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ABSTRACT

The purpose of this labqratory investigation was to study
the perfﬁrmance and to improve the design of the interceptor
tank for smali—bgre sewers. A full scale model Qas con-
structed tor this purpose.

It is not desirable to design interceptpr*tanks to com-
pletely remove suspended solids ~because small-bore sewer
system; have capability of handling some solids in.suspen—
sion, particularly £fines. This study was designed to test
the influence of tank geometry and influent £lush volume on
the effluent suspended solids concentration. Once the solids
carrying capacity of the small-bore system- is determined,
the results can be used to  design a tank that would allow
the maximum perm@ssible solids concentration in the small-
bore sewer and then extend the desludging interval to the
maximum possible time period. :

The following .parameters were studied: .(i) the inlet and
the outlet locations, (ii) the flushed volume and_(iii) the
bottom slope of the interceptor tank. Because of the large
number of possible combinations of the factors listed above,
a fractional factorial design was used to select and perform
experimentally only - one third of all possible combinations.
To predict the effluent suspgnded solids concentration for
the comblnations of variables which were not performed ex-

(
perimentally, a secorid-degree polynomial model was assumed.

PR
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‘The coefficients of the assumed model were estimated using
the ieaét squares method.

The effluent suspended solids conéentration was éound to

depend mainly on the flushed volume and the outlet location.

The bottom.sisggfof the tank affected the effluent suspended
solids concentration mainly at low sludge levels. The inlet
location was not found to be critical, especially at high
sludge levels. ‘

To find an expression of the effluent and the tank sus-
pendég1solids concentrations, different matheﬁatical regres-
sions were tested on the obtained values. The power regres-
sion was found to best describe this relationship.

" Since small-bore sewers have the ability to carry fine and

colloidal solid particles, optimum concentrations of sus-
pended solids do not créate major problems in the sewers.
Based on this fact, 1locations of the inlet and.fhe ouflet
were suggested.

The settleability of the effluent suspended solids from
the interceptor tank was also teétedq%or_some selected com-
binations of wvariables. A 1laboratory settling column was
used for this purpose. The settling velocitles of the solid
particles in the effluent flow were found to be very low(::“
when compaied with the—_s?ttling velocities of the solids:

taken from the tank. This demonstrates clearly that only

fine and colloidal particles were conveyed to the sewers.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

Since the beginning of the 20%" century, engineers have
been searching for the simplest and .the. most economical
method of wastewater disposal. A safe and cdnvenient waste-
water disposal is of paramount importance to human health
and the well-being of any society. However, in many develop-
irig countries, most low-income areas have very poor sanita-
tion. Most of these communities gre not able to afford sani-
tary sewers. They use simple wastewater aisposal technigues,
such as pit latrines and septic tanks. It is not possible ,
however, to rely on pit latrines since, in many places, they
do not provide the minimum required health standards. 1In
addition, they are often not convenient and have fly and
odour probléms..On the other ﬁand, it has been realized that
septic tanks witﬁ\subsurface abscrption field have improved
the sanitary staté of many communities (World Bank, 1986).

[N
However, in areas with high population densities, limitﬁd/
land space, poor soil conditions and high groundwater table,
the subsurface absorption fields are not feasible or have

falled shortly after thelr installatlon or before they reach

the end of the designed lifespan (Laak, 1977).



Although onsite wastewater collectlon systems from single
dwellings have been used for many years, they have often
been considered an lnappropriate solution. In many instances
conventional sewers, which are a typical solution for

wastewater collection system in large urban areas, have been

~applied to small and sub-urban communities. The total cost

involved for such facilities imposes severe financial bur--

dens on those comﬁunities (World Bank, 1986).

- In areas where pit latrines and septic tanks with subsur-
face absorption fields cannot be implemented, the remaining
sanitation option 1is an offsite alternative, where the .
sewage is «collected and sent to a centralized treatment

plant or a pond. This option is usually conventional sewe-

rage which 1is a suitable and acceptable solution for the

whole community. Since conventional sewers are costly to

gonstiuct and . maintain, often isclated communities and many

developing countries cannot afford to pay for them. What is

needed is an adeguate solution for wastewater collection,

that requires 1little or no government subsidies to con-

'st;uct, little operation and maintenance and provides the

minimum required health standards. Small-bore sewerage is
one solution. It elihinates the subsurface absorption f£ield
and reélaces it by small diameter pipes. These pipes are
connected to an existing septic tank or to an interxceptor
tank (usually smaller;than a septic tank) which retains most

of the large solid particles ceoming from the household.

TN,
]
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The new technology of small-bore sewerage s gaiqing
widespread acceptance and use. Small-bore sewerage, which is
a combinatlon of an onslte and an offsite disposal system,
is considered as a viable alternative system for domestic
wastewater collection. The system consists mainly of three
componentsﬁ the " intzrceptor tank, the small diameter sewer
pipes, and a collection area where treatment of the effluent
and tank solids is done.

Small-bore sewer systemé achieve a.number af economies
compared.to conventional sewerage (Environment Protection
Authority, 1979). The most obvicus advantage s the small
diameter pilpes (1008-150 mm) needed for the collection of do-
mestic wastewater from dwellings. Pgﬁe sizes are smaller and
therefore plastic pipes, which -are non-corxesive and
lightweight, may Dbe used. The mosta‘ignificant advantage 1is
the saving in excavation costs since lthe pipes may follow
the contour of the ground. Furthermore, constant and unifprm
slopes are not needed. Manholes are eliminated and only
cleanoutg are recommended. Since solids are trapped in the
interceptors, high scouring velocities do not need to be
maintained in.the system. | 4

TPe disadvantages are mainiy the costs involved in the in-
stallation and desludging 6% the tank. Furthermore, to en-
sure the proper functioning of the system, a periodic flush-

ing of the pipes may be necéssary. Overall, small-bore sewer

systems provide an equlvalent 1level of service and health



beneflts comparable to conventional sewers for at least one
half.of the cost (Sinnatamby et al.,1986). .
The small-diameter pipes carry the partiakfg/:reated ef-
fluent to a treatment plant, a conventional sewer'system, or
a stablilizatlon pond for further treatment. These pipes have
the ability to carry a portion of the solids lcad in the ef-
£luent flow. In fact, smailer diametér plpes have better
solids transport properties (Sinnatamby et al., 1986) than
larger pipes. To avoid deposition of solids and clogging of
the pipes, an interceptor tank 1s provided to capture the
solids coming <£from the dwelling. Ideally, the coarse. parti-
cles will be settled out in the tank and only colloidal and
fine solid particles, which have low settling velocities,
will be carxried away in the small-bore sewers. By allowing
the maximum permissible sollds in the sewers, the desludging
interval of the tank will be maximized which will reduce
operating cost. ‘

Since tank desludging is a major operating expense and ex-
cess so0lids in the sewers will cause major problemi; the de-
sign or the interceptor tank is «critical. To control the
concentration of solids in the_effluent from the tank, the
inlét and the outlet pipes must be properly designed and
thelr respéctive locations carefully selected. Since the
rate of accumulation of solids will be decreased, mainly due
to the escape of solids in the sewers and some biodegrada-
tion effects, .the slze ‘of the tank may be minimized:,thus

decreasing the frequency and hence the cost of desludging.
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The implementation: o? small-bore sewerage 1s most appxo-
priate in denself-populated, low-income areas in developing
countries and In isclated communities in developed coun-
tries. Small-bore sewer systems are functlgning without ma-
jor problems 1iIn Australia (South Australian Health Commis-
sien, 1982), BIQFil and Pakistan (Sinnatamby et al., 15986}.
In Australia for instance, small-bore sewer systems have
been operating for as long as 20 years (Cowater Interna-
tional, 1985). These systems did not regquire high initial
capital investment and most of the routine work (e.g., oper=-

ation and maintenance) has been carried but by the commu-

nity.

1.2 OBJECTIVES

The main function cof interceptor tanks in small-bore sew-
erage, as well as in septic tanks, is to remove éettleable
matter from the wastewater paséing through them. Improperly
designed septic tanks cause the failure of the disposal sys-
.fem and create major problems to'the householders. For in-
stance, seepage beds (or subsurface absorption fields) be-
come clogged due Fo the escape of solids fiom septic tanks
into the Efﬁluent flow. However, the replacement o0f the.
sezpage bed by small-bore sewers has solved this problem.
Although these pipes are small in diameter, they have the
abil.ty to carry a éortion of suépended.solids {(SS) in ;he
efflueﬁt flow. The rate .of accumulation of sludge, however,

depends greatly on solids concentration leaving the inter-
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ceptor tank. Therefore, the tank should be designed, consid-
ering among other factors, how much SS concentration is al-

lowed in the sewers and what level of sludge accumulation is

desired. A

The wastewater entering the tank from the inlet pipe is
‘used to stir up the sludge at the bottom. Since the inflow
kinetic energy is dissipated in the tank, fﬁe lightweight.
particles are released into the small-bore sewers and the
larger ones are retained and digested by aerobic and anaero-
bic bacteria. The flushing action introduces oxygen into the
sludge and a large amount of turbulence is generated+— The
flow patterns in the tank and settling phenomena are com-
plex. The ' flow pattern will be turbulent during the initial
stages of inflow at low SS concentrations and as discharqge
continues the flow patterns will subside. It is.difficult,
however, to formulate theoretically the turbulence created
in the Interceptor tank since the phenomenon is complex and
three diménsion?ﬁ; Therefore, a physical model study is most
appropriate.

In this research a full scale model has been constructed
to study the performance of .the interceptor tank. This study
has been designed to examine the influence of the following
factors on the effluent SS concentration and settling char-

acteristics in the tank effluent. These are:



Interceptor tank geometrles (size and shapes), -

Inlet and outlet locations and plpe geometry,

- Volume of water flushed into the !=nterceptor tank,

Level of sludge in the interceptor tank.

The purpose of thié research is to determine experimentally
overall performance of the interceptor tank aé a function of
these factors. The final result of this study will be to im-
prove interceptor tank design by determining the suspendea
solids concentration that will escape for different geome-
tries. Specifically this experimental study has the follow-
ing main objectives: : -

1. Determine the amount of S5 in the effluent for given
flows and tank geometries and hence the escape rate of
solids froﬁ the interceptor tank, '

2. Study the settling characteristics of the effluent SS
and tank solids, and

3. Determine the rate of . accumulation ofiéiudge“in the in-

a
terceptor tank.

Ideally it Iis desirable to remove all fine suspended and
colleoidal solids from the tank. However, the small-bore sew-
érs have a certain sediment-carrying capacity limit, which
should not be exceedea. The main 1idea is to maximize the
concentration of lightwelght solids in the small-bore sewers
without overloading them. Quantitatively, on average the op-
timal amount of SS escaping from the tank will be estimated

at the end of this research.

.



CHAPTER 2
1S

LITERATURE REVIEW

2.1 INTRODUCTION

Onsite dlsposal systems have been used for many years
throughout the world to dispose of wastewater generated from
rural dwellings. 1In the United States, for instance, almost
30% of the population lives in unsewered areas and relies on
onsite systems for wastewater tieatment and disposal (Mc-
Clelland, 1980). In developing countries the majority of the
population use onsite disposal systems. The use of offsite
disposal systems (i.e:, sanitary sewers) is mostly re-
stricted to 1large cities due to the high costs involved for
their construction and operation.

In the early stages of development of onsite treatment and
disposal; pit privies and cesspools are the most commonly
used systems. They are only appropriate where moderate or
small guantities of wasteWat;r are generated. During the pe-
riod following their instaliation, these systems are usually
economical and safe. However, proplems arise when the avail-
ability ;?“water sue&}y to developing communities increases.
Rural communities usually change to septic tanks with sub-

surface ébsoiption filelds to accommodate the increase Iin

wastewater flow. A rural population 1s generally satisfied
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with the performahce 0f septlc tanks for the first few years
foilowing their Iinstallatlion. However, these systems often
start to fail due to the Ilncapability of the soil to handle
the further increases in waste-

water f£low. Furthermore, when maintenance of the Eanks is
neglected, sollid washout from septic tanks accumulates at
the invert of the perforated pipes in the drainfield and
accelerates the failure of the system.

. The concept of small-bore sewers, also called septic tank
effluent drains, was introduced to overcome the problem of_
drainfield failure. The main functions of the septic tank
effluent drains were to replace the drainfield and to carry
the efflueﬂt to an cffsite disposal site. Sélids washout is
net a probleﬁ in thls system as long as the concentration of
solids is kept below the critical wvalue. Systems are
presently functioning without any major problems in devel-.
oped and developing countries (Cowater International, 1985).
Rural communities served by small-bore sewers are generally
satisfied with the level of service, which 1s very close to
conventional sanitary sewers.

Fig. (2.1) illustrates the most important steps in the de-
velopment of onsite wastewater disposal systems. Fhe septic
tank and the small-bore sewer systems will be discussed
briefly in the following paraézaphs. Their advantages, dis-

advanﬁages and limitations will be presented as well.
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Development of the !

vater carriage systes ﬁ»
ﬁ M H_—JL I -%' ' -_ —
by ' Drainfield

Privy Cesspool Septic tank

Rav waste!
Saali-bore
. Interceptor tank sever
Schesatic of an effluent drain systes Effluent

Figure 2.1 : The Historical Development of Sewage Systems

2.2 SEPTIC TANKS

The septic tank system is a very common means of wastewa-
ter dlsposal ~method in sewerless areas in the Uhited States
and other developed countries (World Bank, 1986). In devel-
oping countries most septic tanks are found in the wealthier
suburbs. These systems require higher costs for construction
and installation compared to other onsite disposal systems
(World Bank, 1986). Filg. (2.2) shows a typical septic tank
system.

The septlic tank ls an undexrground rectangular or cylindri-
cal chamber that receives sewage flow from a household or

other establishments. 1Its capacity varies between 1.1 and
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3.8 m® or even more (Natlonal Demonstration water_Project,
1982). Almost all settleable sollds entering the septic tank
are settled on the bottom of the tank, where they are anaer-
obically digested by microorganisms. The lightwelght materi-
als such as fats and grease rise to the tgp and form a scum.
The partlally treated effluent from a septic tank 1s dis-
charged to a subsurface absocorption field fo; further treat-
ment and disposal. To prevent sludge from Q}scharging into
the subsurface aﬁsorption field, the accumulated material in
septic t;nks must be pumped out periodically, In general ev-
ery 2 to 3 years (Metcalf and Eddy, 1872). H9wever, laréer

tanks can be desludged every 3 to 6 years.

non perforated
pipe

tile drainage lines
laid inabsorption ficld

Figure 2.2 : A Typical Septic Tank System
{after World Bank, 1986)

Fs
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2.2.1 Design of Septic Tank

An efficient septic tank, which removes almost all set-
tleable solids, must provide (USEPA, 19890):

1. At least 24 hr £fluigd retention time at maximum sludge
depth and scum accumulation.

2. Inlet and outlet tee structures to prevent the escape of
sclids in the effluent.

3. Adequate storage space for sludge accumulation.

4. A venting device to allow the accumulated gases such as
methane and hydrogen sulfide 'to escape.

The most important consideration in designing a septic
tank is the selection of its capacity. The fank volume is
selected based on the average volume Tf wastewater produced
per day. To estimate the volume of wastewater produced, fac-
tors such as the avallability of watet to the community, the
wastewater-producing devices and the number of people per
household must be taken into account. It was estimated that
the average dally wastewater flow from a t?pical residential
dwelling in industrialized countries is approximately 1%0
L/c/d (USEPA, 1980). The range of sewage flow from private
homes varied between 150-300 L/c/d (National Demonstration
wWater Project, 1982).

The accumulation of sludge in a éeptic tank was estimated
to be 0.03-0.04 ﬁs/user/year (Kalbermatten et al., 1980a).
‘More detalled estimates for the mass loadings and the

wastewater characteristics for a typiecal residential

Iy
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dwelling In -North America are presented in Table (24l), FoOX
design.purposés two-thirds of: the tank volume s normally
reserved for sludge and scum accumulation (World Bank,
1986). This provides a three-day £luid retention time at
stgrt up. A theoretical minimum septic tank volume Jis 2.8
m®. However, septic tanks with volumes of 1.4 and 1.6 m® for
six persons have been ‘used satisrfactorily 1in Australia

{Laak, 1980).

Table 2.1 : Characteristics of Typical Residefitial
Wastewater (USEPA, 1980)

Parameter T Mass Loading Concentration
(g/c/d} (mg/L}

Total Solids 115-170 600-1000
Volatile Solids - 65~85 380-500

Ss 35-590 200-290
Volatile S8 ‘ 25-40 150-240
BODs 35-50 $200-290
CaD 115-125 680-730

To prevent the discharge of sludge and scum in the efflu-
ent, prope% locations of the inlet and outlet must be pro-
vided. The inlet can be a sanitary tee or an elbow. The ocut-
let can also be a tee or a baffle. To lnspect the septic
tank and to empty the settled sludge, manholes should be
provided.

Although a slngle-compartment septlic tank is widely used,

a multi-compartment septic tank performs better in reducing
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effluent solids and turbulence. Some research studles show
.that multichamber tanks are up to 50% more efficient in re-
ducing SS and BOD in the effluent than single chamber tanks
{Laak, 1980). A typical two-compartment septic tank is shown
in Fig. (2.3). The first compartment is used for sedimenta-
tion, digestion and storage of the slﬁdge. The second com-
partment provides additional safety against the dlscharge of

solids that might escape the first compartment.

‘\.
Inletpiptij' L N _\ /\/*I
e l Liquid level, . s i Outlet prpe
1'2 8% = =
Sc“/ , B :

(5

-

Figure 2.3 : Two-Compartment Septic Tank
(after World Bank,. 1986)

2.2.2 subsurface Absorption Field

The most commonly used method of'disposal of septic tank
effluent is by means of a subsurface absorption fleld (also

called seepage bed, trenches, leachfield, or drainf}gld).
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A subsurface absorptlon field consists of 3ben—joint or
perforated plpes lald at shallow depths, usually 0.3 to 1.5
m (USEPA, 1980), and covered with soil. These pipes allow
the flow coming from septic tanfs to percolate inte ‘the
ground. To -ehsure the proper functioning of the subsurface
absoégtldn fleld, the soil must be at least moderately per-
meable and unsaturated throughout the year (USEPA, 1980).
2.2.3 Limitations

The septic tank system must be properly designed, con-
structed and installed in ozrder 10 perform sa%isfactorily.
However, some limitations and restrictions apply to ensure
ité pexrformance:

1. The tank should be of watertight construction and made
of materials not subject to excessive correosion or decay.

2. ‘No surface or 5ubsurface drainage is allowed to enter
the septic tank.

3. It has been shown that the rate of sludge and scum accu-
mulation is increased by 37% when garbage grinders are used
(USEPA, 1980). To keep the desiudging frequency down,
garbage grinders shculd be avoided

4., If groundwater Is the source of water supply for the

community, the seepage bed must be sufficient distance from

wells.

[
2.2.4 Performance

The quallity of the effluent flow from septic tanks depends

on many factors such as the volume pof the tank, the number
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of compartments, the inlet and outlet ariﬁngements, and the

guantity of wastewater flow entéring the tank (refef to

Table (2.2)). Table (2.3) shows a summary of effluent data

from various septic tank studies in terms of BODs, COD and

558, The variétion in the collected data from different stud-
. .

les is mainly attributed to the factors mentioned above.

Table 2.2 : Residential Water Use Estimates (USEPA, 1980)

Activity L/use Uses/c/d L/c/d

Tolilet Flush ‘ 16 3.5 61
range 15-18 2.3-4.1 35-76
Bathing _, 93 0.43 : . 35
range _ 81-103 . 0.32-0.50 . 24-47
Clotheswashing 142 0.29 38
“ range ‘ 127-151 0.25-0.31 28-44
Disawashing 33 0.35 12
range 26-47 0.15-0.50 4-19
Garbage Grinding 8 0.58 5
range - - 0.40-0.75 3-6
Miscellaneous - - - - 25
range . 22-30
Total - - - - 173
range 157-197

Table.2.3 : Summary of Effluent Data from Various Septic
Tank Studies (USEPA, 1980)

Parameter 7 sites 10 tanks 19 sites 4 sites 1 tank
BODs 138 - 138 140 240 120
range (mg/L) 7-480 64-256 - - 70-385 30-280
COD ' 327 200
range (mg/L) 25-780 - - - - - - 71-360
SSs 49 155 101 95 39

range (mg/L) 10-695 43-485 - - 48-340 8-270
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The guality of the effluent flow very much affects the
performance of the subsurface absorption field. It has been
shown that the so0il clogging is related to the §S andkPOD
concentrations in the effluent (National Demonstration Water
Project, 1982). To extend the 1life of the system, the con-
centration of SS and BOD in the effluent must be very low at
all times. Beéause of the difficulty in controlling the S8§
and BOD concentrations iﬁ the ¢ffluent, many éeptic tank
systems have fai}ed. The ﬁailure of’the system could be alsg
the resurf of improper design, maintenance of the tank
and/or over estimation of the s=oil permeabllity. Based on
the soil germeability, it 1s very difficult to.\predict the
long term performance of the seepage bed to abgbrb ﬁhe ef-
fluent £low. The increased water cansumption and the failure
to pump out the sludge from the'septic tank have contributed
to clogging of the soil.

To éolve the problem of the seepage bed failure, some en-
gineers suggested the replacement of the perforated pipes by

. ]
small diametexr pipes connected fto the septik tank to carry

\
f

/
P

the effluent flow to an offsite disposal.

2.3 SMALL-BORE SEWER SYSTEMS

The concept of small-bore sewers emerged as an immed}ate
solution to " onsite wastewater «collection. The system |is
mainly composed of an interceptor tank in which most set-

tleable s0llids are accumulated and digested, and the small
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diameter pipes that convey the interceptor tank effluent to

an offsite disposal.

2.3.1 Historigal Development

The failure of septic tanks and leach flelds in large num-
bers in South Australia prompted the Department of Public
Health to think of another solution for domestic wastewater
collection. The department proposed the Qse of small diame-
ter drains as a correctiveﬁmeasure to the problem. In 1960
they constructed the first SCheme:EE}small diameter drains

_\aelso called common effluent schemes) in éinnarco, South
Aéstralia. Following toat, 800 km of drains serving 26,00Q
connections had been constructed by late 1982. Other common
effluent schemes are in the planning stages. One 100-mm di-
ameter pipe could serve up to 160 conneétions (South Aus-
tralian Health Commission, 1982) .

In the Unlited States, however, the small-bore sewei system
has been in existence since 1975 (Willéon et al., 1975; sim-
mons et al., 1982). The first was installed in Mt. Andrew,
Alabama..The system was constructed to test the performance
of small-diameter pipes with uphill and: downhill sections

:(also called variable grade gravity éewers) for domestic
wastewater collection. Its/operation and performance have
been satisfactory.

In developing countrlies small—bore sewers have been used
since late 1960. The system ls working very well in Zambla

and Nigeria (Cowater International, 1985). In Brazil and
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Pakistan small dlameter pipes are used to collect household
wastewater. These pipes, usually of 100-mm diameter laid on
a slope of 1 in 167,\receive wastewater directly from homes
and no Iinterceptor tanks are used, and yet they perform’

very well (Sinnatamby et al., 1986). \

2.3.2 Design

~2.3.2.1 Interceptor Tank

The gesign criteria for interceptor tanks follow closely
those of septic tanks. However, the size of the former can
be reduced significantly since solids washout into the sew-
ers does not represent a major problem as 1long as large
*s0lid particles are retalned in the 1nterceptoré. Some stud-
ies (Cowater International, 1986) show that an inéerceptor

"tank with a volume of 2.7 m>® is adequate regardless of

household size. Knowing that the tank is the second highest
cost in the systen~—T0tis, 1986}, and collcidal and fine
solid particles do¢ not create major problems, the volume of‘
the interceptor: tank could be even less than 2.7 m2. Q;her
\studies (Otis, 1986) suggésted 3.8 m* (1000 gal) as a mini-
mum size for Interceptor tanks although no justification was
given for this particular number.

Jince the disposal method of septic tank effluent was
chanced from onsite to offsite, the design criteria for in-
terceptor tanks should not be the same as for septic tanks.

To reduce the size and hence the cost of the interceptor
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tank, further investigqation is required to determine the de-
sign principles that an interceptor tank volume -must be
. based on. Nevertheless, four design factors must be taken
into account when choosing a proper volume for interceptor
tank. These are:

1. The number of pecople in a household,

2. The wastewater éeneration per capita per day,

3. The expected rate of accumulation of sludge, and

4. The frequency of sludge removal.

2.3.2.2 Small-Bore Sewers .

_ N

The small diameter pipes used for wastewater collecticn
could be divided into two categories:
1. 'Small-bore gravity sewers,, which are similar to conven-
tional sewers. .

The pipes must always be sloped downhill and uniform gra;
dients must be maintained between manholes. These pipes are
not allowed to flow under pressure at any time.
2. Small-bore variable grade sewers, which could follow the
topography of the ground, sometimes running uphill over
short distances.

These pipes are allowed to flow under pressure. Therefore,
theyrare cheaper to construct than small-bore gravity sewers
since excavation is minimized. _

'
Generally design practice follows cloiégy the South Aus-
tralian guidelines (1982) shown in Tablél(Z.é). The design

criteria were believed to be too conservative. Other studies
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(otis, 1986; Cowater Internatlonal, 1985) show that the min-
Imum diameter could be as low as 50 mm (2 inches). According
to these studies, no minimum slope is needed and no minimum

flow velocity is recommended. ’

-

Table 2.4 : South Australia Criteria for Common Effluent
Drainage Pesign (0Otis, 1986)

Parameter ' Recommended value
Design flow | Avg.: 136 L/c/d
Design depth of flow 1/2 full at capacity
Minimum piée diametez 100 mm

Minimum velocity_ 0.5 m/s

Minimum slope 100 mm 0.67%
. 150 -mm 0.40%
200 mm 0.33%

Pipe material "Earthenware and plastic
Pipe Roughness coefficlent Kutter's n=0.013

Alignment | Curved alignment in horizontal
and vertical plane permitted
between manholes

Manholes At: intersection of 4 drains;
intersection of 2 or more
drains where depth is 2.4 m;
240 m intervals on minimum

grades
Flushing polints At: terminal ends; changes in
’ direction; junction of 2 drains

210 m interwvals
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2.3.3 Operation and Maintenance
. H

Any system must be properly operated and maintained in ﬁr-
der to perform properly during its design lifetime. Unlike
conventional sewers, small-bore sewers reqﬁire little opera-
tion and maintenance. Since pipes do not carry large solids
and debris, simple routine operation and maintenance of the
interceptor tank and the drains are needed. Each household
must be <responsible for the maintenance of its interceptor
tank. The tank should be checked eﬁery year for scum and
sludge accumulation. When necessary, the sludge from the in-
terceptor tank must be removed. Although ;olids accumulation
has not been a serious problem in any of the studied pro-
jects (Otis, 1986), an annual flushing of the drains is rec-
cmmended.

Due to poor operation and maintenance, many problems have
occurred. A major reported problem is the odor from lift
stations.and cleanouts (Otis, 1986). Broken cleanouts and
cracked septic tanks caused the infiltration of clear water
into the drains, which became surcharged. Concrete-made
drains had also contributed to thé problem of infiltration.
The use of plastic pipes was found to be a very effective

alternative.

2.3.4 Performance

Experience with small-bore sewers in rural communities

showed good performance. In many communities, where small-



23

bore sewers were installed, malntenance was totally ne-
'glected-and vet no major problems were reported (Otis,
1986). Altﬁough pipe diameters smaller than 100 mm were used
in South. Australlia and the United sStates, the systems were
successfully operated for over 20 years. According to the
South Australlan Health Commission (1582), "Although ln some
instances maintenance work has been, less than recommended,
the systems have functioned satisfactorily". Problems, where
they did occur, were not associated with the small-bore sew-
ers. Rather, they resulted mostly from inadeguate insﬁection
and maintenance of the pumps and.the electrical eguipment.
The good performance of small-bore sewers was belleved to
be the result of the high standards imposed for their con-
struction, shown earlier in Table (2.4). Despite the conclu-
sive evidence of successful operation of small-bore sewers,
gravity-sewage standards are still used by englneers to de-

sign small-bore sewer systems.

2.3.5 Benefits:

Small-bore sewers with interceptor tanks are constructed
o replace the single or multichamber septic tanks and
drainflelds. This results in many‘advantages:
- Increasing the design life of the system:
Because most settleable scolids are removed in the intercep-
tor tanks, clogging of the sewers is not expected to occur.

These sewers should carry only.colloldal and fine solid par-

ticles.



- Reducing the volume of the tank:

Since some solids aéé allowed to be washed into the sew-
ers, the rate of solids accumulation in the interceptor tank
i1s expected to be lower than in a septic tank. Therefore, a
lower storage space for sludge can be considered when choos-
ing the proper capacity of the tank.

- Reducing land use:

In the septic tank system, a considerable amount of land
area is used to install the subsurface absorption field.
This space 1s eliminated since the drains are used instead
of the subsurface absorption fields.

- Reducing material needs and excavation:

Manholes in conventional sewers are replaced by less
costly cleanouts or flushing points in small-bore sewers.
Since interceptor tank provides some storage, the peak flows
are attenuated. Therefore, pumping equipment may be reduced
in size.

The drains need not be maintained on a straight path with
a uniform gradient. They can be_laid with curvilinear align-
ment and can follow the ground contour.

- Reducing infiltration and maintenance?

Because of fewer manholes, shallow installation and plas-
tic material wused for the drains, the infiltration of clear
water is much less than that expérienced with conventional

Sewers.
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Malntenance is only limited ¢to perlodic flushing of the
drains and pumplng the sludée out of the interceptor tanks,f//
. \ i M

when necessary.
- Reducing treatment:
Since screening, grit ;emoval and primary sedimentation
are performed by individual interceptor tanks, these unit

processes can be eliminated from the treatment works.

-

Much more savings could be achieved if the design criteria
for small-bore sewers were used which ife less conservative
than those of conventional sewers. Since designers are still
uncertain about their long-term performance,-they continue

to apply conventional sewer design criteria.
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CHAPTER 3

THEORY

3.1 SEDIMENTATION

3.1.1 Types of Sedimentations

Sedimentation is the most widely used unit operation in
water and wastewater treatment. It is defined as the removal
or separation of both inorganic and organic materials, which
have densities greater.th;n the density of water, by gravi-
tational settling. To describe this process, other terms
such as clariflcation and thickening are used. The main pur-
pose of -sedimentation is to obtain a relatively clarified
effluent free from debris and large solid particles.

Depending on the concentration and the characteristics of
the particles in suspension, four general categories of set-
tling can be distinguished. These four types could occur at
the same time or simultaneously in the same suspension.
.Type-I Settling or Discrete Particle Sedimentation

This refers to the settlement of non—flocculeﬁf, discrete
particles in a.guiescent system. These'pafticles seftle as

individuals and no interaction with other particles in sus-

pension occurs.



Type-II Settling or Flocculent Sedimentation
Most particles In wastewater do not act as discrete partli
cles. ..ather they interact with each other during the pro-

cess of sedimentation. The mass of the particles increases

as they coalesce and flocculate, resulting in a faster down-
ward movement.

Type-3 or Zone Settling

Zone settling occurs In suspensions of iﬁtermediate to

high concentrations. -A zone or blanket will be formed in
which settling particles act as a group. The particles re-
main 'tn fixed positions with respect to each other and their
mass settles as & whole unit. This causes an upward dis-
placement of the fluid and hindered settlement.

Type-4 or Compression Settling

Compresslon settling occurs when further settling can only
happen by compression of the structure formed by the high
concentration of solids in the lower layers of deep sludge
masses. Due to the weight of the added particles to the
structure, compression and consolidation of the material
take place. Since pore volume between particles 1is de-

creased, the rate of settlement decreases dramatically.

3.1.2 Discrete or Type-I Sedimentation

3.1.2.1 Basic Principles

The fundamental 1laws of discrete particle settling in a

stationary £luid were first developed by Newton and Stokes.
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qpe law of drag, which stated that the drag

forcqﬂgpplieqk on a siﬁgle particle is proportional to the

square éﬁ its velogity:

Ap P

Co —

Fp =
in which Fo

. Co
Ao

P
v

2
= &s shown
13

to be a function

v {3.1)

drag {force

drag coefficlent

projected area of the particle in
the direction of motion

mass denslty of the fluid
velocity of the particle

in Fig. (3.1) the arag coefflcient Co was found

of the Reynolds number (Rux).

pvds
< Rn = { 3.2 }
M
where do = diameter of sthe particle
E = viscoslity of the fluid _ j
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.y <

A particle released in a quiescent fluld will accelerate

until its terminal velocity becomes nearly constant. This is

usually known as the settling velocity of the particle.fIt

.
is obtained by equating the effective welght to the drag

force:

Ao P
Y (PamPigVe = Co —— V7 _(3.4)

where Pa = mass density of the particle
Ve = volume of the particle

Substituting the settling velocity Vs for v and solving:

-5

ve = B femhyy

{3.5)
Co Ao p
For spherical particles Eg. (3.5) may be rewritten:
4 gdp Pa-p o.o 1
= = [ ( )1

(3.6)

3C  p 4 e
To express Cp as a function of Rx a mathematical equation
was proposed to approximate the curve shown in Fig. (3.1}.

This equation has the following form:

3 r
Co = — + + 0.34 (3.7)

It was found experimentally that the first term in Eq.
(3.7) predominates when Rnx is less than 0.3. Substituting-

24/Rwn for Co in Eg. (3.6) yields:

do? 5
Va = o2 (pa-p) N (3.8)
i8u
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Eq. (3.8) was filrst dsveloped by G.G. Stokes, who found
that the drag force in laminar flow conditions has the fol-

lowing expression:

Fo = 3nuvds ) (3.9}
Equating Eg. (3.9) to the effective weight of the particlé

also yields Eg. (3.8).
In developing the above formulas for type¥I sedimentation

the following assumptions were made:

Solid particles are single and discrete,

Particles are spherical in shape,

Fluid is wviscous,

Ideal conditions are maintained during sedimentation with
no turbulent effects (guiescent £luid),

- Wall effects are insignificant (infinite size settling

basin).

3.1.2.2 Turbulence and Scour Effects

In settling basins, tu;gulence generated by the incoming
flow must be kept to a minimum, so that settled pgrticles
are not scoured from the bottom of the basin. The critical
velocity of the inflow that will Just preoduce scour  was

first developed by Camp using Shields' studies:

Ve =

[ 8k (sa-1) gdv]'c’" (3.10)

b
in which Vi

horizontal flow veloclty that will
just produce scour _
specific gravity of the particles

Sg
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k Is a coefficient related to the type of material being.
scourad. It takes the values 0.04 for sand, and 0.06 for
sticky and 1nterlock;ng matter.

f is the Darcy—WeisBacﬁ frléfion factor which depends on
the characteristics of the surface over whlch flow iIs taking
place and the Ru. Typlcal values range from 0.02 to 0.03.

If a large degree ¢of turbulence is created in the sedimen-
tation basin, the movement of the particles will be af-
fected. Particles tend to move vertically, horizontally or
in all directions depending on the type and direction of the
turbuleat inflow. h

In many instancés the inflow cnnduit may be 1$cated in the
center and close to the bottom of the basin. The flow gener-
ated is in an upward movemenf which tends to lift particles
to the' surface- of the fluid; Fine so0lid particles, already
settled on the bottom of the basin;'are affected the most by
the turbulent‘ Inflew. Large and hea@y particles rise to
short he?ghﬁs and rapidly fall as the turbulent inflow stops
or is reduced in intensity. However, c¢olloidal and f£fine

solid particles stay in suspension for longer periods of
time. )

In the developﬁent of the folléﬁing equations, the parti-
clec are assumed to move upward {due to the turbulent in- -
flow} with an initial velocity veo caused by the f£§€ﬂion of
water flowing over the particles. The maximum height.réached

by a particle is obtained when its velocity becomes zero, at

which time 1its movement will be reversed. The maximum height
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reached by a single particle must be expressed in terms of
the characteristics of the particle (i.e., size and den-
sity), and.-thg characteristics of the fluid (i.e., density
and viscosity) at‘sténda;d pressure and temperaturé. Due to
the tomplexity of the differential equation obtained when Ru
is greater than 0.3, the equation developed will be only ap-
plicable for low Ru.

A single particle lifted with an initial velocity vo rises

until 1lts velocity reduces to zero. Applying Newton's Second

Law:
Fo + (Pa-PlgVe = (motwm) as (3.11)
where me = mass of the particle
m = mass of the fluild displaced by the particle
w = added mass coefficient = 0.5 for a sphere
ars = acceleration of the particle

Let vS = ap , and Fp = 3ndvde for spherical particles

at low Rwx. Then the previous equation becomes:

V/ -_— — V - g At e (3-12)
do*(2Patp) (2Pa+P).

Which is a first order differential eguation with a gen-

eral solution:

N
v exp(Mt) = - exp(Ht) + [vo - g] (3.13)
36U , 2(Pa=9)
where M = - —————. _ and N=g ————
do?(2pa+p) (2Pa+P)
t = time
ve = upward initial velocity

Substituting v = 0 in Eg. (3.13), the corresponding time,

tm 1s obtained:
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1 r M -

tm = - 1nll - - VoJ ' (3.14)
M L N

Knowing that v = dy/dt , the maximum height y« reached by

a single particle may oe obtained using Egs. (3.13) and
(3.14):
N M 1l Nq ~ N '
Yoo = E; ln[l - a vo] + ﬁ [vo - ;]Ll - N—Mvo] {3.15)

Because of the inter3®%ion between the material in suspen-
sion, particleé having the same size and density will not Ee
able to reach the same maximum ﬁeight. To take into accoﬁnt
this fact, a simplified theory of the suspension of sedi-
ments due to turbulence will be discussed in the following
section.

. L
.3.1.2.3 Theory of Sediment Suspension by Turbulence

In a turbulent system the egdies created by the turbulent
inflow carry material settled on the bed into suspension.
Due to their weights this action will be opposed by the set-
tling of the particles.

For simplicity it is assumed that a steady state condition
exists, in which eguilibrium is maintained between the rate>
of upward transport due to turbulent eddies and the rate of
fall due to the weight of particles at every elevation above
the bed. This statement was expressed mathematicélly by Dob-

bins '15944) :

Va C = - € -- (3.16)
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where Vs = settling velocity of the particles
y = elevation above the bed
C = concentration of material at elevation Y
€ =

mixing coefficient which may bg/
expressed as a function of y

Integrating Eq. (3.16) between Co at y a/b and C at any
elevation y, and assuming that the mixing coefficient ¢ is
Independent of y the following expression of C at elevation

y is obtained:

C = Co exp[- E: y] - (3.i7)

If the concentrations Cx at ya and Cz at y=z, and the set-
tiing velocity of the particles are known, the value of ¢
could be estimated by the £ollowlng eguation:

Va 7

€ - ( - ) U — (3-18)
YaT¥2) Tn(Carcn)

In the real suspension, however, € varies with the dis-
tance from the bed. 1If the inflow ig unsteady, € will also
vary from time to time*at a particular locétion. The formu-
las presented above concern the case-of the sedimentation of
discrete, single particles of ﬁniform size in a system in
which turbulence Iis fullf developed. Different size parti-
cles with different settling velocities may exist in the
same suspension. Under these conditions, it.is difficult to
formulate theoretically the effect of turbulence and mixing
on a suspension of particles, and a much advanced theory
with minimum assumptlions must be dgyeloped. Since the flow

pattern is complex and three dimensional, the formulas pre-
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sented earlier will not be usgd, and an experimental study

is most appropriate.

3.1.3 Type II or Flocculent Sedimentation

Particles In real wastewater do not settle individually,
they interact and affect one another's path duxring the pro-
cess of sedimentation. The interaction between the single
particles is more pronounced as their concentration in the
solution 1s high. During the process particles coalesce and
cluster forming larger masses which accelerate as they move
downward until they reach the bottom surface of the basin. .

Unfortunately there are no theoretical relationships which
describe the behavior of 'particlgs during flocculent set-
tling. Rather, settling basin aesigners commonly *‘use the

settling column test to describe the. characteristics of the

wastewater during the process of flocclilent sedimentation.

A settling column consists of a plastic tube with diame-

ter of at least 10 em (4 In) and height of a few meters.

The height of the column should be equal to the depth of the

proposed tank. Sampling ports 1located at wvarlous depths

P

‘should be provided. The wastewatér soclution, placed in the

settling column, is allowed to settle in a quiescent manner.
The initial concentrafion of suspended matter should be as
uniform as possible throughout the settling column. This

/ —

concen;}ation should be below 2000 mg/L (Zanoni and
Blomquist, 19%5) since;beyond‘ ;ﬁ:;’value zone and compres-

sion settling (refer to sSection (3.1.4)) take place. To
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eliminate any possible convection currents, the temperature
must be maintained uniform throughout th% test.

The procedure for a flocculent settling test consists of
withdrawling samples from the ports at wvarious selected
times. The concentration of suspended solids is determined
and the percentage of material removed or settled may be
computed for each sample' taken. The values are plotted as
numbers ip @ depth versus time plot (Zanoni and Blomguist,
1975). Through those numbers iso-concentration or egqual con-
centration lines may be drawn. For design and comparison
‘purposes the overall percentage suspended solid settled ver-
sus time could be obtalned from the lso-concentration plot.

To simplify the procedure, other methods only require the _
computation of the average suspended solids concéntration
for the whole column at a particular time and assume it to
be the overall percentage suspended solids settled. Some
stﬁdies (Krishnam, 1976} compared the two methods, they
found no particular difference between the two obtained
curves. In fact, they recommend the use of the second method
over the first since it is faster and the same accuracy was
obtained. For illustration purposes a typical settling col-
umn, and an lso-percentage plot are shown in Fig. (3.2). An
overall percentage suspended solids removed versus time is

shown in Fig. (3.3).
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3.1.4 Zone and Compression Settling

Zone and compression settling usualiy occur In suspensions -
which contain high concentrations of Suspended solids in the
lower levels of the sedimentation basin. The free settling
particles in the upper level of the basin reach the sludge
zone in which the particles décelerate and become a part of.
the sludge blanket (also called hindered settling). .In this
region particles act as a group and aettle'as a blanket. The
settling rate of the bianket was estimated to have the fol-
lowing expression (Steel and McGhee, 1979):

Vh ~ .
— = (l_Cv}- (3.19)
Va

in which Vn hindered settling velocity

Va free setting velocity as calculated
from Egs. (3.6) or (3.8)
Cv = volume of particles divided by the

total volume of the suspension
A typical value of z is 4.65. Eq. (3.19) is valid only for
Rw less than 0.2.

Particles in the compression region are part of a struc-
ture in which complete. physical contact exists. Consclida-
tion of the sludge takes place and the rate of settlement
decreases dramatically. The consolidation rate in this re-

glon may be approximated by (Clark, 1977):

dH

-_—= "i(H—Hr) (3.20)
dt

where H sludge depth at time t

He
i

final sludge depth
constant characterizing the suspension.

H o
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To obtaln the requlred time for the sludge layer to drop
from a c¢ritical helight Ho to H, Eg. (3.20) could be inte-

grated, which results in Ehe following expression:

}-J

t = te + - 1n[z°_:”] . (3.21)
—dar

[

initial helght of the compacted'zone
at time to

where He

The stir;ing 0of the sludge at the bottom of the tank may
accelerate compaction and allows water to escape.

During zone and compression settling the interface height
of the sludge blanket had been found experimentally to fol-

low the curve shown in Fig. (3.4).
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Figure 3.4 : Typical Plot of Interface Settling Curve
(after Metcalf and Eady, 1972}
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3.2 Mass Balance Equation

3.2.1 Introduction

A treatment system could be designed effectively if the
mass balance equation is applied correctly within the pro-
posed system. Givenaﬁhe desired level of treatment to be
achieved, the mass balance equation is applied to f£ind the
volume of a reactor or treatment basin. It is also used to
estimate the qgquantity of a substance enterihg, leaving or
accumulating in the system within a specified time. The
.analysis could be applied to rivers, lakes or any treatment
basin where the problem is to find the concentration of a
substance at a particular location or its rate of change in
a section. To apply‘ the mass balance equation 1t is impor-
tant to know the rate at which the studied substance is con-
sumed or generated within the system. The substance could be
physical such as solid particles, a chemical product or mi-
crobes. }

In this sectlon an overview of the mass balance eguation
will be discussed . Then it will be applied to the two ex-
treme ideal cases of a cohpletely mixed tank and a plug flow
reactor, as well as a non-ideal case. Generally, it is ac-
ceptable to assume a steady state situation prevailing in
the system. However, if the rate of accumulation of a par-
ticular substance 1is to be determined in the system, the

steady state situation cannot be assumed.
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3.2.2 Sset Up of Mass Balance

A substance ente;s a given volumé, known as a control vol-
ume, by bulk flodior other hydrauiic phenomena such as glf-
fusion and turbulence. This substance may be produced or
consumed depending on the type of substance and the timé
spent in the system. This iIs known as the reaction of the
substance and may be caused by chemical, biological or phys-
ical phenomena. The substance can eventually leave the sys-
tem. Some of this substance may neither react hor leave the
system. It eventually accumulates in the system.

The general unsteady state mass balance equation for a

given substance 3 around the control volume is:

Rate of flow of a ] Rafe of flow of a ]
substance into - substance 3 out of +
the contro volume the control volume J

of a substance J in | = of a substance 3 in | (3.22)

F Rate of generation ] Rate of accumulation ]
the control volume J the control volume

Or simply

in - Out + Generation = Accumulation (3.23)

In Eq. (3.23) in - out refers to the net transport, gener-
ation refers to the net amount of reaction, and the accumu-
lation is what is leftover. In the case of a steady state
situation, the accumulation term in Eq. (3.23) is equal to
zero. The assumption‘of steady state means that the concen-
tration of a substance j is constant in each location in tﬁe

system and doés noet change with time.
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The rate of reactlion, r, to be used in Eq. (3.23) is usu-

ally assumed to have the following form:

r =+ KCrm (3.24)
where K = rate constant
C = concentration of the substance J
in the tank (mg/L or g/L)
n =

a congtant

r, has the unit mass/vélume/time reéardless cf the value
of n. The units of K are adjusted to make Eq. (3.24) dimen-
sionally consistent. A positive r corresponés to a produc-
tion, and a'negative r corresponds to a destruction or
consumption. The most commonly used form. of Eqg. (3.24) is
first order (i.e., n is equal to 1).

The rate of reaction, r; depends on many factors such as
the temperature, pH, the cohposition of the solution in
which the .reaction is . taking place: etc. Unfortunately the
rate expression cannot be predicted, it must be determined
experimentally. In this section, the use of the rate expres-
sion in the mass balance equation is the primary concern.
Therefore, the rate expression is assumed to be known and it

will be combined with the mass balance equation.

3.5.3 Completely Mixed Tank

A completely mixed tank is also known as a continuous flow
stirred tank reactor (Fig. 3.5). The mixing in the tank is
assumed to Dbe perfect. Thus the effluent concentration is

the same as the tank concentration for a glven substance J.
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Influent
Q, Cin Effluent}

}_ Q; Cxz=
R M R :

Figure 3.5 : Completely Mixed Tank

-

Taking the contr I volume as the whole volume of the tank

Eq. (3.23) may be rewritten:

¢

ac

QCsn - QCmee + Vo= SE Vo (3.25)
where Q = volumetric flow rate (volume/time)

Cin = influent concentration (mass/volume)

Czxer = effluent concentration (mass/volume)

r = rate of reaction (mass/veolume/time)

Vo = volume of the tank or reactor

t = time

wet r be a first order decay (or consumptioni, i.e.:

r = - KC : (3.26)
Substituting Eq. (3.26) into Eg. {3.25) and rearranging

the terms, the following eguation is obtained:

Q Q dc
= Cin = = Copze = KC = = ) (3.27)
Vr Vr ’ dt

For completely mixed tank Cxes is equal to C, the concen-
tration in the tank. C:n in most practical cases 1is assumed
to be constant.

The hyaraulic detention time, ta, is defihed as the volume

of the tank divided by the volumetric flow rate, or:

(3.28)

Vo
ta = —
Q
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Substituting Eq. (3.28) into Eq..({3.27) ylelds:

1 )
— Cin - — C - KC = — (3.29)
t t

If a steady State condition prevails around the system;
i.e., dC/dt 1is equal to zero, then the concentration of a

given substance Jj in the tank is a constant value ,and it

can be obtained from Eg. (3.29):
~ Cim
(1 + Kta)

(3.30)

In the case when dC/dt is not equal to zerd, Eg: (3.29)

becomes:

dac - 1 .
= — dt . {3.31)
Cimn - (1 + Kta)C ta .

Solving Eq. (3.31) with the initial condition C = 0 at t =

~

.0; the tank concentration C is expressed in function of the
. :

time t as follows:

-
~

c Cin 1 '- (1l + Kta) t] (3.32)
T e - expl- —— .
{1 + Kta) p- ta

For a given time t, the concentration, C, of a substance J
in the tank can be obtalned from Eg. (3.32) since Cin , K,

and ta are constants. ‘

3.2.4 Plug Flow System

A plug flow reactor is also known as a piston-flow. reac-

tor. It is a simple tube. Through the inlet, the influent,

containing the substance j , is fed continuously, while the

..

>
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effluent i3 removed from the outlet. For ideal blug flow the
velocity of the flow 1inside the tube 1s assumed to be con-
stant and no longifudinal mixing of the substapce 3 is al-
lowed. Therefore, the concentration of the. subétance j
varies only with the ax;al distance, x. As sﬁown in Fig.
(3.6) the appropriate control volume could be an infinitesi-

mal value AV, in which the concentration may be considered
w .

uniform.
Q , Cuin o | Q , Cn’:’c
—_— | l co SR A, Y
Cross- Ac- - :
section | |
2 . ,.AV= Acmﬁ > -
C . C+AC
| <= Ax —=>1 ) ”

Figure 3.6 : Elug Flow Reactor

The mass balance egquation on the substance j around the

control volume is written as follsws:

~

JC
QClx = QC]x-PAx + IAV = 'a—{:' AV : (3.33)

-

Qr:
ac.
~QAC. + TAqAX = 5“{ Ac Ax _ ! (3.34)

Eg. (3.34) expresses C as a function of x and t. The.equa-

-

tion can be solved 1if the 1initial conditions are known.
Eqg. (3.34) states that at every location x the concentration
cf the substance j 'is changing with time.

In the case of steady state Eg. (3.34) reduces to:

—~
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C

- _———= K dx {3.35)
A= C

o
Q

Solving Eg. (3.35) with the boundary condition C = Cin. at

x = 0 the general expression of C is obtained:

C = Cain exp [— gi KxJ ' (3.386)

If the flow rate, Q, and the cross-sectional area, Ao, are
assumed to be constants, then the velocity, ve, of the flow

is also constant. Under these conditions Eg. (3.36) becomes:

K 1
C = Cin exp [— —_— xJ ‘ (3.37)

Ve

3.2.5 Case When the System is Non-Ideal

In previous sections the mass balance equation was applied
to two ideal systems, i.e., combletely mixed and plug flow
systems. Real treatment systemé, however, are neither com-
pletely mixed tanks nor plug flow reactors. In fact their 
behaviors 1lie betweeh the above described two ~ ideal ex-
tremes. For instance, the effluent or the outflow concentra-
tion may depend on many factors such as the gquantityv of the
flow passing through the system, the geometry and the con-
centration in the tank, the type of the substance in ques-
tion, etc. |

Assuming the effluent concentration is only a function of

the tank concentration, i.e.:

Cxee = £(C) . (3.38)
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~

Substituting Eq, (3.38) into Eq. (3.27) gives:

1 1 ac
— Cin = — £(C) - KC = — . (3.39)
ta . ta at A

Dependiqg on the type and complexity of the function £(C)
Eg. (3-39) may be solved numerically if an exact solution
cannot be obtained.

Once the function_f(C) is known and Eq. (3.39) is sclved

for C, the accumulation of a given substance j in the system

within a given period oftime can be obtained.

<Y
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CHAPTER 4

-

‘ DESIGN AND EXPERIMENTAL PROCEDURE

4.1 APPARATUS AND EXPERIMENTAL SET up

4.1.1 Design of the Interceptor Tank

-

The tank that préEedes the small-bore sewers in the system
1s smaller 1in slze than a typical septic tank. In the old
design of onsite disposal systems, the septic tank attempted
to capture all suspended solids. However, in the new concept
of small-bore sewerage, the interceptor tank allows the
lightweight sollds to escape to extend desludging intervals.
Since the rate of accumulation of sludge in the interceptor
tank is expected to be lower than that for a septic tank,
the volume of the former can be reduced.

In the éesign of the interceptor tank, the following fac-
tors were considered:

- The number of people the tank will serve, .

- The expected levels of water used,
- Thé hydraullc zetention time (or detention time),
- The rate at which sludge is expected to accumulate, and
- The frequency of sludge removal from the tank.
Since the tank deslign was oriented toward developing

countries, the assumed number of people in a single dwelling
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is 5 to 6 persons. However, in many areas of the world this
number could be significantly higher. assuming an adequate
plped water supply, thé average volume of wastewatér was es-
timated from the llterature to be 170 L/¢c/d. For the purpose
of this research a nominal detention time of 24 hours was
éelected (Laak, 1972}, which 1is calculated on the baslis of
wastewatér flow per interceptor tank capacity.

Solids build up in septic tanks is assumed to be 0.03-0.04
m*/c/y (Kalbermatten et al., 1980a). For the purpose of de-
signing the Interceptor tank, the tank is assumed to be
desludged every two‘years. The volume of the septlic tank de-
signed under the above conditions is calculated by adding
the volume of wastewater generated per day and the volume of
sludge accumulated during two years. Note here that no pro-
visions were made for scum accumulation and gafbage
grinders. The real rate of accumulation of sludge and the
frequency of desludging of interceptor tank are two of the
main objectives, which will be estimated at the end of this
reéearch. The sludge caﬁécity cf small-bore sewer intercep-
tor tanks will be dictated by the allowable so}ids concen-—
tration in the effluent. One of the objectives of this re-
search 1s to determine the tank sludge capacity for differ—
ent geometries and other factors based on different effluent
suspended solids concentration criteria.

To minimize the effect of model scaling, a full size model
was coﬁstructed. A cylindrical tank was designed with 1.2 m

} -n,
dlameter, and an effective wvolume of 1.58 m?, which is the
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total liquid wvolume below the outlet pipe. The inlet pipe
is located 1in the center and the outlet plpe 1s located at
1.4 m (effective depth) from the bottom of the_tankl The
supply resexrvolr was located \1 m above the tank (see Figqg.
(4.1)). '
The main factors thought to cause the disturbance of
solids inside the interceptor tank were:
- Volume and time-pattern of water flushed from the supply
.reservoir into the tank ‘(assigned the symbol V),
- Dbistance of the inlet p}pe from the bottom o0f the tank
(D),
- Slope of the bottom surface of E?e tank ES), and
- — Extended length of. the ocutlet pipe (L).
These dimensions and characteristics of the tank are il-
lustrated in Fig. (4.1) . Each of Fhe above variables was
tested at three different 1levels. Table (4.1) summarizes

these levels.

Table 4.1 : Proposed Testing Levels

Slope, S flat 1:2 1:1
Volume, V (L) 15 30 45
Distance, D (m)} g.1 0.3 0.5

Length, L (m) 0.1 0.3 0.5
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Figure 4.1 : Full Scale ‘Interceptor Tank Model
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4.1.2 simulation of Domestic Wastewater

Raw wastewater 1? highly varlable in nature. The quality
of solids in sewage differs from place to place in terms of
shape, size, speciflc gravity and settling characteristics.
Therefore, it 1is not possible to definé with precision the
characterlstics that would apply for all domestic wastewa-
ters. However, it is important to know that particles in
wastewater have dlfferent settling velocities. Based on this
fact, a sludge that satisfies this condition can be used in
laboratory or experimental work to approximate the actual
wastewater.

A simulated doﬁestic wastewater was used to produce sludge
ﬁor the experimental study, consisting of organic matter
{OM) cémposed of ground corn, wheat shorts, soybean and ani-
mal fat (i.e., dog food). The characteristics of this simu-
lated wastewater are close to typlical wastewater. The set-
tling characteristics of the simulated material were tested
(refer to Seét;on (4.2.1)) , and its relative density was
found to be 1.13 (the relative density of OM in wastgwater
varied bétween i.OO to 1.20). The moisture content and the
soluhle solids in the actual OM represented 17% of the total
lmass. The simulated OM had particle sizes varying from sev-
eral um to 1.18 mm and when mixed with water, 0.83 kg (1 kg

of starting material) of OM occupled a voluhe of 7T L as a

result of natural settling. As an example, to £fill half the
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tank, a volume of approximately 795 L of sludge is needed,
which 1s equivalent to 9& kg of OM.

Experiments were done with dlfferent sludge volumes in the
tank because it was recognized that the amount of sludge
would have a significant influence on turbulent energy dis-
sipation and solids'escape. Table (4.2) illustrates the
masses of':OM (after eliminating moisture content énd dis-
solved sollds) needed for different volumes of sludge. In
the later chaPters the OM will be referred to as total sus-
pended solids (TSS). 1In ;this table the nominal solids
concentration was based on the mass of solids divided by the

volume of liguid in the tank.

Table 4.2 : Mass of OM for Different Sludge Volumes

Mass of OM (kg) 20 40 60 80 100 120 140

Sludge volume (L) 169 337 506 675 843 1012 1180

"% of tank volume
filled with OM 11 21 32 43 53 64 75

Conc. of OM (g/L) 12.7 25.3 38.0 50.6 63.3 75.9 88.6

4.2 PRELIMINARY MEASUREMENTS

4.2.1 Settling Characteristics of the OM

The simuiated domestic wastewater was tested in the labo-
ratory to determine its settling characteristics. For this
purpose a settling column made of plexiglass was used. The

height of the column was selected to be the same height as
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the proposed tank, which was 1.52 m (5 £t). Its diameter was
15 em (6 in). Four taps located at 30 cm (1 foot) intervals
were provided for sample withdrawals.

The settling test procedure consisted of diluting a cer-
tain amount of the OM i;'the column already filled with wa-
ter. The temperature of the water was maintained between 19
and 21 °C. A mixing device and a pump for recycling the
solution were wused to ensure a uniform concentré@ion of
solids throughout the column. After approximately half an
hour of mixing and recycling the suspension, samples were
taken from each tap for initial SS determination. Then the
mixing device and the pump were turned off and the timing
was started. At selected times, samples were taken from
each tap.

The standard procedure (APHA, 1980) was followed for f£il-
tering the solutions, drying and weighing the filters. The
58 concentration for each solution was then determined. The
percentage SS settled was calculated and plotted versus time
for each tap as shown in Fig. (4.2a). The average SS settled
for the whole column was also calculated and then plotted
versus time as shown in Fig. (4.2b). It can be seen from
this figure that almost 90% of the solids in the suspension
settle within the flrst 20 minutes of the settling test pe-

riod.
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4.2.2 Measurement of the Qutlet Flow Rate

4.2.2.1 Calibration of the Supply Reservolr

The reservoir that supplied the Interceptor tank with wa-
?er had a plezometer mounted on its side. The calibration of
the reservolr was carried out as follows. For different vol-
umes of water In the reservolr, the corresponding readings
of the piezometer (sée Fig. (4.1]7 were recorded and then
plotted as plezometer reading versus water. volume in the
supply reservoir as shown in Fig. (4.3). This plot was used

when different volumes of water in the supply reservoir were

needed to run the experiment.

N BT S IS B B BV BT RS B

0 ) 10 15 20 25 30 35 40 45 50

Volume (1)
Figure 4.3: Supply Reservoir Calibration Curve
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4.2.2.2 outlet Flow Rate

As mentioned before, one of the functions of the intercep-
tor tank 1is to attenuate surges and peak flows coming from
dwellings. If a large volume cof wastewater is released sud-
denly into the tank, it will be released into £he small-bore
sewefs over a longer period of time.

The determinatich of the outlet flow rate was carried out
several times as follows. A known volume in the Supply
reservoir was flushed into the tank. At d??ferent times,
samples from the outlet were collected during a £ixed’period
of time. Knowing the volumes and times required for collec-
tion, the flow rates Qere calculated. The flow rates are
plotted versus time for volumes of 30 and 45 L in the supply
reservoir in Figs.‘(4.4a) and (4.4b), respectively. Only a
few seconds were required to flush the volumes from the sup-
ply reservoir. However, as it can be seen from the previous

~

figures, it required more than seven minutes to release com-

pletely the flushed volumes into the_small-bore sewers.

-

-~
-

4.2.3 Measurementf%f the Short Circuiting

Short circulting can be defined as the direct passage of
fiuid particles or other solld particles straight from the
supply reservolr Into the outlet pipe. Theoretical}y, the
fluid particles flushed from the supply reservoir are ex-

pected to stay In the tank for a perlod of 24 hours if£ the
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hydraullc detention tlime 13 one day. However, In reality
this Statement is not true. To measure the short clrcuiting
experimentally, tracer studles were performed.

4.2.3.1 Calibration of the Fluorometer
h ]

The fluoromeéer was callbrated In the iaboratofy to obtain
the relati%nship between dial reading and dye concentration.
For this purpose different solutions with different known
concentratlions of dye were prepared and then the correspond-
ing fluoromete; readlings were recorded. The results were

plotted in Flg. (4.5).
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Figure 4.5 : Fluorometer Calibration Curve
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4.2.3.2 Determination of the Amount of Short Clrculting

-

Short circditing was measured by placing a known amount of
dye In Fhe supply reservolr containing a known volume of wa -
ter. The 'water was then flushed Iinto the tank. At the out-
let, é fluorometer connected to a plotter recordeé the fluo-
rometer dial readings and the time. The dial readings were
converted into concentrations using the fluorometer calibra-
tion curve. Knowing the outlet flow rate and the dvye concen-
tratién-leaving the tank, the total amount of dye escaping
the tank was calculated. The experiment was carried out
twice, ongel with a volume of 30 L and once with a volume of
45 L. Larger flush volumes were chosen becéuSe.they would
create more mixing and thus be more likely to cause loss of
some influent Immediately into the effluent. A solution of
100 nL c;ntaining 10° ug (0.1 gq) of dye was placed in the
sﬁpply reservoir. The whoIe volume was then flushed into the
tank. The plots generated from the fluorometer. are shown in
Figs. (4.6a) and (4.6b) for 30 and 45 L, respectively. The
total amounts of dye.escaping the interceptor tank were est-
imated from Fiés. (4.6a) and (4.€b), using the fluorometer
calibration curve (Fig. (4.5)), and the f£flow rate hydro-
graphs (Figs. (4.§a) and (4.4b}). The*amount of short cir-
cuiéing was estimated to be 500 and 45C Mg (less than 1%)for
flushing volumes of 30 and 45 L, respectively.

~
] hd
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4.3 EXPERIMENTAL DESIGN
B

As discussed 1in Section (4.1.1), four variables at three
levels each (refer to 'Tablg (4.1)) were tested experimen-
tally. The tetal number of possible combinations of factors
(or variables) at all 1levels is 81 (4 factors at 3 levels
corresponds to 3* combinations). It is not necessary, how-
ever, to carry out studies of all combinations. A fractional
factorial design was used to select and perform only 27 com-
binations (i.e., one third fractional replication was used).
The experimental design allows interactions among all vari-
ables to be assessed (refer to Section (4.3.2)) at a consid-
erable savings of time and materials. The cholice of the com-
binations fo be tested and tﬁeié notations are discussed in

the following section.

4.3.1 Fractional Factorial Design

fhe purpose of this section is to present a brief discus-
sion of the fractional factorial design and to apply it to
this experiment.

When only a sub-group (or a fraction) of all possible com-
binations in a complete factorial design is selected, it is
obvious that some information is lost. However, 1t is desir-
able to select a sub-group in such a way that important
pPleces of information are retained even though some unimpor-

»

tant Rieces of information are lost.

\
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Fractlonal factorlal experimental designs are well docu-
mented (Bacon, 1980; and 1870; Box and Behnken, 1960) for
different desligns involving 2, 3, ..., 10 factors at 2 and 3
levels. Thg fractional factorial design of 4 factors at 3
levéls was obtained from Bo% and Behnken (1960). Before pre-
senting the design some notation should be explained.

Instead of using the actual values of the operating vari-
ables, greater numerical accuracy and simplificati;n may.ge
achieved by using coded wvalues. Becaﬁse e%ch variable has
only three -equally spaced values, the three coded wvalues
were selected as -1, 0, and 1, corresponding to the low,
middle, and high values, respec;ively. The coded variables
aré represented by x;,lx:, Xa, and x4§borrespond1ng to s, -V,

D, and L respectively. The values in Table (4.1) were trans-
- £

formed into coded values shown in Table (4.3).

Table 4.3 : Coded Variables

Xa -1 0] 1

Xz -1 0 1

Xa -1 0 1

X.. —l 0 l

The fractional factorlal design for the 4 operating vari-

ables is presented in Table (4.4a).
The £first column Iin the above design (l.e., Xa = %1, Xz =

tl,‘K; = 0, X« = 0 ) represents four experimental runs as

shown in Table (4.4b).

~ =



‘-,\l'

64

Table 4.4a : Fractional Factorial Design

X2 ‘41 0 +1 0 +1 0 0
Xa +1 0 0 +1 0 +1 0
Xa 0 +1 0 +1 +1 0 0
Xa 0 +1 +1 0 0 +1 0
# of runs 4 4 4 4 4 4 3

Table 4.4b : Sample of the Four Possible Runs

- .

X2 -1 1 -1 1
Xz -1 -1 1 1l
X3 ) 0 0 0
Xa 0 0 0 0

The sixth column represents three runs at the center point
of the design (i.e., each'variable is assigned its middle
value). The total number of runs to be tested experimentally

is then 27.

r

4.3.2 Cholce of the Mathematical Model

To describe and predict the outlet (e.g., effluent) SS for
any combination of variables, a mathematical model could be
obtained from the fitted experimental data. Ofteﬁi this
mathematical model can be either a first or second-degree

polynomial model. For designs involving more than two levels

for each wvariable, it 1s most appropriate to assume a sec-

~a
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ond-degree polynomial model. The followlng model was pro-
posed to describe the S§ concentratlon 1in the interceptor

tank effluent. This model was written in terms of the coded

variables.

Cmes = Bo + BaXa + BaXaz + BaX> + BaXa +
B1:X2? + BzaXa® + BasXs™ + BoaXe® +
BazX2Xz + BasXaXs + BaaXaXa + BasXaXs +
BzaX2X« + BaeXaXa (4.1)

where Cxr= effluent 5SS Concentration

Xz = coded variable for the slope S

Xa = coded variable for the volume V
Xa = coded variable for the distance D
Xa = coded variable for the length L

The experimental Jdata are fitted to the above model from
which the 15 c;nstahts are estimated usiné the least squares
method. After the constants (also known as coefficients)
have been determined, the model may be used to predict the
'outlet (effluent) SS for the combinatlons of variables which

have not been performed experimentally. \\\,

4.4 EXPERIMENTAL PROCEDURE

The £following sectlons describe 1in detall the wvarious

procedures involved in carrying od? the research.
. /
4.3.1 Preparation of the Filters

The filters wused in this study had ll¢cm diameters and

. b
were able to retain solid particles having sizes greater
than 1.5 Mm. Before they were used, the filters were cleanéd

with dlstilled water and dried at a temperature of 100-105

»
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©C for at least one hour. After the drying was completed the
fiiters and the aluminum dishes (for holding the Filters)
were placed in a dessicafor'for at least 20 min for cooling.
Moisture in the dessicator was-kept “low by wusing calcium
sulfate crystals. The initial weights of the filters and the
aluminum dishes were then measured using an electronic bal-
ance ha&ing a precision of 0.1 mg. The filters could then be

used for flltering the samples.

4.4.2 Preparation of the OM

The OM used‘to simulate domestlic, wastewater was plaged in
.water the night bhefore an’ekperiment in buckets, after which
it waslwell mixed and then Qumped into the interceptor tank._
An increment of 20 kg of OM that occupied almost 11% of the
tank volume was added to the tank for each set of runs (to
go from one sludge level to another, 20 kg of OM is reg-
uired). To stop any biological activity that might occur in
the tank, a few mL of bleach were periodically addeﬁ to the

¥
OM.

-

» -

4.4.3 Procedure

The 27 runs (each' run cerresponds to one combination of
variables) selected Ereviously in Section (4.3.1) were\per—
formed at 7 sludge levels presented in Table (4.2). For con-
venience the 27 runs were grouped into three sets. From

Table {4.4) the three sets were rearranged according to the
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&

-

bottom slope of the tank (5). This is presented In Tables
(4.5a-cy:.

Table 4.5a : Experimental Runs (S = flat)

V (L) D (m) L (m)
30 0.5 0.3

30 0.1 0.3 ”
15 0.3 0.3
45 0.3 0.3
30 0.3 0.1
0.3 0.5

30

~

Table 4.5b : Experimental Runs (S = 1:2)

v (L) D (m) L (m)
30 0.1 0.1
15 6.1 . 0.3
45 6.1 0.3

© 30 0.1 0.5
15 0.3 0.5
45 0.3 0.5
15 0.3 0.1
45 0.3 0.1
30 0.3 0.3
15 0.5 0.3
45 0.5 0.3
30 0.% 0.1
30 ¢.% 0.5
30 0.3 0.3
30 0.3 0.3

Table 4.5c¢ : Experimental Runs (5§ = 1:1)

vV (L) D {m) L {(m)
30 0.5 0.3
30 0.1 0.3
15 0.3 0.3 "
45 0.3 0.3
30 0.3 0.1
30 0.3 6.5
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The general procedure conslsted of placing a known gquan-
tity of OM in the interceptor tank, and then a known volume
of clear water from the supply reservoir was flushed. The
flow from the outlet pipe was collected in a 50 L container.
The effluent was thgn well mixed and. two sample solutions of
about 300 mL each fwere taken. After about 30 minutes the
following run for different V, D,and L was performed. The

same procedure was repeated for each run.

Clear water was used in the supply reservolr. It was shown

in Section (4.2.3.2) that the amount of short circuiting can

be neglected and therefore, influent does not escape from
the tank until a later flush. Therefore, only solids already
in the tank will escape and there was no need to have solids
in the influent, and no provision of placing OM ;n the sup-
Ply reservoir (to simulate the actual flush from a toilet,
sink, etc.) was taken Iinto account. It was assumed that
solids sent out in the effluent are only those which were in
the tank, not those coming from the supply reservoir.

Thirty minutes elapsed between successive runs. This in-
terval was based on Fig. (4.2), fyom which it was deter-
mined that 90% or more solids have settled after 30 min.

After the first set of runs (i.e., Table (4.5a)) was com-

pleted at all seven gludge levels, the tank was drained and -

a2 conical shape having a slope S = 1:2 was placed in the
. <

bottom of the tank. The same procedure with Fhe 15 runs pre-

sented in Table (4.5b) was repeated as before. Finally the

»
same procedure was done with § = 1:1.

-
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4.4.3.1 settling Column Tests: . 4

The quallty -of the effluent was also tested for some se-
lected combination of variables “ét selected sludge levels.
The~Juallty was tested in terms of settling characteristics
of the particlic washed out cue to the turbulence created by
the flushing action of water from the supply reservoir. The
settling column test of the wholc effLuent was performed
following the same procedure described in Sectioc (4.2.1).
Table (4.6) presents the selected combinations of variables
and the selected siﬁdge levels for which the effluent was
tested.

To check the settling characteristics of the tank OM, the
slope § = flat and § = 1:1 at random sludge levels were se-
lected. From each of the selected S and ﬁludge level, a
quantity of OM was taken from the tank and then diluted in
the settling column already filled with water. The same pro-
cedure as described in Section (4.2.1) was followed. Five

" checks as shown In Table (4.7) were performed on the tank

OM.
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Table 4.6 : Selected Settling Tests of the Effluents

-
=

S vV (L) L (m) D (m) sludge level (%)
flat 30 0.3 0.1 21

flat 30 0.3 0.1 43

flat 30 0.3 0.1 64

r4

1:2 30 0.3 6.3 21

1:2 30 0.3 0.3 43

1:2 30 .3 0.3 64

1:1 30 0.3 0.1 21

1:1 30 0.3 0.1 43

1:1 30 0.3 0.1

64

Table 4.7 : Selected Settliné Tests of the Tank OM

S sludge level (%)

flat : 43
flat 64
1:1 21
1:1 43
1:1

64
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N .CHAPTER 5

RESULTS AND DISCUSSION

As discussed in Chapter 4, this study was divided into two
main parts: the fii;t parf was the determination of SS in
the effluent flow for different coﬁbinations of variables.
The second part was the testing of thg settling characteris-
tics of the effluent and the tank OM for some-selectgd ruﬁs.
The experimental data are presented-ih Table (5.1) for the
first part, and the ;élated graphs are presented in Appendix
A. The data for the second part are tabulated in Appendix C,
‘and the related flgures are presentéd.in Appendik D.

The data and the information generated by this study were
entered into the‘computer and stored in a spreadsheet pro-
gram. The extensive numerical data generated are summarized

-

in tables in the following sections. ~

5.1 RESULTS AND ANALYSIS OF THE EFFLUENT SS

For the 27 runs performed experlmeétally the SS in the ef-
fluent flow were found to vary from one combination of vari-
" ables to another, and from one sludge level to another. The
reported values for the effluent S$S werelfound to be as low
as 30 mg/L, other vélues were as.high as 4600 mg/L or even

more. For particular arrangements of the inlet and the out-
. . _ P
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‘1ét locations, an increase In slu@ge,level in the tahk did
not neceésa;bly lead to an increase in tﬁe effluent SS.

A summary of the experimental data for the 27 combinatioﬁs
of varlables at all sludge levels™ ls presented 1In Tabie
(5.1). As mentioned in‘Chaptef 4, the coded variables (i.e.,
Xax, Xz, Xs, X« , corresponding to S, V, D, and L, respéc—
‘tively) have been used 1in Table (5.1). The_level of sludge
was expressed in percentage of the total volume oé the tank.
For each slﬁdge levél the corresponding SS in the tank is
given in Table (4.2). The values presented in Table (5.1)

were based on the average SS of two samples. a
¥

5.1.1 Determination of the Regression Coef%rcients

As discussed in Section (4.3.2), the selecEed mathematical
(empirical) model .was assumed to be a second-degree pplyno—
mial. The purpose of the present work was to find an expres-
sion of the effluent SS in terms of the selected variables.

To be able to predict-the SS in the éffluent, fhe 15 con-
stants (coefficients) were determined by the method of least E
squares. A sample procedure is outlined in AppendixaGC}or an
11 % sludge level in the tank. For each sludge level the
coefficients were estimated, éﬁd hence a separate mathemati-

cal model was obtained. The 15 coefficients for the 7 slvdge o~
R e
levels are summarized in Table (5.2). The unit of "the coeff/,

ficients in Table (5.2) ls (mg/L}.

-
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Table 5.1 : Summary of the Experlmental Data for Cxzee (mg/L)
Coded Vvarlables Sludge level (%)
Xi Xz Xa Xe 11 21 32 43 53 64 75
-1 0 1 0 103 147 316 425 5§%'?c%5x 743
-1 0 -1 0 206 212 425 601 5604 708 1025
-1 -1 0 © 26 158  273. 247 4¢§é2kg?7 379
-1 1 0- 0 83 284 465 525 77 73 1085
-1 0 0 -1 26 73 179 349 576 547 690
-1 0" 0 1 33 128 269 509 . 945 924 1826
1 0 1 o0 242 243 288 835 933 642 809
1 0 -1 0 306 315 336 840 927 1004 966
1 -1 0 0 ,239 225 220 417 492 493 432
1 1L o0 0 316 564 763 777 . 1273 1673 1796
1 0 0 -1 244 337 410 544 859 868 949
1 o 0o 1 220 468 1003 1065 1434 2539 1736
0 0 -1 =-1- 216 371 415 454 446 516 651
0 -1, -1 ¢ 130 311 389 453 472 303 362
6 1 -1 o0 350 689 735 812 1246 1089 1462
0 0 -1 1 667 946 1170 1208 2045 2424 2145
0o -1 0 1 258. 467 469 . 471 956 317  .488
o 1 0 1 645 1196 1624 1869 3456 4646 4165
0o -1 0 -1 182  350. 434 500, 731 415 510
o 1 o0 -1 345 613 738 804 1440 1423 1812
0 0 0 0 207 429 488 524 917 838 1099
0o -2 1 0 167 336 339 . 358 653 379 553
o .1 1 0 259 381 516 - 593 1443 1298 2065
0 0 1 -1 177. 368 376 411 779 790 1065
o o 1 1 185 356 378 437 1061 945 1797
0 0 o0 O 235 385 459 535 825 926 1120
¢ 06 0 o0 196 422 495 - 545 1131

859 967

5.1.2 Prediction-of the Efflucnt S5

Once the ‘coekficients of the assumed empiriéél model are

. -~
estimated, the model represented by Eg. {(4.1) can be used to

predict any combination of variables.

Each group of 15 cqnsﬁants shown in Table (5.2) were Sub-

stltuted In Eq. (4.1) to glve an empirlical model for each
™~
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Table 5.2 : Regression Coeffliclents for the Empirical Model

- -

Coeff- : Sludge level (%)

icients = .
11 21 32 43 53 64 75

Bo ' 212.7 412.0 480.7 534.7 '867.0 910.3 1116.7
Ba 90.8 95.8 91.1 151.8 '172.3 269.7 78.3
Ba 83.0 156.7 226-4- 244.5 490.2 708.2  805.1
Ba . -61.8 -84.4 -104.8 -109.1 =-23.0 -121.3 35.1
B ' 68.2 120.8 T196.8 208.1 422.2 603.0 540.0
Baa -85.2 _-208.2 -144.0 -21.6 -233.2 ~127.7 =-233.5
Bzaz 34.3 ° 93.3 108.2 64.9 218.3 135.3 1009
Baa 35.3 -19.0 -52.0 15.0 -64.7 -199.0. -82.6°
Bea ~59.0 105.7 170.7 164.3 386.8 516.3  441.3
‘Bz 5.0 53.3 87.8 20.5 113.3 226.0 164.5
Baa' 9.8 -1.8 15.3  42.8 3.8 -47.0 31.3
Baa -7.8 19.0 125.8 90.3 51.5 323.5 -87.3
Bzas -32.0 -83.3 -42.3 =-31.0 4.0° 33.3 103.0
Bz« 56.0 116.5 212.8 273.5 447.8 830.3 593.8
Baa -110.8 -146.8 -188.3 -182.0 -329.3 -438.3  -190:5

sludge level in the tank. To estimate the effluent SS con-
centration for a given combination of wvariables, only the

coded values of the variables could be substituted in Eg.

N

(4.1).

Using Table (5.2) and the model (4.1), the effluent SS
concentrations were” estimated for all Bl.possible cdmbina-

tions of” variables at all 7 %ludge levels in the tank. The
. <

results are presented.in Table (5.3).

-

In a few particular cases the medel predicts negative val-

ues for the efflueﬁt Ssifoncentration. 211 predicted nega-
tive values are assocliated with the combinatlons of vari—‘
ables involving Vv = 15 L (i.e., X2 = {l). This means that
the fiushed volume V = 15 1 creates little 1f any turbulence

inside the tank. Those few negative values were ignored and

replaced by zeros in Table (5.3).
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Table 5.3 : Predicted Effluent S5 Concentration (mg/L) .-

. w

Coded ?ariaﬁles

Sludge ievel (%)

Xa

64

X2 Xa X 11 21 32 43 53 75.
-1 31\ -1 -1 0 51 365 476 404 703 499
-1 -1\ -1 0 68 77, 241 338 269 75 282
-1 =1 -1 1. 258 315 458 529 908 478 947
-1 -1° 0 -~k 32_ 217 528 522 767 1233 673
-1 -1 0 0 0 97 215 202 303 166 265
-1 -1 0 1 72 188 244 211 613 132 740
-1 -1 1 -1 139 346 ° 586 598 1001 1365 682
-1 -1 1 0 0 78 85 96 207 0 83
-1 -1 1 1 0 23 0 0 188 0 368
-1 0 -1 -1 16 28 225. 393 110 187 342
-1 0 -1 0 144 171 314 528 424 388 718
-1 0 -1 1 389 525 743 °992 1510 1622 1978
-1 0 0 -1 20 111 345 408 478 750 TN6L9
-1 0 0 o0 37 107 246 361 462 513 805
-1 o0 0 1 172 314 487 643 1219 1309 1873
-1 0 1 -1 94 156 361 453 715 915 731
-1 0 1 o 0 5 74 224 370 240 726
1 0 1 1 25 66 127 325 798 597 1604
-1 1 -1 -1 104 191 301 439 254 0 387
11 -1 o0 288 451 603 848 1015 973 1357
1 1 -1 1 590 921 1245 1586 2549 3037 3210
1 1 0 -1 76 191 379 423 625 S37 766
-1 1 0 0 145 304 492 650 1057 1130 1546
-1 1 0 1 34 628 947 1206 2262 2756 3208
1 1 1 -1 119 153 353 437 867 735 981
-1 1 1 0 81 119 278 482 969 890 1570
-1 1 1 1 161 296 544 856 1845 2078 3042
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Table 5.3 : (Continued) .-
Coded t}arli.ablses R ' Sludge level (%)
Xz Xz Xa’  Xa 11 21 ° 32 43 .53 64 75

-1 -1 -1 165 286 371 496 641 598 702

0
0 -1 -1 0 229 331 373 448 557 293 398
0 -1 -1 1 411 588 716 729 1248 1020 976
0 -1 0 -1 211 450 _ 543 585 1008 1081  $07
0 -1 0 0 164 349 362 355 595 - 337 412
0 -1 0 1 235 459 S17 454 956 626 800
0 -1 1 -1 327 577 623 704 1245 "1166 947
0 -1 1 0 169 328 248 292 503 0 262
6 -1 1 1 130 292 214 209 535 0 459
0 o0 -1 -1 150 316 319 433 461 308 710
0 0 -1 0 310 477 533 659 825 833 999
0 0 =1 1 548 851 1089 1213 1964 2390 2171
0 0 0 -1 204 397 455 491 832 824 1018
6 0 0 0 213 412 481 535 867 9T0 1117
0 0 0 1 340 638 848" 907 1676 2030 2098
‘0 0 1 -1 288 440 288 440 486 579 1073
- 0 .0 1 0 186 309 324 441 779 590 1069
0o 0 1 1 203 388 503 63%L 1259 1271 1860
0 1 -1 -1 283 532 483 500 717 288 919
0 1 -1 0 459 811 910 999 1530 1643 1802
0 1 -1 1 753 1300 1679 1827 3116 4031 3567
0 1 0 -1 265 530 577 527 1092 837 .1330
0 1 0 0 330 662 815 844 1576 1754 2022
c 1 0 1 51 1005 1396 1490 2832 3703 3597
0 1 -1 317 491 566 584 1338 988 1576 .
0 1 1 0 271 475 616 719 1492 1467 2078
0 11

344 672 1008 1183 2419 2978 3462
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Table 5.3 : (Continued)

Coded Varliables .~ -'. Sludge level (%)

X2 X2 Xa Xa 11 21 32 43 53 64 75

-1 -1 -1 164 102 90 473 411 238 439
220 166 217 515 380 256 47
-1 -1 1 394 442 686 886 1122 1307 538

e S
1
'_l
|
|_I
o

-1 o -1 . 219 265 283 . 604 782 673 675
165 - 182 ,222 465, 421 253 83
-1 0 1 228 321 502 654 834 866 383

e b
1
}—l
(o]
o

1 -1 1 -1 345 389 372 766 1023 711 746
1 -1 1 0 180 160 122 445 333 0 0
1 -1 1 1 133 142 215 452 417 27 83
1 0 =1 -1 - 194 185 125 430 345 173 - 611
1 0 -1 0 306 366 465 746 761 1022 - 813
10 -1 1 536 758 1147 1391 1950 2903 1897
6 0 -1 217 265 276 531 719 642 950

1 0 0 o0 218 299 428 665 806 1052 962
1 6 0 -1 338 544 921 1128 1667 2495 1856
1 0 1 -1 311 306 323 662 965 713 1124
1 0 1 0 202 193 286 614 722 635 945
1 0 1

1 . 210 292 591 894 1253 1690 1649

1 1 -1 -1 292 455 377 518 715 379 984
-1 0 460 752 930 1107 1578 2058 1780
-1 1 746 1261 1824 2025 3216 4769 3458

=
-

-1 283 451 486 587 1093 881 1427
341 602 850 995 1628 2122.- 2032
1 516 964 1556 1731 2936 4395 . 3520

=

F“I—‘l"‘
1

OO0
o

1 -1 345 410 490 687 1342 986 1704
1 0 292 413 666 913 1548 1788 2119
1 1 357 629 1184 1467 2527 3623 3416

(Y
e

Y

$5.1.3 Comparison Between Measured and Predicted ss

-

The measured effluéﬁt SS for the designed comblnations of

-~

variables, and thelr corresponding predicted values (l.e.,

using the empirical modg}) are plo@ted in the same figure

.\
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for each combiration of wvariables for comparlson purposes.
The flgures are presgpted in Appenéix‘B. Comparing the me&—=
.sured and the predicted values in Appendix B it can be seen
that In most cases the agreement between the measured and
the_predicted values 1s acceptable. _

'For comparlison purposes, a iine of best fit was drawn for

each of the measured and the predicted values for each com-

bination ¢f variables as shown in Appendix B.

5.1.4 Sensitivity Analysis

By varying one variable and keeping all other variables

constant, the effect of the variabié on the .effluent- sS
could be analyzed. This could be done using thelpredicted
values presénted eailier in Table (5.3) or simply by compar-
ing tﬁe figures obia;ned from'thej experimental work, pfe-
sented in Appendix-i. The latter‘choice is selected.for the

following discussion. ¥

5.1.4.8Effect of the Bottom Slope (S)

" By comparing Figs. (A.1-6) “for the bottom slope s = flat,
and their corresponding Figs. (A.7-10) for S = l:l; it can
be séen that the bottom slope affects the effluent SS espe-
cially at low sludge levels. For instance, the effluent SS
was almost doubled when the slope S was changéd from f£lat to

1:1.
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5.1.4,2 Effect of the Flushed Volume (V)

The flushed volume V = 45 L created the highest turbulence
- in the tank, and hence the concentration of S8 in the efflu—_
ent was very high.. However, V = 15 L created in most dases
Little turbulence 1f any, and hence the concentration of SS
sent into the effluenf pipe‘yas' very?low. This is clearly
:shown by comparing Figs. (A.3, A.9, A.ls, All?, A.19, A.21)
with Figs. (A.4, A.l0, A.lS,IA.ls, A.20, A.22), respec-

Cively.

5.1.4.3 Effect of the Inlet Location (D) p .
S

The turbulence created by varying therinlet location was
not found to have a significant effect. It was found that as
the inlet was ﬁoved closer to the bottom of the tank, and
the tank was fllled with sludge, the disturbance ¢f the de-
posited solids becaﬁe negligible. This is Erobably due to
_the weight of the material above the inlet. The sludge scems
to dissipate the turbulence and absorb moét of the kinetic ;
energy. The above point 1is illustrated by comparing Figs.
(A.1, A.7, A.13, A.15, A.16) with Figs. (A.2, A.8, A.23,

A.21, A.ZZLF;respectively.
5.1.4.4 Effect of the Outlet Location (L)
The outlet - location was found to be the most critical of

all studﬁqg variables. By comparing the effluent SS concen-

tration for L = 0.1 mand for L = 0.5 m, 1t is clearly seen
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that the highest effluent SS concentratlon obtained in the
experimental study was for the combinations of variables in-
volving L = 0.5 m. The figﬁres that can be compared are

Figs. (A.5, A.11, A.13, A.17, A.18, A.23) with Figs. (A.6,

A.12, A.14, A.19, A.20, A.24), respectively. ’

5.1.5 Relation Between Effluent and Tank SS
4

In an actual interceptor tank different qﬁantities of
wastewater are flushed. Alfhough volumes of wastewater
flushediinto the tank can be greater than 15 L, they are not
as frequent as volume of 15 L, as it can be seen from Table
(2.2). Based 6n this fact, only the volume of 15 L is used
- in the analysis that follows. However, the same procedure
presented in the following sections can be applied for the
volum%§ of 30 and 45 L.

The values of the-effluent SS concentrations for all com-
binations invelving ¥ = 15 L (l.e., Xz= -1) presented ear-
lier in. Table (5.3) were fitted to different mathematical
expressions for the effluent and tank SS concentrations.
Linear, logarithmic, exponential, and power regressioﬁs wefe
te;ted on the plotted pcints. Based §n the correlation coef-
ficient.fR), the power regression was found to describe best
the relation between effluent and tank SS concentrations.

The power regression has the following form:

Cxee = @ Cz2P (5.1)

where e and B are the regression constants
Cxece = effluent SS concentration in mg/L
Cr = tank nominal SS concentration in ¢g/L

-~
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Typical curves for v = 15, 30, and 45 L are shown in Flg.
(5.1): The coefficlents @, B, and R for the g;wer regresslion .
‘are presented 1in Table (5.4) for ail combinations of vari-
ablgs involving v = 15 L.

— _
\Téble 5.4 : Regression Coefficients for the Power Curve

Coded Variables

X1 Xz X3 Xa 4 B R
-1 -1 -1 -1 0.001 3.17 0.92
1 -1 -1 o 1s.se¢‘w’,easo 0.57
-1 -1 -1 1 48.96 0.62 0.87
-1 -1 0 -1 0.73 1.67 0.94
-1 -1 0 o0 0.007 2.52 0.85
-1 -1 o0 1 9.38 0.86 . 0.72
-1 -1 1 -1 12.44 1.01 0.92
-1 -1 1 o 0.35 1.16 ©0.35 .
1o-1 11 0.01 1.68  0.43
0 -1 -1 -1 24.57 0.76 0.99
0 -1 -1 0 132.44 0.27 0.63
0 -1 -1 1 113.62 0.51 0.93 X
0 -1 0 -1 29.09 0.81 0.96
0 -1 0., 0 67.28 0.44 0.78
0 -1 0 },1 57.16 0.59 0.88
0 _i,_z%/,_l §7.73=  0.63 0.93
0 - 0 3587 ~0.89 0.28
0 -1 1 1 1230 Z0.61 0.19
1 -1 -1 -1 20.67 0.64 0.62
1 -1 -1 0 429.30  -0.19 0.17
1 =1 -1 1 117.76 . 0.48 6.70
-1 0 -1 - 30.67 0.71 0.91 (::*F
1 -1 0 0 155.57 0.10 °  0.12
1 -1 0 1 58.24 0.57 0.77
1o-1 1 -1 81.13 0.52 0.82
1 -1 1 0 204345  -2.23 0.57
T -1 1 1 381.17 -0.25 0.17

LY

e The expression (5.1) describing the relation beEween Cxer

and Cr will be used in the following section, and it will be
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F{‘ &

combined with the mass balance equation to determine how the
BN

—
i effluent and the tank SS concentratlons vary with time.
. . :
~» 2000 } 3
N ‘ -
E’ ;. a= (V=151 Cey =166 Cr°*° R=057
S 00 | 2= (V=30D)Cey =100 =092
5 x = (V=45 [) Cesy =38.4 Cr®® R=10.99
O : X
¢ 1200 }
c
o
o
v 800 |
v
< _
E 400 |
iy A -
b t = 1 ! ! 1 ! C i . " PO
O n A“ " " " o - A & P S Y P S Y n L e PRt
0 10 - 20 30 40 50 60 70 80 90 100

Tank S S Cone. ¢r (g/D)

Figure 5.1: Plot of the predicted Values
e +  of the Effluent S S Conc.
(S= flat, D= 0.1m, = 0.3 m)

5.1.6 Determination of the Rate of Accumulation

~5.1.6.1 Assumption of the Inlet SS

The concentratié? of S$S entering the interceptor tank dif-
fers from place to‘place and time to time. It is very dlffli-
cult to define a constant valuekof inlet SS concentration to
be a general case. The assumption that the Inlet SS§ concen-
tration Is constant .only applies to the average value

throughout the designed lifetime of the tank. In the analy-

sis that follows, different inlet SS concentrations were as-

b
.
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. ) _
sumed. values of 200, 400, .and 600 mg/L were selected

(Metcalf & Eddy, 1979).

5.1.6.2 Assumption of the Rate Constant K

-
/ i

The rate of digestion, r, can be defined in fhis study as‘
the réﬁé of loss of SS within the system. SS§ tan be digested
by microorganisms and transformed into gages,' such as
methane and hydrogen sulfide or be transformed into dis-
solved solids.

The rate constant, K, in Eg. (3.39) is very critical in
.determining-the rate of accumulation of SS in the tank. A
proper selection of K based on experimental studies glves a
realiétic accumulation of SS in the tank. Since the value of
K is . not avallable in the 1literature, 1t is assumed to be
zero.

Ignoring the aﬁount of - suspended so0lids that will be
transformed into Eoluble s0lids or gases by anaerobic diges-
tion (i.e., assuming K= 0) is not expected to have a signif-
icant influence on the relative ranking of desludging inter-
vals for each tank geometry; The amount of solids that is
transformed is proportional to the ameocunt of solids in the
tank. The fraction of solids transformed per day will be the
same for each tank unless there 1is a differential rate of
washout of degradable and nonbiodegradaﬂle solids. There 1is
no reason to assume that degradable suspended solids will
leave the tank at a rate different from nondegradable sus-

pended solids. Therefore, the decrease in suspended solids
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due to anaerobic digestion will Lé;;ﬂ;o an equal percentagé
increase In solids accumulation ﬂkﬁ//for two tank geometries
compared for the same number of days. The relative ranking
of the two geometries vis-a-vis time to reach a given efflu-

ent solids conceﬁ%ration will not change.

-

5.1.6.3 Application of the Mass Balance Eguatlon

As dlscussed in Chapter 3 the mass balance equation can be

\
expressed in terms of Czxee and Cr only. Although the inlet

SS- to the tank could vary significantly, for convenience it
is assumed to be constant.

As discussed in Section {(5.1.5) the relation between Czxese
and Cr was found to have the forﬁ expréssed by Eé. (E.1).

- L]
Substituting Egq. (5.1) into Eqg. (3.39), and replacing C by

Cep, yields :
Cin a Coh _ dC~ (5.2)
1000 1000 dt ' ST

v

Cim is expresgsed in mg/L, Cr in g/L, and t in days (4d}.
-The number 1000 was used Iin Ehis eguation to make it
dimensionally constant. Since the tank was designed on a 24-
hour hydraullc retention time, ta was replaced by 1.

The differentlal equation represented by Eg. (5.2) was
solved numerically since an exact solution cannot be ob-
talned. The Runge—K;tta method was selected for this pur-
pose. The program listing and a 'sample computer output s

presenteg#£;~’hppendix F. The tank and the effluent S5 Con-

centrations were obtained for different periods of time.

—
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Table 5.5a : Time Requlired to Reach Cmzece (Days)
{(case when Cain = 200 mg/L)

Coded Variables Ceee'criterion (mg/L)}
Xz Xz Xz Xa 20 40 60 80 100 120 140
-1 -1 -1 -1 115 150 175 200 225 245 275
-1 -1 -1 o 10 25 55 95 150 230 350
-1 -1 -1 1 - 5 10 15 25 35 55
-1 -1 0 -1 40 60 80 100 125 145 175
-1 -1 0 0 120 165 200 235 270 305 350
-1 -1 0 1 15 - 30 50 80 110 155 205
-1 -1 1 -1~ 10 20 30 40 55 70 95
-1 -1 1 0 175 335 500 680 895 1145 1460
-1 -1 1 1 400 630 840 1050 1280 1535 1845
0 -1 -1 -1 5 10 20 30 45 65 95
0 -1 -1 0 - - - - - 5 15
0 -1 -1 1 - - - - 5 10 15
0 -1 o0 -1 5 10 15 25 35 45 65
0 -1 0 0 - - 5 10 20 35 55
0 -1 0 1 - - 5 10 20 30 45
0 -1 1 -1 - - 5 10 15 20 30
0 -1 1 0 - - - - - - -
0 -1 1 1 - - - - - - -
1 -1 -1 -1 5 15 35 55 90 135 195
1 -1 -1 0 - - - - - - -
1 -1 -1 1 - - - - 5 10 15
1 -1 0 -1 - 10 15 25 40 55 80
1 -1 0 0 - - - - - - 5
1 -1 90 1 - - 5 10 20 30 45
1 -1 1 -1 - - - 5 10 20 30
1- -1 1 0 - - - - - - -
1 -1 1 1 - - - - - - -

Sample plots of tank SS concentration versus time, and ef-
fluent SS concentration versus time, for different inlet SS

concentrations, are shown in Figs. (5.2-7), respectively.



Table 5.5b

(case when Csn = 400 mg/L)

Time Required to Reach Czee {Days)

4 86

Coded Varlables

Cxee criterfon (mg/L)

Xa Xe 20

X1 Xa 40 60 80 100 120 140
-1 -1 -1 -1 60 75 85 95 105 © 110 115
-1 -1 -1 0 .5 10 25 40 .- 60 85 115
-1 -1 -1 1 - .- - 5 10 15 20
-1 -1 0 -1 20 (30 40 45 55 60 70
-1 -1 0 0 60 \80 95 110 120 135 145
-1 -1 0 1 5 15 25 35 45 60 75
-1 -1 1 -1 "5 100 15 20 25 30 35.
-1 -1 1 0 85 155 230 300 375 455 535
-1 -1 1 1 195 305 390 475 555 635 715

0 -1 -1 -1 - 5 10 15 20 25 30
6 -1 -1 0 - - - - - - 5
0 -1 -1 1 - - - - - - 5
0 -1 0 -1 - - 5 10 15 20 25
0 -1 0 0 - - - 5 10 15 20
0 -1 0 1 - - - - 5 10 15
0 -1 1 -1 - - - - - 5 10
0 -1 1 0 - - - - - - -
6o -1 1 1. - - - - - - -
1 -1 -1 -1 5 10 15 25 35 50 65
1 -1 -1 0 - - - - - - -
1 -1 -1 1 - - - - - - 5
1 -1 0 -1 - - 5 10 15 20 25
1 -1 0 0 - - - - - - -
1 -1 0 1 - - - - 10 15
1 -1 1 -1 - - - - - 5 10
1 -1 1 o - - - - - - -
1 -1 1 1 - - - - - - -

This procedure was repeated for all combinations of vari-

ables presented

the time

requlred was

obtalned

and presented

~

in

in Table (5.4). For d;fﬁerent Czee criteria

Tables

(5.5a-c) for all threé cases of inlet SS concentrations.
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Table 5.5c : Time Required to Reach Czee (Days)
: (case when Cin = 600 mg/L)

-y

87

s

Coded Varliables ’ Ceee criterion (mg/L)
X2 Xz Xa Xa 20 40 60 80 100 120 140
1 -1 -1 -1 . 40 50 55 60 65 70 15
-1 -1 -1 o0 5 ‘10 15 25 40 50 70
-1 -1 -1 1 - - - - - 5 10
-1 -1 0 -1 15 20 25 30 35 40 45
-1 -1 0 0 40 55 65 70 8¢ ~ 85 90
-1 -1 0 1 5 10 15 20 30 35 45
-1 -1 1 -1 - - 5 10 15 20 . 25
-1 <1 1 0 . 55 105 150 195 ° 240 285 330
-1 -1 1 1 130 266--255 310 355 405 450
0 -1 -1 -1 - - - 5 10 15 20
6 -1 -1 0 - - - - - - -
0 -1 -1 1 - - - - - - -
0 -1 o0 -1 - - . 5 10 15
0 -1 0 © - - - - 5 10
0 -1 0 1 - - - - - 5 10
0 -1 1 -1 - - - - - - 5
0 -1 1 0 - - - - - - -
0 -1 1 1 - - - - - - -
1 -1 -1 -1 - 5 10 15 25 30 .40
1 -1 -1 0 - - - - - - -
1 -1 -1 1 - - - - - - -
1 -1 0 -1 - - - 5 10 15
1 -1 0 o0 - - - - - -
1 -1 0 1 - - - - - 5 10
1 -1 1 -1 - - - - = - 5
1 -1 1 o0 - - - 7/’" - - -
1 -1 1 1 - - - L - - -
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5.1.6.4 Selection of a Convenient Comblnation of Yariables
for a Practlical Design Case -~

In developing countries and in'many isolated communities
in developed countries; the septic ggnk is still used with
the subsurface absorption Eield as a means of treating do-
mestic wastewater. In many communities, however, the subsur—
face absorption field has been replaced by small;;ore sew-
ers. Since t?g—seugzi/fnizi\zhe ability to transport\col-
loidal and fine solid partic\es, some inexpenslve modifica-
tions to' thg=sept1c tank co#ld be incorporated. For in-
stance, Ehe. 1ocations of the inlet and the outlet pipes'
could be' modified. The inlet pipe may be placed in the cen-
teﬁ withiQ a gjven distance from the bottom of the tank. For
new constructed homes in isolated communities, a bottom
slope could be included in the design of the interceptor
tank as well. This has the advantage of accumulating the
sludge in the center and increases the effluent $S concen-
tration at the beginning period of the tank operation.
~~—The selection of a convehient combination of variables
éor a practical design case must be based on the information
of the maximum loading capacity of small-bore sewers. This
information, unfortunately, 1s not available. Based on the
longest period of time required to reach Czzc deslgn crite-
rion, combinations of variables X;f -1, Xa= 1, Xe= 0 (i.e.,
S= flat, D= 0.5 m, L= 0.3 m) or, Xa= -1, Xa= 1, Xa= 1 (i.e.,
S= flat, D= 0.5 m, L= 0.5 m) can be sel-ecteld from Tables

(5.5a-c).
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5.2 SETTLING ANALYSiS OF THE EFFLUENT AND THE TANK OM

L

The settling column as described in Section (4.2.1) and

£
shown In Fig. (3.2) was used to test the settling character-
istics of ' the effluent and the tank OM. The figukes of the

settling column tests are presented in Apﬁendix D on which
. ,

-

" the following discussion is based.

' . ) r

5.2.1 Settling Characteristics of the Tank Effluent

The purpose of these tests was to study the quality of the

effluent in - terms of the settling characteristics of the

solids. It was found that the solids in the efffﬁent afe

only fine solld particles for low sludge leyels. in the tank.

However, as the sludge 1level in the tank lIncreased heavier

particles were <carried out 1in the effluent since the sett-
ling chéraqteristics deteriorated. This is clearly seeﬁ when
comparing, for instance, Figs. (D.4, D.5, and D.6) for the
sludge levels 21%, 43%, and 64%, réspectively.

The settling characteristics of the solids in the effluent
are very lmportant in extending the designed lifetime of the
small-bore sewers. The settling of fine sclid particles on
the invert of the sewer plpes is less likelv to occur. This.

has many advantages such as minimizing the chance of pipe

clogging, and reducing the frequency and hence the cost of

maintenance.
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5.2.2 Settling Characteristics of the Tank OM

LY

5

TEe'puerse of these tests was to check the quaiity of the
tank OM. To lnsure that tﬂe OM has approximately the same*
setfling characteristics for all exﬁerimental runs, the set-
tling column test was also performed on a random basis.

The results of the five tests performed on éhe tank OM are
shown in Figs. (D.10;l4). The settling curves gf the tank OM
shown in part (b) "of these figures are very close to each
other. The conclusion that can be drawn is that %he settling
characterlstics of the tank OM can be.consihered to be rea-

by
sonably the same for all experimental runs.

v
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CHAPTER 6

CONCLUSIONS

NS

i e
From this study the followlng‘conclusions can be made:

-

-

1. The bottom slope of the;tank was found to affect the ef-
fluént SS malnly at low sludge levels. By making the bottom
slope steeper, the effluent 5SS almost doublzd.:

2. High flushed volumes into the tank created a lot of tur-
bulence and hence the effluent S5 concentration wa very-
high. The volume 15 L Wwas found to.creat;ktig§le turbulenﬁgi
inside the tank and h%ﬁpé the effluent $§ was very low. \\;}¥/’

3. The inlet location was not found to be critical, espe- i
Sially at high sludge 1levels. The disturbance in the tank
decreased as the inlet was moved closer to the .bottom and

+

the tank was filled with sludge.

4. The outlet location significantly affected the effluent
SS. As the outlet was moved <closer to the center of the
tank, the effluent SS concentration increased dramaticalix.

5. The power }egression was found to best describe the re-
lationship betweén the effluent and the tank SS Concentra-
tion. . ” ‘ -

6. For the longest sludge accumulétion time, the inlet and
the outlet 1locations can be selected to be 0.5 m and 0.3 m,

or 0.5 mand 0.5 m, respectively. This assumes that the
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small-bore sewer can handle the SS concentration that will
exit the tank. _ . o

7. The settling velocitles of the particles ‘in the effluent
were very low cpmpared with the seEtllng velocities of those
in the ‘tank. It took longer periods of time for the parti-
cles in the effluent to settle. This means that only fine

and celloidal solid particles were exiting the tank. Larger

and heavier particles were left in the tank. This minimizes

the settling of solid particles in the sewers, and extends

their designed lifetime.

I

/



S6

CHAPTER 7

RECOMMENDATIONS FOR FUTURE, RESEARCH

The experimental work described,e%rlier méy/be extended 1%‘
the future and more information c&uid be gathered, concern-
ing the performance of the interceptor tank under’E&nditlons
other than described‘here in this preject. For Instance,
tanks with larger and/or smaller volumes may be tested. It
Is also advisable to carry out an experimental research to
test the maximum 1qading capacity of small-bore sewers.
Speclfically 1£ the maximum allowable concentration of SS in
the system can be determined, then detailed design criteria
for interceptor tanks can be established. Different pipe
sizes'@ay be "tested for this purpose.

There is _alsﬁ the possibility of using computer' programs
to analyze small-bore sewer systems. Ihterceptor tank inputs
resulting from this experimental work could be introduced
into the program to determine the ability of small-bore

sewer system to handle the combined 1load from a series of

interceptor tanks.
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APPENDIX A

FIGURES OF THE EFFLUENT SS CONCENTR.TION VS TANK SS

Note: Tank SE& ils a nominal concentration based on the total

.

mass of solids in the total volume (See Table (4.2)).
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Figure A.2 : Effluent S.S Conc. vs Tank S.S Conc.
(S= flat, V=30 1,D=0.1m, = 0.3 m)
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Figure A3 : Effluent S.S Conec. vs Tank S.S Conc.
(S= flat, V=151, D= 0.3 m, = 0.3 m)
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Figure A.4 : Effluent S.S Conc. vs Tank S.S Conc.
(S= flat, V=451,D= 0.3 m, = 0.3 m)
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Effluent S.S Conc., Cess (mg/1)
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Figure A5 : Effluent S.S Conc. vs Tank S.S Conc.
(S= flat, V=30 1,D= 0.3 m, I= 0.1m)
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(S= flat, V=301,D= 0.3 m, l= 0.5 m)
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Figure A8 : Effluent S.S Conc. vs Tank $.5 Conc.
(S=1:1,v=301,D=0.1m, = 0.3 m)
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Figure A.9 : Effluent S.S Conc. vs Tank S.S Conc.
(S=1:1, v= 151, D= 0.3m, I= 0.3 m)
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Effluent S.S Conc., Cgss (mg/1)
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Figure A.11: Effluent S.S Conc. vs Tank S.S Cone.
(S=11,v=301,D=0.3 m, = 0.1m)
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Figure A.12: Effluent S.S Conc. vs Tank S.S Conc.
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Figure a.22: Effluent S.S Conc. vs Tank S.S Conc.
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Figure A.24: Effluent S.S Conc. vs Tank S.S Cone.
(S=12,V=301D=0.5m, = 0.5m)
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APPENDIX B

i

COMPARISON BETWEEN MEASUREb AND PREDICTED EFFLUENT SS

!

Note: Tank SS is & nominal concentration based on the total

mass of solids in the total volume (See Table (4.2)).
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Figure B-1: Plot of the Measured and the Predicted S.S Conc.
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Figure B.3 : Plot of the Measured and the Predicted S.S Conc.
(S= flat, V=151, D= 0.3 m, I= 0.3 m)
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Figure B.4 : Plot of the Measured and the Predicted S.S Conc.
(S= flat, V=451,D= 0.3 m, [= 0.3 m)
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Figure B.7 : Plot of the Measured and the Predicted S.S Conc.
(S=1:1,V=301,D0=0.5m, l= 0.3 m)
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Figure B.8 : Plof of the Measured and the Predicted S.S Conc.
(S=1:1,v=301,D=0.1m, = 0.3 m)
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Figure B.10: Plot of the Measured and the Predicted S.S Conc.
(S=11,v=45,D=0.3m, = 0.3 m)
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Figure B.11: Plot’ of the Measured and the Predicted S.S Conc.
S=11,v=30,D=0.3m, l=0.1m)
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Figure B.12: Plot of the Measured and the Predicted S.S Conc.
(S=11,v=30,D=0.3m, =05 m)
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Figure B.13: Plot of the Measured and the Predicted S.S Conc.
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2000

1500

1000

S00

2500

I

C = Measured _ O
& = Predicted :

TV I S S S S ST S PR GRS (U ST SR R NI S

10 20 30 4 50 60 70 80 90 100
Tank S.S Cone.,Cr  {g/1)

Figure B.14: Plot of the Measured and the Predicted S.S Conc.
(S=12,Vv=301,D=0.1m, = 0.5 m)
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Figure B.15: Plot of the Measured and the Predicted S.S Cone.
(S=1:2,V=151,D=0.1m, |= 0.3 m)
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Figure B.17: Plot of the Measured and the Predicted S.S Conec.
‘ (S=1:2,v=151,D0=0.3m, I= 0.5 m)
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Figure B.18: Plot of the Measured and the Predicted S.S Conec.
(S=12,v=451,D=0.3m, l= 0.5 m)
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Figure B.21: Plot of the Measured and the Predicted S.S Cone.
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Figﬁre /B.23: Plot of the Measured and the Predicted S.S Conc.
(S=12,v=301,D=0.5m, = 0.1m)
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Figure B.24: Plot of the Measured and the Predicted S.S Conc.
(S=12,v=301,D=0.5m, = 0.5 m)
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APPENDIX C

DATA FOR THE SETTLING COLUMN TESTS

SAMPLE CALCULATION

The settling column used is shown in Fig. (3.2), and des-

cribed in Secticon (4.2.1).

B
The initial S5 concentration was calculated based on the

average value of SS concentration in the 4 taps.

(Initial SS conc.) - (58S conc. at time= t)
%88 Setl. = * 100
(Initail SS conc.)

( 1.1 89 - 88 . 100y
e.qg. - = e
g-, -

Avg. %5S Setl. = (%SS Setl. at Tap#l + %SS Setl. at Tagﬁz +
$SS Setl. at Tap#3 + %SS Setl. at Tap#d)/

(e.g., 12.4 = (1.1 + 15.7 + 21.3 + 11.2)/4)

In the following tables the SS concentration is expressed

in mg/L.



Table C.1: Settling Columnn Analysis of the Tank Effuent

(S= flat, Sludge Level= 21%)

(V=301 D= 0.3 m, L= 0.1 m)

Tap#1 Tap#2 Tap#3 Tap#4 Ave.
Time{ SS |%SS| S5 |%SS| SS |%SS{ SS | %SS| %SS
{min) | Conc. | Setl. | Conec. | Setl. | Cone. | Setl. | Cone. | Setl. | Setl.
0 89 0.0 89 0.0 39 0.0 89 0.0 Q.0

5 88 1.1 75 15.7 707 21.3 79 11.2 | 124
15 S4 5.6 G4 25.1 76 146 70 213 | 174
25 74 16.9 T4 16.9 3 18.0 a5 38.2 |.22.5
40 69 225 83 6.7 Tl 20.2 42 528 | 25.6
GO 67 247 70 21.3 72 19.1 67 24.7 | 22.5

Table C.2 : Settling Column Analysis of the Tank Effiuent
(S= flat, Sludge Level= 43%)
(V=301 D= 0.3 m, L= 0.1 m)

Tap#1 Tap#2 Tap#3 Tap#4 Avg.

Time | SS |%SS| SS |%SS| SS |[%SS| SS | %SS | %SS
(min) | Conc. | Sctl. | Cone. | Setl. | Conc. | Setl. | Conc. | Setl. | Setl.
0 237 0.0 237 0.0 237 0.0 237 - 0.0 0.0
5} 215 9.3 220 7.2 226 4.6 237 0.0 5.3
15 204 13.9 | 217 S5.4 215 9.3 215 9.3 | 10.2
26 167 | 205 | 190 198 | 205 | 13.5| 216 89 | 17.9
40 191 | 194 | 225 a.1 188 | 20.7| 188 | 20.7 | 16.5
60 161 19.4 { 220 7.2 232 2.1 214 9.7 9.6

Table C.3 : Settling Column Analysis of the Tank Effuent
(S= flat, Sludge Level= 64%)
(V=301,D=0.3m,L=0.1m)

Tap#1 Tap#2 Tap#3 | Tap#4 Avg.

Time | SS |[%SS| SS |%SS| SS |%SS| SS |<%SS| %SS
(min) | Conc. | Setl. | Conc. | Sctl. | Cone. | Setl. | Cone. { Setl. | Setl.
0 527 | 0.0 | 327 | 0.0 | 527 | 0.0 { 527 { 0.0 | 0.0
S 409 | 224 | 419 | 20.5 | 4S80 8.9 468 | 11.2 | 15.7
15 381 | 27.7| 394 | 252 | 411 | 2201 420 | 203 | 23.8
25 364 | 309 | 363 |31.1] 392 | 256} 390 | 26.0 | 28.4
40 376 | 28.7| 373 | 292 388 |26.4| 374 | 29.0| 28.3
60 343 | 349 | 359 |31.9) 366 | 30.6| 345 | 34.5| 33.0




Table C.4 : Settling Column Anélysis of the Tank Effluent
&

(S= 1:2, Sludge Level= 21%)

(V=1301, D= 0.3 m, L= 0.3 m)
' <

Tap#l Tap#2 Tap#3 Tap#4 Avg.
Time | S§5 | %SS| SS [%SS| SS |%SS| SS | %SS | %SS
{min) | Conc. | Sctl. | Conec. | Setl. { Conc. | Sctl. | Conc. | Setl. | Sctl.
0 332 0.0 332 0.0 332 0.0 332 0.0 0.0
) 249 | 25.0 | 260 | 21.7 | 2¢3 | 17.8§ 285 | 1424 19.7
15 235 | 20.2 | 219 340 | 246 | 25.9 | 260 | 21.7 | 27.7
25 245 1 26.2 | 233 | 23.8} 257 226 | 253 | 238 | 241
40 250 | 24.7 | 240 | 277 | 252 | 241 | 248 | 253 25.5
60 235 292 243 [ 268 | 243 | 268 | 231 |30.24 | 28.3
Table C.5 : Settling Column Analysis of the Tank Effuent
{S= 1:2, Sludge Level= 43%)
(V=301 D=03m, L= 0.3 m)
'i"ap#l Tzip#‘E - Tap#3 Tap#4 Avg.
Time | SS | %SS| SS [%SS| SS [ %SS| SS [ %SS | %SS
(min) | Conc. | Setl. | Conc. | Setl. | Conc. | Setl. | Cone. | Setl. | Setl.
0 455 0.0 435 0.0 455 0.0 455 0.0 0.0
5 353 | 224 | 414 9.0 455 0.0 438 3.7 8.8
15 %9 18.9 | - 409 10.1 | 400 | 12.1 | 402 | 11.6 | 13.2
25 S 299 | 339 | 255 390 143 | 378 |16.9 | 21.6
40 247 | 457 279 | 387 ] 315 | 30.8| 299 343 374
60 232 1490} 232 |49.0 | 275.{396: 271 | 404 | 44.5
Table C.6 : Settling Column Analysis of the Tank Effluent
‘ (S= 1:2, Sludge Level= 64%)
(V=301,D=03m, L=0.3m) .
Tap#1 Tap#2 Tap#3 Tap#4 - Avg.
Time | SS |%SS| SS |%SS| SS |%SS| SS | %SS | %SS
(min) | Conc. | Sctl. | Conc. | Setl. | Conc. | Setl. | Conc. | Setl. | Setl.
0 73 001 733 | 00| 733 [ 0.0 753 | 0.0 | 0.0
) 701 6.9 741 1.0 731 2.9 6v7 [ 10.1} 5.4
15 589 | 21.8 | 647 | 14.1| GG9 | 11.2 | 611 | 18.9 | 16.5
25 412 {453 | 538 [ 286 | 620 | 17.7| 595 | 21.0 | 28.1
40 269: | 0643 | 350 | 53.5 | 552 | 26.7 | 560 | 25.6 | 42.5
60 163 | 784 | 198 | 73.7} 290 |61.5| 364 | 51.7| 66.3
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Table C.7 : Settling Column Analysis of the Tank Effluent

(S= 1:1, Sludge Level= 21%)

(V=1301, D= 03 m, L= 0.1 m)
Tap#1 Tap#?2 Tap#3 Tap#4 Avg.
Time | SS [ %SS| SS [%SS| SS [%SS| SS | 9%SS | %SS
(min) | Cone. | Setl. | Conc. | Setl. | Cone. | Setl. Conc. | Setl. | Setl.
0 341 0.0 341 0.0 341 0.0 341 0.0 [-0.0
5 263 | 229 293 |14.1| 300 |120| 338 0.9 | 125
15 261 | 23.5| 261 | 23514 271 {205 282 [17.3 ] 21.2
25 249 1270 | 261 | 235 264 [ 226 267 | 21.7 ] 23.7
40 250 | 26.7 | 2060 | 23.8 | 257 | 24.6-| 250 | 26.7| 25.4
60 242 ) 29.0 | 255 | 252 | 254 [ 255 | 248 | 27.3| 268

Table C.8 : Settling Column Analysis of the Tank Effiuent
T (S= 1:1, Sludge Level= 43%)
(V=301, D= 0.3 m, L= 0.1 m)
) *
Tap#1 Tap#2 Tap#3 Tap#4 Avg.
Time | SS |%SS| SS |[%SS|{ SS [%SS| SS | %SS | %55
(min) | Conc. | Setl. | Conc. | Setl. | Cone: | Setl. | Cone. | Setl. | Setl.
0 408 | 0.0 | 408 | 0.0 | 408 | 0.0 |. 408 | 0.0 | 0.0
5 256 | 37.3| 334 |18.1| 38 |59 | 408 [ 0.0 | 153
15 239 | 414 | 266 /348 | 272 [ 333 200 [ 289 34.6
25 235 1449 | 254 [37.7] 232 |43.1] 267 | 34.6 | 40.1
40 193 | 52.7 | 216 | 471} 227 |44.4 ] 241 | 409 | 46.3
60 | 1S1 [55.6 | 228 | 44.1 | 239 | 4L.4 | 235 | 424 | 45.9
Table C.9 : Settling Column Analysis of the Tank Effiuent
(S= 1:1, Sludge Level= 64%)
(V=2301, D= 0.3 m, L= 0.1 m)
%

Tap#1 Tap#2 Tap#3 Tap#4 Avg.
Time | SS |[%SS| SS |[%SS| SS [%SS| SS | %SS | %S5
(min} | Conc. | Setl. | Conc. | Setl. | Conc. | Setl. | Conc. | Setl. { Setl.
0 839 | 0.0 | 839 | 0.0 | 839 | 0.0 | 839 [ 0.0 | 0.0
5 718 1144 | 713 | 150 680 |19.0| 687 | 18.1 | 16.6
15 963 [ 329 | 590 | 29.7] 634 | 244 | 630 | 24.9 | 280
25 496 | 409 | 520 |38.0] 541 | 355 | 557 | 33.6 | 37.0
40 ] 403 [52.0 | 472 |43.7| 3522 | 37.8 | 487 | 42.0 | 43.9
60 382 g 54.5 | 428 | 49.0 | 451 |46.2 ] 434 [48.3] 495
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Table C.10: Settling Column Analysis of the Tank OM
(S= flat, Sludge ch'c%= 43%)
| \

Tap#1 Tap#2 Tap#3 Tap#4 Avg.
Time | SS |%SS| SS | %SS| SS |%SS| SS | %SS | %SS
(min) | Cone. | Setl. | Cone. | Sctl. | Conc. | Setl. | Conc. | Setl. | Setl.
0 1491 | 0.0 | 1491 | 0.0 | 1491 | 0.0 | 1491 | 0.0 0.0
5 603 | 59.6 | 533 0643 | 492 |.67.0 | 783 | 47.5 | 59.6
15 216 | 85.5| 289 | 806 | 349 | 76.6 | 316 | 7S.8 | 80.4
25 148 ] 90.1{ 190 | 87.3 | 208 | 86.0 | 243 | 83.7| 86.8
40 98 934 143 | 904 191 | 87.2| 174 | 88.3 | 89.8
60 79 94.7 93 93.8 | 117 9822 115 | 92.3 | 93.2

P,

Table C.11: Settling Colwmn Analysis of the Tank OM

(S= flat, Sludge Level= 64%)

Tap#1 Tap#2 Tap#3 Tap#4 Avg.
Time | SS |[%SS| SS | %SS| SS |%SS| SS .| %SS| %SS
(min) | Cone. | Setl. | Conc. | Setl. | Conc. | Setl. | Conc. | Setl. | Setl.
0 633 0.0 633 0.0 633 0.0 633 0.0 0.0
5 236 | 62.7] 301 | 524 | 338 |46.6 | 388 | 38.7 | 50.1
15 116 | 81.7 | 133 | 79.0 | 188 | 70.3 | 189 | 70.1 | 75.3
25 93 | 853 | 109 | 828 | 113 | 821 | 148 | 76.6 | 81.7
40 T1 88.8 82 87.0 96 84.8 | 107 | 83.1 1 85.9
GO 64 89.9 71 88.8 86 86.4 91 85.6 | 87.7

I's



Table C.12: Settling Column Analysis of the Tank OM

{S= 1:1, Sludge Level= 21%)

137 |

Tap#1 Tap#2 Tap#3 Tap#4 Avg.

Time | SS |%SS| SS |[%SS| SS |%SS| SS | %SS | %SS
(min) | Conc. | Setl. | Conc. | Setl. | Conc. | Setl. | Conc. | Setl. | Sctl.
0 625 y 0.0 | G625 | 0.0 | 625 | 0.0 | 625 | 0.0 | 0.0

5 75 | 88.0| 167 | 733 | 196 | 68.6| 269 | 57.0 | 71.7
18»,| o6 [ 91.0| 76 |87.8| 69 |89.0| 81 | 87.0] 88.7
25 9 98.6 | 27 |95.7| 40 |93.6| 35 |944 | 956
40 1§ | 971 ] 37 [ 941 39 |93.8| 34 | 946|949
60 21 | 96.6 ] 23 |963| 49 |[922| 24 |962| 953

Table C.13: Settling Column Analysis of the Tank OM
(S= 1:1, Sludge Level= 43%)

Tap#1 Tap#2 Tap#3 Tap#t4d Avg.

Time | SS |%SS| SS [%SS| SS |%SS| SS | %SS | %SS
(min) | Cone. | Setl. | Cone. [ Setl. | Conc. | Setl. | Conc. | Setl. | Setl.
-0 1171 | 0.0 | 1171 | 0.0 1171 | 0.0 | 1171 | 0.0 0.0
o 402 | 65.7 631 {461 | 792 | 324 | 648 | 44.7 | 47.2
15 164 | 86.0 | 200 (829 | 317 | 729 315 | 73.1 78.7
25 117 | 90.0 | 126 | 89.2| 177 |84.9| 178 | S4.8| 87.2
40 T2 93.9 30 93.2 1 117 | 90.0 | 135 | 885 | 91.4
60 63 94.6 64 94.5 | 112 | 9G4 | 113 | 90.4 | 92.5

Table C.14: Settling Column Analysis of the Tank OM
{(S= 1:1, Sludge Level= 64%)

Tap#1 Tap#2- Tap#3 Tap#4 Avg.

Time | S5 |%SS| SS [ %SS| SS | %SS| SS | %SS| %SS
{min) | Conc. | Setl. | Conc. | Setl. | Conc. | Setl. | Conc. | Setl. | Setl.
0 645 | 0.0 | 645 | 0.0 | 645 | 0.0 | 645 | 0.0 | 0.0
5 189 } 70.7 | 249 | 61.4 | 430 | 33.3| 448 | 30.5 | 49.0
15 .80 | 87.6 | 126 |80.5{ 157 | 75.7| 160 | 75.2 | 79.7
25 56 (913 61 905 71 |89.0| 92 | 857 89.1
40 37 | 943 64 |901] 67 |896| 71 | 89.0| 90.7
60 31 [95.2] 53 |91.8}| 49 [924| 54 |916 | 92.8

o
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APPENDIX D

+
-

FIGURES OF THE SETTLING COLUMN TESTS
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Figure D.1: Settling Column Test of the Tank Effluent.

S= flat, Sludge Level= 21%
(v=301, D= 0.3 m, = 0.1m)
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Figure D.2 : Settling Column Test of the Tank Effluent.

S= flat, Sludge Level= 43%

(V= 301,D=0.3m, I= 0.1 m)
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Figure D.3 : Settling Column Test of the Tank Effluent.
S= flat, Sludge Level= 64%
(V=301,D=0.3m, = 0.1m)



L

tage S.S Settled (%)

Average Percentage S.S Settled (%)

Pe regn
—r M
O O o

100

80
70
50
50
40

20

o

142

-
Q.

- 0= Tap #1
i & =Tap #2
x =Tap #3
- v =Tap #4
A b
B 0. = =
= ~ =
I
. | PP VI B R NS B U S R
— _ —~
0 10 20 30 40 - 50 60 70. 80 90
Time (minutes)
(a) Percentage S.S Settied vs Time.
-
- \
¢
'/{”_,_0’_',_ 7 ; 7
" - L ————————— e
0 10 20 30 40 50 80 - 70 80 90

Time (minufes)
(b) Average Percentage S.S Settled vs Time.

Figure D.4 : Settling Column Test of the Tank Effluent.
S=1:2, Sludge Level= 21%
v=301,D=0.3m, = 0.3 m)



100

Percentage S.S Settled (%)

100

Average Percentage S.S Settled (%)
n

143

- 0= Tap #1
| & =Tap #2
X =Tap #3

v =Tap #4

10 20 30 40 " 50 60 70 80 90
Time (minutes)

(@) Percentage S.S Settled vs Time.

VIS ST B BTGl BT DT S S S

10 20 30 40 50 60 70 80  '90
Time (minutes)

(b) Average Percentage S.S Settled vs Time.

| Figure D.5 : Settling Column Test of the Tank Effluent.
S= 1:2 , Sludge Level= 43%
(V=301,D=0.3m, = 0.3 m)
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Figure D.6': Settling Column Test of the Tank Effluent.
S= 1:2 , Sludge Level= 64%
(V=301,0=0.3m,l=0.3m)
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Figure D.7 : Settling Column Test of the Tank Effluent.
S= 1:1, Sludge Level= 21% '
(V=301 D=0.3m, = 0.1m)
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Figure D.8 : Settling Column Test of the Tank Eff[uen’r
S= 1:1, Sludge Level= 437
(V—SOID'"O3mL01m)
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Figure D.9 : Settling Column Test of the Tank Effluent.
S= 1:1, Sludge Level= 64%
(V=301 D=0.3m, = 0.1m)
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Figure D.11: Settling Column Test of the Tank C.M.
S= flat, Sludge Level= 64% '
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Figure D.12: Setftling Columrf Test of the Tank O.M.

S= 1:1, Sludge Level= 21%
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Figure D.13: Settling Column Test of the Tank O.M.
S= 1:1, Sludge Level= 43%
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Figure D.14: Settling Column Test of the Tank O.M.
S= 1:1, Sludge Level= 647%
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APPENDIX E

SAMPLE PROCEDURE FOR THE ESTIMATION OF THE ‘15 COEFFICIENTS
AND THE ANALYSIS OF VARIANCE

The least sguares method was used to estimate the 15 coef-
ficients for the assumed second-degree polynomial model. The

assumed model has the following form:

Y = Bo + BaXa + B:aXz + B>Xs + BaXae +
B1aXa® + BzzX2? + B33Xa? + BaaXae® +
Bi2X:Xz + BxsXiXs + BaeXiXe + BzoXaXs +
Bz4XzXa + BaeXsXa ' (E.1)

where Y Czee, effluent SS concentration

X1 = coded variable for the slope S

X2 = coded varlable for the volume V
Xa = coded variable for the distance D
X« = coded variable for the length L

The detailed procedure is well documented in many statis-
tical references (Box, 1960; Bacon, 1970). The formulae for
the estimation of the 15 coefficients apd the analysis of
variance are presented in Box (1960). In this section, only
a numerlcal application for the estimation of the 15 coeffi-
clents for the case when the sludge lgvel in the tank was
11% will be presented. The same notation as described in Box
{1960) was used.

The procédure for the evaluation of the 15 coefficients is
presented in Table (E.1). The first 4 columns represent the

27 combinations of coded variables which were performed ex-
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Pracedure for the Evaluation of the 15

Coefficients

Table E. 1

Xa=

X==

X=2*

X1=

Ka

X=

X=

Xa

000011000011100111110001100

110000110000111100000111100
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’
!/

0AUnUU.L1;0nvnv0{x1;1*0AU1¢1.11;1*0nun.d.¢nu0
1 ) ] bl

110000110000111100000111100
1 I [ I

N
00110000110.0011011110110000
1 | 1 I | i

[N I | .



by

r~

Table E.1 : (Continued)

X1 Xz XiXxz XyXa X=X= XxXa XzXa S 1 Y'Y
0 -1 0 0 0. 0 103 10609
"0 1 ] 0 0 0 206 42436
1 0 0 0 0 0 26 676
-1- 0 . 0 0 0 .0 83 6889
0 0 1 0 0 0 26 . 676
0 0 -1 0 0. 0 33 _ 1089
. 0 1 0 0 0 0 242 58564
0 -1 0 0 0 0 306 93636
-1 0 0 -0 0 0 239 57121
1 0 0 J 0 0 316 99856
0 0 -1 0 0 0 244 | 59536,
0 0 1 -2. 0 0 220 48400
0 0 0 T - 0 1 - 216 - 46656
0 0 0 1 0 0 " 130 16900
0 _ 0 0 -1 0 0 350 122500
0 0 0 0 0 -1 667 444889
0 0 - 0 0 -1 0 258 66564
0 0 ¢ 0 0 1 0 645 416025
0 0 0 0 1 0 182 33124
0 0 0 0 . -1 0 345 119025
0 0 0 ) 0 0 207 42849
0. ] 0 -1 0 0 167 27889
‘0 1 0 0 1 0 o’ 259 67081
0 0" 0 0 « ¢ -1 " 177 31329
0 0 0 0 0 1 185 34225
0 0 0 0 0 0 235 55225
0 0 0 0 0 0 196 38416
{ oY} {Y*y}
) 6263 2042185
o~ o



Table E.1 : (Continued)

XY

-103
-20§
-26
-83
-26
-33
242
306
239
316
244

[
[
o

{ 1Y}
10390

DO O0OOOQOQOO0OOCO0ODO0O0OOO

4

Xa¥

0

0
~-26
83

{ 2y}
996

XsY -

103
-206

167
239
177
185

{ 31}
- =742

>
]
-

I

1
wKN
COO0OOUWNROOOO

=177
185

{ 4Y}
818

X1=Y

103
206

83
26
33
242
306
238
316
244

8]
[ %)
o

{11Y}
2044

CO0O0O0DOODOOOOOOO

X==Y
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\\
Table E.1 : (Continued)
0. -103 0 0 0 0
0 206 0 0 0 0
26 0 0 0 0 0
-83 0 0 0 ] 0
0 0 26 0 0 0
-0 ¢] -33 0 0 0
o 242 0 0 0 0
0 -306 0 0 0 0
-239 0 0 0 0 Q
316 0 0 0 0 0
0 0 -244 0 0 0
0 0 220 0 0 0
.0 0 0 0 0 . 216
4] 0 0 130 0 0
0 t] 0 =350 0 0
0 0 0 0 9 ° -667
0 0 0 0 -258 0
0 0 0 0 645 0
0 ¢ 0 0 182 0
0 0 0 0 -345 w0
0 0 0 0 0 J
0 0 o -167 0 0
0 0 0 259 0 0
0 o 0 0 0 -177
0 0 1] 0 0 185
0 0 0 0 0 0
0 0 0 0 0 0
{12y} {131} {141} {23Y} {24Y} {34Y}

20 . 3% ~-31 ~-128 224 -443
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perimentally. The column under the headlng Y represents the
effluent Ss concentration for the correspohdihg 27 runs
(i.e., Cxsee), as shown in Table (5.1).

The notation { 1} in Table (E.1l) represents the ;ummation
of all values of the same column. The first coefficient Bo
was calculated based on the average value of the effluent SS
concentration made at the center point (i.e., Xi1=0, Xz2=0,
X>5=0, and X.=0). .

For this particular design, the constants a,b,c,d, and s
are fixed by the least squares method and must be used to
estimate the 15 coefficients. The values of a, b, ¢, d, and
s are 1/12, 1/8, -1/48, 1/4, and 2 respectively. The proce-
duxe for the estimatiop of the 15 coefficients 1ls straight
forward and presented in the following paragraphs.

The 15 coefficients are estimated as follows:

Bo

(207+235+196)/3 = 212.7

Ba a*{ 1y}

H
It

1/12%(1090) = 90.8

Bz = a*{ 2Y} = 1/12%( 996)7= 83.0

Ba = a*{ 3Y} 1/12*%(-742) -61.8

68.2

il

Ba = a*{ 4¥} = 1/12%( 818)

Bxa= b*{11Y¥Y}+c*({11Y}+{22Y}+{33Y}+{44Y¥})~-(Bo/s)

= 1/8*(2044)-1/48*(204§+3000+3008+3198)—(212.7/2) = -85.2
Baz= D¥{22Y}+c*({L11Y}+{22Y}+{33Y}+{44Y})-(Bo/sS)

= 1/8%(3000)-1/48%(2044+3000+3008+3198)~(212.7/2) = 34.3
Bos= b*{33Y}+C*({11Y}+{22Y}+{33Y}+{44Y})-(Bo/sS)

= 1/8%(3008)-1/48%(2044+3000+3008+3198)-(212.7/2) = 35.3
Bae= b*{44Y}+C* ({11Y}+{22Y}+{33Y}+{44Y})-(Ba/S)

= 1/8%°3198)-1/48%(2044+3000+3008+3198)-(212.7/2) = 59.0

Bxa= d*{12Y} = 1/4*( 20) = 5.0
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Baa= d*{13Y} = 1/4*( 39)®= 9.8
Bae= d*{14Y} = 1/4%( -31) = -7.8
Bza= d*{23Y} = 1/4%(-128) = -32.0
Baa= A*{24Y} = 1/4%( 224) = 56.0

Baa= d*{34Y}

l/4*%(-443) =-110.8
A summary of the least squares estimates of the 15 coeffi-

clents in the second-degree polynomial model s listed in

Table (E.2) along with the analysis of varlance of the f£it-

ted model in the coded variables.

—

Y = 212.7 + 90.8 Xz + 83.0 Xz - 61.0 X3 + 68.2 Xa - -
'85.2 X% + 34.3 Xa® + 35.3 Xa2 + 59.0 Xa% +
5.0 XaXz + 9.8 XaXs + 7.8 XaXe - 32.0 XaXa +
56.0 XaXe ~ 110.8 XaXa | (E.2)

Table E.2 : Summary of the Estimated Coefficlients
and Analysis of Variance for the Fitted Model

Estimated Sum of Degrees of Mean
Coefficient Squares freedom Square
Be = 212.7 1452784 1 1452784
B = ~ 90.8 : 59008 1 59008
Bz = 83.0 82668 1 82668
Ba = -61.8 45880 1 45880
Be = 68.2 55760 1 55760
B;;= -85.2

Bzz= 34.3

32a3= 35.3

Baa= 59.0 102972 4 25743
Baz= 5.0 100 1 100
Bxa= 5.8 380 1 380
Bia= -7.8 240 1 240
Baa= -32.0 4086 1 4096
Bza= 56.0 12544 1 12544
Ba«= -11(.8 49062 1 49062
Residual 136690 12 11381

Total 2042185 27
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The sum of the squares In Table (E.2) was calculated as

follows:

Sum of squares assoclated with the coefficlent Bo =

1/27 {o¥i= (E.3)
Sum of sguares assoclated with Bai = a {1Yy}= " (E.4)
Sﬁm of squares associated with Bz = a {2Y}% (E.5)
Sum of squares associated with Ba = a {3Y}=2 (E.6)
Sum of squares associated with Be = a {4Y}% ’ (E.T)

Sum 0f squares assoclated with Bai, Bzz, Bas, Bes =

Bo {0Y} + Bax {11¥} + Bz=z {22Y} + Baxa {33Y} + Bee {44Y}

1727 tovi= ! (E.8)
Sum of squares associagﬁg with Baz =4 {12Y}® (E.S)
Sum of sguares associaged with Baa = d {13Y}*? (E.10)
Sum of squares assoclated with Baa =‘é {14Y}1*= (E.11)
Sum of sguares assoclated with Bas = 4 {23Y}= (E.12)
Sum of squares associated with Bze = d {24Y}= (E.13)
Sum of squares associated with Ba« = d {34y}:7 (E.14)
The residual sum of squares was obtained as follows

TP cao {EIPRIELEaE, Fhey 2R oF savares assoctateq uigh

The significance of each term in the fitted model could be
tested by comparing Eg. (E.16) with an appropriate value of

_tﬁe F-distribution.

p
. Mean square associated with the term . {
3 - (E.lsr\\_j/ff\
. Residual mean square

For the estimate Bi = 90.8, the computed ratio from Eq.

A}

(E.16) was found to be 99008/11391 = 8.69. With 1 and 12 de-

[

I -
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grees of freedom the appropriate value of the F-distribution
is 4.75. 1t is <clearly seen that Ba is.significant in the
model. The estimate Ba (-61.8), however, was found to be in-
significant in the model since the computed ratio of Eq.
(E.16) 1s 4.03. The term BaXa can be dropped from Eg. (E.2).
. After testing all other ferm;, gq) (E.2) can.be reduced to

the following form:

Y = 212.7 + 90.8 X1 + 83.0 Xz + 68.2 Xa - 85.2 XxZ +
34.3 X2® + 59.0-X«® = 110.8 XaXe (E.17)

Elther Eq. (E.2) or Eq. {E.17) can be used to predict the
effluent SS concentration for ény combination of variables.
Eq. (E.17) was developed to illustrate fhat fhe model repre-
sented by Eq. (E.2) can be simplified to a less cumbersome

equation.
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APPENDIX F

PROGRAM LISTING AND SAMPLE COMPUTER OUTPUT FOR THE RUNGE-
KUTTA METHOD '

\--—""
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FILE: RUNGE FORTRAN * UNIV D' /OF OTTAWA CMS

C PROGRAM LISTING

c

C RUNGE-KUTTA METHOD
c

C NUMERICAL SQOLUTION FOR THE DIFFERENTIAL EQUATION
C SAMPLE PROCEDURE FOR THE CASE (S= FLAT, Ve 15 L, D= 0.1 M, L=0.1 M)
c - -
INTEGER N, IND,NW, IER,K
REAL Y(1),C(24) .W(2.9) .X.TOL XEND,A,B,CE(1)
EXTERNAL FCN1
N1
Nem
C BOUNDARY CONDITIONS
C X= TIME IN DAYS
C Y= TANK S5 CONCENTRATION
C CE= EFFLUENT S5 CONCENTRATION
X1
- Y(1)=200 v
CE(1)=0.0 : ‘
TOL=0.0001
IND=1
DO 10 K=1,60
XEND=FLOAT(K)*5
CALL DVERKEN.FCN1.X.Y,XEND.TOL.1ND.C.NW.W.IER)
C A AND B ARE THE REGRESSION COEFFICIENTS
A=0.001
Ba3.168
CE(1)=A*{Y(1)/1000)**B
WRITE(2,*) X,Y(1}/1000,CE(1)
IF (IND.LT.0.O0R.IER.GT.0) GO TO 20
10 CONTINUE
STOR
20 CONTINUE
STOP
END
SUBROUTINE FCN1(N,X,Y,YPRIME)
INTEGER N
REAL YPRIME(N) .Y{N).X | »
REAL CIN.A,.B
C CIN= TANK INFLUENT SS CONCENTRATION
CIN=200
A=0_001 -
Ba=3, 168
YPRIME (1)~ CIN-A®(Y{1)/1000)**8
RETURN :
END

RUNGOO 10
RUNCCQ20
RUNCQQ30
RUNOCO40
RUNOOOS0
RUNQOQOEO
RUNOQO7O
RUNCOOS0
RUNOOOS0
RUNQQ10Q0
RUNOD110
RUNQOQ120
RUNOD130
RUNQQ140
RUNQQ150
RUNQQO160
RUNQQ170
RUNQQ180
RUNOQ 130
RUNQQ20C
RUNOO210Q
RUNQQ220
RUNDO230
RUNOO240
RUNQO250
RUNOO260
RUNCQ270
RUNGO280
RUNOQO290
RUNOQ300
RUNOO310
RUNQQ320
RUNOQ330
RUNOO340
RUNOQO3S0
RUNCO360
RUNQQ370
RUNOO380Q
RUNOOIS0
RUNDO400Q
RUNDQ410
RUNQQ420
RUNOO430
RUNOO440
RUNGO450
RUNQO460
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FILE: RUNGE

€ SAMPLE COMPUTER QUTPUT

c
c

TIME
(DAYS)

5.00000000
10.0000000
15.0000000
20.0000000
25.0000000
30.0000000
35.0000000
40.0000000
45.0000000
50.0000000
55.0000000
60.0000000
65.0000000
70.0000000
75.0000000
80.0000000
85.0000000
90.0000000
95.0000000
100.000000
105.000000
110.000000
115.000000
120.000000
125.000000
130.000000
135.000000
140.000000
145.000000
150, 000000
155.000000
160.000000
165.000000
170.000000
175.000000
180.000000
18%.000000
190.000000
195.000000
200.000000
205.000000

210.000000 -

215.000000
220.000000

225.000000

230.000000
235,000000
240,000000
245,000000

" 250.000000
255.000000 *
.260C. 000000

265.000000
270.000000
275.000000
280.000000
285.000000
290.000000
295.000000
300,000000

TANK SS
CONC. (G/L)

0.599998033
1.99997616
2.99988079
3.99960899
4.99900723
5.9978818%

--~-86.99598789

7.99301529
8.98860455
9.98235130
10.9737844
11.9623938
12.9476013
13.9287930
14.9C52963
15.8764019
16.8413391

17.7993469
18.7495880
19.6811826
20.6233063
21.5450439
224554901

23,3537445
24.2389221

25.1101379
25.966537%
26.8072510
27.6315308
28.4385529
29.2276459
29.9981537
30.7494507
31.4810028
32.1923370
32.8830566
33.5528259
34.2014008
34.8285828
35.4342651

36.0164021

36.5810242
37.1222534
37.6422272
38.1411591

38.6193542
39.0771332
39.5148621

39.9329681

40.3319092
40.7121735
41.0742950
41.4187775
41.7462158
42.0571594
42.3521881
42.6319122
42.3969116
43.1477966
43.3851166

RESULT * UNIV D°"/OF OTTAWA CMS

P

EFFLUENT SS
CONC. (MG/L)

0.999993645E-03
0.898765400E-02
0.724686542E-01
0.8075892¢3E-01
0.163705349
0.291538775
0.474767506
0.7240797%6
1.05025959
1.46409512
1.97628021
2.5973310%
3.33745384
4.20646763
5.21366310
§.36769009
7.67645645
9.14703751
10.7854328
12.5965967
14.5843382
16.7511292
19.0980835
21.6248322
24.329772%
27.2095490
30.259597¢
33.4736481
36.8443146
40.3626099
44.0183868
47.8007812
51.6973877
556950989
59.7805634
63.9392090
68.1567993
72.4187317
76.7099915
81.0164795
873237305
89.6177368
93.8862915
98. 1157990
102.295166
106.413803
110.461365
114.429291
118.309256
122.094177
125.778427
129.357101
132.825165
136.180359
139.420105
142,542038
145,545731
148.431229
151.199051
153.849106
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APPENDIX G

NUMERICAL EXAMPLE

To illustrate the design of an inﬁfrceptor tank for smali%

bore sewers, a numerical example is presented. _//
Assume the féllowing:

- The volume of the Iinterceptor tank is 1.5 m5,

- The most frequently flushed volume is 15 L,

- The 1inlet suspended solids toncentration is 200 mg/L, .

- The maximum loading capacity of small-bore sewers.is 100
mg/L.

Select the geometry of the interceptor tank (in terms of

inlet and outlet locations}, and determine the desludging

interval.

To extend the desiudging interval, the best geometry of
~the interceptor tank s obtained from Table (5.5a). Since
the effluent SS concentration criterion is 100 mg/L, the
inlet can be located 0.5 m from the bottom_ﬁgf the
intercebtor tank and the outlet can be located 0.5 m from

' N
the side wall of the tank. For this particular design, it

takes 1280 days for the effluent SS concentration craterion

4
§

to be reached. The desludging interval is approximately 3.5

years.





