

NEATPAGEINFO:id=25039A18-C7FF-4052-959B-02EC4B1375D3




NEATPAGEINFO:id=E8FEEFC9-232E-41BF-8A5B-A4CB562FDDDC




NEATPAGEINFO:id=087B4F9B-905D-430E-A7E7-B9B6F55A9302




NEATPAGEINFO:id=8BBEE31A-7234-4848-B2F1-07BBAD6D0A7F




NEATPAGEINFO:id=901849F8-DD4A-4379-A722-F93F71B7C824




NEATPAGEINFO:id=CE19BF89-2884-4420-9574-6E6DACDEF079




NEATPAGEINFO:id=A73D773A-F33C-492B-B37E-75DF0644FC33




NEATPAGEINFO:id=90AEA05F-7C5C-47F5-8431-0A001EBB50CE




NEATPAGEINFO:id=A5E07C2D-36F2-4729-980A-A6C72C0CD82B




NEATPAGEINFO:id=2C5B6FD8-DEC4-4697-BA98-B07B16CC6344




NEATPAGEINFO:id=17F4995D-EB58-4FEA-A52B-436DAA9BC5B9




NEATPAGEINFO:id=A96E88E9-E7B8-4CD5-A38E-184B1FB0F417


TABLE 1.1 Material and Labor Costs for the Cbnstructlon of
a Pour-flush Latrine for a Fam |y of Five
(Ada ted from"Mnpual on the De3|9I Construction
US

and i nt enance of Low Cost Pour h WAt er sea
Latrines in India", TAG Technical Note Nunber
10) .

PERCENTAGE OF
| TEM COST (US?) TOTAL COST (%

Foundati on and plinth
for superstructure

a) Excavati on 0.13 0.16
b) Cenent concrete 1.61 2. 03
c) Brickwork 7.24 9. 15

2.40 3. 03

d) Flooring

2. Fl ushi ng pan
(materials and

I Nnstall ation) 11. OO0 13. 90

3. Twin leaching pits
(materials and

I Nnstall ati on) 36. O0 45. 48

M scel | aneous

a) Brick drain 7.80 9. 85
b) Extra | abor 2. _70 3.41
c) Supervision costs I Oxi a 13.00

TOTAL $79. 16 100. 00%
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1. THEORY

ZjJ. Litetatuce Revirgw

A review of the sanitary engineering literature reveal ed
that little published information was available on pit
latrines. Mst of the published studies have focused on the
pol ution aspects of latrine operation (I ROWD, 1980) . No
published material was found on sludge accunul ation rates
and how these rates mght be affected by different socio-
cultural and environnental conditions.

In [ight of this lack of information on [atrineSf it was
decided that the best approach to designing an experinment to
study accumul ation rates was to have a thorough know edge of
the basic scientific principles that woul d govern the
processes by which material accunulated in a pit.

21 s2__Accunul ati on Processes

There are only two ways material can leave a latrine
once it is deposited in a pit. One way is through
deconposition and the other is through drainage.

2.2.1 Deconposition Process

A portion of the organic matter put into a pit latrine
wi |l be biologically degraded. Mcroorganisns wll break
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down the conpl ex organi ¢ conpounds found in feces, urine and
other wastes into sinpler forns that can be used in cel

met abol i sm and synthesis. While the organic matter that is
converted to bionass will not affect the anpunt of sludge in
a pit latrine, it is possible that sone sludge reduction
will occur due to the loss of liquid and gaseous by-products
of cell npetabolism

It is expected that because of the relatively high
concentration of organic matter in undil uted human wastes
and because air is not artificially introduced into the
sludge in a pit latrine, the prinmary type of mcrobia
activity that will occur in a latrine will be anaerobic
di gesti on.

Process Dynani cs. Anaerobic digestion has been found to
be a two-step process (MCarty, 1964). This is illustrated
in Figure 2-1. In the first step, conplex organic nol ecul es
of carbohydrates, proteins, and |lipids are hydrolyzed to
formsinple alcohols and volatile acids. This step is often
referred to as the liquefaction or acid formati on phase of
di gesti on.

The second step of digestion is gasification. 1In this
step the al cohols and volatile acids forned in the
| i quefaction phase of digestion are converted to carbon
di oxi de, nethane and ot her gaseous substances.

The bacteria responsible for the two steps -

i quefaction and gasification - are different.

10
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TABLE 2-1 BACTERI A OF ANAEROBI C DI GESTI ON (Metcal f and
Eddy, 1979)

A. Non- Met hanogeni ¢ (facultative and obligate anaerobes)

Cl ostridi um spp.

Pept ococcus anaer obus
Bi fi dobacteri um spp.
Desul phovi bri o spp.
Carynebact eri um spp
Lact obaci |l | us

Act i nomyces

St aphyl ococcus
Escheri chi a col

©ONOGAWNE

B. Met hanogenic (strict anaerobes)

Met hanobact eri um
Met hanobaci |l | us
Met hanococcus
Met hanosar ci na

PONE

11
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The m croorganisms involved in the first step include both

facultative and obligative anaerobes (see Table 2-1). They
are highly adaptive and can function over a wde range of

envi ronnental conditions.

The net hanogeni ¢ bacteria are involved in the
transformation of the sinple alcohols and volatile acids to
met hane and carbon dioxi de gases. They are strict
anaerobes. They cannot function in the presence of oxygen.
In contrast to the bacteria responsible for |iquefactionr
the met hanogenic bacteria are known for their sensitivity to
envi ronnental condi tions.

In reference to the rate of digestion, it is the
net hanogeni ¢ bacteria which are critical (MCarty, 1964) .
Besi des being the nost sensitive to environnental
conditions, they also have the slowest rate of netabolism
The rate-limting or slowest step in digestionis therefore

gasi fi cati on.

12
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ANAERCBI C DI GESTI ON PARAMETERS

Met hanogeni ¢ bacteria are best known for their
sensitivity to pH and tenperature. Recent studies have al so
consi dered how these bacteria are affected by factors such
as salt toxicity and conposition. A general overview of how
different factors are known to affect the anaerobic
digestion process is provided in Table 2.2. A A conplete
review of the [iterature on the anaerobic digestion process
and associ ated paraneters is provided in Appendix C.

2. 2.2 Drainage Process

It can be assumed that solid materials will nmake up only
5-10% of the wastes that are put into a typical latrine (see
Table 2.2.B). What happens to the remaining 90-95% of the
wastes put into a latrine? The only way that this fraction
(the liquid conponent) of the wastes can be reduced is
t hrough the process of drainage.

13
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TABLE 2. 2. A Anaerobic Digestion Paraneters
Par anet er Operati onal Range
1. pH 6.6 to 7.6
2. Tenperature 10° to 60°C
3. CNRatio 16 to 35
4. Salt Toxicity
a. Calcium 100 to 8,000 ng/1
b. Magnesium 75 to 3,000 ng/1
c. Potassium 200 to 12,000 ng/1
d. Sodium 100 to 8,000 ngy/1

14
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TABLE 2.2.B Solids Content of Night Soil (Feachem et

1980) *

1. Faeces
Total wei ght 250 gm
Mbi st ure cont ent 80 %
Sol i ds i nput 50 gm

2. Uine
Total wei ght 1200 gm
Mbi st ure cont ent 4 %
Sol i ds i nput 48 gm

3. Anal cleansing
\N\AtT er S50 grm
4. Conbi ned N ght Soil

Total weight 1800 gm
NMbiIi st ure cont ent 5 ©99o

Sol i ds input 98 gm

Bstimated per capita production

15
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Process Dynam cs

A, FORCES CAUSI NG LI QU D FLOW

Mt er novenent through the soil can be explained in terns
of energy levels (EPA 1978). Wter at any point in the
soil has a certain amount of energy associated with it.
Vter will flowin the direction of |owest energy. That is,
water will move fromone position in the soil to another
only if the energy level of the water at the second point is
| ower than the energy level of the water at itsinitia
posi tion.

The energy level or status of water at a position is
referred to as its noisture potential (M. A noisture
potential gradient indicates a difference in the energy
| evel of water.

The noisture potential has two conponents. A portion of
the noisture potential arises out of the forces of gravity
acting on the water nolecules. This creates what is known
as a gravitatipnal PQential (h). The other conponent of
the noisture potential is the matric potential (m. Inter-
and intra-nmolecular forces are responsible for the creation
of the mtric potential. The sumof the water's
gravitational and matric potential equals its moisture

potenti al .

1) Gavitational Potential - The gravitational potentia
of water differs in reference toits relative vertical

position. The force of gravity acts toward the center of

16
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the earth. The gravitational potential gradient which

exi sts between any two points in the soil is equal to,
E<an 2.1

GRAVI TATI ONAL POTENTI AL GRADIENT ( h) = (m)(g)(2)

wher e
m = mass of water (gm

9
z

2
gravitational constant (cmlsec )

vertical distance between two points (cm

A conmon convention is to consider the gravitationa
potential in terns of unit weight. The gravitationa
potential gradient on this basis is measured in units of
length (cm.

2) Matric Potential - An attraction exists between water
nol ecul es and the surface nol ecul es of the soil particles.
This attraction is caused by adhesive forces. Water
nol ecul es are pulled in the direction of dry surface areas
by these forces. These water molecules in turn pull on
adj acent water nolecules. This is due to internolecular
cohesive forces. The combination of adhesive and cohesive
forces give rise to matric potential.

The anount of matric potential that is present in a given
situation is a function of two factors - soil noisture
content and type. As a general rule, the matric potentia
i ncreases with decreasing noisture content (see Figure 2-2).
This effect is nmost pronounced in sands and | east seen in
clays. Unlike gravitational potential, the matric potential

17
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cannot be determned through use of a sanple equation based
on physical constants and measureabl e quantities. Usually
the mtric potential of a soil is determned enmpirically.
(A nore detailed discussion of matric potential and its
relationship to soil moisture content and type i s provided
in Appendix C.)

B. RESISTANCE OF SO L TO GROUNDWATER FLOW

Just as inportant as the forces which cause water to nove
through the soil, are the resistances the flow encounters in
its path. The resistance of the soil to flow can affect the
amount and the direction of water novenent.

The traditional approach to accounting for a soil's
resistance to water movenment through it, has been to speak
of the soil's ability to transmt water. To this end the
concept of the hydraulic conductivity (k) has been
devel oped.

The hydraulic conductivity differs in soils for a nunber
of reasons. The hydraulic conductivity of a particular soi
is a function of several physical factors. The porosity,
particle size and distribution, shape of particles and
arrangement all play a role in determning a soil's
hydrauli ¢ conductivity (Todd, 1980) . Values for some of
these factors for soils are given in Tables 2.3 and 2, 4.

Laboratory studies have been conducted in an effort to
devel op a means of predicting the hydraulic conductivity
based upon one or nore of the factors (porosity, etc.)

18
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FI GURE 2.2

SO L MJ STURE RETENTI ON FOR FOUR
DI FFERENT SO L TEXTURES

20 40 60 80 100

Soi | Misture Tension (MBAR)
Soil Drying----- B >
Matri c Potonti al

The rel ationship between soi
noi sture content and matric potentia

(as measured in nillibars of tension
Bounm, et al., 1972)
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(Todd, 1980). The nost successful studies in this area
indicate a relationship can be shown between conductivity

and particle dianmeter in the form of,
Egqn 2.2

k = A d2

wher e

k = hydraulic conductivity (cm day)

f = grain or pore shape factor

f = porosity factor

d = characteristic grain dianeter

Extension of the |aboratory research to suggest field
nmeasurenents to predict hydraulic conductivity has been
limted. This is due to the large nunber of factors which
i nfluence a soil's conductivity. It has been found very
difficult toreplicate in-situ soil conditions in a
| aboratory.

In general, instead of trying to predict hydraulic
conductivity fromthe soil characteristics, it has been
reconmended k be nmeasured in-situ when possible. Severa

nmet hods are available in the literature for in-situ

neasurement of the hydraulic conductivity of a soil (Black,

1965) .
C. DESCRI PTI VE EQUATI ON

In 1856, Henry Darcy devel oped an expression describing
the flow of water through porous media (Todd, 1980). The

expression takes into account the forces causing water to

20
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Mat eri al

G avel, coarse
Gravel, nedium
Cnivpl. fine
Sund. cuarsc
Sand, nedi um
Sand. Tine

Silt

d ay

Sandst one,
fine-grained
Sandst one

medi um gr ai ned
Li mest one

Dol onmite

Dune sand

Mal r nul
ajy
Silt
Very fine und
Fi ne sand
Medi um sand
Coar se sand
Very coarse sand
Very fine gravel
Fine gravel
Medi um gr avel
Coarse gravel
Very coarse gravel

Table 2,3
Soi |

Particle Sixc. mm

<U. QM

. 004-0. 062
.0&2-0 128
.125-0. 28
.25-0'S
.5-1.0
.0-2.0
.0-4.0
.0-8.0
.0-16.0
16.0-32.0
32.0-64.0

o AN B O OO O O

classificati on based

on particle size

(Morris and Johnson, 1967)

Porosi ty.
Per cent
28*
32"
34*
33
39
43
*?

42

33

37
30
26
45

Mat eri a

Loess

Peal

Schi st

Sillslonc

O aysi one

Shale '

Till.

predom nantly sill
Till.

predomi nant|y sand
Tuf f

Basal t

Cabbro. weat hered
Granite, weathered

aTheaa val ues art for repacked sanples: all others are uodislurbad.

e Of

Tabl e 2,k

Represent ati ve val ues

porosity

(Morris and Johnson, 1967?)
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Porosity.
Per cent
49
92
M
35
43
ft

M

31

41
17
43
4S
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move and the ability of a soil to transmt this water

Equation 2.3 has become known as Darcy's Law,
Eqn 2.3

Q= -k A (dH dz)

wher e,
Q= volunetric flowrate (cm/day)
k = hydraulic conductivity (cm day)
A= flowarea (cm)

dH dz = hydraulic gradient (dinensionless)

The negative sign indicates that water will flowin the
direction of decreasing hydraulic gradient.

Darcy's lawwas initially applied to flow of water
through saturated soil. |In such a case the matric potential
Is equal to zero and the hydraulic gradient is due only to
gravitational potential. Wth slight nodification Darcy's

| aw can be used to describe flowin unsaturated soils as
wel |,
ggqn 2.4
Q= -k A (dMdz)
wher e
dM dz = noisture potential gradient
Inthis interpretation of Darcy's law, the hydraulic

gradient in Eqn 2.3 is replaced by the noisture potential.
The noi sture potential as was shown earlier consists of both

the gravitational and matric potentials.

22


NEATPAGEINFO:id=4128253C-B837-4F8C-BBBB-47FAA03D44BC


Darcy's law ties together the concepts of a force or
forces pushing water through a soil and the resistance
encountered against this flow By evaluating the paraneters

on the right-hand side of Eqn 2.4, it is possible to predict
the rate of drainage of water through soil

D. SPECI AL CONSI DERATI ONS

Cl oggi ng

In situations simlar to that which is expected to be
found in a pit latrine a phenonmenon known as cl oggi ng
occurs. Clogging is the process of a soil losing its
ability to transmt water when saturated for |ong periods of
tinme.

The mechanisn(s) |leading to a soil becom ng clogged have
not been well described. The phenonenon is thought to be
the result of several physical, chemcal, and biologica
factors. Mdst of the research that has been conducted on
cl oggi ng has been associated with trying to find ways of
i mproving septic tank operation

d oggi ng Mechani sm

Clogging is usually thought of as a two or three step
process (Kristian, 1981) . This is illustrated in Figure
2.3. The first decrease in the soil absorptive capacity
comes as air is entrapped in the soil pores when a soil is
first loaded with [iquid. This air is quickly used up by

23
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Step 1

3 Step 2

Step 3

Year s

Loss of hydraulic capacity

Pirure 2,3
with time (Kristian, 1981)
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aerobi ¢ organisms and the soil environnent turns anaerobic
(McGauhey, 1964).

The change from aerobic to anaerobic conditions signals
the start of the second phase of clogging. During this
phase a gradual decrease in the soil's hydraulic
conductivity occurs due to two factors. One is the
formation of a biological slinein and on the soil's pores.
This sline has been found to contain a high concentration of
pol ysaccharides and pol yuronides (Mtchell and Nevo, 1964)
indicating that rather than actual cellular material, this
slime represents waste products of mcrobiological activity.

The second factor contributing to the loss of hydraulic
conductivity is thought to be chemcal in nature (MGauhey,
1964) . Under anaerobic conditions soluble sulfide conpounds
have a tendency to precipitate fromsolution. Such
precipitates, especially iron sulfide (FeS), have been found
in soils that were clogged.

The third and final phase in clogging i s when an
equilibriumis reached. Conplete |oss of soil hydraulic
conductivity seldomoccurs with sone pore space al ways
remai ni ng open (Kristiansen, 1981).

gl udge Pewfltecability

In assessing loss of liquid froma pit latrine, a second
phenonenon that has to be considered is dewaterability,
whi ch describes the the ability of a sludge to give up
water. Mst sludges do not do this easily.

25
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There are two different ways of |ooking at the
dewaterability of sludge. One viewis to consider that a
sl udge somehow "holds onto" its water. This has been the
traditional approach in the sanitary engineering field
(Val dius, 1979). This has led to devel opnent of a test to
det erm ne how much negative pressure is required to renove
water froma sludge. Typical values for the specific
resistance of a sludge are shown in Table 2.5 (EPA 1974) .

A second way of considering the dewaterability is to
consi der that the sludge represents a conpressible type of
soil. If this is done, then the same nonenclature and
concepts used in soil mechanics can be applied to sludge
dewat erability. This approach to explaining the nmechani sm
of sludge dewaterability is fairly newand still being
t est ed.

It is difficult to predict what influence the
dewaterability of the sludge in a latrine will have on the
accunul ation rate. Mst of the work that has been done on
dewat erability has focused on the use of a vacuum device to
renove water fromsludge. 1In the case of a latrine, the
only driving force is gravity. It is known that for any
sludge, its dewaterability can be affected by many factors,
including particle surface charge and hydration, particle
size, conpressibility, sludge tenperature, ratio of volatile
solids to fixed solids, sludge pH and septicity. How the

26
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Tabl e 2,5
SPECI FI C RESI STANCE OF VARI QUS TYPE SLUDGES

(EPA, 197M)
Specific Resistance

Type Sl udge (sec' /7 g)
Raw 1 O- 3THhoOoO>Xx<A.0O-

Raw (coagul ated) 3-10X10'
D1 gest ed 3- B0XA1O0°

Di gest ed (coagul ated) 2-20X10''
Acti vated 4- 12 X 10°

27
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dewaterability of a particular sludge will be affected by
one or nore of these parameters is presently largely

unknown.
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Il FI ELD STUDY METHODOLOGY
3.1 Site Selection
The research sites of Patna and Singur were selected by
the TAG South Asia office. Background information on the
research sites is provided in Table 3.1. Latrine types
constructed in Patna and Singur are shown in Figure 3.1

3x2__ WX k Schedul e

Approxi mately six weeks was spent at each of the
research sites. Four weeks of this tinme was devoted to the
study of individual latrines and two weeks to assessment of
| ocal soil and hydrogeol ogi cal conditions.

I xi __Latcine Exam nations
A protocol was devel oped for the exam nation of each

latrine over a two day period. The procedures followed on
each day are discussed in the sane order as they were

per f or ned.

3.3.1 Description of Pit Contents

A plexiglas sanpling tube was used to take a vertica
section of the material in a pit. This tube was | owered
gently into the pit contents until the base of the pit was
reached, A vacuumwas then created in the upper portion of

29
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Figure 3.2
Sanpl e of Pit Contents

Figure 3. 3

Gas

Pr oducti on

Test in Progress
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the tube with a hand punp. Wil e maintaining the vacuum
the sanpling tube was lifted out of the pit and sealed. A
sketch of the sanple was made to record the different |ayers
(scum supernatant and sludge) seen in the pit.

3.3.2 Gas Production Test

The sanpling tube (with sanple) was connected to a gas
manoneter. The cunul ati ve anount of gas produced was then
nmeasured every thirty mnutes for a four to six hour period.
During the test, the sanpling tube was kept in the pit to
mai ntain a constant tenperature in the sanple. The accuracy
of the gas vol unme nmeasurenent was +2.0 cc.

3.3.3 In-situ Measurenments of Sludge Characteristics

Three characteristics of the pit contents were neasured
in-situ with portable field equipnent. These were pH,
t enperature, and dissol ved oxygen concentration. Al
measurenents were nade at md-depth of the pit contents.
The pH was determned within 0.1 pH units. The dissol ved
oxygen concentration and tenperature were determined to
within +0.01 ng/1 and +0.1 C, respectively.

3.3.4 Pit Description

A rough sketch of the pit under study was nade. This
sketch included the type of |lining and the dinensions of the
pit as well as a record of the level of sludge in the pit at

the tinme of inspection.
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Figure 3. M

PimA

1

Typical Pit in Patna

33


NEATPAGEINFO:id=5D9FDAC2-EAA6-486E-A80E-FBB791C0F753


3.3.5 Sanple Collection for Laboratory Analysis

To achieve a representative sanple, material was drawn
fromthree different points in a pit. The procedure used to
take these sanples was the same as that previously
described. The three sanples of sludge were mxed in a
bucket and a portion of the honbgeneous material that
resulted fromthis mxing was then taken for analysis. A
list of the constituents analyzed in the laboratory is
provided in Table 3.2. (In Patna, the |aboratory analysis
was conducted by the Public Health Institute of Bihar, and,

in Singur, by the AlIl India Institute of Hygiene and Public
Health in Calcutta.)
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Figure 3.5

Typical Pit Latrine
in Singur

SHrc A

Figure 3.6
Drai nage Test in Progress
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Table 3.2_ Laboratory Analysis of Pit Contents
Total solids (at 105°C)

Vol atile solids (at 550°C)
Fi xed solids (at 550°C)
Chemi cal oxygen denand

Ni trogen (organi c and anmoni a)

Phosphorus (total)

N o o bk~ WD FE

Chl oride (total)

©

Specific gravity
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3.3.6 Drai nage Rate Measurenent

The drainage rate fromthe pit was determned by
monitoring the drop in the surface level of the pit contents
throughout a period during which the pit was not in use. In
shal low pits (0-150 cm) a neter stick was used to neasure
the pit content level relative to ground level. In deep
pits 0150 cm it was often not possible to reach the pit
content level with a neter stick. In this case, a float
connected to an alumnumrod was placed into the pit. The
rod extended fromthe float to the top of the pit. As the
surface | evel changed, the float and rod would drop. The
change in the position of .the rod through tine was used to
nmeasure the drainage rate. The cumul ative decrease in the

surface | evel was appraised every thirty mnutes for a
period of seven to nine hours.

3.3.7 User Survey

A survey was conducted to determne how the pit latrine
was used by its owners. The head of the household was
approached by the project teamand asked to spend thirty to
sixty mnutes answering a questionnaire. To verify the
answers given by the head of the househol d, a second
househol d nenber was al so interviewed when possible.

The user survey was designed to address three issues:

1) denographic data - nunber, age, sex, and occupation

of people who had used the latrine over an extended

period (one nmonth or nore);
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2) pit latrine history - dates of construction and
enptying, and record of any nodifications to the
pit; and

3) maintenance practices - substances used in cleaning,
anounts and frequency of application.

3.3.8 Soil Log

Asite within five neters of the pit was chosen for

sanpling. Using a hand auger with a two inch bit, soil
sanpl es were taken every fifty centinmeters fromground |evel
to a depth of one neter below the pit base. A record was
made of soil color, moisture and texture. The groundwater

|l evel, if encountered, was noted. Soil color was identified
according to the Minsell Col or Code. A rough estimte was
made of soil noisture by the feel of the soil. The soil was
classified into one of three categories - dry, noist and
saturated. Soil texture (clay, silt, sand) was anal yzed by

t he touch net hod.

3.4 Area Tests

After the pit latrine exam nations were conpl et ed,
assessment of soil properties at the study site was
conducted. This testing was necessary because 1) there was
a need to confirmthe soil type analysis that had been done
In association with the soil logs; and 2) measurenent of the
soil"'s hydraulic conductivity had not yet been done. A
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description of the nethods and materials used in these
anal yses foll ows.

3.4.1 Soil Type (Particle Size Analysis)

Soi | samples were taken at three different |ocations at
each research site. A conplete vertical profile was taken
at each location (sanples taken at 50 cmintervals up to
depth of 250 cmat Patna, and up to a depth of 400 cmin
Singur). A particle size analysis on each of the sanples
taken was performed. ASTM Standard No. 422 was fol [ owed in
this anal ysis.

3.4.2 Soi|l Hydraulic Conductivity Assessnent

As with the soil sanples, testing of the hydraulic
conductivity was conducted at three different |ocations at
each site. The hydraulic conductivity of each soil stratum
as identified in the soil type analysis, was nmeasured.

A modified version of the Inversed Auger Hole Method
(Kessler, 1974) was followed in neasurement of hydraulic
conductivities. This nethod is very sinple: Aholeis
bored into the soil stratumto be tested, filled with water
and then the rate of water [oss nmeasured. |In the field
study, the hole was lined with a perforated PVC pipe to
prevent hole collapse. The method as described in the
literature does not include the use of such a pipe.
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21 £ WocK Swrnmacy

A total of thirty (equally divided between Patna and
Singur) latrines were exam ned during the twelve-week
duration of the field study. A list of the data gathered on

the individual latrines and for each research site is given
in Table 3. 2.
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TABLE 3.1

Envi t onnent al

Cul t ur al

Pit Pesign

Nurmber
Shape
Capacity
Pit Iining
Dept h

of pits

Condi ti ons
Locati on

Rai nfall (annual)
Tenperature (avg.
nmont hl y)

Soil type

Maxi mum ground wat er
I evel

Condi ti ons
Conmunity setting

User popul ati on

- Predom nant religion

- Enpl oynent

- Nunber of users per
latri ne

Housi ng

- Type

Wat er supply

- Electricity

Site Description

PATNA

doubl e

rect angul ar
1-2 m*”

honey- conmbed bri ck
1-2 m

Bi har
1100 nmMm

17-32°C
silty | oam m xed
with sand | ayers

Wthin 1 m of

surface i n nobnsoon
ur ban

Si khi sm

servi ce, snal

busi ness
3-7

single famly units
i n gover nnent
housi ng schene

i n- house connecti on

wi t h nmuni ci pal
wat er wor ks

pr esent
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singl e
ci rcul ar

1-2 m*

tile rings
3-4 m

West Bengal
1582 nmm
20-31°C

sandy | oam

unknown

rur al

Hi ndui sm
farm ng

8-10

multifamly
conpounds

village wells
and r ai nwat er

cat chnent
ponds

absent
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TABLE 3.3 Aar§ummrl¥aof Data Gathered on Individual Latrines

ch Research Site

I NDI VI DUAL LATRI NE EXAM NATI ONS

Pit Design
Shape _
Vthh and length (rectangular pits)
D aneter (circular pits)
Dept h
Lining (type and anount)

Pit Conditions
Age
Nunmber
Capacity filled
Soi |l type

Sl udge Characteristics
Total solids

Vol atil e solids
Chem cal oxygen denand
Ni trogen (anmmoni a and organi c)

Phosphor us (total as P->Qx)
Chl ori de (total

PH
Tenperature
Specific gravity

Specific Tests
Gas production rate
In-situ drainage rate

Latrine History
Dat e of constructi on

Date(s) pit filled
Date(s) pit enptied

Denogr aphi ¢ Dat a
Pr esent nunber of users

Past nunber of users

Age of users
Sex of users

Cccupation of users
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(TABLE 3. 3 conti nued)

AREA | NFORNVATI ON

Soi | Properties
Hydraul i ¢ conductivity
Particle size analysis
Bul k density

Mbi st ur e
i on. exchange capac
for | entlpgcatl &Nﬁnsell Col or Qui de)

Hydr ol ogi cal Conditi ons
Present groundwater |eve
Annual fluctuation (high and | ow)

Climatic Conditions (Five year Period)

Tenmperature (nmonthly average
Rai nfall (nonthly average)
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V. RESULTS

4.1 Sludge Accumul ation Rates (SAR)

The overal | sludge accumul ation rates observed in the
Patna latrines are presented in Table 4.1. These rates are
referred to as "overal |" rates because they are based upon
sl udge accumulation (in both pits) and person-years of usage
over the entire period of latrine operation.

The range of SAR val ues seen in the Patna |atrines was
between 0.016 and 0. 055 nf/person-year. The overall SAR
nean was 0.034 nf/person-year, with a standard deviation of
+0.012. The nedian val ue was 0. 031 nﬁ/person-year.

Latrines 4, 11, and 12 were not considered to be
"normal" latrines in terns of either their design and/or

operation. Because of this, their SAR val ues were not
included in the calculation of the rate statistics.

There were different specific reasons for not
considering the results fromLatrines 4, 11, and 12. A
water tap drain ran close to Latrine 4. At the time of the
study, water was not entering the latrine's pit fromthe
drain but it appeared that this had happened in the past.

An unusual 'y high accunul ation rate was estimated to have
occurred in the latrine and this was taken to be
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confirmtion of the suspicion that drainage water had

entered the latrine.

The data from Latrine 11 was excluded fromthe rate
statistics because there was a |arge difference between the
design of the leaching pits of Latrine 11 and that seen in
the |eaching of the other Patna |atrines. The |eaching pits
of Latrine 11 were lined with solid brick and were circul ar
in shape. All of the other latrines in Patna were built
with rectangular pits lined with honeyconbed brick.

Each Patna latrine was built with two pits, and» in
normal use, one pit was to be conpletely filled before
swtching to the second pit. |In Latrine 12, both pits of
the latrine had been used but not as called for in the
latrine design. Inthis latrine the owner had decided to
swtch pits before the first pit was conpletely filled. The
anmount of sludge present in the older pit could be neasured
but it was inpossible to judge how nuch vol ume reduction had
occurred due to the loss of liquid and the settling of the
pit contents since the tine the pit was |ast used. The
accunul ation rate shown in Table 4.1 is based upon the

sl udge volume found in the ol der pit at the time of the
st udy.
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TABLE 4.1 Patna Sludge Accumul ation Rates (overall)

LATRINE PIT CAPACITY MOUNT OF_ USAGE ACCUMULATI ON_RATE
NUVBER FI LLED (M)~ ( PERSON YEARS) (M/PERS-YR)

1 2. 367 57. 2 0.041
2 2.934 116. 1 0 .025
3 1. 275 27.9 0 .045
4 1.735 20. 3 10 . 085]
5 1. 236 33. 4 0.037
6 1.641 101. 9 0.016
7 2.131 67.5 0.031
8 1. 103 23. 1 0 .047
9 1. 096 33. 7 0 .032
10 1. 099 55. 6 0.019
11 0.770 39.1 [0 .019]
12 1. 550 124. 9 [0.012]
13 3. 237 121.9 0 .026
14 0. 465 8.4 0 . 055
15 4. 064 140. 3 0 .028
Rat e Mean 0.034
Statistics Std. devi ati on 0.012
Medi an 0,031

Rates in [] not included in statistical analysis. See
di scussi on” of results.
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4.1.2 Patna Latrines ("Od" and "Qperating" Pit Rates)

In addition to looking at overall rates, individual pit
SAR rates in the Patna latrines were exam ned (see Tabl es
4.2 and 4.3). Pits were |abeled "operating" or "ol d"
depending on their status at the tinme of the study.
"Qperating" pits were defined as the pits in current use,
while "ol d" pits were defined as pits which had becone full
and been put out of service. At the tine the study was
conducted, one pit had been filled and the second was being
used in nost of the Patna | atrines.

The range of SAR "operating" pit rates was from0. 013
and 0.184 mi/person-year. The "operating SAR mean was
calculated to be 0.047 nf/person-year with a standard
deviation of 20.027. The median val ue was slightly bel ow
the nean, at 0.043 m/ person-year.

The SAR val ues observed in the "ol d" pits ranged from
0.013 to 0.052 m/person-year. The "old" pit SAR nean was
found to be 0.026 m/person-year with a standard deviation
of 0.017. The nedian SAR for the "ol d" pits was determ ned
to be 0.018 m/ person-year.

Because of construction m stakes and/or |ack of
information, "old" and "operating" rates could not be
determned in five of the twelve "good" Patna [atrines. In
some of the latrines (nos. 5, 13, and 15), the leaching pits
had been interconnected either through the pit wall or with
a pipe. Inthis case it was not possible to distinguish
"ol d from"operating" pits because fresh excreta was flow ng
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TABLE 4.2 Patna Sludge Accunul ation Rates (in operating

pits)
LATRI NE PI T CAPACI TY AMOUNT OF USAGE SAR( MSD)
noveer I LLED (M) ( PERSON- YEARS) (M- PERS- YR)
1 1. 053 32. 1 0. 032
2 0. 794 7.6 0. 104
6 0. 521 15. 7 0. 033
7 0. 886 17.5 0. 050
8 0. 531 12. 3 0. 043
10 0. 520 12.0 0. 043
12 0.775 56.9 0. 013
14 0. 465 8.4 0. 055
Rat e Mean 0. 047
Statistics Std. devi ation 0. 027
Medi an 0. 043

TABLE 4.3 Patna Sl udge Accunul ation Rates (in old pits)

MVRER™ FTLLes (] (RERSOVTEARY™ TR PhERS ™™

1.314 i 0. 052

2 A 1. 070 57. 1 0. 018

B 1. 070 51. 4 0. 020

6 A 0. 560 41. 2 0. 013

B 0. 560 45. 0 0. 012

7 1. 245 50.0 0. 024

8 0. 572 10. 8 0. 052

10 0. 579 43. 6 0.013
12 n/ a n/ a n/ a
14 n/ a n/ a n/ a
Rat e Mean 0. 026
Statistics Std. devi ation 0. 017

Medi an 0. 018
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into both pits. In Latrines 3 and 9, the owners were unsure
of the date when one pit had become full and the second

start ed.

4.1.3 Singur (Overall Rates)

There was only one set of accunulation rates for the
Singur latrines as these latrines were constructed wth only
one pit. The accumulation rates for the Singur latrines
represent the total volume of sludge accunulation divided by
the nunber of person-years of usage over the entire period
of a latrine operation.

The overal | sludge accumulation rates determned for the
Singur latrines are presented in Table 4.4. The range of
SAR val ues was from0.011 to 0.057 nf/person-year. The nean
SAR was 0.029 m’/person-year with a standard deviation of
£0.017.  The nedian SAR was found to be 0.022 nf/person-
year .

The sludge accumul ation rates determined for Latrines 9,
12, and 14 were not considered to be representative and have
not been included in the calculation of the rate statistics.
There are different reasons for rejection of the data. In
Latrine 9, the drainage pipe fromthe squatting plate to the
pit had broken and, hence, every time the |atrine was
flushed, both excreta and earth were washed into the pit.

In the case of Latrine 12, it was not possible to
determne the depth of the pit. Two different measurenments
of the pit depth were recorded, neither of which seenmed
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TABLE 4.4 Singur Sludge Accurul ation Rates (overall)

MRER™ FLLED () (RERSONTEARY™ TIPS ™

1 0. 367 .0
2 0. 676 16. 0 0. 042
3 0. 903 15. 6 0. 057
4 0. 233 20.9 0. 011
5 0. 834 71.0 0.011
6 0. 693 37.7 0.018
7 0. 795 39.4 0. 020
8 1.071 19.7 0. 054
9 0. 419 29.0 [0.052]
10 0. 396 18. 4 0. 021
11 1. 465 29.8 0. 049
12 1. 684 19. 5 [ 0. 086]
13 1. 789 79.7 0. 022
14 0. 347 55. 3 [ 0. 006]
15 0. 454 22.0 0. 020
Rat e Mean 0. 029
Statistics Std. devi ati on 0. 017
Medi an 0. 022

Rates in [] not | ' i St -
Rates in [] not included in statistical analysis. See
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accurate when accunul ation rates were cal cul ated hased on

t heir val ues.

An extrenely |ow accunulation rate was found in Latrine
14.  No clear explanation could be found for the | ow SAR
value and it has been rejected mainly due to the large
difference between its value and the SAR nean.

4.1.4 Experinental Error in SAR Val ue Measurenents

There were three factors used to determne the sludge
accunulation rate in a given latrine. These were 1) the
volume of accunul ated sludge, 2) the nunber of people using
the latrine on a regular basis, and 3) the time or period of
latrine use by these people. The latter two factors were
mul tiplied together to provide the anount of |atrine usage

(person-years).

Sl udge vol unme ercgc

The precision in the measurenent of sludge accunulation
inapit was taken to be £ 2.5 cmin any one direction. For
exanpl e, the volune of sludge in Patna Latrine 7 was
determined to be 0.886 m. This volune was based upon a pit
width, and length of 87 and 98 c¢cm respectively. The sludge
thi ckness was neasured to be 104 cm  Wthin the degree of
precision used in the measuring the various factors, the

actual volune could have been anywhere between 0.819 and
0.958 nt.
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Latrine usage error

Unl i ke the measurement of sludge accunul ation, which
coul d be based upon sone sort of objective standard, the
anmount of latrine usage had to be determned with a user
survey which by its nature was a subjective instrument. To
account for possible experimental error in the estimtion of
the amount of latrine usage it was assumed that the greater
the age of a latrine, the greater the chance of obtaining
I naccurate user information. Wth this in mnd, a
progressive scale of error with age was set up. In this
system the anount of usage as reported by the latrine
owners was assunmed to be off by 10% 20% and 30%in
| atrines which had been in operation from0 to 2 years, 2 to
4 years, and 4 or nore years, respectively.

Combi ned error

Based on the assunptions nade, it was possible to
prepare tables of "worst" case accunulation rates to exam ne
how much variability in these rates mght have been due
solely to experinental error. This information is provided
in Table 4.5 and Table 4.6 for the Patna "operating" pits
and Singur |atrines.

In these tables, the experinental error in the fourth
and fifth colums represents two different situations. In
the preparation of the "negative" colum, it was assuned
that sludge accunul ation had been overestimted and the
amount of usage underestimated. The resulting sludge
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TABLE 4.5 Patn? Sl udge Accumul ation Rates (in operating
pits
Possi bl e Experinental Error

LATRINE PIT AGE SAB 7NBD EXPERI MENTAL ERROR (%9
NUNVBER ( YEARS) (M'/PERS-YEAR)  NEGATI VE POSI T VE
1 4.6 0. 032 -27.5 51. 4
2 1.1 0. 104 -14. 8 18. 4
6 1.2 0. 033 -15.8 19.7
7 1.8 0. 050 -14.6 18, 2
8 3.2 0. 043 -22.7 34. 6
10 3.0 0. 043 -22.8 34.7
12 51 0. 013 -28.5 53. 4
14 2.3 0. 055 -22.9 34.9

The "negative" experinmental error represents the case in
whi ch the volume of sludge was assuned to have been
underestinmated and the anount, of usage overestjmted. The
opposite situation was assumed in the case of the "positive

err or .

TABLE 4.6 Singur Latrines Accunul ation Rates
Possi bl e Experinental Error

LATRI NE PI T AGE SAS 7M&) EXPERI MENTAL ERROR (%)
NUVBER  ( YEARS) (M~ PERS- YEAR)  NEGATI VE POSI TI VE
1 8.3 0. 022 -35.3 67.6

2 8.3 0. 042 -35. 3 67.6

3 8.3 0. 057 -35.3 67. 6

4 8.3 0.011 -36.6 70.5

5 8.3 0.011 -35.3 67.6

6 8.2 0.018 -34. 4 65. 6

7 8.2 0. 020 -33.9 64. 6

8 8.1 0. 054 -34. 4 65.6
10 8.3 0.021 -33.6 63.9
11 8.3 0. 049 -31.5 59. 5
13 8.1 0. 022 -33.6 63.9
15 8.2 0. 020 -35.3 67.6

The "neﬁative" experinental error represents the case in
whi ch the volume of sludge was assuned to have, been

underestimated and the amount of usage overestipmated.  The
opposite situation was assuned in thé case of the "positive"

err or.
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accumul ation rate would naturally be snaller than the

originally calculated rate. The opposite approach was taken

in the "positive" columr where it was assuned sl udge
accunul ation had been underestimated and the amount of

usage, overestimated.

The range of possible experimental error in nost of the
accumul ation rates can be seen to be significant. The nost
extreme case in Patna was in Latrine 12 in which the
possible error ranged from-29 to +55 percent. In the
Singur latrines there was Iess variability in the error
because the latrines were approximately the sane age. The
error calculations indicated that the Singur SAR val ues
coul d have been off by -30 to +70 percent.

4.1.5 O her Accunul ati on Rates

In nost of the latrines examned in Patna and Singur,
three distinct layers of material were seen in the pits.
These |ayers corresponded with those that are typically
found in a sludge digester, i.e., scum supernatant, and
sludge. Following traditional practice in the discussion of
| atrine operation, the accunulation rates presented in
Tables 4.1 through 4.6 have been based upon the vol une of
all material found in a pit. For conparative purposes,
"sludge" accunul ation rates based solely on the volune of

the bottomsolids layer found in the pits are provided in
Appendi x A
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TABLE 4.7 Sludge Characteristics

PATNA SI NCUR
| TEM VMESL. HEM
Chem cal Conposition

SO'. If 9>S<’edt otal (gnfkg) 2-54 24.0 40- 94 76.9

-vol atile 3-222 67.0 12- 448 136. 9

szt;rrrr} l((:gz;l)l oxygen demand . 460 182, 0 og. 129 75 6

Ni trogen (gm kg)

Organic (as NH- - 0.1-0.9 0.2 2.4-5.5 3.8
Arr?mniagas NH.-H)) 0.1-0.5 0.2 0.7-2.1 1.5
Phosphorus, Tot al L4 Lo s 6 s 4
(as P2%5' gni/1"9) 0.1-6.8 -
pH 6.3-7.9 7.1 6.7-7.7 7.0
Physi cal Characteristics
Tenperature ( O 16-24 20.1 24- 31 27.7
Specific Gravity 0.99-1.09 1.02 1.01-1.41 1.1
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4.2 Deconposition Process

4.2.1 Sludge Characteristics

The range and nean val ues of the chemcal conposition of
the sludge found in the latrines examned are provided in
Table 4.7. The typical sludge was 10% solids and 90%
noi sture by weight. The solid faction consisted, on the
average, of 20%organic and 80%inorganic matter. The
concentrations of the different solid conponents (total,
volatile, nitrogen, and phosphorous) found in the Patna
sanpl es were generally lower than those of the sane
conponents in the Singur sanples. The mean val ue of
chem cal oxygen demand (COD) in the Patna sanples (nean COD-
182.0 gm kg) was, however, higher than that of the Singur
sanpl es (mean COD-72.6 gn kg).

A conplete set of the laboratory results for each sludge
sanpl e taken is provided in Appendix A In general, the
variability seen in the conposition data was great. Because
such large variability was not expected, control experinments
to evaluate data variability due to sanpling technique and
anal ytical error were not conducted.

Because of the unusually large data variation, the
sl udge conposition data was considered to be of limted
useful ness. It is presented here to serve as a data base
for future studies. Methods for determning sanpling and
anal ytical errors are suggested in the discussion chapter of

t he report.
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4.2.2 Gas Production Rates

Evi dence of mcrobial conversion of solid organic waste
to gaseous products was seen in each of the latrines

examned. Gas was col lected fromall the sludge sanples at
rates of between 0.002 to 3.014 liter/hr/kg volatile solids.

Gas production rates fromeach sanple are provided in
Appendi x A. There was little consistency in the gas
production data. [t is not know whether this is because the
sanpling technique was unsatisfactory or the volatile solids
anal yses were incorrect. The problems encountered in the
sl udge conposition anal ysis have al ready been nentioned.

Met hods of inproving the gas production measurement and
assessing the sanpling variability are also considered |ater
in the report in the discussion chapter.

The large degree of variability found in both the gas
production and sl udge conposition data precluded the
anal ysi s which was planned of the possible relationships
bet ween gas production rates and physical/chen ca

par anet er s.
4.3 Drainage Process

4.3.1 Soil Properties

The soil particle size analyses confirmed the geol ogica
i nformation which was known about the Patna and Singur areas
before the study was begun. In Patna the upper soil stratum
was a sandy loam followed by a clay layer beginning at a
depth of about one meter. In Singur, the solid consisted of
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asilt loamintermxed with layers of sand. The sand | ayers
were the result of the novenent of an ancient riverbed
through the area, A conplete set of the soil particle size
anal ysis is provided in Appendi x A

Testing of the hydraulic conductivity in the different
solid layers indicated that the conductivity of the soils
surrounding the Patna latrines was |ower than that of the
soils surrounding the Singur latrines. Individua
"equival ent" hydraulic conductivities were calcul ated for
soi |l around each latrine based on Eqn. 4.1.

Equation 4.1

Equi val ent Soil Hydraulic Conductivity
(Todd, ~1980)

k_ eqlv - AN N AN

zi

where k-eqiv = equiva Ie nt hydraulic conduct|V|t¥ niday
ki = hydraulic conductivity in soil ratum i,
(m day),
zi = horizontal thickness of soil stratum i, (m.

The average equi val ent hydraulic conductivity found for
soil surrounding the Patna latrines was 0.59 m day. The
average equival ent hydraulic conductivity found for the

Singur latrines was 1.16 mday. The hydraulic conductivity

val ues neasured in the different soil strata and i ndi vi dual

equi val ent conductivities are presented in Appendi x A
4.3.1 Drainage Rate

Typi cal drainage curves observed in the latrines
exam ned in Patna and Singur can be seen in Figure 4.1. The

general pattern found was one in which fairly rapid Iiquid
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| oss occurred in the first two hours of observati onf

followed by little or no drainage after that time. Included
on the graphs is a theoretical curve of liquid |oss based on
the use k-eqiv values in Darcy's |aw

To obtain a quantitative sense of what such drainage
patterns neant in terms of liquid |oss, "effective"

hydraul i ¢ conductivities for each latrine were cal cul ated
based on Egn. 4. 2.

Equation 4.2

"Ef fective" Hydraulic Conductivity
(Auger hole nethod [Kessler, 19741)

et o XNt +172) - in(h(t,) +r/2)

n - 4
where k-eff = "effective" Eydraullc conductivity (mday),
r = pit radius
h(t) = helght of I|qU|d inpit at ting, t (m ,
t. =initial tine,
t, - final time,

In general, the "effective" hydraulic conductivities
were |ower than "equivalent" conductivities found in the
surrounding soil. The average k-eff in the Patna |atrines
was 0.14 mday conpared to a k-eqiv nean of 0.59 mday. In
the Singur latrines the average k-eff was 0.01 mday. The
k-eqiv value for these latrines was 1.16 niday.

A very wide range "effective" hydraulic conductivity

val ues were found. In sone latrines there was up to a

thirty centinmeter drop in the sludge surface |evel during
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the testing period and in other latrines there was no change
at all. Because of the large degree of variability the
k-eff values, these results were regarded with sone
skepticism

For future reference the "effective" hydraulic
conductivity values are provided in Appendix A The
useful ness of the data as far as predicting the relationship
drainage rate and soil properties was thought to be somewhat
limted because of the large variability in the data.
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V. DI SCUSSI ON

5.1 Sludge Accunul ation Rates

5.1.1 SAR Data Variability and Sample Size

The first objective of the SAR project called for the
determ nation of sludge accunulation rates in a nunber of
pour-flush latrines. Inplicit in this objective was a
desire to establish the "average" and range of accunul ation
rates that can be expected in these latrines.

A sunmary table of the accunulation rate statistics is
provided in Table 5.1. In general, the different data sets
are characterized by high standard deviations. It was
surprising to find such a large degree of variability in the
accumul ation rate data. Since the range in a small sanple
of a population is |ess than would be found in the
popul ation as a whole, this inplies that a very wde range
of accunulation rates is possible.

If discussionis limted to consideration of the overal
Patna and Singur data sets, the "normal" range of
accunul ation rates appears to be from0.010 to

0.060 mi/pers-yr. This range represents approximately from
two to three standard deviations either side of the Patna
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nogrTT T

Table 5.1 Summary of sludge accumulation rate statistics

Dat a
Set

a) overall
b) "ol d"

c) "operating"
a) overall

*All rate
SAR = sl
S.D. = standard

Data Range of )
Pts. SAR val ues* Medi an Mean = S.D.

12 0. 016-0. 055 0. 031 0. 034+0. 012
8 0.012-0. 052 0.018 0. 026+0. 017
8 0.013-0.014 0.043 0.047+0. 043

12 0.011-0.057 0.022 0.029+0. 017

statistices expressed in terms of m/pers-yr.
udge accurnul ation rate

devi ati on
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and Singur rate means. (This range al so covers the
accumul ation rates found in other studies.)

In trying to determne the true mean accunul ation rate,
It was necessary to see if the data are normally
distributed. H stograns for the Patna and Singur rates were
prepared and these are presented in Figures 5. 1A and 5.1B
The rate data was found not to have a normal distribution.

In both Patna and the Singur, the data was skewed in the
|l ower direction.

Because of the predom nance of |ower SAR val ues, use of
the Patna and Singur SAR neans to identify the "average"
rate was not justified. Rather, a better measure of the
central tendency was thought to be the median. In general,
use of the median reduces the effect of extreme values in
trying to identify the central tendency. This appeared to
be the best approach in handling the accumul ation rate data.

The nedian SAR val ues found in the Patna and Singur
latrines were 0.031 and 0.022 nf/pers-year, respectively.
Consi dering both nedian val ues, the "average" accunul ation
rate in pour-flush latrines appears to be approxinately
0. 025 nﬁ/pers-yr.

5.1.2 Conparison of SAR "Average" Rate to UNDP/ TAG
"Effective" Capacity Factor

The "average" accumulation rate of 0.025 nﬁ/pers-yr.
found in Patna and Singur is bel ow both the "effective"

capacity factor currently reconmended (UNDP, 1984) for dry
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conditions (0.045 m /pers-yr) and for wet conditions
(0.066 m/pers-yr).

5.1.3 Experinmental Error in SAR Val ues

The large degree of data variability raised concerns
about the amount of experinental error in accunulation rate
determnations. This concern generated an attenpt to
predict the experimental error in the rates.

Predictions of the experinental error associated with
the accunul ation rate determ nations explained only a snal
portion of the data variability. In the Patna latrines, the
experinental errors were, at most, fifty percent (see Table
4.5) of the measured rates. In the Singur latrines the
maxi num experinental error was predicted to be approxi mately
seventy percent of the neasured rates (see Table 4.6). Such
experinental errors alone could not explain the three- to
eightfold difference in accunul ation rates that was observed
within the individual data sets.

The technique used to assess the experinental error in
the rate determnations is not considered to be entirely
adequate. The main reason this is said is because there is
no way of knowi ng whether the assunptions nade in
association with usage error are correct or not (see Section
4.1.4). ldeally, there should be an objective means of
assessing the error in this factor. Howthis mght done is
discussed later in the report in a section of "lInprovenents

in Experinmental Design."
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1j12__Sludge A urrulat|donERate Re|§t|gnsh|psto Pit Design.

—Socl 0= econom c an nvi r drmment acto

5.2.1 Latri ne Mdde

To achieve the study objective of determning the
influence of different design and environmental factors on
the sludge accunul ation rate it was necessary to develop a
framework for the data analysis. To this end a mathematica

model , based upon theoretical considerations was devel oped
to describe the accumul ation process.
5.2.2 Model Derivation

a) Materials Bal ance

To begin with, it was assunmed that the |evel of solids
reduction in a latrine would be high, i.e., eighty to ninety
percent. As human excreta contains five to ten percent
solids, this assunption neant that the accumulated vol ume of
solids would be relatively small and therefore could be
1 gNmnor ed. N

The focus of the model devel opment then becane how to
describe liquid accumulation in a latrine. Two processes
had to be considered; liquid input or |oading by the latrine
users and liquid loss through drainage. In terns of a

sinple material bal ance;

Equation 5.1

Material s balance for a pit latrine

| qui d . 0
o, = Acctunul at | onqr \nn%ut in - hrougﬂf; dsal nage
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b) Description of Drainage Losses

Assum ng that the per capita |loading rate would be
constant, the question of interest then becane how to best
describe the rate of liquid |oss or drainage. Darcy's Law

was used for this purpose;

Equation 5.2
Darcy's Law
Q =k X A X dh/dl

where, Q = drainage rate (volune/tine),
k = soil hydraulic conductivity (length/time),
A = flow area (length x len thy
dh = hydraulic gradi ant (unltless)

c) Assunptions

The interpretation of what soil hydraulic conductivity,
flow area, and hydraulic gradient to use in Darcy's Law was
based on the follow ng series of assunptions.

1) Hydraulic conductivity, k-effi the literature review
had indicated that in septic tanks, it was quite comon for
a biological slime or clogging |ayer to build up on the
liquid-soil interfaces of such systens. Studies of the
cl oggi ng phenonena indicated that this |ayer grew very
qui ckly and was very i nperneabl e.

In the devel opnent of the nodel it was assumed that a
clogging |ayer would be fornmed on the sidewalls and base of

apit. It was also assumed that the hydraulic conductivity
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of this layer would be nuch |ower than that of the
surrounding soil. To denote this difference it was decided
that the hydraulic conductivity used in the model would have
been identified as an "effective" hydraulic conductivity,

2) Flow area, A (t): In alatrine there are two
directions through which liquid can flow fromthe pit —
horizontal |y through the pit sidewalls or vertically through
the pit base. In the model it was assumed that flow woul d
occur primarily in the horizontal direction. There are two
reasons for this assunption. Latrines are normally built
upon a firmbase, i.e., clay or rock, both of which have |ow
permeabilities. Secondly, over time a layer of solids tends
to build up on the base of a pit. Experience has shown this
| ayer to be both conpact and inperneabl e.

Anot her factor which had to be taken into consideration
was the presence of pit lining in latrines. To conpensate
for the loss of flow area due to pit lining, aterm Y,
known as the "drainage ratio," was developed. This termis
equal to the ratio of the unlined sidewall to total sidewal

Based on the assunption that |iquid |oss would occur
primarily through the pit walls, the flowarea for a latrine

was defined as foll ows:
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e) Mat eri al Bal ance

Havi ng adopted a neans of estimating liquid |osses it

was possible to wite a nore precise materials bal ance

Equation 5.5
Modified materials balance for a pit latrine

VOLt + t = VOLt + (NX) t - Qt) t

where VOL = volune of sludge accunulated in pit at time, t,
or t + t,
N = nunber of people using latrine,
X = per capita loading rate (vqune/tlnE)

t = change in time or period of latrine use (tinmne),
Qt) =» drainage rate at time, t (volune/tine)
or (k-eff)(V)(2 r)(h(t)).

By placing VO.t on the left hand side, and dividing

through by tine. Equation 5.5 was put into a form which was

nor e recogni zabl e:

Equation 5.6

voLt + t - VOt

= (NX) - (k-eff)(Y)(2 r)(h(t))

t

Taking the imt of Equation 5.6 as t —O0, yielded.

Equation 5.7

dvOoL
= (NX) - (k-eff) (Y) (2 r)(h(t))
dt
After further manipulation. Equation 5.7 was put into

the formof the differential equation:
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Equation 5.8
dh(t)  (NX) (2Y) (k-eff)(h(t))

dt ro r
Equation 5.8 was solved by the separation of variables

technique and then integrated to provide a formula for the

prediction of the sludge height in a pit at any tiner t.

Equation 5.9
(t) =S X (exp- 1)
where 0 = JI7 Q=- MIjmn

The final step in the nodel derivation was the
conversion of Equation 5.9 into a formthat coul d be used
for the prediction of sludge accunulation rates. This was
done by multiplying both sides of the equation by the
factor, r2/(N X t). The results of this manipulation are

shown in Equation 5. 10.

5.2.3 SAR (MODEL) Presentation

Equation 5. 10

Sl udge Accunul ation Rate Mddel (for circular pits)

SAR (> (r )
= [- 1 [exp(-(2Y) (k-eff) (t)/(r))-1]

( MODEL) (2Y) (k-eff)(t)
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where SAR(MODEL) = predicted sludge accunul ation rate
(volume/capita x tine))

X = per capita loading rate (volune/tine),
r = pit radius (length)
Y = drainage ratio (unitless), o

k-eff = "effective" hydraulic conductivity

(length/tine),
t = pit age (tine).

A simlar nodel for the prediction of accunulation rates in
rectangular pits was al so devel oped, with all parameters being
the same as in Equation 5.10 except 1 and w which represent the
pit ength and w dth.

Equation 5. 11

Sl udge Accunul ation Rate Mdel (for rectangular pits)

(X (1 X'w -(2y) (k-eff) G +w (t)
SAR = [- Ix ( )

( MODEL) (2Y) (k-eff)(t) [exp (1 x w -1]

1j12__Model Interpretation

Havi ng devel oped the nodel, the first question asked
was, "What does the nodel suggest about the effect of
di fferent factors on SARs?"

According to the nodel, there are five paranmeters which
coul d affect the sludge accunulation rate —"effective"
hydraul i ¢ conductivity, per capita loading rate, pit radius,
drai nage ratio, and age. To exam ne wh"t effect each of
these paraneters had on the predicted sludge accunul ation

rates, a nunber of different situations were consi dered.
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Figure 5.2B
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5.3.1 SAR(MODEL) vs. Time

The nost influential parameter in the nodel was found to
be tine. |Its inportance lies inits position in the model's
exponential term In latrines which have been used for
relatively short periods (0-3 years) , the exponential term
Is large enough to have an effect on the sludge accunul ation
rate. As time increases, however, the exponent approaches
zero and the accumul ati on rate becones al nost constant.

This phenonmenon is illustrated in Figure 5.2A, where sludge
accumul ation rate [ SAR(MOXDEL)] versus pit age has been
pl otted.

To understand the physical neaning of the SAR(MODEL) -
time rel ationship, one must |ook at what happens to h(t),
the height of sludge in a pit, through time. The latter
rel ationship has been plotted in Figure 5.2B

VWhat is seen in a graph of h(t) versus tine is a sharp
rise in h(t) during the first year of latrine operation.
During this period, the rate of loading is greater than the
rate of loss and, hence, a net increase in sludge
accunul ati on occurs.

By the end of the first year, the sludge height (h(t))
reaches an "equilibriunt level. This level is the point, as
represented by Equation 5.12, where the rate of liquid |oss

equal s the rate of |iquid |oading.
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Equation 5.12

Li qui d
Loadi ng Li qui d Loss

XN = (k-eff)(A)(t) = (k-eff)(Y)(2 r)h(t)
wher e X = per capita loading rate (nﬁ/cap/day),

N = user popul ation size (capita), .
k-eff = "effective" hydraulic conductivity (nfday),
A(t) =flow area at any time, t (m),

Y = drainage ratio (unitless),

r=pit radius (m, _ .
h(t) = height of sludge in pit at tine, t (m ,

Gven a certain value of k-eff, the sludge height wll
increase until the size of the flow area is |arge enough to
allow liquid|losses to equal liquid input. After this
point, the model indicates that there will be no further
increase in the sludge height. This means the vol une of
sl udge al so does not change.

5.3.2 SAR(MODEL) vs. Pit Radius

The rel ationship between SAR(MODEL) and pit radius is
plotted in Figure 5.3. \Wat was found was a |inear increase
in SARCMODEL) as the pit radius increases. This is so

because pit radius is in the nunerator of the nodel's first

term

Table 5.2 Effect of Changing Pit Radius on SAR( MODEL)

Chapdsius n&)OM (BT AYATSE (VR BR(r)) SARCMODEL)

1.i ncrease decrease no effect i ncrease i ncrease

2. decrease i ncrease no effect decr ease decr ease
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Mbdel simulations show a small difference in the

relative effect of pit radius on sludge accunulation rates
when different pit ages were assuned (see Figure 5.4) . The
reason for this was attributed to the position of the radius
in the exponential termof the model. As with timer the
val ue of the exponent, as determned by the pit radius and
other factors, affects the SAR(MODEL) values in the early
stages of latrine operation.

5.3.3 SAR(MXDEL) vs. Drainage Ratio

The sinulations of the relationship between SAR(MODEL)
and the drainage ratio indicated that small changes in the
ratio could have significant effects on the accunul ation
rate.

A plot of SAR(MOXDEL) vs. drainage ratio is provided in
Figure 5.5. The decrease in SAR(MODEL) with increasing
drainage ratio reflects the fact that less flowareais
required when the number of openings/unit area increases in
the pit |ining.

As in the case of pit radius, a difference was noted in
the relative effect of the drainage ratio on SAR(MODEL) when
different pit ages were assumed (see Figure 5.6). Here
again the difference was attributed to the position of the
ratio in the exponential termof the nodel.

5.3.4 SAR(MOXDEL) vs. Per Capita Loading Rate

The rel ationship between SAR(MXDEL) and the per capita
| oading rate is shown in Figure 5.7. As is obvious fromthe
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model fornul ation, SARCMODEL) increases linearly with the

| oadi ng rate.
5.3.5 SAR(MODEL) vs. "Effective" Hydraulic Conductivity
In the nodel the "effective" hydraulic conductivity

represents the permeability of the clogging |ayer that has

been assuned to formin all latrines. 1t has al so been
assuned that the value of k-eff would be the same in al
latri nes.

Despite the assunption that k-eff is a constant, the
rel ationship between SAR(MODEL) and k-eff was exam ned.
Since k-eff and the drainage ratio enter into the nmodel in
the same way, the effects are identical. As can be seen in
Figure 5.8, the value of SAR(MODEL) decreases exponentially

as k-eff increases.

The higher the k-eff of the clogging |ayer, the nore
liquid which can pass fromthe pit per unit of flow area.
Wth high values of k-eff, less flow area is required and,
hence, | ower accurulation rates are predicted.

Because k-eff is in the exponential termof the nodel
the relative effect of k-eff on SAR(MODEL) val ues changes

wthtime. Thisis illustrated in Figure 5.9.
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5.4 Paraneter Estinmtion

Havi ng devel oped a theoretical nodel of the relationship
between the sludge accunulation rate and different design
and environnental factors, the logical next question to ask
Is, "Do the latrines performas predicted by the nodel ?"
This question is addressed by conparing the predicted
accunul ation rates with those measured in the Patna and
Singur latrines. The cal cul ation of SAR(MODEL) val ues for
each latrine depended in turn on having values for each of
the paraneters in the nodel.

Al of the paranmeters in the nodel, except the
"effective" hydraulic conductivity (k-eff), represented
quantities that could be determned fromthe field data. An
attenpt to measure k-eff values directly in the field had
failed and the value of this parameter had to be estinated
indirectly.

A "sum of squares" nethod was used to find the best
estimate of the "effective" hydraulic conductivity. This
met hod involved the cal cul ation of the summation,

Equation 5. 13

k-eff Estinmati on

(SAR(IED)" - SAR(MCDEL) )
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where, SAR(MSD). measur ed sludge accunulation rate, in

latrine, i (m/cap/yr),
SAR(MODEL) » = sIudPe_accunu]ation rate predicted by
nodel in latrine, i (m/cap/yr),
n = total nunmber of Patna "old" pits,

over a range of hydraulic conductivity values. The best
estimate of k-eff was taken to be the hydraulic conductivity
such that the sunmati on was m ni nm zed.

There was sone debate about which sludge accunul ation
rates to use in estimation procedure for k-eff. There were
three data sets that could have been drawn upon —those of
the Patna "ol d" and "operating" pits and Singur latrines.

No matter which data set was chosen, the set used to
estimate k-eff would become "biased" for later use in
testing the nodel. There was a strong desire to use the
Patna "operating" pits in the nodel eval uation because they
offered a chance to examne the effect of tinme on
accunul ation rates. Simlarly, there was a desire to save
the Singur data for the nodel evaluation in order that the
two different styles of latrines could be conpared. In the
end, then, it was decided to use the Patna "old" pit rate in
the k-eff estimation procedure.

Using the Patna "ol d" pit accunulation rates and
paraneters (1, w, Y, and t), a range of k-eff values from
0.01 to 1.0 mday was exam ned. The m ni num "sum of
squares” value was found to occur at a k-eff value of 0.08

mday. This value was taken to represent the hydraulic
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conductivity of the clogging |ayer assunmed to exist in

latri nes.

5.5

Model Eval uation _ 7™

5.5.1 Evaluation Techni que

Two questions were asked in the nodel evaluation;

1)

2)

a)

To

how cIoselg did the nmodel 's prediction of sIudge
accunul ati1on rates match thosSe found in the Patha and

Si ngur latrines; and,

did the use of the nodel's SAR predictions in the
UNDP/ TAG design equation lead to a nore accurate

estimate of pit capacity requirenents than the use of
an "average" accunul ation rate?

SAR( MODEL) Predictions

answer the first question, model "predicted"

accurmul ation rates [ SAR(MODEL)] were cal cul ated for each of

the Patna and Singur latrines. These rates were then
compared to the actual accumulation rates [ SAR(MSD)].
Based on the experimental error associated with the
SAR(MSD) val ues (see Tables 4.5 and 4.6), it was decided
t hat SAR(MODEL) values within £ 50% of the measured rates

woul d be consi dered vali d.

The percentage error in each rate estinmte was

cal cul ated according to Equation 5. 14;

Equation 5. 14

SAR( MODEL) Error

Percentage = SAR(MODEL) - SAR(MSD)
Error (29 SAR(MSD) x 100
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b) Comparison of Mdel and "Average" Rate Equation

To answer the second question, a "sumof squares" error
estimati on nmethod was used. First, for each latrine, the
vol une of sludge accunul ation as predicted by the nodel
[ VOL(MODEL)] and "average" rate equation [VOL(AVG] were
cal cul ated (see Table 5.3). This was followed by the
computation of an error termfor each latrine and then a
summation of total error in both the VOL(MODEL) and VOL(AVG

esti mat es.

A summary of the "sum of squares” error estimtion
nmet hod is provided in Table 5. 4.

5.5.2 Results of Mdel Eval uation

a) Patna Latrines

SAR( MQDEL) Predicti ons;

The percentage error in estimated accunulation rates in
Patna latrines are presented in Table 5,5. Both positive

and negative errors were observed indicating that the node

both overesti mated and underesti mated actual accunul ati on
rates. In terns of deviation fromzero, the m ni mum and
maxi mum errors observed were Latrine 8 (-11.6% and Latrine
16 (+48.4% .

The SAR(MODEL) estinmates for the Patna latrines were
considered to be accurate within the prescribed degree of
error. Al of the SAR(MODEL) values were less than fifty

percent off of the neasured accumulation rates, with the
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Table 5.3 Sludge Accunul ation Equations

1. Model
VOL( MODEL) = BAR(MODEL) X N x PL

, Avera% Rat e Equati on
VOL(AVG = SAR(AVG) X N x PL

VOL ( MODEL) nodel predicted sludge accunul ation (m)

VOL( AVG) "average" rate equation predicted sludge
accunmul ation (m),

SAR(MoDEL) = sl udge accunul ation rate predicted by model r
(ra / capita-yr,

SAR( AVQ) = average sludge accumul at'i on Tate, (m/capl ta-
yr.)

N user popul ation size (capita),

PL period of latrine use (yrs.),

Table 5.4 Error Sunmmati ons

: VOL(MBDY) - VOL(MODELA))

i =»|

. (VOL(MSDY) - VOL(AVGY))

i «l

VOL( MSD) . = neasured sludge accunulation (m) , _
VOL(MODEL.) = nodel predicted sludge accunulation (m),
VOL(AVG. ) = "average" rate equation predicted sl udge

accurmul ation (m),
nunber of latrines in data set.

n
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Table 5.5 Patn erating" Pi
ﬁodgl &)edl ctions olft Sl ucF%r CA%rc]:tu%%?atElr E)Rr Rat es

LATRI NE SAR( MODEL) SAR( MsD) PERCENTAGE
noveer (MY PERS-YR)  (MVPERS-YR) ERROR (%
1 0. 028 0. 032 -12.5
2 0. 132 0. 104 26.9
6 0. 049 0. 033 48. 4
7 0. 062 0. 050 24.0
8 0. 038 0. 043 -11.6
10 0. 029 0. 043 -32.5
12 0. 019 0. 013 46. 1
14 0. 065 0. 055 18. 1

Percentage error = SAR( IV[DEIE) SAR ( MBP)

X 100
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majority of the estimates being good within plus or mnus
thirty percent.

Conparison of Mbdel and "Average" Rate Equations;

There was a large difference between the nodel's
summation val ue (SUMEO. 3) and that of the "average" rate
equation (SUME4.1). Such a large difference in error
sunmations indicated that the use of the SAR(MODEL) val ues
led to nuch better estimtes of pit capacity requirenents
than the use of the "average" rate. This finding confirned
the nodel's ability to accurately predict accunulation rates

in the Patna | atri nes.

b) Singur Latrines

SAR( MOPEL) Predi ctions;

The percentage error in the accunulation rate
estimtions for the Singur latrines are presented in Table
5.6. Again both positive and negative errors were observed.
In terms of deviation fromzero, the mninumand maxi mum
errors were found in Latrine 1 (+9.0% and Latrine 5
(+118.19% .

Contrary to the results found using the Patna data, the
Singur SAR(MODEL) errors indicated that the model did not
produce accurate rate estimtes. SAR(MODEL) predictions in

two latrine (4 and 5), were particularly bad, being off by
more than one hundred percent.
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Table 5.6 ngpr Latr|nFSé PercgntaﬁglError n Mbdel

ctrons of Sludge Accufrul ation Rates
LATRI NE SAR( MODEL) SAR( MsD) PERCENTAGE
NUVBER (M‘/ PERS-YR.) (M PERS-YR.) ERROR (%9
1 0. 024 0. 022 9.0
4 0. 022 0. 011 100.0
5 0. 024 0. 011 118. 1
6 0. 027 0. 018 50.0
7 0. 028 0. 020 40. 0
8 0. 027 0. 054 -50.0
10 0. 028 0. 021 33. 3
11 0. 036 0. 049 -26.5
15 0. 025 0. 020 5.0

2
Eatrines 2, 2, and 13 were not consi?Fred in tpe anal ysi s
ecause two ring sizes were used in the pits of these

latri nes.

Percentage error = SAR( MEEL) .- SAR( MBD)

( HSD) X 100
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Conparison of Mbdel and "Average" Rate Equations;

Error sumations for the nodel's [VOL(MOXDEL)] and
"average" rate equation's [VOL(AVG] predictions of sludge
accunul ation were calculated. The average rate used to
cal culate the VOL(AVG val ues was 0.029 m/pers-yr (the
Singur nean rate).

There was relatively little difference found between the
two error summations, with that of VOL(MODEL) being SUMEL. 6
and that of VOL(AVG being SUM2.1. Because there was only
slight difference in the error sunmation values, it can only
be said that the use of the SAR(MOXDEL) val ues produced
equi val ent estimates of pit capacity requirenents to those
that resulted fromthe use of the "average" rate.

5 Mbvdel Validity and Possible |nprovenents

5.6.1 Sunmary of Mbdel Eval uation

The eval uation indicated that the nmodel could be used to
predict the effects of different design and environnental
paraneters on accunulation rates in the Patna latrines. The
model 's SAR predictions were fairly accurate, and provided
better estimates of pit capacity requirements than the use
of an "average" accunul ation rate.

The anal ysis of the Singur data did not lead to results
as clear as those found with Patna data. In the Singur
latrines, error in the model's SAR predictions proved to be
unacceptabl e. The nmodel only provided estimtes of pit
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capacity requirenments equal to what would have been found if
the "average" rate had been used.

5. 6.2 Renai ni ng Questions

The use of the nodel led to accurate predictions of SAR
values in the Patna latrines but not in the Singur latrines.
What concl usion coul d be drawn when the nodel worked in one
case but not another?

The final step in the data analysis was to ask why the
model was able to accurately predict accunulation rates in
the Patna [atrines but not in the Singur latrines? By
| ooking at this question it was hoped the strengths and
weaknesses of the nmodel woul d become evident, and, hence, a

final judgenment could be made on its utility.

5.6.3 Possi bl e Reasons for Differences in Patna and
Si ngur Results

There were three possible reasons why the nodel's
predictions of sludge accunulation in the Patna |atrines
were better than its predictions in Singur latrines;

1) Model bad, data good:

(One possible reason for the difference in the Patna and
Singur results mght lie in the exclusion of a design or
environmental factor which affected sludge accumul ation in
the Singur latrines but not in the Patna latrines.

One such factor was thought to be groundwater
penetration of the Singur latrines. During the period of
the field study, the groundwater table was well bel ow both
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the Patna and Singur latrines. Through questioning |ocal
residents this was found to always be the case in Patna but
not so in Singur.

Fol l owi ng up the residents' observations, records of
annual groundwater |evel fluctuation were examned at the
Al India Institute for Hygiene and Public Health research
station at Singur. The information available indicated that
the groundwater table noved quite a bit in a normal year.

In the rainy season the groundwater table often came to
within one neter of the surface, while later, during the dry
season, the groundwater table could drop to a level of as
much as six neters bel ow the surface.

Wiat effect the rise of the groundwater table into a
|atrine mght have on the accunulation rate is not clear and
needs further study. In any case, the point is that such a
factor mght have caused the model's predictions to be off
in the case of the Singur latrines but not have affected the
predictions for the Patna | atrines.

2) Model good, data bad:

In the evaluation, two of the nodel paraneters were
assumed to have the same values in both Patna and Singur. A
standard per capita loading rate of X-1.5 1/cap/day was
assuned for all users. An "effective" hydraulic
conductivity of k-eff=0.08 m day was assumed in al

|l atri nes.

99


NEATPAGEINFO:id=AE2DAD68-7A67-473F-9E02-9AC832AF2BB0


There is reason to believe that the per capita |oading
rate at the two sites could have actually been different.
The per capita loading rate was probably higher in Patna
than in Singur due to differences in comunity settings.
The Patna research site was in an urban area. The Singur
site was inarural area. In Patna, the residents had to
use their latrines. There was no alternative. In Singur,
the residents may have used their latrines in the morning,
but it is very unlikely that the latrines were used when the
peopl e were working on their farms during the rest of the
day.

A standard per capita loading rate had to be assumed
because there was not |ocal data available. The ideal

situation would be to have such information before starting
a study of sludge accumulation rates. The inportant point
is that the nodel's predictions of accurmulation rates in the

Singur latrines may be poor because the per capita | oading
rate in these latrines was overestimated. In this case the

failure of the nodel would not have been because it was
| nappropriate, but rather because of bad input data.

3) Model good, data different:

One of the primary reasons that the model's predictions
of sludge accumulation in the Patna latrines were better

than those of the "average" rate equation was because the
nodel was able to nore accurately predict sludge
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accumul ation in latrines of relatively young and ol d age.
This is illustrated in Figures 5.10 and 5. 11.

Looking solely at the Patna data there seemed to be the
possibility that the main strength of the nodel was inits
ability to predict the sludge accunulation rate-tine
relationship. It was not possible to confirmor deny this
possibility with the Singur data because all of the latrines
examned in Singur were of the sane age.

An earlier study of sludge accunulation rates in Singur
|atrines had | ooked at the SAR-tine relationship. This
study had been conducted over a nine-year period (1972-81)
by the Public Health Engineering Department of the All India
Institute of Hygiene and Public Health.

In the AIl H&PH study are presented in Figure 5.12 where
sl udge accunulation rate versus tine has to be plotted. On
this graph the individual points represent the accunulation
rates in each of nine latrines at the time when they were
conpletely filled and could no |onger be used.

Interestingly, the SAR-time relationship found by the
Al'l HEPH researchers is the sane as predicted by the model

(see Figure 5.2A) —i.e., an exponential decline in
accunmul ation rates with pit age.
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Figure 5.12
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Equation 5.15
SAR-Ti ne Rel ationship Found by AllH&PH

1
Rate =

47.5 X (1)-"-*M

where. Rate

rate of f||||ng of sludge accunulation rate
(cft./cap-yr)

pit age (yrs),
LA Sunnar gf SAR Relatlonshlp tQ Pit Design and Socio-

~—— econo c and Envi ronnent al Fégtors

A theoretical nodel devel oped to examne the
rel ationship between the sludge accunulation rate and design
and environnental factors indicated that the SAR in any
given latrine will be determned by five different
factors —per capita loading rate, "effective" hydraulic

conductivity, and pit radius, drainage ratio, and age. (Can
this nodel be accepted?

Points in favor of nodel acceptance:

L MOHEL WPEhRR' & ERoASPULEt Ehl PREALCT n3PSPHLAL! PBat na

only).
2. e of node } ed|cted cecumu |a n ates led to
gs |nateﬁ 0 E apaci [y re u ood as or
etter than a ave age’ rat | ur an atna

S 5408 SO0 L LR VTSR o s

and previous studieson |atrines.
Poi nts agai nst nmodel acceptance:

1. Model evaluation based on a limted amount of data
[Patna (N=8), Singur (N=9)].
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2. wbdel naY not FPnsider al | desiﬁn and enyi ronnent al
aciors ha} a ec} accunul at1 o rateﬁ C§|n ur),
The points In tavor of the nodel outwelgh the 80|nts

against it which suggests the nodel shoul d be accepted. The
main strength of the model lies inits ability to predict
sludge accumulation rates in latrines over tine. I[ts main
weakness may lie in the fact that it does not take into
account the effect of hydrological changes (i.e.,
groundwat er penetration) on sludge accunulation rates.
1j1 & I'nprovement of Experiment Design

5.8.1 Data Categories

Because of the objectives of the project, two types of
data were collected. One category of data consisted of
information on sludge accunulation rates, latrine design,
and environmental and socio-econom ¢ conditions. The second
category consisted of the data on solids deconposition and
dr ai nage processes.

5.8.2 Sludge Accunul ation Rate Data

There were three pieces of information which were used
to estimte the sludge accunulation rate in a latrine.
These were the use popul ation size, latrine age, and sl udge

vol une.

a) User popul ation size

The nost [ikely source of error in the accumulation
rates was in the assessnent of the user popul ation size.
The head of each househol d was interviewed and asked to nane

all of the people who had stayed in the house and had used
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the latrine fromthe date of latrine construction. Each
person's nane, occupation, date of birth, and entry or exit
fromthe household were recorded. Wen possible, this
information was confirmed by talking with a second househol d

nenber .

Several |essons were learned in trying to gather the
user information. First, the proper procedure for
investigating a latrine is to conduct the user survey first,
and then, later, to neasure the amount of sl udge
accumul ation. If good user information is not available
then it makes no sense to continue the study of a latrine.

|f one begins by measuring the sludge accunul ation, and
| ater finds out the accurate user information can not be

obtained, a lot of tinme is wasted.

Anot her issue is novenent of people in and out of
househol ds. Every effort should be made to study latrines
in areas where the households are fairly stable. Wrker's
quarters, mlitary housing schenes, refugee canps, and ot her
sites where there is a frequent shift in popul ation should
be avoided. The best situation is one in which the famly

owns the house in which it |ives.

Many times latrines are present but people do not use
them Before a research site is selected, every effort
shoul d be nmade to find out the |ocal residents' attitudes
toward latrine usage. It is very difficult to assess the
correct user popul ation size when people report regul ar use
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of alatrine when in reality the use is not regular
Studies should only be conducted in areas where there is
strong evidence of latrine usage by all nenbers of the
conmuni ty.

Final Iy, because the user population size is such a
crucial factor and so difficult to estimte objectively, it
IS recomended that independent testing should be conducted
to 1) confirmthe user information gathered by the research
team and 2) to provide an estimate of error in the [atrine
owner's reply to the user survey. The independent testing
woul d not have to be done in every househol d where a latrine
was studied. Only one out of five or ten househol ds woul d

be interviewed a second tine.

b) Latrine Age

In the present study, the household owners were asked
when their latrines had been built. This informtion was
confirmed by checking the records of the institutes that had
constructed the latrines. For the nost part, the date on
record agreed with that given by the househol d owners.

The type of situation in which the latrine age can be
confirmed by some sort of official record is ideal. Vhen

selecting a research site, it is reconmended that areas
shoul d be consi dered where latrines have been constructed in

association with public health and comunity devel opment

projects. If this is done, then the Iikelihood of obtaining
records of latrine installation become nuch higher
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One particul ar problemencountered in the present study
was that of determning the date of pit change-over in dual-
pit latrines. Al of the change-overs had been made by the
latrine owners and therefore it was necessary to rely on the
owner's menory for this information. It is recommended in
future studies that dual-pit latrines be studied early in
their operation, before pit change-over has been made. This
woul d elimnate reliance on the owner's nemory for
determ nation of pit age.

c) Sludge Vol une

Measurement of sludge volunme was a relatively straight-
forward matter. The sludge level and pit depth were
measured to determne the sludge thickness. The pit length
by width (rectangular pits) or dianeter (circular pits) was
measured to determne the cross-sectional area. Miltiplying
the sludge thickness by area provided the sludge vol une.

All nmeasurenents were nade by using a measuring tape. A
steel rod was used to find the pit base.

One thing which nmade it easy to determne the pit depth
in the Patna and Singur latrines was the fact that the
sidewal |'s of each pit were conpletely lined. If unlined
latrines are to be examned, then the best procedure is to
take a mninumof three depth neasurements at different
points ina pit. Unusual findings shoul d be rechecked.
Again, construction records are helpful if available.
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5.8.3 Deconposition Process Data

a) Sludge Conposition

It was hoped that differences in gas production rates
could be correlated with chem cal and physical differences

in the sludge sanples. It was also hoped that the amount of
solids reduction in different chemcal constituents could he

exam ned. Unfortunately, this was not possible. An
unusual 'y large degree of variation was found in the
| aboratory results, thus bringing their validity into
guesti on.

There are two possible reasons why the | aboratory
results showed so nuch variation. First, the sanpling
technique mght ha;ve been faulty. In the present study,
sludge was taken fromthree different points ina pit, this
sl udge was m xed, and the resulting sanple was anal yzed. To
check whether this procedure is adequate or not, it is
recormended that in future studies individual sludge sanples
be anal yzed and these results be conpared to the results
found in a m xed sanpl e.

The second possibility is that the chemcal analyses
were poorly done. The sludge sanples were taken to | oca
| aboratories for analyses. It was requested that the
sanpl es be anal yzed by APHA standard methods. |t was
assunmed that the laboratories were of high quality and that
anal ytical problens woul d not be encountered. This may have
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been an incorrect assunption. In future studies, it is

recommended t hat,

b)

selefted replicate s?nphes beesent f r ana

Triplicate sanples o e selected s %e S oufd be
sent for analyses to check recis|io

| 'aboratory's work. Attentlon shoul d be pald to the

preci sion”of each of the methods used in the sludge
anal ysi s.

Eﬁlked sangles be senh P %nal ses. BS of a
own concentration shoul d ven to a orator
to assess the accuracy of its mer %@: %
conta|n|n aII chem cal constltuents I C are

o e
apal yzed g e l'aboratory shoul'd be provided so that
the accura y |n each anal %l cal met ho w Il be known.

Gas Producti on Test

The gas production test, if conducted properly, could
provide useful information on the relationship between the
sol i ds deconposition rate and physical and chem cal

conditions in a latrine.

In the present study, the gas production test was a
secondary concern and, hence, probably was not given as nuch
attention as required for good results. For future studies

it is recomended that.

1)

oo

|icate tests of the sanples taken for the same Plt
uld be pertormed, This would provide an idea o

e amount of experinental error in the testing
ocedur e.

T PPt LOne Mg M8 LIS AL S orged

WhICﬂ occurred In the resent study was th Qang
the anbient air te erature so tines a ecte e
test results. This problemcould be elimnated

insul ating the sanpllng tube and gas collectlon
appar at us.
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3) Acc rate equi pnent shou d betHsed to measure gas

roauct 1 on. n ar ICU ar e minometer used In the
resent stud fairl CI’U e.

equl pnent, bgtter f est results shou d B ogserved

5.8.4 Drai nage Process

a) Soil properties

Two types of soil properties were examned in the
study —soil texture and hydraulic conductivity. ASTM
standard methods for particle size analysis were used to
determne soil texture. The inversed auger hole nethod was
used to determne soil hydraulic conductivity.

For future studies it is recommended that ASTM standards
continue to be followed in the analysis of soil texture.
ASTM net hods are wel | documented and recogni zed t hroughout
the world. Mbst agricultural research stations perform ASTM
soi | particle size analyses on a routine basis.

The inversed auger hole method (often called the falling
head percolation test) for finding a soil's hydraulic
conductivity is also well known. However, unlike the soil

texture analysis, the inversed auger hole method often does
not provide consistent results.

In future studies it is recormmended that the inversed
auger hold nethod be used. Despite its lack of precision
and accuracy, it is the quickest and | east expensive means
of assessing hydraulic conductivity. Qher, nore accurate,
methods are available (Kessler and Costerboan, 1974) for
situations where nore time and noney are avail able.
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b) Drai nage rate

In the study, the rate of liquid loss froma |atrine was
measured over a six to eight hour period. It was hoped that
both a qualitative and quantitative sense of "normal"

drai nage coul d be obtained fromthis test.

The results of the drainage test were mxed. In some
latrines, the surface level of the pit contents dropped by
as much as thirty centineters during the time of
observation. In other latrines, there was no drop at all
There appeared to be an "equilibrium |evel above which
drai nage woul d occur and bel ow which it would not.

It is recoomended that in future studies this test not
be repeated. There appears to be no practical way of
determning the "equilibriunt |evel other than to observe a
latrine over a one day period. Once the "equilibriunt Ievel
Is identified, the drainage rate can be nmonitored for
conparative purposes. This would require that a latrine be
observed for a second day, and this is considered to be

inmpractical in ternms of user inconvenience.
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Vi . CONCLUSI ONS

£.U_ Sludge Accunul ation Rates
L TRR RO I8 RAD9Es FeSidido%. Bt TR 980" & PRet oROMY -
Based on:

a) Sludge accunul ation rate range observed in present
study of Patna and Singur |atrines.

b) Sludge accunul ation rate range observed in previous

|l atrine studies.

2. The "average" rate of sludge accunulation in pour-flush
latrines I's 0. @5 m/person-yc

Based on:

a) Median and nmean accunul ation rates found in Patna
latrines (N=12), which were 0.031 and 0.034
m / person-year, respectively.

b) Median and nean accunulation rates found in Singur

latrines (N»12), which were 0.022 and 0.029
m / person-year, respectively.

findl SLudq$ Accunul ation Rate Relationship to Design.

Envi ronnent al and Soci o- econom ¢ Factors

1. The sludge accunulation rate declines exponentially wth

Based on:

a) Sludge accumulation rate-time relationship observed

in Patna | atri nes.

b) Sludge accunulation rate-time relationship observed
I'n previous st udi es.
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2. The main factors which affect the sl udge accunul ation
rate are per capita loading rate, pit dinmensions (radius
incircular prts, length and wdth in rectangular pits),
and anmount of pit |ining.

Based on:

a) Paraneters_mhich_accordin? to theoretical
considerations will affect the rate of liquid |oss
froma latrine.

b) Use of a nodel based on these paranmeters led to
accurate predictions of sludge accunulation rates as
observed In Patna and Singur |atrines.

3. Soil type has no affect on the sludge accumul ation rate.

Engineering |iterature indicates that clogging
phenonenon™wi || occur in any soil (sand, Silt; or
clay) which is saturated fof [ong periods of fine.

In the present study, a nodel based on the assunption
that clogging had otcurred accurately predicted

sl udge accunil ation rates observed in latrines
situated in different soil types.
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VI1. DESI GN RECOMVENDATI ONS

7.1 Design Guidelines

7,1.1 Effective Capacity Factor versus Time G aphs

Use of the nodel developed in the SAR project provides a
new neans of assessing pit capacity requirements for pour-
flush latrines. Instead of using an "average" accumul ation
rate, it becomes possible to predict effective capacity
factors for individual latrines based on choice of pit
design, environment, and expected operational period.

For practical purposes, three graphs have been prepared
depicting the effective capacity factor-tinme relationship
for design of latrines for five, ten, and fifteen-user
famlies (see Figures 7.1-3).

To prepare the EF-time graphs it was necessary to nake
certain assunptions concerning pit design. Based on
reconmendations made in the "Minual on the Design,
Construction, and Mintenance of Low Cost Pour-Fl ush
Wterseal Latrines in India," issued by UNDP/ TAG (Wrld
Bank, 1984), pit dianeters of different sizes were used for
three user groups. The suggested diameters for five, ten,
and fifteen users were 1.0m 1.2 m and 1,4 m

respectively.
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A value for ratio of unlined to total pit sidewall area
(i.e., drainage ratio, Y) also had to be assuned. The val ue
used in the preparation of the EF-tine graph, Y=0.03, is
based upon the brick-spacing pattern seen in the Patna

latri nes.

7.1.2 Exanples of Assessnent of Pit Capacity

Requi renment s
Three exanpl es have been worked out to illustrate how
the EF-tinme graphs can be used to predict pit capacity
requirenments.
In Exanple A a latrine for a small famly is to be
built. To start with, a "Pit Capacity Requirenent" formis
filled out (see follow ng page). On this form the expected

number of users is reported.

Finding that there are five famly menbers, the latrine
desi gner nust then decide on the pit's operational period.
This period coul d depend upon a nunber of factors —the
availability of municipal pit enptying services, the cost of
enptying, etc. In the case of Exanple A a pit life of
three years is decided upon.

Know ng the user popul ation size and pit operational
period it is possible to utilize the EF-time graphs.

Because the user size is five. Figure 7.1 is used. Finding
the EP factor is sinply a mtter of |ocating the operationa
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Exanple A Assessnent of pit capacity requirements for a fivet

user famly

Pour-Fl ush Latrine (Dual Pit) Pit Capacity Requirement is

l. Latrl ne O/vner
Address C%nnaught Circus. New Delh
1. Latrine Usage Infornmation
b Nlj]??%r F%,g%eo%%ﬁeédn bhé)fugreholsol (N =5. (capita)
C) E echve ca amrtnf/ }facq ?rPE(g = O Mﬂ [ pers-yr.)
d)Flve userjan% |gur€ : - U (m

Five-user famly (PD=1.0 m
[11. Pit Design
a) Pit capacity requirenents (PCR)
Frd T o B\ HE N Mo T
per pit
b) Pit depth required

B =N 27 X% 71 (POR) i = (PDY) = 0.90 ()
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0. 200 -

ARX R

0.15 0

-

ANOTO

0. 100

c

0. 050

2 3

PIT AGE (YRS)

Figure 7,1 "Effectlve" CaEaC|t Factor - Time Curve

for Five-user

Situation: Latrlne de5|%ned for three years of use
before pit change-over or enhptying.

Constants: Xei 1,5 |/cap/day
Y=0, 03
rsO”"S m
k- «f fssQ 08 niday
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period (Pit Age) on the x-axis, following this line to the
curve, and then reading corresponding EF factor fromthe y-

axi s.

Pit Capacity Required = EF x PL x N

3
where EF = effective capacity factor, 0.047 m/pers-yr.
(from F\llgurepY.l%lt p(l;t age equal topthre¥a
years),

N = user popul ation size, five,
PL = pit operational period, three years.

In Exanple A the pit capacity required turns out to be
0.71 m’. Exanples B and Cillustrate use of the EF-time
graphs in ten and fifteen user famly situations.
|-,2_ Way & Reducing Sludge Accunul ation Rates

In the interpretation of the model (Section 5.3), the
effect of different paranmeters on the sludge accumul ation
rate were considered. Fromthis information, practical

nmeans of reducing sludge accumul ation rates can be

suggest ed.

7.2.1 Reduction of O ogging Effect

According to the study results, one means of increasing
drainage froma latrine would be to reduce or elimnate the
mcrobial clogging of the walls and base of a pit. This
m ght be achieved by lining the outside of a pit wth an
envel ope of gravel as illustrated in Figure 7.4.
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Exanple B; Assessment of pit capacity requirements for a ten-

user famly

Pour-Flush Latrine (Dual Pit) Pit Capacity Requirenents

I. Latrine Omer
Name: R J. Singh
Address: I ndependence Ave.. Patna

1. Latrine Usage Infornmation

Nunber of people in household (N) = |H (capita)
Ant|C| pated period before |

t .
EMXEEaBécF Y!&\ggo %&F :6.6¥§a(r?1|/pers-yr.)

Ten- Ser am r
d) Bit dia rgu PD = 1*2 (m

Ten-user famly (PD:1

[11. Pit Design
a) Pit capacity requirenents (PCR)
oo 0. 08 TET xR () x 2P 186 pni)
per pit
b) Pit depth required

Rit

Genth = 1.27 x 1.86 (PCR/1* (PDY) = 1.64 (nj
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PIT ACE (YRS)

"Ef fective" Capacity Factor - Time Curve
for Ten-user Fanily

0250 -
0.2 00
Of
° 0. 150
2
0:
e
o 0. 100
<<
u.
u.
LU
0. 050
Figure 7,2
Situation |

Const ant sl

Latrine designed for two years of use
bef ore pit change-over or enptying*

Y«O,6p3_
raG«60ni
k-ef fssQ ' 08 ni day
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Exanple C, Assessment of pit capacity requirements for a
fifteen-user famly

Pour-Flush Latrine (Dual Pit) Pit Capacity Requirenents

I. Latrine Owmer
Nanme: S. W Rao

Addr ess: Madras Roadr Cal cutta

I'l. Latrine Usage Information

a Nunber of people in household (N) =ii (capita)
Ant%%' %bgg g(rergodtbeforeP _ o
¥Mfect|ve capamnrp oﬁ E%EP = 6%15 (m/pers-yr.)

Fi ft een-user fanlly F| ure 7, 3)
d) Pit dianeter &} D) >> 1.4 (m
Fifteen-user famly (
[11. Pit Design
a) Pit capacity requirenents (PCR

ecti ve

vel ' "= 0,055 (EP) x Ii (N) x 4 (PL) » 2.3, (n)

per pit
b) Pit depth required

dth =27 x %71 (PR 17 PD #) » 0.90 (]
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0. 250

0. 200
a:
>-
a.
=

0. 150 -
a:
o
S 0. 100
=
uJ

0. 050

Figure 7,3

Si tuat | ont

Const ant s:

PIT AGE |YRS)

"Effective" Capacity Factor - Tinme Curve
for Fifteen-user Fanily,

Latri ne designed for four years of use
before pit change-over or enptying,

Xal,5 |/cap/day
YbO. 03

r=0,70 ra
k- ef f «<sO, 08 ni day
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General Form

Pour-Flush Latrine (Dual Pit) Pit Capacity Requirenents

l. Latri ne Omer
Nanme:

Addr ess:

Il. Latrine Usage | nformation

a) Nunber of people in household (N)

b) Anticipated period before pit
switch-over or enptying (PL)

c) Effective capacity factor (EF)
Fi ve-user fanily (Figure 7.1)
Ten-user famly (Figure 7.2)
Fifteen-user family (Figure 7.3)

___ (capita)

___ (years)
__(m/pers-yr.)

d) Pit dianeter (PD = __ (M
Fi ve-user famly (PD = 1.0 m
Ten-user famly (PD=1.2 m
Fifteen-user fanmly (PD =1.4 m

11, Pit Design

a) Pit capacity requirenents (PCR)
Ef fecti ve
velume = (EP) X (N x __ (PL) » __ (nm)
per pit

b) Pit depth required
Pi t
depth = 1.27 x ____ (PCR/___ (PD®) = (m
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Figure 7,k Pour-flush latrine lined with gravel
to reduce sl udg”e accumul ati on.

G avel
Pack

(thi ckness 20-30 cm
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7.2.2 Increasing Drainage Ratio

Anot her way of increasing drainage froma latrine would
be to increase the ratio of unlined to total pit sidewall
area. This could be done by changing the brick spacing

pattern in pits which are honey-conbed, or perforating the
rings used in tile lined pits.
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7.2.3 Proper Qperation of Dual-Pit Latrines

Many of the dual-pit latrines studied in Patna were not
operating as designed. In particularr both pits were
connected in several of these latrines. Qperation of the
latrines in this fashion can [ead to higher accunulation
rates because there is no "rest" periodinapit's
operation. Studies on clogging indicate that one means of

reducing the clogging effect is to expose the clogging |ayer
to dry, aerobic conditions. This can only occur if one pit
is operated at a tine.
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General  Description of Pt Latrines:----EflJtna

PIT

PIT DATE OF DESI GN CAPACI TY TYPE OF
r ON5?TRI JCTI ON* QE_Elia FI T LI NZNa

1 JAN 76 DUAL 2.6280 Honey- conb

2 MAY 7 5 2.1408

3 JAN 76 2.2248

4 JAN 76 2.4280

5 JAN 80 1.3106

6 JUNE 7 5 1.1204

7 JUNE 7 6 2.4894

8 SEPT 76 1. 1446

9 MAY 76 1.2750

10 MAY 76 1.1576

X DEC 78 5. 2000

12 MARCH 71 5. 6434

13 FEB 73 6.47 46

14 NOV 81 1.6786

15 JULY 71%* 2.0322

*Date of construction or first use

Enptied once in May 1983

ft-1
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General Description of Pit Latrines; Sinaur

p

PIT DATE OP DESI GN CAPIA-(I;,I TY TYPE OP
conaTRucTi cn¥ PI' T Linmrk

I PEB 76 SI NGLE 1.591 Inter-locking tile

ri ngs

2 FEB 76 1. 4072

3 PEB 76 1. 4902

4 FEB 76 0. 8198

5 FEB 76 0.93 58

6 PEB 76 1.1945

7 PEB 76 1. 2638

8 MARQ 7 6 1.1580

9 MARCH 76 1.2776

10 JAN 76 1.1814

11 JAN 72 2.8464

12 JAN 76 2.5544

13 MARCH 76 1.97 42

14 JAN 76 1. 5008

15 FEB 76

-

.4 862

ft-2
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Pat na
Pit teiign Data

Latrine Length Wdth  Depth  Drainage

Nui ber (ca) <a) (01) Ratio
1 113 96 116 8.838
97 39 124 9.838
3 % 33 127 8.923
4 97 34 19 8.821
5 71 65 u2 9.922
6 74 67 113 9.858
v % 37 146 9.948
3 73 78 112 9.923
9 75 3 125 9.848
18 7 67 128 9.833
1 (dia.=liai) 138
T 152 182 283 8.959
13 164 34 235 8.819
1 3 3 123 9.825
15 9% 9 15 9.913
Singijr
Pit Desiiji

Latrine Radius  Septh  Ring

Hui ber (01) (cb) Hei At (01)
1 H 394 14
2 38/ 35 334 14
3 35/35 485 14
4 o 353 13
5 38 31 19
6 %W
34 348 28
3 32 349 15 .
9 o 332 14
19 35 387 17
11 44 468 15
) 4 428 15
13 B3 254 15
n 35 498 28
15 38 399 28

The drainage ratio mthe Singur latrines
uas assumed to equal 98125 based uiwn a ring hei ght
of 13 aHtha9.25oi gap between rings
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<w

Latrine User;* Data

Latriw Pitflge

Huaber ('jears)
td 3.53
IB 4.5?
A4t 4.8S
2B 3.67
2C 1.88
3R B 3.38
m 3.88
SttS 4.88
(A 4.58
(6 3.17
iC 1.17
7B 6.88
7B 1.75
a» 4.33
88 3.16
m 7.48
8t 4.84
186 3.88
ilflu 6.88
12 3.88
128 5.88
13t88 11.00
14A 236
IStKB 12.38
Si nguur

Latrine Use-age Data

Latrine Pitflge
Huncer ( i har s)
1 8.25

2 8.-25

3 7.30

a 4 3.25
5 3.25

6 3,16

7 3.16

8 9.08

9 3.88

18 3.25
U 3-25
12 3.25
13 3.03
14 3.25
15 3,16

A Zt

yt. 1iM age
Users

7.8
7.0
14.8
14.9
7.0
3.5
2.5
3.4
18.8
13.8
13.4
3.2

2.5
3.9
4.6
9.0
4.0
6.5
12.0

11.2
1.1
3.6

yt. fkwage
Users

2.0
2.8
2.8
3.1
3.9
4.5
4.9
2.5
3.6

a a

3.6

9.9
6.7
2.3

Cperation
Status

ful!
in use
full
full
in use
inite
in use
in use
full
full
inife
full
muse
full
inuse
inijse
full

m use
in use
partially
full
inje
inijse
in use

in use

Speratioa
Status

in use
in use
inijse
in use
in use
in use
in use
in use
in use
in use
in use
inuse
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Sl udge and Total Accunul ati on Rates
(m/capitalyr)

S| NCUR
LATRI NE SLUDGE TOTAL SLUDGE TOTA
1 0. 022 0. 033 0. 019 0. 022
2 0. 063 0. 105 0. 039 0. 042
3 0. 051 0. 057
4 0. 009 0. 011
5 0. 011 0. 012
6 0. 014 0. 033 0. 010 0. 024
7 0. 037 0. 050 0. 017 0. 020
8 0. 034 0. 041 0. 054 0. 054
9
10 0. 031 0. 043 0. 021 0. 021
11
12 0. 006 0.013 0. 074 0. 086
13
14 0. 027 0. 050 0. 006 0. 021
15 0. 015 0. 021
TABLE SR-2 Solid and COD Reducti on
PATNA S| NCUR
(N=14)  (N=14)
Iltem Mean + SD Mean + Sp
Loss of total solids (% 88.25 + 8.3784.77 +
12.18
Loss of organic
(vol atile) solids 87.48 + 10.08 86.06 + 12.83
Loss of inorganic
(fixed) solids 90.79 + 7.61 81.70 + 15.01
Loss of nitr ogen (% 99.23 + 0.92 94. 26 +2.93
Loss of phosphor us (% 95.64 + 4.61 95.17 + 2. 66
Loss of COD (% 55.24 + 37.80 89.41 + 6.69
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PUBLIC HEALTO INSTITUTE,  PATNA
NAME OF PRQJECT: Sl udge Accumul ation Study

Reports of Chemical AnalysiB Nature of Sanple-Sludge

SAVPLE  DATE OF TOTAL SOLI D TOTAL VOLATIL OD TOTAL NITROGEN AWONIA NITROGEN ~ ORGANIC NI TROGE
NO COLLECTIQH  am kg SOLID. gnfKg___ - r%ﬁ?é'f ot K as NB-Ngmkg  AS NH3-Ngnfkg .ASNH?"“L-I gm'T(g TO_TQaL_EZQEﬁHIta

NG

1 11-2-84 94. 54 48. 93 0. 800 252.6 276 0. 155 0.121 2. 000
2 11-2-84 4.62 3. 22 0. 016 5.7 0.015 0, 008 0, 015 0. 600
3 13-2-84 B9. 64 75. 31 0. 640 144. 6 0 233 0.120 ollJ 1. 000
4 14-2-84 96. 36 55. 39 0. 340 152. 4 0 215 0.120 0. 095 0.801
5 14-2-84 103. 69 86. 43 0. 940 275.0 0 215 0. 103 0.112 2. 610
6 17-2-84 90. 67 68. 40 0. 346 152. 6 0 240 0. 120 0. 120 3. 210
7 22-2-84 87. 10 40. 67 0. 530 144.8 0 216 0.120 0. 09b 4.60B
8 22-2-84 115. 13 60. 79 0. 340 355. 2 0 336 0. 240 0. 096 6. 791
9 24-2-84 90. 77 86. 53 0. 076 125. 6 0 264 0. 120 0. 144 3.125
10 24-2-84 245. 40 222. 80 0.107 175.8 0 2F6 0. 144 0. 144 0. 667
11 2-3-84 31. 68 17. 15 0.192 193. 6 0 252 0. 093 0. 15b 0. 232
12 2-3-84 89. 68 78.53 0. 675 332.0 0 986 0. 538 0. 448 o O5j

13 7-3-84 100. 72 75. 45 0. 580 67.2 1 037 0. 140 0. 897 0. 202
14 8- 3-84 140. 78 91. 31 1. 000 460. 0 0 672 0. 299 0. 373 0.077
15A 9- 3-84 4.80 2. 36 0. 240 6.1 0 263 0. 053 0. 210 0. 058
15B 9-3-84 71. 00 59. 64 0. 240 73.6 0 560 0, 280 0. 280 0.511


NEATPAGEINFO:id=C470C34C-1E44-4192-ADB6-7723AA6677B9


au. Hdlalyd J|0 ml\vaua”ciac uur y JLTH

no, cm' a ]r
HiH 0?7 ri bt-RO];.CTI suuooa .i"CU". UU" Km sni Df
[NV, 5" lii.ii"OR - UNUP CoVSULTiM |

HUt - CRTB OF CHBHI CA. I, ANALY3I 9

WyiajRi O BAdi-U-SLUBG|

Suap| * Quta of Spacl fl e Tot al TOtlal dY0| at t&f '\bP'-” [trubi Vol | | a. |da C Tota U un Grganl a Tot al

Fo. aol I'aotl 0Q avity soljd, SOUE 500‘ &g ﬁ?|| (b no tr { b] gﬁ Wa rﬂ QLtN eﬂ Phosphat a

(Fit)  o50C gnrie ﬁ' - éa |'| go/ Kg tér?/ Og
1. 30.3. W 1.12 200.16 - 140. 60 105. 60 126.00 - 230 - 71.5 -6.069 - 773 - 8.296 - 4.125
, 30.3.1%4 1.18 294 .40 - 192. 60 262. 20 178.00 - 240 32.0 -4.011 - 1.4b9 - 2.522 - 3.008
3-, 30.3.04 1.04 63.20 - 26.00 58. 60 21.50, - 420 - 70-0 -3.885 - liloO 2.784 - 1.925
4. 30. 3. 04 1.10 230.00 - 132.bO 2a). 00 122.00 - 270 - 122.0 -7.096 - 2.036 - 5. 060 -  8.635
5. 07. 4. b4 1.04 51 .10 - 17 00 41. 00 37.00 - 430 - 98.0 -5.880 - 1.800 - 4.000 3.223
07. 4. b4 42 .50 - 1 .75 37.50 10.50 - 290 - 112.0 -7.012 - 2.120 - 4.892 - 4.416
7. 07. 4. b4 1.08 152.40 - 10b 40 135. 20 101.80 ~ 490 - 28.0 -3.520 - 1.110 - 2.410 - 2.536
a. 07.4.84 1. 04 79 58 - 2b 70 75. 00 27.50 - 190 - 42.0 -4.175 - 0.650 - 3.525 - 3.110
9. 07.4.84 1.41 512 28 - 447 96 495. 00 431.30 - 320 - 36.0 -3.850 - 1.188 2.662 - 2.624
10. 07.4.84 1.21 321 40 - 253 60 287. 10 248. 20 320 - 340 -4.165 - 0.990 - 3.175 - 1.855
It. 18. 4. 84 1.03 203 78 - 95. 70 157. 20 85.50 - 420 - 90.0 -5.560 - L.77% - 3.785 - 3.619
12. 12. 4. 84 1.13 511 40 - 297. 60 369. 90 860.00 - 440 - 100.00-8.960 - 2.050 4.910 - 4.825
13. 12. 4. 84 1.25 284 00 185. 30 210. 00 170.00 - 170 - b2.0 -5.020 - 1.990 3. 030 - 3.112
u. 12. 4. 84 1.07 196 50 69. 00 136. 00 61. 00 3i0 - 52.0 -4.576 - 0.776 - 3. 800 2.665
18. 12. 4. 84 1.05 64 68 47. 00 51.10 41. 00 185 110.0 -7.690 - 2.125 -  5.565 4.835

S/\
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PIT NQ efl TEMP  (°C) MO STURE  {%. EQQ I DO (my/lL

1 6.3 - 89. 56 918. 5

2 6.9 - 78. 96 262.0 -

3 6.5 - 90. 15 920. 6 -

4 7.5 16. 6 89. 34 705. 6 0. 02
5 7.9 18. 6 88. 43 1273. 1 0. 06
6 7.1 22.6 90. 03 633. 2 0. 15
7 7.0 23. 8 90. 46 670. 4

8 6.5 21.0 86. 99 970. 5 0. 15
9 6.9 17. 3 90. 02 475. 8 0.11
i 6.8 17.7 67. 48 610. 4 0. 09
11 - 19.9 96. 73 777.5 0. 16
12 7.4 21.5 90. 15 336.7 0.12
13 7.4 23.3 88. 80 64. 9 0. 14
14 6.6 22.3 83. 62 684. 5 0. 06
15A 7.4 17.8 92. 36 41. 8 0.11
15B 7.6 18. 2 99. 52 131. 4 0. 15
NVEAN 7.1 20.1 88. 27 592.3 . 0.11
SD +0.5 2.5 +7.17 +3 52.7 +0. 05
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1 7.
2 7.
3 6.
4 6.
5 6.
6 6.
7 7.
8 7.
9 7.
10 6.
11 7.
12 7.
13 7.
14 7.
15 7.
VEAN 7.
SO +0.

TEMP

26.

24.

23.

27.

30.

29.

28.

29.

29.

27.

28.

29.

28.

26.

26.

27.

1°£1
-

5

MO STURE

79.

70.

93.

77.

94.

95.

84.

92.

48.

67.

79.

48.

71.

80.

93.

9

(9

£012/11

11.

7.

18.

17.

16.

15.

7.

10.

16.

14.

16.

11.

14.

13.

+3.

78

98

02

19

67

97

95

06

. 35

.16

19

37

33

36

30

05

69.

DO (ng/l|

0.

0.

14

22

.11

.09

. 07

.10

.10

.09

.10

.14

. 08

. 08

.14

.11

.12

.11

. 04
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Sol i ds Reduction Data - Pat na

LATRINE  TOTAL SGLIBS | ATRINE TOTAL SOLI DS LATRINE TOTAL SO |
LOADED CKG) ACCM  <KG> REDUCTI ON :
1 1155. 93 1 101. 30 1 91. 20
2 273.' 30 2 3.70 2 98. 60
3 1008. 00 3 U. 90 3 98. 50
4 9. 00 4 51.10 4 -463. 30
5 1152. 00 5 134. 50 5 88. 30
6 468. 00 6 i7.90 6 39. 70
7 730. 00 ! 78.50 7 89. 90
3 456. 00 8 62.20 8 86. 30
O 297. 00 9 48. 10 o9 SsS3. 70
10 432. 00 10 130. 10 10 69. 30
11 150. 00 1 12.30 11 91. 70
12 2196. 00 12 42.30 12 93. 00
13 4428. 00 13 321. 30 13 92. 70
14 336. 00 14 66. 00 14 30. 30
15 330. 00 15 76. 32 15 76. 82
LATRINE VOLATILE soLiD LATRINE VOLATILE SOLID . ATRINE VOLATILE SOLI D
LOADED ( KG) ACCM (KG REDUCTI ON(; i)
1 308. 50 1 52. 40 ’ 93. 50
2 191. 10 A 2.60 2 98. 60
3 705. 60 3 12.50 3 93. 20
i &. BO 4 29. 40 4 -367. 10
5 306. 40 5 112.10 5 36. 00
6 327. 60 o 36. 20 6 . 83. 90
7 5-6. 00 36. 60 T 93. 20
8 319. 20 8 32. 30 3 S9. 60
O 207. 90 a 45. 30 9 77, 90
10, 302. 40 10 , 113. 10 10 60. 90
11 105. 00 11 6. 70 11 93. 60
12 1537. 20 . 37.00 97. 50
13 3099. 60 13 241. 00 13 92. 20
14 235. 20 14 42.30 14 31.70
15 231. 00 15 62. 40 15 fj.y0
LATRI NE FI XED SOLI DS LATRI NE FI XED SOLI DS LA- RI nE FI XED SOLI DS
LOADED (KG) ACCM (KOG REDUCTI ONP; )
1 346. 50 1 43. 90 : 85. 80
f 31. 90 2 1.10 2 93. 60
3 302. 40 3 2.30 3 99. 20
4 2.70 4 21.70 4 -706. 10
5 345. 60 5 22.40 5 93. 50
6 140. 40 6 11.70 6 91. 60
7 234. 00 7 41.80 7 82.10
8 136. 30 3 29. 30 3 78. 50
9 39.10 Lo 2.20 9 97. 40
10 129. 60 18 11. 90 10 90. 70
11 45. 00 11 5. 60 .- 87. 30
12 653. 80 12 520 * 99. 20
13 1323. 40 13 50. 70 13 93. 90
14 100. 30 14 23.20 14 76. 90
15 99. 00 15 14. 00 15 96. 40

A-10


NEATPAGEINFO:id=768D4925-7FA5-45E7-94BA-93A729542344


Sol i ds Reduction Data - Patna

LATRI NE COD LATRI NE COD LATRI NE COD
LOADED ( KG) ACC. 1. (KG RSDUCTI ONO: )
1 577.50 1 270. 30 1 53. 00
~ 136. 50 2 4.50 2 96. 60-
3 504. 00 3 24.10 3 95. 29
4 4. 50 4 30. 90 4 -1699. 39
5 *576. 00 5 356. 90 5 38. 09
234. 00 6 80. 70 6 65. 40
7 390. 00 7 130. 50 7 66. WO
8 228. 00 8 192. 18 8 15. 70
9 148. 50 9 66. 50 9 55.10
19 216. 00 10 93. 20 19 56. 30
11 75. 00 11 75. 69 11 -9.59
12 1098. 80 12 156. 70 12 85. 70
13 2214. 00 13 214. 70 13 90. 30
14 168. 00 14 215. 90 «14 -28.50
15 165. 00 15 80. 59 15. 84. 50
LATRI NE NI TROGEN LATRI NE NI TROGEN LATRI NE NI TROGEN
LOADED ( KGQ ACCL1. (KQ REDUCTI ONS)
7S. 37 1 0.29 ‘ 99.63 .
2 14. 23 2 0.01 2 99. 93
3 50. 00 3 0.03 3 '99.94
4 0. 60 A 0.11 4 81. 86
5 77. 14 5 0. 27 5 99. 65
6 30. 76 6 0.12 6 99. 61
i 52.77 7 0.19 7 99. 64
31.57 S 0.18 8 99. 43
9 19. 11 a 0. 13 9 99. 32
19 29. 41 10 0. 15 10 99. 49
11 9. 57 11 0. 09 11 99. 06
12 143. 33 12 0. 46 12 99. 69
13 309. 34 13 3.31 13 98. 93
14 22; 96 14 0. 31 14 98. 65
15 23. 09 15 0. 35 15 96. 32
LATRI NE PHOSPHATE LATRI NE PHOSPHATE LATRI NE PHOSPHATE
LGt DED (KG ACCM (KG REDUCTJO\ICJ)
60. 00 1 2.10 1 96. 50
2 12.12 2 0. 40 2 96. 70
3 25. 00 3 0.10 3 99. 60
4 0. 45 4 0. 40 4 12. 49
5 60. 00 5 3. 30 5 94. 59
6 23.52 & 1.60 6 93. 20
7 41. 41 4.10 7 90. 10.
3 24. 00 8 3. 60 3 35. 00
9 15. 33 4 1.69 4 89. 60
10 13. 75 10 0. 30 10 98. 40
11 3.33 11 0.10 o 98. 39
12 100. 00 12 0. 10 12 99. 99
13 200. 00 13 0. 69 13 99. 79
14 50. 00 14 0. 10 14 99. 30
15 17.35 «15 0.59 15 97. 20

A-11
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Sol i ds Reduction Data -

'O hl

salll's

LOADED ( KG>

576. - 39

576.
561

8- ?7.

2556.
1356.
1419.
793.
1344.
663.
1974.
' 92.
2577.

r3'?2.

792.

VOLh7I LE SCOLI D

50
30
00
30
90
90
39
99
90
90
90
30
90
30

LOADED ( KG

433.
433.
392.
627.
1739.

29
23
79
93
23

a 979. 29

993.
i 95.
739.
46* .
751.
-91.
1333.
1394.
554.

VAz.' "
3hDED

i 2.
163.
269.
766.
436.
425.
2.
313,
193.
312.
2109.
7" 3,
597.
237.

39
69
39
19
39
~9
93
i9
43

SOLI DS
(KG

33
39
19
33
30
73
40
23
93
23
69
13

63

LA7,

HW OO W

LATRI NE

NE

o o1 D w N

14
15

A-12

Si ngur

"07AL
ACC?1

132.
234.
52.

' 50L1 3S
o€

33
29
53

33.30

44.
29.
130.
33.
301.
152.
396.
969.
631.
76.
39.

VOLA7I LE SOLI D
ACC?1 < KG>

71.
153.

410 v .

33.

14.

3.

92.
.31,
263.
; 20.

143.

56i .
412.
26.

FI XED SOLI DS

19
69
33
33
70
19
40
79
70
90
30

99
23
69
99
63
13
73
39
93
93
90
33
19
79
39

ACCn (KO

33.
39.
39.

24.

29.
21.
37.
56.

37.

32.
162.

495.
219,
49.

49
99
99
39
49
49
69
40
39
19
59
43
59
33

.43

A" mE

© W Ny O U hNWN R

[T = N
[N RN S e}

I h; xi.Nt

19

13

15

_A7RI SE

24

19

"CAI - i CwTws
RE-UC71 OnPe, ;!

32. 29
59. 39
99. 60
?3.i3
95. 23
97.7:9
a 90. 39
37.53
71. 33
77.39
71.i0
-33.19
75. "9
96. 19
96. 13

VOLATI LE SCLID
xEDUCTI '

32. 19
61. 93
94, i.:\
94. 53
99. 19
99. 13
?9. 69
9r 59
63. A
7i. 19
11. :9
14, 39
- 19
93 39
95 99

<ED so..i:s
1JC | INM*,

32.19

b1. 5

96. 19
94, 79
9. 19
73. 49
37. 99

49. 5-3

91, 79
96, 49
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Sol i ds Reducti on Dat a Si n<?ur

Lt cop Lh: cop LATRINE  CCD
LOADED  (KQ LOADED CKG) PE2UCTI Q\<' ©)
283. 33 1 279. 39 1 37. 39
2 233. 392 2 4.59 2 91. 19
3 239. 59 3 24.19 5 79. 29
4 443. 39 4 39.99 4 93. 90
5 1273. 39 5 356. 99 5 93. 39
6 673. 99 6 30.79 6 33. 49
7 799. 59 v 139. 59 7 96. 69
3 354. 99 8 192. 19 3 36. 30
4 522.99 9 66. 59 9 95. 90
331.59 10 93. 20 la 95. 13
11 537. 09 I't 75.69 11 7-. 70
12 351. 99 12 156. 70 12 45. 99
13 1233. 59 13 214.79 13 35. 33
14 996. 39 14 215. 90 14 97. 93
15 396. 39 15 39. 59 15 36. 79
LATRI NE Nl ' SOGEN ine NI TROGEN LATRINE N ' RGGEN
LOADED <KG) LOADED <KGQ) 2f EDUCTI QN( i )
49. 25 ! 9.29 . 92. 33
33.75 2 9.31 a g 92. 30
i 33.55 3 0. 33 | 0 n3
4 62. 36 4 9.11 4 97. 13
5 172. 41 5 9.27 5 97.13
6 92. 33 S 9.12 6 9i .33
7 96. 77 7 9.19 7 96. 93
3 i 3.93 3 9.. 13 3 93. 63
63. 75 9 9.13 9 96. 33
Iv3 44. 13 19 3.15 a 19 95. 73
74. 10 1A 3. 39 \ 33. 33
i3. 69 12 9.-6 -0 "3.13
13 171+ 33 132 a 3,31 13 93. 33
14 133. 76 14 9.31 I 93.73
15 54. 54 15 3.35 15 93. 40
A ne PHQSPHN' E [ HE PHOSPHATE AA'RIENE ::S;';’;\I/AOI(EI N
LOADED i KQ LOADED CKG> ;
33. 50 ! 2.19 ! 93. 29
e 37 2 0.-9 2 92.13
23. 33 3 3.13 a 3a 94.73
i 46. 66 i 0. 40 4 97. 33
5 123. 57 5 3.33 5 97.93
69. 76 6 1.63 6 95. 79
7 72. 41 i 4. 19 1 97. 13
3 37. 36 3 3.60 3 9:?. ?9
‘a 53.57 9 1.63 9 9. 23
u3 32.33 13 3.39 . 19 97.53
) 57.-4 1 3.19 .. 93. 63
12 37.63 > 3.13 -0 "5.53
13 133. 33 13 9. 63 13 95. 33
i 133. 33 14- 3.13 14 99. 33
15 43.74 3.53 15 94. 63

A-13
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Patna - Solids Accunul ati on

Rat es
LA RNE TS ftcom LATRINE CQl) ACCM
RAMFECKG CAP/ YR RATE<KG CAP/ YR
) )
1 3.15 1 3.44
2 0. 43 2 0.59
3 0.53 3 0. 36
4 234. 49 4 323. 60
5 4.20 5 11. 15
6 3.63 6 6. 20
; 3.62 7 6.32
3 4.91 3 15. 16
9 5.33 9 3.06
10 10. 34 10 7.76
11 2.95 11 13. 14
12 0.6'? 12 2.56
13 2.61 13 1.74
14 7.07 14 23.13
IS 3.33 13 3.73
LATRI NE VS ACCM LATRI NE N ACCM
RATECKG CAP/ YR RATE( KG CAP/ YR
) )
1- - 1.63 1 0. 00
2 0.34 2 0. 00
3 0. 44 3 0. 00
4 117. 60 4 0.44
. S 3.50 5 0.00 ~
6 2.73 6 0.00
. 1.63 7 0. 00
3 2.53 3 0.01
9 5.55 9 0.01
19 an 34 10 0.01
11 1. 60 11 0. 02
12 0. 60 12 0. 00
13 1.95 13 0.02
14 4.53 14 0.03
*5 6. 30 15 0. 09
LATRI NE F3 ACCM uA' RI nE p ACCM
RA' T E( K& CAP/ YR R ATc( KG CAP/ YR
> ) ,
1 1.52 1 0. 06
1 0.14 2- 0. 05
| 0.03 3 0. 00
4 36. 30 4 1. 60
& 0.70 5 0.10
6 " 0. 90 6 0.12
L7 1.93 7 0.13
S 2.32 3 0.23
ag a 0.27 9 0.19
| a. 1. 00 10 0.02
11 1.34 11 0. 32
-, 12 0.03 12 0. 00
13 0. 65 13 0. 00
14 2.43 14 0.01
15 1.57 15 0. 05
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Singur- Solids Accuitulation

Rat es
. ATRI NE TS Accn LATRI NE COoD ACC, »
RATE<KGE CAP/ YR) rate(kg/i:ap/yr>
1 .6.39 [ 2.23
2 14. 63 2 1.5S
3 3. 36 a7 3.72
4 2.35 4 1.25
5 0.62 5 1.19
6 , 6 2.07
7 3.33 7 9. 60
3 4. 48 S 2.36
9 19. 43 9 0.73
19 3.25 a 19 3.36
10 11 <t.53
12 49 72 iz .12
13 3.32 13 2.54
14 1.37 14 0. 36
15 1.43 15 2.37
LATRI NE V3 ACCn LATRI NE N ACC 1
RATE( KG CAP/ YR) RATE( KG CAP/ YR>
1 4.49 1 0.193
2 9.57 2 9.193
3 1.33 3 3. 205
4 1.36 4 3.072
5 9.29 5 0. 070
0.21 6 . 9.127
2.35 T 9. 376
1.61 8 3.2332
9.13 9 . 3.075
13 6.51 13 0.133
11 3.273
12 3.671
5.75 13 3.155
14 9.43 14 9. 933
15 1.31 15 0. 163
LATRINE S ACC | LATRINE P ACC\W
rat E' ; kg/ cap/yr) RA' r E' ; KG@ CAP/ YR>
1.90 ! 0.131
5. 06 3.150
1.93 3 3.096
a 0. 99 4 0. 956
3.41 5 9.033
3.57 6 3.379
i 3.95 7 3.353
3 2.37 3 3.172
9 1.33 9 0. 051
13 1.74 10 3.043
.44 o 0.131
73 12 0. 466
06 A 13 0. 096
14, o 0. 013
al5 15 3.133
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TABLE GP-1 Gas Productjon Rates: Patn
(ITtres gas/hr/kg volatile s%l?gg g g {

Pit_ganE-le Pat na S.i.ngur
1 0. 472 0.20
5 3.014 0.011
A 0. 022 0. 030
. 0. 228 2. 800
. 1 100 0. 857
0 0. 675 0. 031
o 0. 126 0. 098
o 0. 034 0. 007
11 0. 446 0.053
12 0. 024 0.058
13 0. 002 0. 026
14 0. 024 0. 046
1s 0. 056 0. 058
NEAN + SD 0.428 + 0.781 0.283 + 0.728
VEDI UM 0. 056 0. 048


NEATPAGEINFO:id=CCA89452-D796-43DB-9BA5-C33B3036B45D


CcC

US DA

ASTM

US DA

ASTM

A-17

CLAY SILT SAND

SAHPLS DBFTH
0O - 76 cm 23 72 28
76 - 99 cm 23 51 26
99 - 168 cm 16 46 38
168 - 240 cm 37 48 15

- 76 cm 33 45 22
76 - 99 cm 35 45 20
99 - 168 cm 25 47 28
168 - 240 cm 45 45 10

Soil Particle Size Analvsis:

CLAY SILT

SMFLE DGFI H

O - 37 cm 28 32

37 - 130 cm 23 34
130 - 240 cm 20 25
240 - 350 cm 30 35

O - 37 cm 37 31

37 - 130 cm 31 31

130 - 240 cm 25 27

240 - 3 50 cm 38 31

SO L TYPE
silt | oam
silt | oam
I oam

silty clay | oam

SAND
(A
40

43

55

35

32
38
48

31

Patna Site p

SO L TXPE

clay | oam

| oam

sandy | oam

clay | oam
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Soil Partjclp Size Analysis: Patna Site G

CLAY SILT SAND

SAMPT. R DEPTH U) lil- ROTL TYPE
USDA O - 16 5 cm 30 40 30 clay | oam

165 - 205 cm 8 17 75 | oany sand

205 - 270 cm 34 36 30 clay | oam
ASTM O - 165 cm 42 33 25

165 - 205 cm 13 16 71

205 - 270 cm 44 32 24

k?o0ii raLVAvj .c

CLAY SILT SAND

sanpl e: dspth (% (% SO L- TYPE
USDA O - 40 cm 25 33 42 clay !oam

40 - 200 cm 30 30 . 30 clay |oam

200 - 270 cm 33 37 30 clay !oam
ASTM O - 40 cm 34 33 34

40 - 200 cm 36 33 31

200 - 27 0 cm 45 31 25

A-18
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Soil Particle Size Analysis; Sinqur Site A

SAMPLE CLAY SILT , SAND
(% SO L TYFB
US DA A- 50 16 44 40 | oam
100 23 61 16 silt | oam
150 9 55 36 silt | oam
200 a 23 64 13 silt | oam
250 u 59 30 silt | oam
300 3 47 50 sandy | oam
350 19 61 20 silt | oam
400 20 72 8 silt | oam
ASTM A- 50 20 70 10
100 29 65 6
150 U 67 22
200 32 64 4
250 14 74 12
300 6 88 6
3 50 14 82 4
400 30 68 2
Cl assification Cl assification
Particle Di ameter fnmt Particle Dianmeter (mm
d ay smal | er than 0.002 smal | er than
O O0SsSi |t 0.002 to
0. 05 0.005 to 0.0074
Sand 0.005 to 2.00 0.074 to 2.00

At-19
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USOA

ASTM

SAMPLE DEPTH
(cm

B- 50

100

150

200

250

300

350

400

B- 50

100

150

200

250

300

350

400

CLAY
(%A
13

17

20

14

18

18

12

11

18
24
25
22
25
22
18

16

SILT

41

61

66

34

68

68

70

a7

77

67

71

72

69

73

76

78

i V20

SAND

{& - SOTL TYPE
46 | oam

22 silt | oam
14 silt | oam
52 | oam

14 silt | oam
14 silt | oam
18 silt | oam
42 | oam

5

9

4

6

6
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Soil Pflrticle Size Analysis; _ singur sitif> c.
\fA

CLAY SILT SAND
ranpi j E dept h - W SPTT. TYPE
62 16 Silt | oam
e S
150 =238 > I~ St deam
%Ogo 240_ 54 42 silt | oam
=00 11 88 sand
= so = 16 82 | oany sand
. CcC- 50 Z2Ss 68 4
li:m 1T OO o 71 4
150 =6 56 8
200 = 60 16
=250 S 79 15
=00 = 39 60
( =50 = 47 50
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\ Ar

Soi | Hydraulic Conductivity (Patna)

TYPE OF NO. OF
TEST DEPTH so L TESTS K (average.),
Site A
I oam 1 0. 0038 cm sec
2) 123 cm (3.28 i day)
ilt | | oam 2 0. 0006 cm sec
b) 186 cm Si y cl ay (0.519 f day)
Site B
a) 100 cm | oam 1 0. 0003 cnl sec
) (0.274 nm day)
Site C
0. 0145 cn sec
a) 145 cm | oany sand 2 (12.53 i day)
Site D
103 cl av | oam 1 0. 0005 cm sec
® o Y (0.394 m day)
b) 156 cm clay | oam 1 0. 0003 cnl sec

(0. 254 n day)

Sg|| Hyd|au||c’ Conduct! vity (SI ngur)

TYPE OF NO. OF
TEST PEPTH sol L TESTS K (averageJ.
Site A
a) 100 cm | oam 5 0. 0011 cnl sec

(0.958 ni day)

b) 350 cm silt | oam 7 .?209§g %gy%c

c) 400 cm silt | oam 2 0.00012 cm sec
(0,102 m day)

Site B
a) 100 cm silt | oam 3 0. 0011 cm sec
(0.936 niday)
b) 25 0 cm silt | oam 7 0. 0010 cn sec
(0.831 niday)
c) 40 0 cm | oam 2 0. 0009 cni sec

(0.741 m day)
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Soi | Hydraulic Conduct;

TYPE OF NO. OF
TEST PEPTH sa L K (average)
Site A
| oam 0. 0038 cn sec
a) 123 cm (3.28 i day)
silty clay loam 2 0. 0006 cn sec
P) 186 em y e (0.519 n day)
Site B
100 | oam 0. 0003 cnf sec
® o (0.274 n day)
Site C
0. 0145 cm sec
a) 145 cm | oany sand 2 (12,53 nf day)
Site D
0. 0005 cnm sec
a) 103 cm clay | oam 1 (0.394 i day)
b) 156 cm clay | oam 0. 0003 cnl sec

(0.254 n day)

Soi | Hydraulic Conductivity (Sinaur?®

TYPE OF NO. OF
TEST PEPTH Sa L | aai s K (averaged
Site A
100 | oam 5 0. 0011 cm sec
» o (0.958 i day)
silt | oam 7 0. 0025 cnl sec
P) 350 em (2.136 niday)
40 0O silt | oam 2 0.00012 cnlsec
®) 40 0 em (0.107 m day)  *
Site B
100 silt | oam 3 0. 0011 cm sec
? o (0.936 m day)
b) 250 silt | oam 7 0. 0010 cm sec
: o (0. 831 ni day)
c) 40 0 cm | oam 2 0. 0009 cm sec

(0.7 41 m day)


NEATPAGEINFO:id=26AD6A48-8AF0-40B1-8B3C-7F66ED041D1D


Pat na

Eft Kkt iw and Equival ent
S (iraulic Conduct i vities

Lat-i ne k- equi val ent k-effective
Hi aber (i/day) (»] dad)
1 8.65 9.192
2 8.85 9,999
I 8.63 9.913
4 8.55 9.237
5 8.85 9.1302
6 8.62 9.333
7 8.81 9,919
% 1.88 9.935
9 8.S 9.4i7
19 9.51 9.211
11 9.32 8.182
12 9.53
13 9.37
U 8.32 8.811
“ 9.32 9.992
Srigjr

Eihjyal int and Effective
Hytyjjhe Conductivities

Latrine k-equi val ent k-effective
e (fr day) (il16)
1.58 9.991
1.23 0.991
1.94 0.992
9.79 8. %
1.9 9.932
1.98 9.093
1.99 9.093
8 131 9.916
9 9.94 0.994
18 1.38 9.915
U 1.32 9.026
12 1.37 0. M
13 8.55 9.929
H 9.63, 9.991
15 0.37 9.995

A- 24
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Appendi x B

Deri vati ons
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APPENDI X B

bl &ChiiyW e caldidridsl 1 c

1. SI NGUR LATRI NES

Assum ng a hydraulic gradient of 1, Darcy's Law predicts
that the rate of drainage froma pit will be (Eqn. 1):

QtY) = Kgff X A(ti)

Qtj") =flowrateat timeti (m/day)

Netf ~ hydraulic conductivity of  soil surrounding pit
(m day)

A(tj") =drainage area (m )

Assum ng drainage occurs through both the pit base and

side walls, for circular pits (Egqn. 2):
(M A(t?) = 2Trrh(ti)  +irre?
Substituting Egn. 1 into Egn. 2 (Egn.  3):
Qtj ) = 2rkeffr(h(ti) + r/2)
If during time tA  the water level inthe pit falls a
distance of dh, the drainage rate that occurs is (Eqn. 4):

Qt.) = -irr2(dh/dt)
Substituting Egn." 4 into Egn. 3 (Egqn. 5):
Kegg mr(h(ti)  +1M2) = --iTrcdhi )
Integration of Egqn. 5 Dbetween the limts:
tio= ti, N(ti) = (ti)
o= tn h(ti) = h(tn)
yields (Egn. 6) :

MWtEA) (tA-ti) = In(h(ti) + ™S - In(h(tn) + r]2)

B-1
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Rearranging Egn. 6 and converting to comon |ogarithns

1.15r log(h(t™) + r/2) - log (h(tj*)+r/2) /'
ot

Nef f

2. PATNA  PITS

A singul ar anal ysi s using,
Ati) = 2(LWh(ti) + Lw
and
Qtj") = -LWdn/dt)
yields the followng equation for KA in rectangular pits:

it - 115(|.W|.+W |Og[h(t/\) + LWZ(L'I'W] . |0g (th/\) 4 LW2(|.+W
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MODEL DERI VATI ON FOR Cl RCULAR PI TS

Ground Level

Sl udge T

h(t)

EQN 1 Vol M <eVol o+ (NX) A - YA

where Vol = volune of sludge accunulated in a pit at
any time (t) (vol une)

nunber of people using a latrine (a constant)

X = per capita liquid |oading rate (a constant,
vol une/ ti me)

t = tine

Y. =rate of liquid loss at any tine, t

(vol une/ ti me)

Assum ng drainage to occur only in the horizontal direction
and the hydraulic gradient to equal unity the rate of liquid

| oss can be described using the equation

EQN2 YA = KMA AL

where K_. .  effective hydraulic conductivity of soi
near a pit (length/tine)

A(t) drai nage area (length 3
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Assum ng that drainage occurs through that portion of the

sidewal | area which is unlined,
EN3 YR =Ky (Y)  (2'rr) (h(t))

vmaey-rM|oofUM|naimdme area to total sidewall

area (unitless)

(2Trr) (h(t)) - total aidawall area (length")

r = pit radius (length)

h(t) = height of sludge in pit at any tine, t.
Substituting EQN 3 into EQN 1 and dividing through by t
EQN 4

VoI t4-At - non

a1 BN 2Ty Kee) (1) (R(T))

Taking the limt of EQN 4 as At—

M= NC- (2 my){KE) (r) (h{t))
Since the volune of sludge accunulated in a pit at any tinme,

t equals
Vol = h(t)(Tr r")
EQN 4 becones
ean 5 Tr 1A M50 = NK - (2Try3(K L) (1) (h(t))
Dividing both sides of EQN 5 by rzyields

A 2 yK .. h(t)
Eon 6 dta(tt) M - eff

or

EQ\I? /\§{/\ A /\1 A /\2 FAAAA

N N N
wher e :E O— "I"THX % nNeff

B ~k
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( SOLUTI ON OF DI FFERENTI AL EQUATI ON

EQN 7 can by separation of variabl es,

dh(t) = [C* + C*  h(t)] dt

EQN 8 dh(t)  ~ |
C + C2R(T)

Integrating both sides of EQN 8
EN9 M In(C*+CN(t)) =t + Constant

Solving for the constant value at h(0) =0
/™ Constant = p—In C,

EQN 9 becones
N0 ~In(C+Qh(t) =t +21ngC

Mul tiplying both sides of EQN 10 by C and then raising

each side to the val ue e

CG(t +1/C InC)
ENIL O+ Q)=

or
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C EQN 12 h(t) =-i (e~ - 1)
where again

- 1 AAA
N rl\}x’* 2.~ reff)

Conversion of EQN 12 to predict total accunulation rate (tar)

EQN 13 h1{AtR) (T:Tr("’\b (Vol une of rratF gll

pit age) accumii a
(m/cap/yr)

N OV (e N 1) (TTFY
(N (t)

2 VvV K

Wth QIG5 (M) dals ——2%

(-2 Try ) (KE) (F)

and

N2 r

Substituting the values of C/C2 and 2 into EQN 13

ST ?k?%“(‘ AN 1) £andy

(N (1)

- 2rK,, t

TM_( ](k/\w)() - ! -
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wher e agai n
X = per capita liquid loading rate
r = pit radius

y =ratio of unlined sidewal| area to total sidewall

ar ea

K7 = effective hydraulic conductivity
t = pit age
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Appendi x C

Theoretical Suppl enent:

Tenperature

Hydrogen | on Concentration
Salt Toxicity

Conposi tion

Soi |l Type

BRECS


NEATPAGEINFO:id=29462022-B918-44E5-BC4A-1827E17D8CC3


APPENDI X CI : TEMPERATURE

The rel ationship between digestion rate and tenperature
was the subject of some of the earliest research conducted
on the anaerobic digestion process. A series of articles
witten by Fair and More in the early 1930's described this
relationship (Fair and More, 1932). In their experinents
they measured the rate of digestion (in terns of gas
produced) at different tenperatures. As substrate, they
used raw sludge. The mcrobial population in the sludge
served as the seed. As a result of their research, a
formul a was derived by which the amount of gas expected in a
certain time period could be predicted.

To confirmtheir findings Fair and More decided to
conpare their work to that of other researchers. In order
to do this, they had to define a relative rate of digestion.
This relative rate was based on two ideas. A standard rate
of digestion was chosen to be that which occurred at 25 C
The time of digestion was taken to be the tine it took to
produce 90% of the |owest total gas yield.

The results of Fair and Mbore's review can be seen in
Figure T-1. In this figure a plot of relative rate versus
the inverse of tenperature (absolute) is provided. There
are two straight-line portions on the graph. From 10 to
28°C and from42 Cto 55°C the relationship between relative
rate and tenperature is constant. In these regions the

reaction rate-tenperature relationship followed Arrhenius'
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| aw for the effect of tenperature on the rate of reaction

nanel y,

log Ky - 109 K =5 dosen (% - %Q

wher e

K = %%%ocity of the reaction at absolute tenperature

K = velocity of the reaction at absolute reference
tenperature (T )

R

the gas constant, 1.9885 calories

u = the tenperature constant, or characteristic of the

reacti on.

In the regions between 28°-42°C the rate of digestion
did not appear to follow the Arrhenius equation. Fair and
Moore suggested that in this region a transition in the
predom nate bacteria was taking place. They |abeled the
bacteria in the 10-28°C as non-thermophilic and those
functioning between 42-55°C as thermophilic. In the region
of 28-42°C the data suggested that neither thermophilic nor
non-thernophilic bacteria were strongly established.

Pai r and Mbore concluded that within the tenperature
range they |ooked at there were two zones in which the rate
of reaction-tenperature could be predicted. They were the
thermophilic zone (42-55°C) and the internediate zone (10-
28°C). In these zones the digestion rate fol | owed ordinary
chemcal laws with regard to tenperature. |In the zone from
28-42°C, Fair and Mbore identified an optinum operating
tenperature of 33°C but noted that within the range 28-42°C
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the effect of changing tenperature was only slight on the
digestion rate. For this tenperature region they were not

able to develop a predictive equation for the relationship

bet ween the digestion rate and tenperature.
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APPENDI X C2: HYDROGEN | ON CONCENTRATI ON
(pH = - loglH *'])

I'n 1939, Heukel ekian and Hei nemann conducted one of the
first studies on the relationship between hydrogen ion
concentration and the anaerobic digestion process
(Heukel ekian, 1939) . In research on enumeration techniques,
Heukel ekian and Hei nemann attenpted to define optinmum
environmental conditions for the growth of enriched cultures
of methanogenic bacteria. One of the conditions considered
was pH (- logCH *']) .

Heukel eki an and Heinemann's findings are shown
graphically in Figure H1. The highest growh density of
met hanogeni ¢ bacteria was observed on a nedia which was at
pH 7.0. A sharp decline in the nunber of bacteria occurred
at both lower and greater pH val ues.

As techniques of isolating strains of anaerobic bacteria
were refined, it becane possible to study pure cultures of
net hanogeni ¢ bacteria. In Mlroie and Hungate's research on
Met hanobacteriumformcicumit was found growth would occur
inthe pHrange 6.6 to 8.0 (M/lroie, 1954). In a simlar
study by Smth and Hungate on Methanobacterium rum nantium
growth was observed in the pHrange 6.5 to 7.5 (Smth,

1958). In neither study was an optinmumpH identified as in
the study enriched cultures by Heukel ekian and Hei nemann.
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Wlin and his co-workers studied the effect of pH on
net hane production instead of growth (Wlin, 1963). They
experimented with cell extracts of Methanobacillus
onel i anskii. A graph of nethane formed versus pHis shown
in Figure H2. As in the study done by Heukel eki an and
Hei nemann, an optinmum pH was identified as pH7.0. On
either side of pH 7.0, the amount of nethane fornmed was
significantly reduced as pH changed.

Al of the early studies indicated a growth range for
net hanogeni ¢ bacteria fromabout pH6.6 to 7.6 with an
optinumat pH7.0. The next question to be raised was what
effect woul d pH have over time on an established popul ation
of methanogenic bacteria. An attenpt to answer this
question was presented in a paper by Cark and Speece in
1970.

In their research, Cark and Speece nonitored the
response of an established popul ation of methanogenic
bacteria to changes in pH The results of their work showed
a greater tolerance of the bacteria to hydrogen ions than
had been previously demonstrated. A plot of pHinhibition
factor (R)** versus pHis provided in Figure H3.
Inhibition of the bacteria did not occur between pH 6.0 and
8.0, and then was virtually non-existent below pH 5 and
above pH 9.

Before the work of Speece and C ark was reported,
gui delines for anaerobic digestor operation reconmended the
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mai nt enance of pHin the range 6.6 to 7.6, with an opti mm
intheregion 7.0 to 7.2 (MCarty, 1964). Current standards
no |onger include the recommendation of an optinmum pH but do
mai ntain that pH should be naintained in the pH 6.6-7.6

o
c%o0c

Y100

2015

regi on (EPA, 1979) .

Figure H3

PH

pH inhibition factor

Ver sus

pl1 (ciark and Speece, 197I)
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APPENDI X C3: SALT TOXIC TY

Interest in the relationship between the anaerobic
di gestion process and salt concentration in sludge first
began when it was noticed that the addition of different
metallic bases (Na-CO, vs. CaCO, for exanple) for pH control

coul d have opposite effects on the digestion rate. Early
investigators tried to understand the reason for this

phenomena but it was not until the [ate 1950's that
definitive work on salt toxicity began with a series of
papers by Perry MCarty and his col | eagues.

MCarty based his research on the work of
m crobi ol ogi sts who had investigated the relationship
between salt toxicity and the growth of cells. Previous
research had shown the effect of salts on growth had more to
do with cations (positively charged ions) than anions
(negatively charged ions) (MCarty, 1961) . At relatively
| ow concentrations cations could be stinulatory, as they
were required for cell growth. After the nutritiona
requi rements were satisfied, however, the effect of raising
the cation concentration coul d becone inhibitory.
M croorgani sms coul d adjust to high levels of cations yet
their rate of growth would be slowed. At very high levels
the cations had a toxic effect. A typical plot of the

relationship between salt concentration and rate of
bi ol ogical reaction is shown in Figure S 1.
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McCarty and McKinney first studied the affect of salt
toxicity when investigating the relationship between sludge
digestion and volatile acid concentration (MCarty, 1961) .
They found that the inportance of volative acid
concentration was due to the formation of sodium acet ate.

At high levels of this acetate, methagenic bacteria would
cease to function. The data suggested that this was the
result of the presence of the sodium(Na ) ion rather than
t he acetate group

In the next paper by MCarty and MKinney, they |ooked
solely at the relationship between salt toxicity and
anaerobi ¢ digestion (MCarty, 1961) . They examned the rate
of digestion at several concentrations of five cations. The
cations were calciunl(Ca_ETT_nagnesfﬁﬁr(NEEf?:sodiun{fﬁﬁ_),

potassiumK ), and anmonium (NH* ). In this work the
relative toxicity of the cations on equival ent concentration

basis Were (in order of increasing toxicity): (a) calcium
(b) magnesium (c) sodium (d) potassium and (e) anmmonium
Thi s paper was to serve as a bhasis for nore exhaustive
studies on salt toxicity which were carried out by MCarty
and Kugel man.

In two papers entitled "Cation Toxicity and Stinulation
in Anaerobic Waste Treatnent" (MCarty and Kugel man, 1963,
1965), McCarty and Kugel man attenpted to define the range of
cation concentrations in which anaerobic digestion could
occur. They hoped to find the optinumand toxic |evels of
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cation concentration. In their first paper, the tolerance
of nethanogenic bacteria to slug feeding was neasured. They
ran both single and multiple cation systens. Figure S-2
shows the results of the work done on single cation systemns.
Init the relative toxicity of the five cations can be seen.
On the ordinant is the rate of reaction based on the anmount
of gas produced conpared to a control reaction. On the
absci ssa the cation ion concentration is given. The use of
arelative rate of reaction prevents the devel opnent of a
strict rate of reaction - concentration graph. The data
which Figure S-2 is based are not provided in the paper.
However the plot does allow a conparison of the relative
effects of ttie various ions. Sodiumhad the |east toxic
effect. The bacteria could tolerate relative high
concentrations of sodiumw thout nmuch alteration in the
reaction rate. For the other cations, a change in
concentration produced a nuch nore drastic effect on the
rate of digestion.

From experinentation with the multiple cation systens,
McCarty and Kugel man concl uded that the optinmumlevels for
sl udge digestion were O O Mfor nmonoval ent ions and 0. 005M
for divalent ions. They based their conclusion on a nunber
of different experiments where they tried different
conbi nations |of cations and concentrations. Stated val ues
for optimumlevels of cations in single cation ion systens

were not given. Upper limt of cation concentration for

C 12
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slug addition of salts is shown in Table S-1. The val ues

represent "the upper limt of cation concentration which a
waste can contain and still be treatable anaerobically"
(MCarty and Kugel man, 1965). A nore precise definition of

the upper limt was not stated.

TABLE S-1: UPPER LIMT OF CATI ON CONCENTRATI ON FOR SLUG
ADDI TI ON OF SALTS

Mol ar Concentrati on
Cralifijl Single Cation Systems  Antagonists Present

Na 0.2 0.3 - 0.35
0.1 0. 25

K A 0. 09 0.15-0.2

Ca 0. 07 0. 125-0. 15

My 0. 05 0. 125

In their second paper MCarty and Kugel man repeated the
work they had done in their first work except on a
continuous feed basis. This allowed for the exam nation of
the mcroorganisns ability to acclimatize to the toxic
effect of the cations. The cations of sodium potassium
magnesi um and cal ciumwere studied. In Figures S-3 through
S-6 the results of the experinentation are plotted. The
effect of change in concentration on rate of reaction can be

seen in the differences in volatile acid destruction at
different concentrations. In all cases the feed into the
experimental digester contained 7,500 ng/1 of volatile
acids. The higher the level of volatile acids in the

effluent, the lower the rate of reaction. As before both


NEATPAGEINFO:id=6778CC79-1E18-4AE1-BB06-BDE2AFE2F749


POTASSIi OM  CONCENTRATI ON
015 "0 0

wi XES PER Li TCR

C- 15

______ ao g ? ao 055
CONT
oo0osM
TIME IN  OATS
Potassiumtoxicity daily feed.
figure S5 (McCarty and Kugel man,  1965)
CONCENTRATI ON OF MAGNESI UM MOLES PER LI TER
0025. 005 0075____ 0.10 0125 0140
CONTROL
1600 Myd j ONLY
MyClj +00 M No G
M jtO O MKa
MOl j+0 O MKC + 0.0 M NoCl
1200
TIME IN DAt S
Fiitre S6 (MCarty and Kugel man,  19"5)


NEATPAGEINFO:id=03CB5F29-62C6-4AE5-9B87-BB8E9A1B45E8


SODI UM CONCENTRATION  MOLES PER LITER

005 010 015 ...... _P2p 02> ._0J0_ s
T
CONTROL
- 600 _
NoGi ONLY

Nadl + OO M KCl
Nod + OO MNMCl
1200 NoCf OCOM KO  +0OM Nwd

V0e

[ 400

Soiiiumtoxicity daily jtrii.

Figure S-3 (MCarty and Kugel man,  1965)

CONCENTRATION  OF  CALCIUM MJES PER LITER

0035 oy 005 0075 010 0g5 a5 aTs 020

1000 L .
conTRoL CoClj +00I M NoCl +0005M MyQl *
Codj ONLY
CoCd, +00OM No C

600 CoCj+O0 M NOCI +0005M KCl

600

400

200

10 15 - 20 25 30
TIMVE IN DAYS

Colciumtoxicity daily jtedL

Fi"Txre  Sho (MCarty and Kuf-elman,  19("5)

C- 16


NEATPAGEINFO:id=848372F5-C56F-4721-A1F6-B9B629EE052F


single and nultiple cation systens were studied. In the
single cation studies, the rate of reaction for sodi umand
cal ciumdid not show | arge changes over the ranges of
concentration. The rates of reaction for potassium
magnesi um did show [ arge changes with change in
concentration. Care nust be taken however in interpreting
the results as the concentration scale for sodi um and
potassiumis not the same as that for magnesium and cal ci um
The multiple cation systens are shown on the sane graphs as
the single cation systens. In this experiment the cation
concentrations of the antagonist were maintained at the
0.0 Mand 0.005M | evel s recommended fromthe slug-feed
study. In every case the toxicity of the cation in question
was | owered by the addition of secondary cations.

Fromthis study of daily feeding of cations MCarty and
Kugel man concl uded that methanogeni ¢ bacteria woul d
acclimtize thenmselves to high concentrations of cations if
the level of the cations was increased gradually rather than
abruptly as had been the case in the first series of
experiments. As in the case of slug feeding upper limts of
cation concentration were proposed. These can be seen in
Table S-2. They are higher than those based on sl ug-feed.
The inplications for digestion operation are that higher
| evel s or concentrations of cations can be tolerated in a

digester if they are fed gradually to the digestor rather

t han at one tine.
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TABLE S-2 UPPER LIMT OF CATI ON CONCENTRATI ON FOR DAILY
FEED ADDI TI ON OF SALTS

Mol ar Concentrati on

Cation Single Cation Systems  Antagonists Present
N oOo. = oOo. =25

=< oOoO. A= oO. =25
= oO. 15 oOo. =

NMg O. O65 O. 1.4
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APPENDI X C4: COMPCSI TI ON

ne of the earliest studies on the relationship between
conposi tion and the anaerobic digestion process was done by
Buswel | in 1932 (Buswel |, 1932) . He looked at the quality
(CHrCQ ratio) and quantity of gas produced in the digestion

of the three major groups of organic conpounds - fats, proteins
and car bohydr at es.

As a basis for his study Buswel | suggested the
deconposition of organic conpounds coul d be predicted according
to sinple hydrolysis equations. In Table C1 exanples of the

anaerobi ¢ digestion and three organic conmpounds are given as
described in terns of hydrolysis.

TABLE c-1: ANAEROBI C DI GESTI ON REPRESENTED BY HYDROLYSI S
EQUATI ONS

n-Butyric acid (Fat)
ZC?FQOZaﬂ AAADO 1 AAO9aR AAAJ

Pept one (Protein)

G 3BT " NN 36000 + 308CH + BNHOD + 4HDS

Cel | ul ose (Carbohydrate)
(CgH "pCg) + H20 = 302 + 3CH:

Conducting his own experinents and review ng the works of
others, Buswel| found good agreeement between theoretica
prediction based on the hydrolysis concept and actua
production of gas. The results of anaerobic fermentation of a
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nunber of pure substances is provided in Table G2. The ratio

of C02:CH measured was very close to the C02:CH ratio
predicted according to hydrolysis equations.

In conclusion, Buswell stated that a difference in the
quality and quantity of gas can be expected in the digestion of
substances of different C HO0:Nratios. Typical values for the
constituents of sewage sludge were given (See Table C-3). \hen
fats were digested, relatively large amounts (W. Gas/W.

Subst ance Deconposed) of high quality gas were produced. The
di gestion of carbohydrates yielded gases of low quality in
medi um anounts. The quality of gas produced in the digestion
of proteins was higher than that of carbohydrates yet its
quantity was |less. No reference was made by Buswell on
differences in the rate of anaerobic digestion according to
conposition either in terns of the CHO:Nratio or
classification as fat, protein or carbohydrate.

After initial investigations in the 1930's on conposition
such as that done by Buswell, research in this area did not
continue at a steady rate. This occurred for a nunber of
reasons. One was that it was found very difficult to
continuously digest pure or even relatively sinple organic
substances in the lab (Speece and MCarty, 1964). On the ot her
hand there was no difficulty experienced in the digestion of
domestic sewage sludge in the typical digester of the tine.

The main interest of researchers was in the devel opment of the
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anaerobi ¢ digestion process for handling sewage sludge. Hence
al though the issue of conposition was of concern, it was not
pursued very vigorously.

Some studies did occur in the 1940's and 50's on the
anaerobi ¢ digestion of organic substances other than sewage
sludge. One of the nmost relevant studies of this period to the
pit latrine study was done by Snell (Snell, 1943).

Snel | exam ned the anaerobic digestion of human excreta.

He began with the contention that undiluted human excreta woul d
not anaerobically deconpose. The purpose of his paper was to
show why digestion woul d not occur normally and to investigate
ways of creating conditions such that digestion would occur.

Snell's first experinents centered on demonstrating that
the failure of excreta to deconpose was related to the presence

of urine. He showed this by conducting digestion tests wth
di fferent conbinations of urine and faeces. The results of

these experiments are shown in Figure C1

On the graph the total amount gas produced (liters gas/kg
vs. added) is plotted against time. Adefinite difference in
the digestion rate (gas production/tine) can be seen in the
tests run at the different levels of urine concentration. Wth

a full concentration of urine (no. 38) alnost no digestion
occurred in the time frame considered. As the concentration of
urine was decreased, the time lag before the comencement and
the rate of digestion increased (no. 39 and no. 40). The
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hi ghest rate of digestion was observed when no urine was added
(no. 41). Digestion in this case began al nost inmmediately.
Snel | attributed the differences in digestion of faeces
with and without urine to the introduction of anmoni um
carbonate in urine deconposition. According to Snell, urea

(the main conponent of urine) woul d deconpose as:
Eqgn 1

DR *A4eRiMA AR UL e &aTe
(NH) 2003 + O -> H20 + 2NHAHCCB

The second step of the process (Eqn 2) was thought to be
critical. |f enough carbon dioxide was not present to convert
anmoni um carbonate to bicarbonate, digestion would stop
Failure was related to either ammonium carbonate toxicity or a
shifting of pH outside (above) the range where digestion coul d
occur (see Hydrogen lon Concentration).

Snell thought if nore carbon dioxide could be generated in
the digestion process, the chance of failure would be | essened.
To this end he conducted experinents in which human excreta was
m xed with substances which woul d produce carbon dixoide in
their deconposition. These substances were prinarily
carbohydrates which were thought at the tine to deconpose as

shown in Egn 3. A list of the substances added to excreta by
Snell is provided in Table C5.
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Sgn 3

Coth@. + (0 - @ z]a)hl0 -> (N -Ha +g)eR, + (B + &5~ Wik

car bohydrat e

TABLE G5  "CARBON DI OXI DE- PRODUCI NG' SUBSTANCES ADDED TO

HUMAN EXCRETA"

Cel | ul ose
St arch
Sucr ose

Ri ce Straw
Gar bage

aRWNE

The results of the second phase of experinmentation by Snell
can be seen in Figure G-2. The addition of carbohydrates to
excreta for the nost part did inprove the digestibility of
human excreta. Conparison can be made between no. 38 (CH' gas)
in Figure CG1 and any of the carbohydrate-excreta mxtures,
nos. 33-37, in Figure G2, to see this. Wen conpared to the
digestion of faeces alone (no. 41 in Figure 1), however, the
rates of digestion for the mxtures (nos. 33-37) were not as
i < b _ .

Snel | attenpted to extend his findings in batch experinments
to a continuously-fed digestion system He desired to
"di scover the maximumrate at which a mxture of excreta and
cel lul ose, starch, etc. can be added continuously and stil
produce good digestion." Unfortunately he was not able to
achi eve his goal

Anot her study of interest is one done by Sanders and
Bl oodgood (Sanders and Bl oodgood, 1965). Like Snell"s work.
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this report is not considered as a major study in defining the
effect of conposition on anaerobic digestion. The study is
consi dered here because it [ooks at the effect of the nitrogen-
to-carbon ratio on anaerobic digestion. This is the inverse of
simlar to the N ratio comonly used to judge the suitability
of a material for conposting.

Sanders and Bl oodgood's goal was to determne the grow h-
limting NCratio for anaerobic digestion. They considered
the same three classes of organic substances as Buswel| - fats,
proteins and carbohydrates.

TABLE C-6: COVPOUNDS USED I'N EXPERI MENTATI ON BY SANDERS AND

BL OODGOOD

1. Caproic Acid (G H, -COOH)
Alipid (fatty 5cia)

2 |Xalctaorsbeo fqu} rA QtH/\ "0

.k Iberuo(%ieqen ((anlj ;1\(/)\ a. ? d)

Sanders and Bl oodgood's work was fairly limted in scope in
that evaluation of the optimumN C ratio was based mainly on
whet her or not their experinental digesters continued working
or failed under the conditions that they were testing. A
bui I d-up of volatile acids in nost cases was the cause of

digestor failure. Gas production at a constant rate was taken
as a sign of good digestion.
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Diitrel Organi ¢ Voltila Ni trocen Car bon
Itreler lidi
No. SuUstral a Su(g\) ! u“) '('»C)
2 Pig food 3.0 0. 100 1.052
5 Pig food 4.35 0.127 2.117
Caproic acid
5 Pig food 4.92 0. 150 2.471
Caproic acid
o Pig food 4.35 0.120 1.952
Mal t ose
6 Pig food 5.G6 0.150 2.475
Caproic acid
1 Pig food 4.35 0. 100 2.117
Caproic acid
4 Pig food 4.35 0. 100 1.952
Mal t ose
5 Pig food 4.922 0.123 2.471
Caproic acid
Wj ck* study Pig food 6.00 0.125 2.005
d ucose
Wj ek* study Pig food 5.25 0.125 2.305
d ucose

« Interpretation of data froma study by Wjek (18).

Figure GC7

(Sandors and
El oodgood, 1965)
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Promtheir work Sanders and Bl oodgood identified a m nimum
N Cratio of 0.0620 as necessary for successful anaerobic
deconposition. A higher NCratio did not noticeably inprove
or harmdigestion. Alower NCratio led to failure of
digestion. The results of Sanders and Bl oodgood's study in
terms of digestion success or failure are provided in Table G
7.

Perhaps the nost conprehensive work to date that has been
conducted on the relationship of the process of anaerobic
di gestion and conposition was done by Speece and MCarty in
1964 (Speece and MCarty, 1964).

The objective of their study was two-fold:
1. to determne the conditions necessary to continuously

di gest pure organi c conpounds; and
2. to determne the biological solids accumulation and

associ ated nitrogen and phosphorus uptake (requirement) in

the continuous digestion of fats, proteins and

car bohydr at es.

The general findings of the Speece and MCarty research are
rather extensive and therefore difficult to summarize. The

main conclusions drawn in their study were (a) that the genera
empirical fornula for anaerobic hiological solids is CcHyON
and (2) based on this equation it is possible to predict the

nutrient requirenents for the utilization of a given substrate
in the production of biomass and cell netabolism
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APPENDI X C5: SO L TYPE

The matric potential will vary with the noisture content
of asoil. Insaturated soils the matric potential of water
IS zero. As the noisture content decreases, the matric
potential increases. In Figure MP-1, a graph of the soil
moi sture content-matric potential relationship for several
different soil types is provided. It wll be noted that the
matric potential in different soil types at the same
noi sture content is not the same. This difference i s nost
easi |y explained by drawing an anal ogy between the movenent
of water in soils tothat ina capillary tube (see Figure
MP- 2) .

The sane forces which pull water into dry soil pores
will draw water up a thin glass tube if it is placed in a
container of water. Water will move up the glass tube due
to adhesive and cohesive forces. In the same situation as
the glass tube, these forces are often grouped under the
name of capillary forces.

The height to which water will rise in the tube is
determned by the bal ance between gravitational and
capillary forces acting on the water nolecules. The water
will stop rising at the point where the capillary force
equal s the force of gravity. At this point the water
mol ecul es can be viewed as being in tension. Hence the use
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of the expression of soil noisture tension in the
measurement of matric potential.

The idea of the forces of gravity and capillarity being
in balance has also led to the convention of using negative
pressure to express the effect of capillary forces. Taking
the downward direction (the direction in which gravity acts)
as being positive, the capillary forces are seen as negative
(acting upward).

A profile of the pressure gradient which exists in a
capillary tube can be seen in Figure MP-3. Above the free
wat er surface, the negative pressure due to capillarity
Increases with distance fromthe free water |evel

Quantitatively, the pressure created by capillary forces

can be neasured using the equation (Terzaghi and Peck,
1967)

Equati on MP-1
P = (2T cos )/r

wher e,
P = pressure (g/cm%,
T = surface tension (for water "0.075 g/cm

contact angl e

r = radius of capillary tube (cm

Al of the paraneters in Equation MP-1 are a function of
the dianeter of a tube. A graph of noisture tension versus
tube diameter is provided in Figure MP-4. An exponentia


NEATPAGEINFO:id=BBD279E7-47C4-49AB-9452-A8F3D427C1DA


relationship is seen to exist between the tube dianmeter and

moi st ure tensi on.

A soil in a sense can be considered to be a bundl e of
capillary tubes of different diameters. The tubes represent
pores in a particular soil. The forces pulling water into a
soil with snmall pores are much stronger than those of a soi
with large pores. In the opposite sense (as in the
description of capillary tubes) a soil with |large pores does
not hold water in its pores as well as a soil with snall
por es.

In the graph of soil noisture content versus noisture
tension (Figure MP-1), four types of soil were considered —
sand (Type |), sandy loam (Type Il), silt loam (Type II1)/
and cl ay.

As soil noisture tension is increased, sands very
readily give up their water. Large, continuous pores exist
In sands. In contrast, clay, which is known for its small
and non-continuous pores, yields relatively little of its

wat er with increasing noisture tension.
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