyhall - 27

Polyox - 301
Reten - 205 MX
Separan - NP20

Westco - 42

Chemical Identification

Xanthon gum

Methyl cellulose

Non-ionic polyacrylamide
Ethylene oxide polymer
Catonic polymer

Non;ionicipo1yachylamide

Manufacturer

Kelco Co., SanDiego, Calif

Dow Chemical Co., Midland, Mich.

Stein, Hall, and Co.
New York, New York

Union Carbide Chemicals Co.

New York, New York

Hercules Powder (o.
Wilmington, Del.

‘Dow Chemical Co. -

Midland, Mich.

The Western Co. .
Dallas, Texas

Molecular Weight

to b x 10

-2 x 10

2.2 x 10

6L
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With reference to polymer addition, Hoyt (31) ¢onciudes that
this friction-reduction effect will manifest itself when the follow- '
ing conditions prevail:
-~ The flow is turbulent.
-- The pbiymef used has a molecular weight of 50,000 or more.
~- The polymer is straight—chainéd.

~- The polymer is soluble.

Wilkinson, gﬁ_gl (32) tested two different polymers on a 6-inch
test line. The po]ymer solutions were capable of increasing the
Tlow by more than twice the flow of the non-polymered sewage. Under
certain éonditions the fiow was.increased by about 2.4 times. Table 2
shows these test results, It should be noted that the settleable
solids content for the sewage used was 9 mg/1 -- much less than the
120 mg/1 (33) expected in a typical sewage. The names of the
additives used were not given. They also added polymers to a‘24-iﬁch
sewer Jine which was being surcharged. The line consiSted of a
24-inch concrete sewer pipe having a grade of 0.32 percent. It was
4,100 feet 1ong and discharged into a 30-inch outfall line. The line
receivéd flow from a 36-inch interceptor. During the testing the Tine
was experiencing sﬁrcharges of six feet or more. Two differept,addi—
'tives were used (their names were not given). In each of the tests,
polymer addition stopped when the desired results were obtained -- the
necessary reduction in head in the iine to eliminate the surcharged

condition. Table 3 shows these results. In this particular case,

a
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Q TABLE 2. Polymer Concentration and Capacity Increase
for a 6-Inch Sewer Line (32)

1

Additive Sewage Sewage rlow Flow

: Concentration Concentration Temperature Rate Increase *
Additive - ppm ml/1 of S.S. °F GPM % FCIXOF
No. 1 100 9 38 300 125 2.25
No. 1 . 100 9 - 70 300 114 2.15
No. 1 100 9 90 300, 17 2.17
No. 2 200 | 9 38 300 125 2.25
No. 2 200 9 o 300 135 2.35
No. & 200 g 90 300 1o - 2.10

* Flow Capacity Increase Times Original Fiow



TABLE 3.

Additive

No. 1
No. 1
No. 1
No. 1

No. 2
No. 2
No. 2
No. 2

Additive
Conc.

ppm

35
45
50
80

40
75
"80
100

Polymer Concentration and Capacity Increase
for-a 24-Inch Sewer Line (32)

Sewage
Temperature

FO

80
79
80
80

84
86
86
84.

Sewage
Conc.

mi/1 of S.S.

10
20
- 10

E
18
15
30

Flow
increase

%

40
65
70
90

50
45
55
75

22

Fiow Capacity
increase Times
Original Flow

L

40
.65
.70
.90

.50
.45

1.75
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larger flow increases would have been realized if the concentrations
were increased. ' |

The cost af adding thé two additives used on the 24-inch sur-
charged sewer has been figured at concentrations of 100 and 150 ppm
(parts per million). The cost is given as materials cost in dollars
per hour per injection. See Table 4 for costs at various‘Wastewater
fiow rates. / |

Union Carbide, the manufaéturer of POLYOX, has quoteé prices
ranging from $1.50 to $0.60 pe# pound, depending on the géade of

|
POLYOX used, when purchased in 20,000 pound carloads.

In conclusion, the 1itera4ure has provided informatiéh on a variety
'of chemical additives used as friction-reducing agents; however, the
majority of this work was carried out in the laboratory under ideal
conditions, that is, the major parameters such as flow rate, solids
content, pipe roughnéss and mean velocity Wefe‘contro]1ed. Even
in the reported field study (32), the settleable solids content was
much less than the expected value in a typical wastewater..

What appears to be missing is chemical additive data on gravity

sewers carrying a normal wastewater. Part of this research is directed

to providing this data.



CFS

2.23

5.57
11.14
i6.71
22.28
27.85
33.42

'2"_.
o
z

MGD

0.72

1.44

3.60
7.20
10.80
14.40
i8.00
21,60

TABLE 4. Cost of Additive {32)

Additive No. 2

100 ppm

5.29
10.59
26.48
52.96
79.45

105.93
132.41
148.90

150

15.
39.
79.
119,
158.
198.
238.

ppm

24

Additive No. 1

100 ppm

7.17
14.34
35.86
71.73

107.60

143,46

179.33
215.20

b

50 ppm

10.76

21.52

53.80
107.60

161.40

215. 20
267.00
322.80

This chart indicates the material cost in dollars per hour for injecting

the slurry at 160 and 150 ppm polymer concentration at various wastewater

flow rates.

.
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PART 3. THEORETICAL CONSIDERATIONS

3.1 Sewage Quality Changes
0f concern 1in this résearch is the removal of dissolved

oxygen from the sewage. If the rate of reaeration exceeds tne rate of
deoxygenation, the chénce that sewage quantjty changes will have an
adversé effect on the transporf system is remote. In theory an
equation can be written to determine the dissolved oxygen content at
ény time (t) knowing the characteristics of tﬁe waste; however, in
practice, predicting the dissoived oxygen concentration in a sewer
line at time (t) is difficult.  This difficulty can be seen by the
fact that no researcher has developed any type of relationship which
would predict the dissoived oxygen content in a typical sewer system.
Much of .the difficulty is due to the several factors 1nv0ﬁved. Among
these factors are the velocity of flow, the strength of the waste,
the sulfide content of the waste, temperature of the waste, depth of
fiow in the sewer line, toxicity of the waste, temperature of the
waste, the number of force mains in the system, the amount of turbulence
existing ip the sewer 11né, the age and pH of thé waste, and the amount
of ventiiation in the sewer.

Most of the work conducted on oxygen balance for wastewater has
been done on rivers and streams, mainly to consider how much sewage
can be discharged into a stream before the assimilative capacity is

exceeded. i
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In their study of the pollution and natural purification of the '

Chio River, Streeter ahd Phelps (9) developed the fo]iowing equation:

| : : .
KsL K.t =Kot =Kot
c="- e e Ve Yy (c"-c) e 2 Ea. (3)
2= &

where
t = flow time in days,
C = oxygen content of water at time t, (mg/1},
Cy = Oxygen content of water at time 0, (mg/1),
¢™ = Oxygen solubility of.Water in contact with air, (mg/1),
Ky = con%tant of oxygen consumption, (d-l),
K, = constant of oxyéeh reaeration, (d']o;

Utilizing the above equation, the dissolved oxygen content of the
stream cQu1d be predicted at time t.

This equation assumes as constant K1. This assumption is valid
because the BOD of a stream is generally low; also the time p?ribd is
usually several days, a period long enough for K] to stab11izé itself
at a constant value. Ky, the reaeration constant, is calculated oﬁ
the basis that the percent oxygen in the air‘above the stream remains
thézsame. This, too, has been shown to be a valid assumption (9). ..

When this equation is applied to a sewer line, probiems result.

The KT value of raw sewage has been shown to vary considerab]y during
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the first day (3, 4). The stréngth of a raw sewage is much greater
than that of a stream; this fact coupled with a variable X introduces
considerablie error in predicting a dissolved oxygen content Ky will
vary depend1ng on the depth of f1ow and the amount of m1x1ng Also,
there is a decrease in the oxygen content of the air in a sewer as
the dissolved oxygen in the sewage is consumed and reaeration depletes
the supply of oxygen in the air space above the sewage.

| For the reasons pointed out above, the Streeter-Phelps équation
does not Tend itself to sewer Tline application.

A practical method of evaluating oxygen uptake can be obtained

by using ? respirometer. This, too, does not fully simulate the condi-
tion in a sewer line, but it does have certain mechanisms (i.e.,
shaking appafatus, constant temperatuve bath) which can be employed
to resemble sewer conditions. By using this instrument, the time
required for a waste to utilize the initial dissolved oxygen could be
determined. Knowledge of this time would not permit the solution to
all sewer line problems, but it would be a piece of information that
would brihg engineefs to better understand what is going 6n in the
sewer and how important is the concept of maintaining a certa1n dissolved

oxygen 1eve] in the sewer s1ne

3.2 Sewer Corrosion
This section concerns itself with corrosion brought about by

. ’ . . o
the generation of hydrogen sulfide. Corrosion of a concrete sewer is



28

brought about by a Complex series of biclogical and chemical reactions.

The final chemjcal reaction in the series js:

Ca(OH)2 + H2504 = CaSO4 : + ZHZO

. Eq.
 (from concrete) (from biolegical  (easily
reactions) spalied)

(4)

As seen in the reaction, the sulfuric acid (HZSO4) reacts with the 1ime

(Ca(OH)z) in the corcrete to form ca1¢1um_su1fate. Gaudy (1) stated:
The formation of Ca$0, adds to the injurious effect sin%e it may be
considerably hydrated, and inﬁérna] stresses caused by ﬂhe increase
in volume enhance spalling, thus exposing fresh surfaceé to attack."
]
3.2.1 Biologi:al Reactions
This reaction described above has severai intermediate
steps which are brought about by a series of bacterial populations.

| ’ :
n the sewage

The organic matter and other substances contained i
- satisfy the nutritional requiremeﬁt for a group of bactéria classi-
fied as heterotroﬁhs; i.e., these organisms need organic material as
a food source. When the sewage becomes anaerobic or when velocities
are such that sludge deposits collect along the bottom of the sewer

Tine, these organisms reduce suifates to sulfides, one of which is

hydrogen sulfide. Under certain conditions (i.e., vertical drops,

S



turbulence) some of the hydrogen suifide is stripped from the flowing
sewage and vented to the atmosphere,—whi]e some is adsorbed in'a layer
of condensed water on the walls of the pipe (1). The hydrogen sulfide
dissolved in this water layer forms a weak acid which can attack
some free lime in the concrete. This reaction procéeds siowly and
the corrosion it may cause 1is Hﬁt considered significant. The major
concern is the presence of a source of reduced sulfur in the layer,
coupled with dissolved oxygen transferred_from the air above the
water 1ine. This combination provides an enriched environment for
the growth of autotrophic bacteria which can utilize carbon dioxide
(002) as their sole carbon source. These autotPOphs obtain the
energy needed to make use of this carbbn by the oxidation of hydrogen
sulfide (1).

Gaudy has summarized these biological reactions as follows:

The type of autotrophic bacteria involved in concrete
corrosion are of the genus Thiobacillus. Two types of thio-
bacilii contribute to corrosion. The non-aciduric species,
Thiobaciilus novellus and Thiobacillus thioparus, can
oxidize reduced sulfur compounds to suifur and sulfate, and can

increase the hydrogen ion concentration to 107°M. Below a
pH of 5, these organisms die off. (1).

However, the lowering of the pH to 5 provides for the grohth of a
second type of thiobacilii; the aciduric species, Thiobacillus

| ‘
thiooxidans and Thiobacillus concretivorus; since they can reduce

the pH to 1.00 or below, these species can create severely corrosive
conditions. The reactions which take place in the condensed water

layer on the pipe wall are as follows: (1)
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2HpS + 0, ———3 25 + 2H,0 ' Eq. (5)

25 + 392 + 2H20 —52H2504 Eq. (6)

- ' . - - . ’ - - N - .
The sulfuric acid then reacts with the lime in Equation (4), producing
calcium sulphate which is easily spalled from the concrete pipe. The

corrosion pathway is now complete.

3.2.2 Factors in Sulfide Generation
Several factors influence the amount of hydrcgen sulfide
which is actually generated in the sewer line. These factors are
temperature, strength, age, and pH of the wastewater and the velocity

of flow.

3.2.2.1 Temperature of the Wastewater
The amount of sulfide produced depends on the biological

activity of certain organisms and temperature has a direct bearing on
their activity. | ‘ :

Baumgartner (35) measured the' sulfide generation in bottles at
fogr different temperatures. The rate of sulfide generation was
found to iricrease 7 percent pérrdegree rise in temperatufe up to 30°C.
Between 30° and 37°C the rates were similar.

Pomeroy and Bowius (36) have found that the rate of sulfide

. generation increases progressively up to 38°C. There is an ahpreciab1e

lag at 42°C beforé the maximum rate of generation is reached, and this
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is not as great as at 38°C. The Tag is even more‘pronounced at

46°C and 52°C but eventually maximum rates are attained which exceed
those of lower temperatures. Table 5 lists the maximum rates of
sulfide generation at various temperatures. The figures in.this.
table are intended only to show the effects of temperature in a
general way.

Field tests (35) have shown that sewage with .a temperature of
15°C or less is devoid of sulfides except for small amounts of inert
metallic sulfides. '

With reference to gravity sewers, Pomeroy and Bowlus {36)
conclude that “for any specified flow conditions and sewage strength
in a frée-flowing sewer, there is a minimum temperature below which

sulfide build-up will not occur."

. [ )
In force mains where the sewage is not in contact with the
: ‘ [
atmosphere, a different situation exists. Under these conditions
the relationship between sulfides and temperatures follows more

closely the results of bottle experiments (36).
!
3.2.2.2 Strength of Wastewater
dther factors reﬁaining constant, more sulfidgs will be gener-
ated as the strength of the waste inéreases.' This.is because of the high
‘concentration of bacterial nutrients in a stronger wastewater. The exact
nutrients utilized by the sulfide-producing microbes are ﬁof Known;

however, generalizations can be made and field tests nave shown that
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TABLE 5. Estimated Maximum Rates of
Sulfide Generation {36)

Maximum Rate of Sulfide

Temperature (fC) | Increases {ppm per hr)
4 -8 A 0.015
15 0:18
20 0.34
25 0.50
30.5 0.68
38 0.89
42 | 0.49
46 0.87

52 : 1.15
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sulfide generation in sewers i5 related to the BOD of the waste.
These field tests were conﬁuctéd in a sewer line over a period, of sevéral
hours, F1gure 3 shows the results of this work. As can be seen from the
f1gure, su?f1de generatxon pract1ca]iy stops when the BOD is belaw
30 mg/l. This is due to aerat1on at the surface which destroyed the
sulfides as fast as they were formed, provided the strength of the waste
is below this limiting value. This value of 80 mg/1 as being the
critical value before su1fjdes would be present was also reported by
Shreve {(37) in Florida. As shown by this field testing, sulfide problems .
may occur only during certdin periods of the day. Bowlus and Banta
(38) also found that sulfides ﬁay be present only at certain times.

In situdations where sewage may enter a filled pipe with no oxygeﬁ 7
or in Tonger force mains, sﬁ]%ides may be present in sewage having a very
Tow BOD value, below 80 m§/1.

This work on the strength of wastewater causing sulfide probiems can
: be summed up in the following statement: There is a limiting waste-
water strength below which no sulfide build-up will occur for any

specified filow condition and temperature (36).

! 1

3.2.2.3 Velocity of Flow
The sewage flow velocity is an important factor 1n the control
of hydrogen'su]fide because accumulation of slimes and debris below the
watef surface are a direct resuit of low velocities. These slimes and

‘ i
debris provide a most suitable habitat for sulfide-producing bacteria (37}.
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Debris and other types of bottom deposits can be prevented by
having flow velocities of three ft. per sec. or more (36). The rate
at which sulfides are destroyéed at the surface has also been shown to
depend on velocity. Streeter, et al (39) have found that absorption of
oxygen‘by a stream varies as the 1.75 power of the velocity. bf less
importance is the evolution of hydrogen su}fide but this may also vary
ina simi?ar way. From this, it can be concluded that!veiocity 15 a
major factor in determining whether the rate of suifide subtraetions from
the stream by evolution and oxidation will keep up with the rate of sul-
fide generation by the slimes (36). This principle may be stated as
follows: For any sewage strength and temperature combination, there
is a Timiting velocity above which su1f1de build-up will not oEcur
This principle applies only to free-flowing (gravity) sewers 36)

Since the limiting velocity is dependent on both temperature and
sewage strength, it has been found convenient to comb1ne these‘two
conditions into a single factor called “effect1ve BOD." Based on the
standard BOD at 20°C, the BOD for any other temperature is calculated
on the assumption that bio1ogical,activi%y will increase 7 perEent per

degree (geometrically). This is expressed in a formuia (36) as

Effective BOD = Standard BOD x (1.07)1"'20
where
t = temperature in degrees centigrade

Table 6 shows the minimum velocity needed to prevent su]fjde build-up
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TABLE 6. Required Velocity to Prevent
Sulfide Build-up {36)

Effective BOD Velocity

(mg/1) : (ft. per sec.)
55 ]

125 1.5

225 | 2

350 2.5

500 ' : 3

690 : 3.5

900 4
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3.2,2.4 Age of Wastewater
The effect wastewater age nas on the sulfide problem depends
on how mucﬁ reaeration is taking place to|destroy these sulfides. If
there is sufficient reaeration wastéwater age has no effect; however,
when reaeration is not adequate there will be a continu§1 build-up of

sulfides (36).
' |

{ !
The pH of wastewater has been shown to have an effect on tne total

' i .
3.2.2.5 pH of Wastewater

sulfides generated. Figure 4 éhows the rélative rates of sulfide pro-
duction at various pH values. "The portion of the su]fjdes in the form of
hydrogern sulfide is also greatly influenced By the pH..AAt a pH of 6.0,
83 percent of the dissolved suifide content is hydrogen suifide. When
the pH is 7.0 only 33 percent, and when ghe pH is 8.0 the portion of
hydrogen su?Fide-ig only five percent (36).

Shreve (37) has reported that it 1s‘not economicaliy feasible to

control the pH because sulfide-producing lorganisms thrive over a wide

|
3.2.2.6 Effect of Sulfate Concentration

range of pH values.

Sulfides in sewage arise chiefly through the reduction of sulfates.
However, from work on sulfate concentrations versus sulfide generation no

direct relationship has been found between the amount of sulfi?es
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| . ) L I

generated at certain sulfate cdncenFratigns (36); this was shown by
an experiment in ﬁhich bottles of sewage containing 220 ppm of sulfate
|

were incubated along with botties DT thelsame sewage enriched with

sodium and magnesium sulfates to 390 ppm and 560 ppm of sulfate. At

the end of three days all bottles n g 8 to 9 ppm of sulfide (36).

Shreve (37) 5150 reports that sﬁ1fate goncentrations above 50 mg/1
havé 1jt£]e effect on the rate of sulfide production over a period of
several days. :

I 1

3.2.3 Suifide Control | i

» The concept of sulfide generatibn should be considered in the

3.2.3.1 Proper Design

design of any éewerége system., It should be taken into account in
the design of such features as ve]oéity,iforce mains, vertical drops,
and construction materials and coatings (36).

For a wastewater of constant st;engéh and temperature, the controi]—
ing factor as to whether sulfide bui]d—uﬁ will occur or not depends on tne
véiocity. Based on the estimated peak BOD. and temperatures, the minimum
safe velocity canbe found 1in Table 6. A% allowance of 25 percent should
be made to the value found in Table 6 as a factor of safety. When
dealing with industrial wastes, this ailowance should be increased to
50 percent. Sulfides may be a problem in the early part of a design

period but will disappear as tnhe flow reaches the design flow.

y ]
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Sutfide generation can be expected in sewers f1ow€ng completely
full except wherelthe sewage 15 quite weak or it is féirly well
aerated. Because of this, fbrce mains should be kepé at a minimum.

In some casesrit may be beheficia] to 1ift the sewage vertically from
one graﬁity sewer to anotner, at the expense of deeper .excavations,
in order that possible sulfide problems may be eliminated (36).

Often sewage has a high velocity just before entering the treat-
ment plant. In cases where it has a high sulfide concentration, these
large velocities should be avoided. Vertical arops ihimanholes should
also be avoided when possible because this type of design leads to
excessivé release of hydrogen suifide. |

As discussed earlier, unprotected concrete has been attacked
severely to the extent of causing damage to structures. Vitrified.
clay liners have been used fof'protéction. More recént1y Ocrated
concrete has been found to resist sewer corrosion. One.of the major
constituents in this Ocrated concrete is fluoride which has an
inhibiting effect on the formation of elemental sulfur which is used

by certain organisms to bring about acid conditions (7).

3.2.3.2 Con%ﬁoi of BOD
Since the BOD of the waste is proporticnal to the rate of sulfide
generation, a reduction in the BOD would reduce the rate at which sulfide
is produced. This reduction can be brought about by pretreatment. and (or)

~dilution.
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3.2.3.3 Control of Temperature
The rate of sulfide generation.can be reduced by lowering
the temperaturéi This is not consi?ered!a practical solution and is not
practiced. except incidentaily when an unpolluted water is combined with

a polluted wastewater reducing the effective BOD.

3.2.3.4 Controi of pH
Since sulfide-producing organisms can operate over a wide pH
range, it is not feasible to controi pH.
The control of pH may be considered when dealing with industrial
wastes. An industrial waste which w;u]d lower the pH of the sewage

P
would cause a nigh portion of the sLifide to exist as hydrogen

[ f
|

| !

sulfide (36).

3.2.3.5 Chlorination
Calorination is one of thé}priAcipa] methods used o contro]
sulfide production. It has been used suécesafu?ly over the past twenty
years and should continue to be an important method in the future.
Chlorination actslin three ways (365; |
-- it déstgqys sulfides by cp?mic§1 reaction;
-- if causes mild okidizihg cémpounds to be produ;ed in the sewage
which temporarily retards bioTogitéi activity, thus permitting
sewage to accumulate a Tittle dissolved oxygen; and

-- it destfoys the éuifide—pf$duc%ng organisms, thus preventing

sulfide generation.



3.2.3.6 Aeration
The surface aeration which occurs in 1arge,-we117venti1ated,
partiy filled sewers is Quité iMportant in the coatrol of sulfides.
Pomeroy and Bowlus (36) considered placing compressed air stations in
the sewer line at suitable intervals, such as one mile; however, they found

it was not economically feasible.

3.2.3.7 Sodium Nitrate
Next to air, sodium_nitrate is the éheapest industrial oxidizing

agent (36). The nitrate competes Wifh the suifate as:an oxygen supplier
for the oxidation of organic matter.  Shreve (37) reports that sodium
nitrate is adged to‘sewage in Fort Lauderdale, Florida, to prevent
odors wnhich wére caused by high concentrations of sulfate. In these
experiments, it wés found that the energy requirement to extract chéméca]
that required to extract chemi-

cal oxygen from sulfate. Consequently, bacteria will reduce nitrétes

oxygen from nitrates was much lower than

before reducing sulfates. The reduction of nitrate produces odoriess

nitrate compounds. _ '

3.3 Friction Redicing Additives |
3.3.1 Type of Additive Used- |
The additive used in this research was polyethylene oxidé, a
water soluble, high-molecular weight material, of cbmp1etely-lineér

S

| 3N
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N
construction, soid under the c&mmercia1 name, POLYOX. See Figgre 5.
This POLYOX is manufactured by Union Carbide Corporation.

POLYOX comes in many grades. The grade is based on its molecular
weight. POLYOX WRS-301 was thé grade used in this research. POLYOX
WRS~301 has an approximate weight o} 4,000,060.7 The following informa-
tion was furnished by Union Carbide Corporation (40) and pertains to this

. ‘ |
grade of polymer which will simply be referred to as POLYOX.

POLYOX is an instantly wettab}ei

and completely water-soluble hign
p01ymer. Triis polymer was included in the diet of vats and found to
have a low degree of ofa] toxiéity ?t a Eoncentration of 2 percent for
two years. No harm was detected bylgros§ obéervatibns. POLYOX does not
cause skin irritation. Thg possibi]ity ?f gye 1njury is also remote; only
moderate inflammation of the eyes r§§u1t?d when rabbits' eyes were flooded
with a 5 percent aqueous solution of POLYDX. |

The stability of POLYOX is affLLted by mechanica]ragitation. The
degreeto which tﬁese tong chains are ruptured depends on the total

energy input. Because of this shearlseniitivity, sofutions of this
polymer are carerl]y prepared. , ;

Thé viscosity of POLYOX decreases as the temperature increases.
Normally, the pH has little effect on the solution viscosity of
POLYOX. In fact, the viscosity of POLYO* varied less than three percent
over a pH range from 2 to 12. For a pH below two, hydrolysis and chain
scission may cause a rapid decline in viscosity. At a pH above 12, the

: r !
viscosity is reduced due to the hinghydroxy1 jon concentration
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Figure 5. Molecular Structure of Polyethylene Oxide
| .
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. . |
precipitating the POLYOX from solution.

3.3.%7 Scour Effect
:This concept of scour is Extreme]y important in the design of a
sewer line for without sufficient s%bur ;o1id particies will settle out
reducing the capacity. Also, these bottom deposits provide a good envirani-
ment for sulfide-producing organisms. A!minimum velocity of 2 ft/sec is
considered necessayy to avoiad deposgtion of so]ids in a sewer.
Shields and Camp (47) have done much work on minimum veiocities

necessary to prevent settlement of soiids. Based on their work, they have

developed the following equation:

where

oy

v = mean velocity of stream, in feet per second

f = is ihe weisbach—Darcy‘%riction factof of the conduit;

g =iis the acceleration of grayity; in feet per second,

S = js the specific gravity of the particie;

d = fs the diameter of the particle, in millimeters;

& = is the dimensionless constant with a value of about
0.04 to start the motjpn of grahular particles and

. . ; | i |
it is about 0.8 to insure adequate seif-cleaning of
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sewers and drains;

=
i

is the roughness coefficient;

and

-
1]

1s the hydraulic radius.

Under uniform flow open channet cohditions, when the polymer
solution is added to the sewer, the hydraulic radius (®) will decrease.
In addition, with the addition of a polymer solution, the roughness
coefficient (n) decreases. If the ratio r]/G/n 1nérea$es the above
" equation would be needed to prevent scour. Experiments with closed
conduits have shown that the Ménning's n value may be cut in half by
the addition of a polymer. While the reduced boundary shear brought
about by the presence of a polymer will reduce tﬁe depth of flow in
an open channel, and consequently the hydraulic radius (r), the effecé
of the change on the sediment carrying capacity will be minor due to
the exponent (1/6) in the above equation. For example, if the .
original hydraulic radius were 20 and it decreased to 10 with the

1/6

addition of polymer, the respective chahges onr would be 1.65

| |
and 1.46, j.e., halving r decreases r]/6 by about 12 percent. Thus,

it may be concluded that the minimum séouring velocity change will

be about inversely proportional to the change in the roughness

coefficient.
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PART 4. EXPERIMENTAL PROCEDURES

The sewage used in this study Qés collected from the influent
line at the Amherst, Massachusetts,'Sewage Treatment Plant. There
are three separated lines merging at the intake structure of the
plant. One 11%e is from North Amherst, the second from the Univer-
sity of Massachusetts, and the thirdifrom'SOuth Amherst. Individual
sampies were taken from the University of Massachusetts line and from
the South Amherst line.. The reside%ce time in the University line
is approximately 15 minutes, wher;ag the residence time in the
South Amherst line varies from:12 to 18 hours because of detention

| |
time in pumping stations.

4.1 Sample Collection, Freservation and Storage
The saﬁples of raw sewage were collected in a 6 1/2 galion

polyethyiene bbtt]e. To Timit aera%éon,lthe sample was transferred
to the bottle throdgh a funnei attached to a long hose and allowed to
gently fi1l the bottle. IE |

NO preseryatives were added tolthe gewage because!they might
adversely effect the characteristicslof the sewage which were to be
investigated. , After the po1yethy1ege bottle was filled with the sample,
it was placed in a large cylindrical container. There was 1-inch of

air space between the outside wall of the bottie and the inside wail

o | |
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of the cylindrical container. This space was compietely filled with
crushed ice.

wheh the raw sewage reached the 1$b0rat0ry, it was placed in a
Waring Blender Model BC-5. The purpose of this mixing was to yield a
more homogenous sewage. Pridr to mixing, the raw sewage contained

large solid particles.

4.2 Temperature of Sewage
Temperature measurements were made on raw sewage in transit
from both the Town pf Amherst %nd the City of Northampton and at the
Amherst sewage treatment plant. The temperature of the sewage at all
locations was found to be ahproximate]y 21°C. These température
measurements were taken for several days in the months of June and
Juty. In all determinations there was never a fluctuation of more

than one degree abcve or below this value of 21°C.

4.3 Analysis Performed to Determine Quality Changes
The biochemical oxygen demand {BOD) was determined as
described by Standard Methods (42) and a respirométer method {43).
The BOD was determined each day for a period of five days. The BOD
test was performed in triplicate on each sample. Dissolved oxygen
levels were determined by the azide modification of the Winkler

method,
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A Gilson Model GRP-20 Dif%erentia1 Respirometer, similar to the
Barcroft type, was used in this study. Fifty milliliter sample
aliquots of raw sewage were used fhroughdut. Studies were performed
on a l4-hour basis and on a fiVe-day basis. The temperature was
mainfained at 21°C and the changes jn baqometric pressure were accounted
for by the application of appropriate multiptication factors which
reflected standard atmospheric conditions at the time measurements
were taken. The GiTson Medical Electronics Company furnished the

following eguation to calculate the multiplying factor. This factor

| | r
, N

is applied to each measurement:

(273)(Pb-3—Pw)

= multipiying factor Fq. (8)
(t + 273)(760) ’

where o
| 273 = correction to absolute temperature.
3 = compensation for tHe specific gravity of mercury at
room temperature.
760 = standavrd barometric Lrés;ure in millimeters ofjmercury.

Pb = barometric pressure at start of respirometer run in

millimeters of mercury.
|

t = water bath temperature in degrees centigrade.

The measurements obtained from the respiromefer are in microliters

of dry oxygen consumed. Conversion of three measurements intc mg/1 BOD
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is accomplished by application of a muitipiication factor egual to
0.028572; This factor reflects the use of a 50 ml sample of sewage
(See Appendik for factor derivation). |
: During-respiration, CO2 is liberated. To maintain the pressure

of CO, at zero, 1 ml of 20 percent KOH is placed in the center well
of the flask. This alkali (KOH} adsorbs the CO,.

Throughout the testing program, all the flasks were shaken at
100 oscillations per minute. This rate of shaking insured that the
samp1é of sewage was saturatéd with the gas phase. This point is
1mp0r£ant for it allows respivation to proceed at the actual reaction
rafe ratheﬁ than at a rate dépendent on the rate of oxygen uptake (44).
Umbriet, Burris, and Stauffer {43) have féund in two separate studies
petween 600-700 microliters of oxygen per hour can be safely measured -
with diffusion at a shaking rate of 100 oscillations pEL minute with
a Barcroft respirometer. ' |

The raw BOD data obtained from the respirometer was plotted versus
time and compared to the BOD obtained from bottles. |

To measure the effect POLYOX has on 'sewage degradation, raw sewage
having 0, 50; and 100 mg/i of the poiymer were run on the respirometer.
Aiso, bottle BOD's having thé same concentration of poﬁymer were
attempted. The bottle method of measuring the BOD proved to be meaning-

less since the suifuric acid, used in the BOD test, reacted with the

polymer, causing erroneous dissolved oxygen readings.
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\
Sampies. of raw sewage were taken from both the University of
Massachusetts 1ine and the South Amherst line. Dupticate 75 ml sampies

W
of each sewage having polymer concentrations of 0, 50, and 100 mg/i

were run on the respirometer. At v;rious times over a period of five
days the pH of each sampie was taken. The instrument used to measure
the pH Was a Copeﬁhagen Model 25 glass electrode Radiometer. Again,
1n order to simulate stream conditi%ns, the temperéture of the water
bath was maintainéd at 21°C and the flasks were shaken at 100 |
osci]Tat{onS per minutes.
i - !
4.4 Addition of Friction Reducing Additives.
As stated earlier, the prébaration of a POLYOX solution is
a delicate operation in the sense that timing and coordination are

required to make a successful batthf Union Carbide Corporation (40)

" has suggested Zimmerman's method of;prep?ring a solution of the

polymer.
Tne following instructions are for a 50 galion sp1ution of one
percent POLYOX: | ! ‘ .
1. To a 55 galion drum, add approximateiy 42 gallons of &jstiiied
or deionized water. N I ]
2. Aim a propeller stirrer to&ard the center of the bottom of the
drum, to obtain a§ fast and as deep a vortex as possible.
3. Siurry four pounds of POLYOX in two gailons of anhydrous
isopropanol (industfia1 grade ig suffiéient). Disperse the

POLYOX completely, making certain that there are no Tumps
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unwetFed or stuck to the bottfom of the container.
4. Quickly pour the well-suspended slgrry into the horizontal
}ing on the surface of the Water, ﬁidwéy between the edge
‘ of the drum and the vortex. This step should take approxi-
mately ten‘seconds. \ |
5.. Quickly ad? enough water to bring the volume u? to fifty
gallons. Slow down or stop the stirrer to measure the
height. | i

6. Stir rapidly until the additional water is mixed, then siowly

for ten minutes. Remove stirrer.

If the POLYOX solution is to be stored for a perio? of more than
one day, the following chemical should be added prior to Step 2 to

|
inhibit chemical degradation of the polymer: | |
1 \
|

Dissolve in the 42 gallons of water:

~a. T 1b. Borax decahydrate (Na28407'10H20)‘

Cobe 1y

or El ) ‘ |

Dibasic sodium phosphate, anhydrous (NaoHPO,)

2 1bs. Dibasic sodium phOSphatehéptahyérate

| i , (NaZHPq4'7Hzo) - '~%

, | o .
In this study, five gallons of a one percent solution oflPOLYOX

was made at a time. Thus, one-tenth of the chemicals and water were

used per batch. The mixing device used was a Fisher Scientific Jumbo

Stirrdr Model No. 47. No preservatives were added to the POLYOX
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“solution since it was used on the one day.

The POLYOX was applied in a oné percent solution from 10 galion
circular, polyethylene containers. lEach container was calibrated in
ifters and had a stopcock valve arrangement at the bottbm edge which
a1iowed for the fiow rate to be controlied.

The container was situated at %he edge of the open sewer manhole
to allow the polymer solution dischgrge to fail directly into the
stream of sewage in the sewer. A s%op'watch was emﬁioyéd to record
the time period during which the polymer was added. The volume of
polymer in the container was also récorded to determine the amount of
polymer added during the time perioé. Kﬁowing the time of application,
amount of po1ymef added and the flow rate of the sewage, the concen-
tration of polymer in the sewage could be determined.

In all sewer testing a mixing iength was used. This mixing
length was the distance between the|%irst two mannoles and the
measurements were made betwéen the second and thirdimanh01es.

A11 sewers tested were in the City of Northampton, Massachusetts.
Three different sewers ﬁeré Lgsted.» Théy will be designated as
éewér Numbéb 1, Sewer Number 2 and éewerlNumber 3. Profile views of
each sewer are shown in Figures 6; 7; and 8 respectively.

Sewer Number 1 was beneath Co]Tege'tane. The mixing section

started at the intersection of College Lane and Eim Street. This

séwer consisted of a 15 ]/Z-ihch tile pipe. It had a mixing lengtn of
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256 feet at a slope of 3.62 percent and a fest séctﬁoﬁ length of
145 feet at a slope of 7.77 peftenf: During the testing period, the
depth of flow was 1-inch. | | g
Sewer Number 2 was located under Federal Street. The sec%idn of
interest was between the intersection Oleedera1 Street with w%nslow
Avenue and Narren;Street. This sewer consisted of a 12-inch tile
pipe. It had a mixing length of'23d feet at a slope of 3.0 percent
and a tést section length of 285 feet at a siope of 1.25 percent. The
depth of fiow was 5-inches without polymer during the test period.
Sewer Number 3 was located benéath Mains Field which is aéjacent
e .

to Riverside Drive. The sewer consisted of a 10-inch tile pipe. The

_ ! f |
mixing Tength was 200 feet and the test length was 204 feet witn both

sections having a slope of 0.1 percent. This section of sewer was
selected bécause of its extremely Iéw ve1ocity; :

As stated béfore, there were tWO sections in each sewer -- the
mixing section and the test section. The three manhole covers were
removed from the manholes included in this sewer length: |

Severé1 trial runs were made to determine the best:procéeres.
Based on the trials, it was decided that a fluorescent dye be used to
measure the velocity. Two men were at the beginning of %he mixing
section, a man was stationed at thelmidd]e manhole, and two men were
at the end of fhe test sections. With no polymer added, a premeasured

amount of dye, which remained the same throughout the tests, was

added at the beginning of the mixing section. When this green-coiored



dye appeared at the middle %anhb]e, the man stationed there started
his stopwatch and at the same time signaiied to one of the men

stationed at the end of the test section to start his stopwatch. When
[

were stopped according to the signals just described. The two stop-

the dye appeared at the end of the test section, both stopwatches
watches acted as a check. Hence, knewing the time and distance, the
veiocity could be determined.

While-the velocity was being timed, the other man at the end of
the test section was measuring the distance between the inside
diameter at the top of the pipe and tﬁe water surface from which the
depth could be detfermined. |

This same procedure was carried out when the polymer solution
was added to the line. It should be noted here that the dye was not

i

| 1
added until the transient flow condition created by the polymer had
| .

passed. This condition resulted when only:a portion of the first
part of the line was exposed to the éo]ymer gffect. This transient
_condition was caused by the polymer reducing the boundary shear
stress (32). This caused a surge which moved atong the line until
the po]ymér so]htion was 1in ﬁhe entire Tine. |

| In all test manholes, the invert of the trough matched {he invert
of thesincoming pipe and had the same s]ope'as this pipe; The trough
was cdhstructed in the form of a Ha]f-circ1e, having the same diameter
as the incoming pipe. Therefore, depth measurements were taken at the

point where the sewer pipe met the trough.‘ To obtain the depth of
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flow, the distance from the tob inside diameter of the pipe to the
1
water surface was measured. This distance was then subtracted from

the diameter of the pipe to obtain the depth of flow.



PART 5. EXPERIMENTAL RESULTS AND DISCUSSION R

5.1 Sewage nglity Changes
5.1.1 Oxygen Lptake ]

| Eva}uationlof the daéa during this phase of the study shows

a remarkable differénce in the-oxygen uptake rate between-the sewage
sampleé taken from ;he University of Massachusetts outfail and the
sewage sample taken from the géuth Amherst outfall during the initial
hours of testing onlthe Gilson Respirometer.

Tables 7, 8, apd 9 contain the data for short runs (less than
one day) on the respiromete}. The arithmetic averages of test
samples for each ru% are plotted in Figures 9, 10 and 11 respectively.
As can be seen fromlthese figures, there is an initial lag in the
oxygen uptake rate ranging from 8 to 10 hours. This initial lag is
plausible since the‘University of Massachusetts sewage is relatively
fresh, having a resrdence time of not more than thirty minutes. It is
possible that this short reéidence time is not sufficient for the
microorganisms inlthe sewage to acclimate themselves to their new
environment.,

In contrast to the University of Massachusetts sewage, the South
Amhersﬁ sewage has a higher initial oxygen uptake rate during the
first éhree hours than it does after this period. Table 10 shows the

oxygen uptake for this sewage which was run on the Giison Respirometer.

~The arithmetic average of this Eample is plotted in Figure 12.
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TABLE 7. Exerted BOD as a Function of Time as Measured

by a Gilson Differéntial Respirometer
Test Series Numb%r 1 on University

of Massachusetts Sewage

Arithmetic Average

Time from Start Sample 1 Sample 2  Sample 3 Samgfes
hours mg/1 mg/1 mg/ 1 mg/ 1
i 3.88 \3.31 4.83. 4.01
2 6.23 5.26 6.91 6.13
3 8.43 ' 6.74 10.40 8.50

4 12.31 ‘9.88 14,31 12.15

5 17.51 14.83 19.26 17.20

6 22.43 19.28 24.63 22.10

7 28.91 25.54 31.23 28.90

8 37.09 33.34 " 39.80 36.80

g 49,40 30,57 47.60 45.80
10 59.26 50.06  57.54 55. 50
11 68.00 58.57 66.23 | 64.10
12 77.30 67.74 75.63 73.60
13 88.74 78.63 86.77 85.00
14 100.71 89.49 98.26 96.10
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TABLE 8. Exerted BOD as a Function of Time as Measured
by a Gilson Differential Respirometer
Test Series Number 2 on University -
of Massachusetts Sewage

{ Arithmetic Average

Time from Start Sample 1 Sampie 2 Samgfes
nours mg/ 1 mg/1 mg/ 1
1 6.46 7.40 6.93

2 8.51 10.06 | 9.29

3 13.60 15.43 14.52

4 ! 22.46 21.20 21.83

5 28,32 26.68 27.59
6 36.48 35.07 35,77
7 43.43 41.17 42.30

8 52.20 49.71 . 50.95

9 63.69 61.20 62.44
10 ’ 71.37 68.94 70.15
M 81.20 77.65 - 79.43
12 | 96.00 89.97 92.98
13 | 106. 60 98.77 102.68

14 114.14 o 105.71 109.92
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TABLE 9. Exerted BOD as a Function of Time as Measured
by a Gilson Di?ferentia] Respirometer
Test Series Number 3 on University
of Massachusetts Séwage

Arithmetic Average

Time from Start Bottle 1 Bottle 2  Bottle 3 Bottle 4 Samg{es !
hours mg/1 ma/1 mg/ 1 mg/1 g/ 1
2 1.6 120 145 1.0 1.38
T 2.68  , 2.20 ,  2.68 2.54 2.52
11/2 3.63 2.91 3.63 3.34 3.37
21/2 7.23 6.20 7.74 7.17 7.08 ‘
31/2 11.03 9.68 11.80 10.91 10.85 |
4 1/2 15.23 13.68 16.31 15.11 15.08 B
5 1/2 19.26 17.17 20/60 18.91 18.98 |
61/2 24.34 21.97 25.85 23.97 24.03
7 1/2 29.74 27.14  31.97 29.57 29.60
8 1/2 35.46 - 32.37  ° 37.85 35.17 35.21 -
9 1/2 . .31 s7.88 . 43.91  40.80 40.97
10 1/2 45.80  41.94  43.63  45.57 45.48
11172 53.66 wous | s6.28 53.05 53.62
12 172 62.51 58,22  65.28 62.03  62.01
13 1/2 71.57 67.40 '74.05  70.80 70.95

14 1/2 79.43 75.88 82.34 79.08 79.18
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 TABLE 10. Exerted BOD as a Function of Time as Measured by a
' Gilson Differential Respirometer
‘Test Series Number 1 on South Amherst Sewage

Arithmetic Average

Time from of
Start Sample 1~ Sample 2 Sample 3  Sample 4 Sample 5 Samples
hours \mg/] , mg/1 mg/1 - omg/l mg/1 ) \.mg/]

1 10.37 10.26 10.23 9.91 10.34 10.22
2 17.57 17.23 17.09  16.65 16.88 17.08
3 23.88 23.31  23.37 22.82 22.88 - 23.25
4 29.82 - 28.82 28.94 28.19 28.36 . 28.83
5 35.42 34.19 34.60 33.59 33.87 34.34
6 40.88 39.42 40. 00 38.8] 39.44 ' 39.72
7 46.14 44.36 45.23 43.96  44.70 ' 44,88
8  51.34 49.13 50.14 48.59 49.61 49.76
210 __62.37. _ _59.64 _ _60.88 _  58.56 -  60.15 60.32
1 67.71 64.81 66.03 63.70 65.26 65.51
12 74.08 . 70.55 71.85 69.50 71.03 71.39
13 80.15 76.29 77.85 75.27 77.03 77.32
14 86.44 81.83 83.48 80.78  82.72 83.05

15 92.84 87.85 89.39 86,52 88. 58 ' 91.04

(9
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This high initial uﬁtake rate may be accounted for by the fact
that the sewage from South Amherst goes through a pumping.staion; the
residence time in this pumpiné station may be as high as fourteen hours
depending on the flow. The séﬁples run had an estimated residence time
in the wet well of approximately eight hours. It was also possible
- that this sewagé may have become anaerobic in the wet well. Fair (4)
stated that sewage which has undergohe partial anaerobic decomposition
may exert a higher uptake at the beginning of the run. This initially
high uptake rate agrees with Schroeprer (3) who reported high oxygen
uptake during the first several horus of testing. Since his sewage
was taken from a large metropolitan sewage treatment plant, it is
reasonable to assume that Schroepfer's sewage was, Tike the South
Amherst Sewage, exposed to one or more pumping stations.'
v A long term respirometer run was made to compare the respiromefer
results with BOD bottle results. The sewage used was from the Unjver-
Sity of Massachusetts outfall. Table 11 shows the respirometer data
for this run. The arithmetic average of this data is shown in Figure i3
-- also shown is the daily bottle BOD for five days at 20°C. As can
be seen, there is a considérabie degcrepanqy between the two methods.
The figure also points out the app1ﬂcabi1ity of the respirometer
method in indicating an initial ]ag‘period which would have gone

unnoticed using the bottle method.



TABLE T1.

Exerted BOD as a Function of Time as Measured by a -

Gilson Differential Respirometer

Test Series Number 4 on University of Massachusetis Sewage

Time from
Start Sample 1 Sample 2
hours mg/ 1 mg/ 1
1 2.88 3.57
2 5.66 7.60
3 8.86 11.94
4 12.88 17.00
5 16.63 21.91
6 21.88 27.54
7 27.46 33.63
8 33.43 40.11
9 39.46 46.57
10 45.43 53.06
11 51.00 59.40
12 56.42 65.49
13 61.00 70.54
14 65.57 75.91
15 70.00 80.91

Sample 3

mg/ 1

3
7
11

.37
.00
7
16.
20.
26.
32.
38.
44,
50.
57.
62.
67.
72.
77.

14
80
17
3]
54
71
97
00
77
69
60
46

Sample 4 Sample 5
g/ 1 mg/1
2.86 2.97
6.14 5.94
10.40 9.37
14.86 13.49
19.51 17.57
24.57 22.31
30.06 27.74
36.03 33.54
41.91 39.23
47.92 45,34
54.03 51.29
59.83 56.89
64.72 63.80
69.68 68.40
74.54 72.83

Arithmetic Average

of
Sample 6 Samples
mg /i mg/1
- 3.54 3.41
6.86 6.54__
10.88 10.46
15.54 15.00
20.06 19.40
25.20 24.60
30.91 30.40
37.29 36.55
43.71 42,60
50.43 48.9
56.74 54.9
62.89 60.6
67.86 65.9
72.80 70.6
74.80 75.0

0L



Table 11 (continued)

Arithmetic Average .

Time from : . of
Start Sample 1 _  Sample 2 Sample 3 Sample 4. Sample 5 Sample b Samples
hours mg/1 mg/ 1 mg/1 mg/ ] mg/1 mg/1 mg /1
16 74.09 85. 66 81.91 78.89 76.86 . 79.29 . 79.4

18 82.91 95.29 91.23 87.94 85.69 88.54 88.5
20 91.68 105.00 100. 66 97.14 194,34 97.83 97.6
22 99.49 113.80 109.20 105.46 102.03 106.17 106.4
24 107.29 - 122.34 117.49 113.60 109.57 114.34 114.0
26 114.34 130.03 125.26 120.74 116.23 121.69 121.5
28 121.71 138.32 133.26 128.80 123.54 129.43 129.2
730 129.94° 7 147.09  141.94  137.23  131.46 - 137.86 137.5
3?2 136.94 154.86 149.66 144,71 138.23 145.40 145.0
34 144.23 162.70 157.43 152.15 145.17 152.97 152.6
36 152.37 - 171.66 . 166.12 160.63 152.97 161.57 161.0
38 160.40 180.29 174.57 169.00 160.77 169.83 169.0
40 168.00 188.37 182.63 176.63 167.92 177.60 176.0
42 175.31 196.37 190.35 184.12 175.20 185.32 184.5
“44 182,57 204. 35 198,26 191.77 182.09 193.00 192.0
47 193.03 215.80 209.46 202.93 192.35 203.92 ©202.5
50 203. 50 227.15 220.52 213.92 202.75 215.00 214.0

A



Table 11 (continued)

Time from

Start Sample 1 Sample 2 Sampie 3 Sample 4
hours mg/1 mg/1- mg/1. mg/ 1
53 213.95 238.46 231.63 227.72
56 224.31 249.86 245.57 235.77
59 234.58 260.89 - 253.55 246.54
62 244.78 272.00 264.52 257 .40
65 254.83____  283.03- - 275.49 268.09
69.5 266.80 296.75 288.12 280.74
72. 280.35 309.83 302.06 294.69
75 288,89 322.09 314.26 306.09

- 79 300.38 333.98 326.20 318.40
82 311.89 346.26 338.58 330.46
85 322.95 356.89 350.32 341.98
88 333.78 369.26 361.75 353.26
91 345.49 381.29 373.98 365.37
94 356.26 392.78 - 385.12 376.72
97 357.86 405.04 398.26 388.95
100 379.63 417.01 410.92 401.55
103 390.43 427.89 422.38 412.80

Arithmetic Average

Sample b Sample 6 Samgfes
mg/ 1 mg/1 mg/1
213.12 226.15 225.5
223.46 237.20 © 236.0
233.55 248.00 246.0
243.66- 258.63 257.0
253.49 269.03 268.0
264.92 284.12 280.0
278.20 257.89 294.0
289.23 309.63 305.0
300.38 321.43 317.0
311.49 333,44 ©329.0
322.26 344.95 338.0
332.86 356.15 352.0
344.32 368.21 364.0
355.23 379.35 374.0
366.75 391.38 386.0
378.44 403.72 399.0 .
388.83 414.81 409.0

2!



Table 11 {continued)

Time from :
Start Sampie 1 . Sample 2
hours mg/ 1 ‘mg/]
106 400.09 . 437.95
108 409.61 447 .58
113 421.38 459,55
117 433,95 464,15

Sample 3
mg/1

432.95
243.07
455.61
463.18

Arithmetic Average

of
Sample 4 Sample b Sample 6 Samples
mg/1 mg/1 mg/1 mg/1
423.24 309.41 424.98 - 419.0
433.29 407.78 434.95 429.0
445.66 419.29 447.12 442.0
458.64 431.69 460.04 452.0

€L
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5.1.2 pH Variation With Time
Samples of both University of Massachusetts and South Amherst

séwage were run on the respirometer with polymer concentrations of 0,
50, and 100 ppm. The University of Massachusetts séwage had an initial
pH of 7.4 for all concentratiéns. As time 1ncreased; the pH for both
the 0 and 50 ppm sampies increased; howevér, the pH of the 100 ppm
sample began to increase and then decreased and increased again.
Figure 14 graphically shows the variations in pH for each sample.

The South Amherst sewage had an initial pH of_7.5.' As with the
University of Massachusetts sewage, the 0 and 50 ppm'samp}es nad an
increase in pH with time at appfoximate1y the same rate. The sample
having a polymer concentration of 100 ppm initially experienced an
increase in pH with time but reached a plateau while the other two
samples continued to experieﬁce a pH increase. These pH variations
are shown in Figure 15. | |

This study on pH-was intended only to determine the variation in
pH with the age of the wastewater and with the polymer concentration.
This study of pH has indicated that for all practical purposes the
concentration of polymer between 0 and 100 ppm, has very little effect
on pH; it was true that for high concentration of polymer (100 ppm)
the pH decreased, but this was after a detentioh time of approximately
100 hours; for a time up to 40.hours, which was a more meaningful
residence time, the concentration of polymer had no effect. Aiso, the

study has shown that pR increased with time. Recalling Figure 4, which
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showed an increase in suifide generLtion with time; it éan he seen
that there was a greater chance for sewer corrosion as the sewage
becormes aged. j | | |
, o | ,
5.1.3 Effects of Polymer on waagg Degradation

Duplicate University of MFssachusetts sewage samples having
polymer concentrations of ¢, 50, and 100 ppm were run on the respiro-
meter for a 57 hours period. ETab1e 12 ﬁas the oxygen u%take rates for
each sample and the arithmétii.average for each concentration. This
arithmetic aVeraggis plotted versus fime in Figure 16. As shown by
the figure, the uﬂtake rates are préctjca]ly the same for the first
35 hours. When readings were taken?again at the 53rd hour, the sewage
having a O ppm concentration of polymer was found to ha&e a decreasing
oxygen uptake rate while the sewageg containing 50 and {DO ppm of-
polymer were foun? to have increasing oxygen uptake rates of aPout
the same magnitude. These résuTts show %hat the polymer in a con-
centration of up to 1bO'ppm, does not interfer with the biodegrada-
tion of the sewage. Also, it apégars the polymer itself is

biodegradable.

5.2 Effects of Polymer Addition on Sewer Velocity
Figure 17 shows the effect of polymer addition on vetocity

in Sewer Number 1. As can be seen, the velocity increased rapidly for

1



TABLE 12. Comparison of Oxygen Uptake Rates at Various Polymer
Concentrations of University of Massachusetts Sewage

concentration _
0 - ppm 50 - ppm 100 - ppm

Time from ; Arith. Arith. ~ Arith.
Start  Sample 1 Sample 2 - Average Sample 1 Sample 2 Average Sample 1  Sample 2 Average

hours  mg/1-hr  mg/1-hr mg/1-hr mgjl-hr mg/1-hr mg/1~hr  mg/1-hr mg/1-hr mg/1-hr

1 5.80 5.48 5.64 5.51 4.91 - 5.22 5.28 5.43 5.35
2 5.05 4.97 5.02 5.08 4.60 4.84 4.81 4.85 4.83
3 5.45  5.57 5.51 5.77 5.34 5.55 5.74 5.83 5.79
4 6.74 6.28 6.51 6.14 5.74 5.94 5.80 5.88 — 5.84 -
b 5.77 5.48 5.62 5.77 5.51 5.64 5.71 5.80 5.76
-6 5.74 -5.62 - 6.80 5.88— 5.42 -- 5.65 5.43 5.71 5.58
8 12.71 12.40 6.27 12.57 12.68 6.32 12.43 - 12.54 6.24
10 12.17 11.71 5.96 12.00 12.23 6.06 . 11.77 11.54 5.91
12 12.08 11.82 5.97 12.20 12.00 6.05 11.97 12.05 6.00
14 11.94 - 11.54 5.86 11.71 11.31 5.75 11.42 11.42 5.71
31 8.91 8.91 4.4¢6 9.51 9.46 4.7¢ 9.48 9.60 4.76
33 9.17 9.05 4.56 9.71 9.54 4.81 19574 9.83 4.89
35 9.37 g.08 4.64 9.77 9.60 4,84 9.71 9.71 4.86
53 9.45 9.17 4.65 12.25 12.54 6.19 12.26 12.54 6.20
55 8.05 7.85 4.00 11.80 12.28 6.02 i1.94 12.37 6.07
57 8.51 8.22 4.18 13.22 14.05 6.81 12.83 14.02 6.70

6L
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a smalt increase %n polymer concentration up to 75 ppms aftef_this point
the velocity increase is less aramatic for a smail increase in polymer
concentration.

Figure 18 shoﬁs the same relationship for Sewer Number 2. Althodgh
in this sewer the large velocity change for a small change in polymer
concentration stopped at about 50 ppm. | |

fn Sewer Number 3 whfch had a velocity of 0.3 ft/sec., there was
no velocity cﬁange when the polymer was added in a conceéntration of
approximately 50 ppm. It is quite 1ikely that the very low velocity
did not promote adequately mixing'%etweén the polymer and the sewége.

It should also be noted that this 1ine was nearly half full of s ludge
and debris which may have had an éffect on the results.

Without the polymer additive éewer Number 1 had a velocity of
4.5 fps; w{th a polymer concentration of 168 ppm the velocity was
increased‘9.3 fps, the lérgest vaide recorded during the test period.

Seiwer Number 2 had a velocity of 3.5 fps withouf poiymer addition
and had a maximum veloCity of 6.8 fps at a concentration of 238 ppm’
dur1ng the test period.

Sewer Number 3 exper1enced no ve]oc1ty increase with a polymer
concentration of 50 ppm. |

From these results, it can be said that the effect of polymer
addition, in increasing the Ve?ocity of éewage in the sewer, depends
on the initial ve1oc1ty, that is, the velocity before the poiymer is

added. The effect oecomes greater as the initial ve10c1ty becomes
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greater, Perhéps this relates to the adequacy of mixing between
the polymer and the sewage.

Attempts dere made to measure the depth of flow change wﬁth
various polymer concentrations; however, these attempts proved to
be futile since there was much turbulence and surface waves, causing
depth fluctuations in the shallow flow. Because of this inability
to measure depth changes, no predictions can be made on the increased

carrying capacity of the sewer. |

5.3 tconomic Considerations
wi1finson, EE;El (32) found that a 24-inch reinforced
concrete sewer with a Q.32 percent s}ope had its carrying capacity
increased 1.9 times with the additioﬁ of 80 ppm of a certain
- polymer. Without polymer aédition this sewer had a carrying capa-
city of 7.65 MGD; with the addition of 80 ppm of this polymer, its
capacity would beliﬁcreaseb to 14.55 MGD. Based on this information .

an economic analysis will be performed to determine the feasibility

of adding this friction-reducing poliymer.

Case 1: A flow of 14.55 MGD must be carried.” The 24-inch
sewer deﬁcribed above is presently in existence. The
sewer's length 15!20,000 feet. There are iwo possible
so?uﬁions:

ATternatq'?: Addwa polymer concentration of 80 ppm to the

existing sewer.



it

| Annual Cost

. Polymer Cost {32) = $5.75 per hr. per MGD at 80 ppm.

24 hr/day x 14.55 MGD x 360 day/yr x $5.75/hr-MGD =
$724,000/yr. l ‘

Alternate 2: Construct an additional 24-inch sewer.

i L
tAnnuai Cost

‘ | - .
Cost of 24-inch reinforced koncrete sewer {45) =

\ $12.82 per ft.
20,000 ft x $12.82/ft = $256,400.

v i
$256,400 x 0.07823 (crf-6%-25) = $20,000/yr.
| .

[ | ‘

Cast 2: A peak flow of 14.55 MGD must be carried for a
f I

Z-hour period per day for 60 days per year. During non-

peak time the flow rate is Tess than 7.65 MGD. The same
{

| |

Alternate 1: Add a polymér concentration of 80 pbm.
'Annual Cost
14.55 MGD x $5.75/MGD-hr x 2 hr/day x 60 day/yr =
$10,100/yr.

85

%24—1nch_sewer is in existence. Sewer 1ength is 20,000 feet.
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Alternate 2: Construct an additional 24-inch sewer.
20,000 ft x $12.82/ft = $256,400. A
$256,000 x 0.07823 (crf-6%-25) - $20,000/yr. -

Tnis economic analysis clearly shows that polymer addition is
feasible when peak flows are infrequent and of short duraﬁion;
_however, polymer addition does not appear feasiblie when used on a
daiiy basis. Also, the polymer is a useful alternative to con-
structing additional Tines, especially if the line to be augmented
is long. In this case the cost of polymer addition is independent
of the length of the line whilé the cost of constructing a new

line is directiy proportional to its Iength.
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PART 6. CONCLUSIONS
|

On the basis of thé.studies conducted on University of
Massachu53tts and South Amherst sewage and the studies of polymer
addition in §ewer 1ines, the following conclusions: may be drawn:

1. gewage having a short residence time, less than one hour,
Has a noticeable lag in its oxygen ubtake rate for a
éeriod of 8-12 hours.

2. Sewage which is exposed to long detention time (12-18
Aours), in a pumping station wet well, does not have a
lag period, but rather a hiéhEr oxygen uptake rate during
.ﬁhe first few hours.

3. The pH of sewage increases with age, allowing for a
qigher percentage of sulfide gerieration.

4. Polymer concentration in the range of 0-1qo.ppm had no
?ffect on the pH during the!first 35 hours.,

5. Polymer concentrations in the range of 0-100 ppm had no
éffect on the biodegradatioé of the sewage and it appeared
that the polymer was used as a secondary food source.

6. jhe addition of polymer solutions to, sewer lines subject to
qravity, open channel flow groduced resuits similar to
thoée obtained by others for closed conduit flow. In certain
cases the velocity more -than doubled. |

7. The effect of the polymer was shown to be dependent on the

Jé]ocity of flow before addition of polymer -- the polymer
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being more effective the higher the initial veiocity.

Polymer concentrations in ﬁhe rangé of 40-100 ppm appedr A
to be the most usefil in increasing the cdrrying capacity.

of a sewer.

Under certain conditions, such as an infrequent peak flow

situation, the addition of a polymer solution is economicaliy

nore feasible than building an additional sewer line to

carry excess flow.

A
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PART 7. RECOMMENDATIONS

made:

i 1

On the basis of this study the following recommendations are

It is relommended that the poiymer usage be considered when
sewer lines are subject to infrequent surcharges.

It is recommended that po]ymer usage be encouraged in long
Tines which are subject to surcharge, as the cost of polymer
dosage is a function of the flowrate and not a function of
the length of the 11né.

It is recommended that more research be conducted using
friction*reducing,édditives with specific appiication to
Teasuring changes 1in Manninq's roughness ceoefficient (n) for
various polymer concentratiqns on gravity sewers.

It is recommended that investigations be made to determine
what effect friction-reducing additives havern the scour
Qé1ocity. '

It is recommended that the BOD test be conducted on friction

I | . ‘
reducing additives to determine thieir oxygen consumption.

|
|
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APPENDIX

im

] ’
Derivation of Mu1£1p1icat10n Factor to Change Microiiters
of Dry Oxygen to mg/1 BOD
(Qihson Differential Respirometer Study)

| o
Gram molecular volume of any gas equals 22.425 liters.’
Gram moiecular weight of dry 0, equals 32.000 grams.
Therefore: - ' . | |

32,000 mg - 22,425,000 11

and dry 02 weighs
‘ |

mg BOD
ul 02 measured

3200019 _ - 4,0014286 mg/ii1 = 0.0014286
22,425,001 '

| . .
Thus, each u} of dry oxygen uptake recorded by the respirometer

weighs 0.0014286 milligrams.

Since each reaction flask -contained 50 ml of sewage: and because
BOD is usually récorded in mg/1, a correction for sample volume is
reqﬁired as ﬁqi]ows: |

100 mi/1 _ 20

" 50 ml ]
The combined effect of steps 4 and 5 yields the muitiplication

factor referred to on page 50.
‘ { .
. 1

-



0.0014286

wmg BOD

Bl O2 measured
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(2% = 0.028572 mg/1 BOD per ul
]

02 measured,
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