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ABSTRACT

ceramic pot filters (CPF) are a promising low-cost option for household water treatment,

providing a barrier of protection against-microbiological contaminants for households with or

without reliable piped water supplies. The goal of this thesis is to provide CPF manufacturers

with tools to increase their ability to reach performance objectives for CPF flow rate, bacteria

removal and strength. This is achieved by experimentally determining relationships between

these three aspects of performance and three manufacturing values: percentage rice husk, rice

husk size and wall thickness. These relationships are used to run a series of optimizations that

result in design recommendations including the recommendation to increase wall thickness to

improve bacteria removal and to tightly control rice husk size to maintain consistent flow rates.

In addition to the experimental relationships, this author seeks a theoretical explanation of

filter performance. Through this process, the author determined that hydraulic head can be

increased without decreasing bacteria removal and that incomplete combustion should not be

of primary concern to manufacturers. While the results in this study are preliminary, the

systematic approach to the CPF design shown here can be used in future studies to further

analyze and improve the CPF design.

Thesis Supervisors: Senior Lecturer Susan Murcott, Professor Daniel Frey
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Chapter 1: Introduction

1.1 Motivation

According to the WHO/UNICEF Progress on Drinking Water and Sanitation 2012 update,

over 780 million people worldwide do not have access to improved sources of drinking-water'

with 84% of that population living in rural areas [1] (Figure 1-1). The disease burden from lack

of safe water, sanitation and hygiene accounts for 4.0% of all deaths and 5.7% of the total

disease burden worldwide [2]. Children are especially vulnerable with 21% of deaths of children

under five years in developing countries occurring from diarrheal disease [3] (Figure 1-2). Since

diarrheal diseases are transmitted mainly through the fecal-oral route, of which drinking water

is a part, water quality interventions can reduce the disease burden by as much as 42% [4].

Figure 1-1: Highly turbid drinking water source near the city of Tamale in Northern Ghana.

Figure 1-2: Child infected with worms living in Northern Ghana.

Ceramic pot filters (CPF) are one of many options for household water treatment [5]

(Figures 1-3, 1-4 and 1-5). One of the advantages of the CPF is its utilization of the worldwide

availability of local clays and ceramic manufacturing traditions. The design includes a method

of safe water storage, and the filter can effectively treat highly turbid water. It is one of the less

1The definition of "improved drinking water" and many other specialized words in this study can be found in the

glossary at the end of this document.
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expensive forms of water treatment, costing $8-$40 for filters that last multiple years [6]. The

design has traction in the international community, gaining support from international agencies

such as USAID and UNICEF and being the subject of academic studies at several major

universities. In a 2007 study by Joe Brown in Cambodia, the CPF was shown to reduce diarrhea I

diseases by 40% in areas where it was used [7]. A meta-regression by Hunter in 2009 found

that "with the currently available evidence, ceramic water filters are the most effective form of

household water treatment in the long term" [8]. For these reasons, the CPF is an important

technology to study.

Figure 1-3: Ceramic filter element. Figure 1-4: Assembled filters.

contaminated
water ,

safe storage
container

filtered water -

Figure 1-5: Schematic of the assembled CPF.
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1.2 Background

The CPF was invented by Fernando Mazariegos in Guatemala in 1981. Since 1998, the

NGOs, Potters for Peace and Potters without Borders among others, have promoted the

production of CPFs based on Mazariegos' design [9]. These filters are currently produced in 52

independently run factories in 31 countries (personal communication with Susan Murcott,

March, 2013). In 2001, an MIT student team supervised by Susan Murcott conducted the first

independent, academic research study of the filters, and subsequently Daniele Lantagne,

supported by USAID, wrote a report that brought the CPF into the English-language published

sphere [10].

The CPF filter element is made out of porous ceramic. The ceramic is produced from a

mixture of clay powder, water and either rice husk or sawdust all sourced locally. The mixture

is typically formed into a pot shape that can hold from 6 to 11 liters [6] and allowed to dry

before being fired in a kiln. During the firing process, the rice husk or sawdust combusts as the

clay sets, producing pores in the filter (Figure 1-6). Upon removal from the kiln, the filter is

tested for quality. If it passes inspection, it is painted with a silver compound which acts as a

biocide and packaged along with a safe storage container for shipment. Factories vary in their

level of mechanization, recipe, filter shape and type of silver, among other parameters, but the

basic process and design is generally the same.

a) b)

Figure 1-6: Schematic of the CPF Before (a) and after (b) firing. The black dots represent rice

husk or sawdust particles. The white dots represent pores.
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Many studies of the efficacy of the CPF have been conducted over the years. These

have included studies of filter performance in the laboratory and in the field, as well as studies

of health impact and user acceptance. Many of these studies are discussed in [11]. More

recently, several new studies have been conducted in order to determine the effects of various

manufacturing parameters on CPF performance. The "Best Practice Recommendations for Local

Manufacturing of Ceramic Pot Filters for Household Water Treatment," referred to in this

document as the "Best Practices Guide", was created in 2011 to bring together information

about the design and manufacturing decisions made at factories around the world [6].

Together, the efforts of the many researchers and manufacturers worldwide have steadily

developed and improved the effectiveness of the CPF as a product.

1.3 Performance requirements

Ceramic pot filters were designed for a challenging environment. Among other factors,

they must be extremely low-cost, easy to use, robust and able to handle very turbid water.

Ideally, they should remove a variety of pathogens including bacteria, viruses and protozoa, and

they should be a product that users find attractive and want in their homes. In this thesis the

author focuses on understanding and optimizing for three aspects of filter performance which

reflect the basic functioning of the CPF. The three performance metrics addressed in this thesis

are flow rate, bacteria removal (in this study, indicated by E. coli removal) and strength. These

performance metrics as they relate to the CPF are described in more detail below:

1.3.1 Flow rate

CPF factories around the world have different standards for the amount of water that

must filtered per hour. Figure 1-7, reprinted from the Best Practices Guide, shows the ranges of

flow rates that have been deemed acceptable by various factories around the world [6].

Ranges are given instead of single values because manufacturers are often unable to control

flow rates within a tight tolerance. Out of the set of factories that responded to the survey,

acceptable flow rates ranged from iL/hr to 5L/hr. However, this author knows of at least one

16



factory that allows filters with flow rates up to 7L/hr. While each factory has chosen ranges for

flow rate that are acceptable to them, a common complaint from users about the CPF is that

filtration is too slow. This is especially a problem after the system has started to clog with

contaminants. For this reason, many users would benefit if manufacturers could produce a

faster filter.

Filter Flow Rates
6
5

L1
3-

C14 M \ ~~~ C'J C'J C J M ~ ' ? 1 ~
6 w 6~ o M- c.-J .- J N N

0Z -- - - .

0-)0 =3D z Ca M~ a)

Figure 1-7: Allowable flow rates at factories around the world measured in L/hr [6].

1.3.2 Bacteria removal

CPFs from factories around the world also display different levels of bacteria removal.

While data for this aspect of performance have not yet been consolidated in the same way as

the flow rate information, manufacturers can reference the WHO Guidelinesfor Drinking Water

Quality 4h Edition when deciding on acceptable microbiological removal levels [121 (Figure 1-8).

These guidelines do not require 100% removal of biological contaminants, but rather high

enough removal to reduce the contaminant load to a level that can be tolerated by the human

body. While different factories sell filters that achieve different levels of bacteria removal, not

all factories are satisfied with the levels of bacteria removal that they are achieving. Thus, the

factories and customers would benefit from increased bacteria removal. In addition, due to the

high cost, logisitical challenges and technical skill requirements of microbiological testing, many

factories do not conduct regular water quality testing [6] making it very important that the

manufacturing process be well controlled for the parameters that affect contaminant removal.
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Log,( Log10  Log,,
reduction reduction reduction

Target required: required: required:
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protective
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Figure 1-8: WHO drinking water guideline expressed as log reduction values2 [12].

1.3.3 Strength

Data for filter strength have not been consolidated across the many CPF factories.

However, despite the lack of data, breakage of filters is an acknowledged problem. In surveys

conducted in Cambodia in 2007, Brown found that 65% of disuse of CPFs after distribution or

sale was due to filter breakage [7], emphasizing the need for stronger filters.

1.4 Thesis goal and objectives

While many studies of the CPF have focused on specific factories and their

manufacturing decisions, this author adds to the field by taking a step back and considering the

effects of the manufacturing parameters at a level that is applicable across factories. The goal

of this thesis is to provide a framework for understanding the effects of manufacturing

parameters on filter perforamance and so give ceramic pot filter manufacturers the tools

2 Log reduction value is defined in Section 1.4.1 as well as in the glossary.
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needed to achieve their performance targets. In pursuit of this goal, the author hopes to serve

the many people around the world who lack access to safe drinking water.

The goal of this thesis is approached through three objectives:

Objective one: Determine the relationships between three key manufacturing parameters and

three key metrics of filter performance (see Figure 1-9).

Objective two: Examine the internal structure and filtration mechanisms of the CPF and

develop a theoretical model to describe it.

Objective three: Use the results from Objectives one and two to produce recommendations

about the design of the CPF.

Objective one is addressed in Chapters 2-4. Chapter 2 introduces data from existing

studies of the relationships between various manufacturing parameters and filter performance.

Chapters 3 and 4 describe the methods and results from this author's own experiments which

fill in the gaps in the existing literature. Objective two is addressed in Chapter 5, introducing

additional experimental results and anlaysis which build our understanding of the internal

mechanisms of the CPF. Objective three is addressed in Chapters 6 and 7 with formal

optimizations presented in Chapter 6 and design recommendations and areas for future work

presented in Chapter 7.

1.4.1 Objective one: Manufacturing parameters/performance relationships

Flow rate, bacteria removal and strength are interrelated and often in conflict with each

other; increasing one often decreases the other two, forcing manufacturers to choose between

them based on their relative importance. In the case of CPFs manufactured with rice husk,

these three aspects of filter performance are largely determined by three manufacturing

parameters: percentage rice husk, rice husk size and wall thickness (Figure 1-9). In this thesis,

the author will investigate the relationships between each manufacturing parameter and the

three performance metrics, while building a framework into which additional manufacturing

parameters and metrics of performance could be added.
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Manufacturing Parameters

Percentage rice husk

Rice husk size

Wall thickness

Performance Metrics

Flow rate

1--- Bacteria removal

j' L Strength

Figure 1-9: Three key manufacturing parameters and three key metrics of performance.

The three manufacturing parameters were chosen for their importance in determining

performance, their controllability by the manufacturer and their applicability across many

factories. Additional parameters such as the effects of silver, other types of combustibles, clay

parameters and firing parameters are left for future studies. Definitions of the manufacturing

parameters and the metrics of performance are described below.

Definitions of the manufacturing parameters:

Percentage rice husk: Percentage rice husk is the mass of rice husk as a fraction of the

total mass of dry materials (clay powder and rice husk) incorporated in the filter. The

percentage rice husk contributes to the porosity of the fired filter, where porosity is defined as

the volume percentage of void space.

Rice husk size: In this study, the effects of rice husk size were studied by sieving the rice

husk for each filter between two different sized meshes. During sieving, rice husk particles that

were larger than the openings of the courser mesh or smaller than the openings of the finer

mesh were discarded. In this study, rice husk size for a filter is reported as the average of its

courser and finer mesh diameters. Rice husk size is also sometimes expressed as a range

between the courser and finer mesh diameters. Figure 1-10 shows rice husk sieved to 400-

500ptm. Milled, unsieved rice husk is typically in the range of 0-2000im.
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Figure 1-10: Rice husk that was sieved between 400 and 500Lm meshes.

Wall thickness: Wall thickness is defined as the distance between the inside and outside

surface of a CPF. When working with filter disks (as will be described in Chapter 3) wall

thickness is the height of the disk (Figure 1-11).

wall .- 0

thickness wall
thickness

Figure 1-11: Wall thickness of a filter and a disk.

Definitions of the metrics of performance:

Flow rate: Flow rate equals the volume of liquid per unit time exiting the CPF.
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Bacteria removal: Removal of bacteria is expressed as a logarithmic reduction value

(LRV) where

# cfu in influent

\ # cfu in effluent

Equation 1-1

and colony forming units (cfu) is the number of viable bacterial cells per unit volume. This is a

standard metric of bacteriological drinking water quality [13].

Strength: Reported as the moment at rupture, strength of the CPF is defined as the

amount of torque that must be applied to the filter wall to cause it to fail. Strength is also

sometimes reported as the modulus of rupture which is the maximum stress that can be

sustained within the filter wall before failure.

The outcome from Objective one is a full description of the relationships between the

three manufacturing parameters and the three performance metrics.

1.4.2 Objective two: Internal mechanisms

The author explores fine-grained models of the CPF in order to relate the performance

metrics to the manufacturing parameters. In the process, the author addresses a number of

aspects of the internal structure and behavior of the CPF including:

" The relationship between flow rate and bacteria removal;

" The effects of incomplete combustion of the rice husk on flow rate and bacteria

removal;

* The relationship between hydraulic head and flow rate;

" The relationship between rice husk size and pore size/shape;

" The role of a removal constant in bacteria removal;

" The relationship between rice husk size and tortuosity.

These areas of inquiry will be described in more detail in Chapter 5.
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The outcomes of Objective two are models describing flow rate, bacteria removal and

strength as functions of the manufacturing parameters. These models are not definitive but

provide a starting point to be built upon. Preliminary results regarding the internal structure of

the CPF are also presented along with directions for future investigation.

1.4.3 Objective three: Design recommendations

The author uses her understanding of the CPF, based on the results of Objectives one

and two, to conduct a series of optimizations to determine the limiting factors of the CPF design

and the ways to improve the choices of parameter values. The optimization methods

presented in Chapter 6 can be expanded to include additional manufacturing parameters and

performance metrics. The design recommendations presented in Chapter 7 reflect the author's

current understanding of the CPF and could be tested in the laboratory or in a pilot factory

setting. The author expects these recommendations to be expanded and modified as more

experimental data becomes available.
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Chapter 2: Literature review

2.1 Prior experimental studies

The first objective of this thesis is to determine the relationships between three

manufacturing parameters (percentage rice husk, rice husk size and wall thickness) and three

metrics of filter performance (flow rate, bacteria removal and strength). These manufacturing

parameters and performance metrics are organized by the author into a matrix as shown in

Table 2-1. In this matrix, the author summarizes some of the experimental results of Rayner

[14], Gensburger [15], Plappally [16], Miller [17], Lantagne [18], Watters [19], and Miller [20].

The ovals in Table 2-1 are the areas where this author will add new data, as presented in

Chapter 4.

Table 2-1: Parameter/performance matrix filled with data

U,
1~U)

U)
E
I-
Co
a-

C

C

from the literature3

Performance metrics
Flow rate Bacteria removal Strength

Percentage Gensburger[15]: positive linear Gensburger[15]: no correlation Plappally[161: negative correlation'
rice husk Miller[17]: positive linear Miller[17]: no correlation Watters[191: negative correlation

Rayner[141 : positive correlation

Plappally[161: positive correlation'

Lantagne[18]: positive correlation' 2

Miller[201: positive correlation 2

Rice husk Rayner[14]: positive correlation Rayner[14]: negative correlation
size

Wall Rayner[14]: positive correlation Watters[19]: power relationship
thickness

The author chose this matrix configuration in order to see where prior studies exist and

where more work is needed. This framework can be easily expanded to include other

parameters and performance metrics as further progress is made in the study of the CPF.

3 Explanations of the superscripts are found on the next page.
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For this thesis, only studies with more than two distinct values of the manufacturing

parameter are included in the matrix. In addition, this author only included studies where an

explicit conclusion was drawn by the author for the relationship of interest.

Since every study is conducted differently, a number of distinctions should be made.

While this thesis focuses on filters produced with rice husk as the combustible, data from

Plappally[16] and Lantagne[18] who used sawdust as the combustible were considered relevant

and so were included in Table 2-1 (denoted by superscript 1). In addition, while this thesis

focuses on filters that were not painted with silver, flow rate results from Lantagne[18] and

Miller[20] who did use silver, are still included (superscript 2). While this study focuses on the

removal of Escherichia coli (E. coli) as the indicator of bacteria removal, this author includes the

results of Miller[171 who used total coliform as a biological indicator (superscript 3).

Appendix A contains quotations, details and figures from the studies in Table 2-1. While

this author does not fully explain the methods or the results in all of the figures, the reader can

inspect the data for themselves in the original documents.

2.2 Prior theoretical studies

2.2.1 Characteristic pore size

Van Halem conducted an interesting study regarding the flow and filtration mechanisms

of the CPF [21]. In particular, she worked towards an understanding of characteristic pore size,

the importance of which this author discusses in more detail in Section 5.1. Van Halem

investigated characteristic pore size via mercury intrusion porosimetry and the "bubble point

test." Both of these methods can be used to calculate a "characteristic pore length" which is

one interpretation of characteristic pore size. Characteristic pore length corresponds to the

minimum diameter through which a liquid needs to pass in order to breach the filter. The

results from Van Halem's tests are shown in Table 2-2. The first column shows the country of

origin of the filter samples. The values in the second column were determined using mercury

intrusion porosimetry, details about which method can be found in Webb [22]. The values in

the third column were determined using the bubble point test, a test where air is forced against
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the inside of a submerged filter, and the pressure corresponding to the first bubbles seen on

the outside of the filter is used to calculate a characteristic pore length. Details about the

bubble point test can be found in Van Halem's report [21].

Table 2-2: Characteristic pore lengths for filters from three countries. Adapted from [21].

Characteristic length (pm) determined by:

Mercury
Intrusion Bubble Point
Porosimetry Test

Cambodia 13 20
Ghana 12 22
Nicaragua 9 20

Van Halem's work showed that the characteristic pore lengths of the CPFs, contrary to

previous assumptions, are larger than bacteria which typically range in size from two to five

microns. Her work also indicated that the characteristic pore length is larger than the pores

found in ceramics in the absence of rice husk or sawdust. These pores, which this author calls

the "intrinsic clay pores," are typically on the order of two to five microns as can be seen in the

SEM image in Figure 5-4. Thus the intrinsic pores are smaller than the characteristic pore

lengths found by Van Halem. In addition, Van Halem's results show that the characteristic pore

lengths are smaller than the size of rice husk or sawdust particles which are typically on the

order of 100-2000pim in diameter. Together her results imply that flow through the CPF is

more complicated than a straight path through the pores made by the rice husk or sawdust or a

straight path through the intrinsic clay pores. Table 2-3 summarizes these relevant sizes.

Table 2-3: Relevant size scales.

Relative sizes in microns

bacteria intrinsic characteristic rice husk

size pores pore length size

2-5[m 2- 5pm 9 - 22pm 100 - 2000pm
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2.2.2 Flow rate

Van Halem also discussed a model for flow rate through the CPF based on the theory of

packed columns. This model is described by the Carman-Kozeny equation:

8pLQrc = eAPAPA

Equation 2-1

where rcis the capillary radius, t is dynamic viscosity, Lis wall thickness, Qis volumetric flow

rate, Eis porosity, APis pressure drop across the surface and A is surface area. This

hydrodynamic model for flow rate will be discussed further in Section 5.4 of this thesis.

This form of Equation 2-1 can be used to calculate a capillary radius based on the

measured values of the variables on the right hand side of the equation. Using her

experimental values, Van Halem calculated values for rc ranging from 12 to 17 microns for the

filters described in Table 2-2. These values are of the same order of magnitude as the

characteristic pore lengths calculated from mercury intrusion porosimetry and the bubble point

test, indicating that the Carman-Kozeny model may accurately describe flow through the CPF.

This subject is addressed further in Section 5.4 of this thesis.

2.2.3 Contaminant removal

Van Halem began the process of modeling contaminant removal of the CPF by proposing

a list of possible mechanisms of filtration [21]. These mechanisms include sedimentation,

diffusion, inertia, turbulence and adsorption all of which will be described in more detail in

Section 5.5.1 of this thesis. This author builds on Van Halem's work to further investigate the

candidate mechanisms of bacteria removal.

27



2.2.4 Strength modeling

Watters [19] considered the theoretical relationship between moment at rupture and

wall thickness of the CPF, determining that theoretically

-a-max wL2
Mcrit = 6

Equation 2-2

where Mcrit is the moment at rupture (a property of an object), amaxis the modulus of rupture

(a property of a material), w is the width of the sample and Lis the wall thickness [19]. In his

thesis, Watters reported experimental data showing that strength increased more with

additional wall thickness than predicted by the theoretical model. He found experimentally

that

Mcrit~L
2 .6

Equation 2-3

leaving this area open for debate.
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Chapter 3: Methods

A number of experiments were conducted by this author in order to fill in the holes in

the parameter/performance matrix introduced in Section 2.1. The results from these

experiments are presented in Chapter 4. Additional experiments were conducted in order to

better understand the internal mechanisms of the filters. Those results are presented in

Chapter 5.

3.1 The factories

The work done by this author was made possible through collaborations with two CPF

factories, Hydrologic in Cambodia and Pure Home Water (PHW) in Ghana. Hydrologic, spun off

of IDE-Cambodia, builds on more than ten years of production experience. This author spent

June-August of 2011 at Hydrologic, and many of the experiments in this study were conducted

using samples from filters produced at that factory.

Pure Home Water, located in Tamale in Northern Ghana, was founded in 2005 by Susan

Murcott, Senior Lecturer at MIT, together with Mary Kay Jackson PE, a water engineer who is

the Managing Director of PHW. Pure Home Water's factory was built between 2010 and 2012

with production beginning in February 2012. The author spent January of 2013 at the Pure

Home Water factory. Many of the samples used in this study were made from clay and rice

husk brought back to MIT from the Pure Home Water factory.

The author's time at the factories largely informed the work presented in this thesis. In

particular, the author's focus on rice husk size was a direct result of observations made at the

Hydrologic factory. Similarly, the author's choice to study filter strength was due to

observations at the Pure Home Water factory. In addition, at the factories the author gained an

appreciation for the challenges faced by manufacturers of the CPF who not only have to make

design decisions but also need to develop and run a full production enterprise.

29



3.2 List of experiments

Wall thickness test: The purpose of these experiments was to determine the

relationship between wall thickness and flow rate and bacteria removal. Filter samples were

produced at Hydrologic in August, 2011 using a special composition as requested by this author.

Samples were not painted with silver. Experiments were conducted in Susan Murcott's

laboratory at MIT from November, 2011-January, 2012.

Rice husk size test: The purpose of these experiments was to determine the relationship

between rice husk size and flow rate and bacteria removal. Filter samples were produced using

clay and rice husk imported from the PHW factory in September, 2012. Samples were

produced at MIT in September, 2012 and experiments were conducted from September-

December, 2012 in Susan Murcott's laboratory at MIT. Samples were not painted with silver.

Hydraulic head test: The purpose of these experiments was to determine the

relationship between hydraulic head and flow rate and bacteria removal. The same samples

were used as for the rice husk size tests and the experiments took place within the same time

frame and location as the rice husk size tests.

Wall strength test: The purpose of these experiments was to determine the relationship

between rice husk size and wall strength. The same samples were used as for the rice husk size

tests. Experiments were conducted in the MIT Civil and Environmental Engineering Laboratory

with help from Steven Rudolph in March, 2013.

Droplet test: The purpose of these experiments was to determine the number of

independent paths that the water takes to flow through the filter. Experiments were

conducted at the IDE office in Phnom Penh, Cambodia using filters that were made during

regular production at Hydrologic. The filters were not painted with silver. Experiments were

conducted in August, 2011.

Mercury intrusion porosimetry: The purpose of these experiments was to learn more

about the internal structure of the CPF material, especially how that internal structure is

affected by rice husk size. The same samples were used as for the rice husk size tests.

30



Experiments were conducted at the Institute for Soldier Nanotechnologies at MIT by Amy

Tatem-Bannister and Steven Kooi in March-May, 2013.

Scanning electron microscopy: The purpose of these experiments was to learn more

about the internal structure of the CPF material. Filter samples were produced at Hydrologic in

August, 2011 according to Hydrologic's standard composition. The samples were not painted

with silver. Experiments were conducted at the MIT Center for Materials Science and

Engineering with help from Patrick Boisvert in November, 2011.

3.3 Wall thickness test

3.3.1 Samples

This author spent June-August, 2011 at the Hydrologic factory in the Kampong Chhnang

Province in Cambodia. The purpose of this research period was to understand the effects of

manufacturing parameters at the factory in order to improve quality assurance. During this

time, at the request of the author, a set of filters were produced by the factory for use in the

author's research.

As per Hydrologic's standard composition, the filters consisted of 73.6% local clay and

26.4% rice husk by mass. While Hydrologic's standard filters are made with rice husk sieved to

within the 0-1000im range, the special filters produced for this author were of four variations

with rice husk size ranges of 0-400pm, 400-500pm, 500-1000im and 400-1000p1m. Ten filters of

the first three types along with 90 filters of the fourth type were produced. Samples were

manufactured as full filters and tested for flow rate while still at the factory. The bottoms of

five of each type of filter were then sawed off and transported back to MIT though only some of

these filters were ever tested at MIT. In addition, one filter from Hydrologic's regular

production was brought back to MIT for analysis using a scanning electron microscope.

At MIT, a hole-saw was used to produce disks of average diameter 27.6mm (tolerance

1.05mm) (Figure 3-1). All data used in analysis was normalized to a standard disk diameter to

make the results comparable. The starting wall thicknesses of the disks ranged from 14.7 to

20.2mm due to two different molds being used at the Hydrologic factory at that time.
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Figure 3-1: Disk cut from the bottom of the filter. The disk is used in the experiments.

The disks were coated around the sides with two coats of clear marine silicone sealant

and cemented using PC-11 epoxy paste to the bottom of 33cm long, 27mm diameter PVC pipes.

In this configuration, when the pipes were filled, water would flow through the disks (Figures 3-

2 and 3-3).

influent

disk

scale

27mm
PVC pipe

- Bottle

Figures 3-2 and 3-3: Disk attached to the PVC pipe and held over a bottle on the scale.

32



Experiments were conducted using small disks instead of full filters in order to facilitate

doing the experiments at MIT where the author could benefit from full laboratory facilities.

Bringing back only the bottoms of the filters from Cambodia allowed the author to transport

many more samples then if full filters had been used. Using small disks also decreased the

laboratory space and influent needed to run the experiments. The wall thicknesses of the disks

could also be manipulated more easily than would be possible for full filters. In addition, the

simple geometry of the disks makes the results more generalizable to the varied geometries of

the filters produced around the world.

The disadvantages of using the disks was that preparing the samples was time-

consuming, and the experiments themselves often took many hours due to the small surface

areas of the disks causing low flow rates. In addition, the use of disks required a more complex

experimental setup than would be needed if full filters were used.

During each experiment, a disk/PVC unit was placed in a lab stand over a bottle atop a

Vernier Ohaus Scout Pro scale with 120g capacity and 0.001g precision. The scale was

connected to a computer, and LabPro software was used to continuously record the weight of

the effluent over the course of the experiment so that the flow rate of the disk could be

calculated. When the author needed to test the bacterial load in the effluent, a sterile test tube

was used to collect drops from the bottom of the disk as shown in Figure 3-2. Samples of the

influent were taken with a sterile pipette from the top of the PVC pipe.

3.3.2 E. coli influent preparation

All bacterial experiments conducted by the author used Escherichia coli K12, bought

from ATCC, a private, nonprofit biological resource center4 . The E. coli was prepared in Luria

Broth (LB) to produce a slurry containing 10 9 colony forming units (cfu) per 1mL. The slurry was

diluted in phosphate buffered saline (PBS) made with deionized water to 10 5 cfu/mL to be used

as the influent in the experiments. The author used prepared influent instead of water from a
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natural source in order to control the amount and type of bacteria in the influent and to avoid

the clogging that occurs when using turbid water from a river or pond.

In order to determine the E. coli concentration of the influent in units of cfu/mL,

samples were diluted by 100 times (50iL of sample pipetted into 5mL deionized water), and

50iL of the dilution was pipetted and spread onto an LB agar plate. After incubation, the

number of colonies on the plate was counted to determine the concentration of bacteria in the

influent.

In order to determine the E. coli concentration of the effluent in units of cfu/mL,

samples were diluted by 100 times (50iL of sample pipetted into 5mL deionized water) and

50pL of the original sample and 50L of the dilution were pipetted and spread onto separate LB

agar plates. Using this method, generally one of the dilutions would produce too many or too

few colonies on the plate, and the other dilution would produce a countable number. In this

way, the author was able to determine the cfu/mL of the effluent despite varying bacteria

removal levels between experiments. By measuring the cfu/mL in both the influent and

effluent, the LRV of the disks could be calculated.

All bacteriological tests were conducted in triplicate (three independent samples taken

and plated at a time) so that the median value could be selected for use in the LRV calculations.

This was done to protect the data from the noise that is often present in bacteriological data as

an artifact of the measurement process. Details about culturing the E. coli and making the agar

plates can be found in Appendix B.

3.3.3 Preliminary test

Before conducting the wall thickness tests, a preliminary test was done on a disk from

the 400-1000plm rice husk size group. The purpose of the test was to determine the total

amount of throughput that needs to pass through a clean disk before the flow rate and LRV

become constant. This was done to ensure that the data collected for the future tests would

not be influenced by transient effects.
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Before beginning the test, the disk was soaked in clean PBS for 24 hours in order to

saturate. This was done in order to be comparable to the many studies of CPFs which saturate

the filters in clean water or PBS before taking measurements., After soaking, the disk/PVC unit

was placed in a lab stand over a scale, and the PVC attachment was filled with the influent to a

height of 30cm. This height of 30cm was maintained manually for the duration of the

experiment using a pipette. Samples of the influent and effluent were collected and plated at

increments of throughput as shown in Figure 3-4. Flow rates were also measured concurrently

as shown in Figure 3-5.

Bacteria removal with throughput
2.5

2.0

1.5

0
E

1.0

0.5

a U

Um

0.0
0 50 100 150 200 250 300

Throughput(mL)

Figure 3-4: Bacteria removal with respect to throughput (preliminary test).

Figure 3-4 shows that the measured E. coli removal for this sample decreased over the

first 175mL of throughput before stabilizing. This is likely due to the contaminated influent

initially mixing with clean PBS that was left inside of the disk after soaking. The effluent is thus

less concentrated initially because the PBS solution dilutes the effluent, causing an apparent

larger LRV. As more contaminated influent passes through the filter, this effect diminishes and
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the measured E. coli removal approaches the true value, and it is safe to start running the

actual experiments.

Flow rate with throughput
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Figure 3-5: Flow rate with respect to throughput (preliminary test).

Figure 3-5 shows the flow rates measured at the same time as the data points in Figure

3-4. The data show flow rate increasing with throughput indicating an initial instability. Due to

time constraints, even though the flow rates had not stabilized after 300mL as shown in Figure

3-5, the researcher decided to conduct the subsequent experiments after the 300mL

throughput mark. This may have caused inaccurate flow rate measurements, but it is hoped

that the errors are small and comparable between experiments.

The results from this test are important because they illustrate that filters that were

saturated in clean PBS will not show accurate bacteria removal or flow rates initially. This

means that researchers should wait until the system stabilizes before taking measurements for

their experiments. While at least 300mL was needed to pass through the small disks, much

larger amounts should be allowed to pass through full filters before taking measurements.
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3.3.4 Wall thickness protocol

The wall thickness tests were performed in order to determine the relationship between

wall thickness and bacteria removal and flow rate. The researcher started with full thickness

disks and then reduced their wall thicknesses incrementally over the course of the experiment

using a dremel with a sanding attachment (Figure 3-6). After dremeling, the wall thickness of

the samples was measured with calipers.

Figure 3-6: Progressively decreased wall thickness.

The author chose to incrementally decrease wall thickness instead of starting with disks

manufactured to varying wall thickness for a number of reasons. When initially conducting the

experiment, the author did not know where within the disks the bacteria were being caught.

By removing a layer of the disk at a time, the author was able to determine the contribution to

bacteria removal of each layer of a single disk. In addition, working with full disks from filters

produced at Hydrologic allowed the author to explore the effects of incomplete combustion as

will be discussed further in Section 5.3 of this thesis.

As with the preliminary tests, the disks were soaked for 24 hours in clean PBS before

starting the experiment. The disk/PVC unit was then placed in a lab stand with the PVC pipe

filled to a height of 30cm. This height was maintained for the duration of the experiment. After

37



300mL of influent had passed through the filter, samples of the influent and effluent were

collected, and flow rate was measured.

After taking measurements, the PVC pipe was emptied and a dremel with a sanding

attachment was used to shave off a prescribed thickness from the bottom surface of the disk.

The first round of dremeling only took off minimal thickness in order to establish a baseline

"post-dremel" LRV and flow rate. The disk was then rinsed briefly in clean PBS and placed back

into the lab stand. The PVC pipe was filled with influent to 30cm and the test was run again

waiting 15mL before taking samples of the influent and effluent and measuring the flow rate.

The PVC was emptied again, and another round of dremeling was conducted. This procedure

was repeated until the disk was too thin to continue testing.

During this experiment, 15mL of contaminated influent was allowed to wash through

the sample between dremeling rounds in order to remove any contamination and dust from

the surface of the disk that may have been added during the dremeling and rinsing process.

The author was also careful to keep the disk from being contaminated during dremeling by

keeping the area sterile and sterilizing the sanding attachment between rounds.

3.4 Rice husk size test

3.4.1 Samples

The filter samples for the rice husk size tests were produced at MIT using clay and rice

husk from the Pure Home Water factory in Northern Ghana. The change from using filters

produced at Hydrologic to using materials from Pure Home Water was due to logistical and

funding reasons. The change from importing filters produced at a factory to producing the

filters at MIT was done to allow more flexibility in filter composition than would be possible at a

factory. Since the results of the various tests are reported separately, the change in disk source

should not affect the validity of the conclusions.

Making the disks at MIT instead of at a factory introduces some issues that should be

addressed. The most important is the difference in molding technique. While filters produced

in the factories are typically shaped using a hydraulic press and mold, the disks made at MIT
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were formed by packing clay into a wooden mold by hand and then pushing them out with a

flat disk. This could cause the rice husk in the samples made at MIT to be less well aligned than

they would be for filters made at a factory. More discussion on rice husk alignment can be

found in Section 5.1.4 of this thesis. In addition, pressing the disks by hand may affect the

structure of the intrinsic clay pores due to the lower compression force. However, these

factors were outweighed by the ability afforded to control the composition and firing

parameters of filter production by producing the disks at MIT.

The disks used in the rice husk size tests matched the PHW standard composition of 80%

local clay and 20% rice husk by mass. Before mixing the dry ingredients, the clay was sieved

using a 710im mesh, a step that was not undertaken at the PHW factory at the time of the

author's fieldwork in January, 2013. The author added this step to improve the consistency of

the disks. While filters made during standard production at Pure Home Water are made with

rice husk sieved to between 0 and 1500lim, the samples made by this author were tightly

controlled for rice husk size. Six variations of disks were produced, sieving the rice husk to the

following size ranges: 208-355im, 355-420im, 420-590im, 590-710pim, 710-8501m and 850-

1000im. In addition, four disks with a rice husk size range of 590-850pm were also produced.

Figures 3-7 and 3-8 show the inside surfaces of a 208-355p1m and a 710-850pm disk.

Figure 3-7: Inside surface of a disk produced with risk husk sieved to 208-355pm.

1omr AmeliaSeM

Figure 3-8: Inside surface of a disk produced with risk husk sieved to 710-850pm.
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The disks were fired in a Nabertherm N200 oven at the MIT Department of Material

Science and Engineering foundry managed by Mike Tarkanian. The Nabertherm N200 has a

maximum temperature of 1300*C and is heated from five sides. Its inner dimensions

(centimeters) are 50 x 53 x 59.

The firing profile for the disks consisted of a linear ramp of 73*C/hr up to 8300C and then

an immediate down-ramp of 50"C/hr back to room temperature. This firing profile is similar in

maximum temperature and ramping speed to the profile used at the Hydrologic factory. Using

this profile, all disks were fired through completely.

At least four disks of each type were produced with an average diameter of 23.5mm

(tolerance ±0.85mm) and an average wall thickness of 20.7mm (tolerance ±1.35mm). The

variations were due to the nature of the manufacturing process, and all data used in analysis

was normalized to standard diameter and wall thickness as needed to make the results

comparable.

After firing, the disks were coated around the sides with two coats of clear marine

silicone sealant and cemented using PC-11 epoxy paste to brass fittings so that water could pass

through the fitting and disk (Figure 3-9). While the silicone and cement may have reduced the

effective diameters of the disks, this effect is consistent across the disks and so was not

factored into the analysis. During the experiments, the fittings were screwed onto a four-prong

connection which was attached to a hose attached to a bucket. The bucket was hoisted to the

ceiling using a pulley so that the bottom of the bucket was 2.74m above the bottoms of the

lower two disks (Figures 3-10, 3-11, 3-12 and 3-13). This meant that when the bucket was filled

with water, there would be at least 2.74m of hydraulic head above the disks.
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Figure 3-9: Coated and uncoated filter disks.

bucket influent

hose

stand 4-prong fitting

effluent

.... bottles

Figures 3-10 and 3-11: Bucket and hose raised 2.74 meters above the filter disks.
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influent

effluent test tube

bottles

Figures 3-12 and 3-13: Four-prong fitting for the rice husk size test.

Similarly to the wall thickness tests, the hose was held in a lab stand so that the disks

were over bottles. A scale was not placed under the bottles except during the preliminary test

described in Section 3.4.3. Instead, flow rates were measured by weighing the cumulative

effluent collected in the bottles over a set time-period. This was done because the scale could

not be used for four disks at the same time. Samples of the effluent for bacteriological testing

were collected in sterile test tubes as the water dripped from the bottoms of the disks.

Samples of the influent were taken after conducting the experiments by removing the brass

fitting and using a sterile pipette to take a sample from the influent sitting inside the fitting.

The author changed the test set-up between the wall thickness and the rice husk size

tests in response to what she learned from her experiences with the wall thickness tests. In

particular, the author increased the hydraulic head from 30cm to 2.74m in order to increase the

flow rates so that the experiments would run more quickly. In addition, the pulley system for

the bucket allowed the hydraulic head to be adjustable, a feature needed for the hydraulic

head tests described in Section 3.5. Brass fittings were used instead of cementing the samples

onto PVC pipes so that the samples could be swapped out easily between tests. The four-prong

fitting was added so that four samples could be tested at the same time.

Another benefit of the new experimental setup was that due to the large volume of the

bucket, the water level could decrease over the course of the experiments with only a fractional
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reduction in hydraulic head. For example, if 2L flowed out of the bucket and through the

samples, there would only be a 5% change in hydraulic head. However, the author still

normalized the data for any differences in hydraulic head between tests when doing the

analysis.

3.4.2 E. col influent preparation

The same E. coli K12 in LB broth was used as for the wall thickness tests. The broth was

diluted to 10s cfu/mL for all tests except for the two sets of disks with the smallest rice husk

sizes. For those two sets of disks, the broth was diluted to 107 cfu/mL in order to avoid zero

readings in the effluent if removal levels were higher than 105. It is possible that this

inconsistency could compromise these data points. However the author has never seen a study

showing that the influent concentration affects log reduction values for the CPFs. Rather, the

many studies conducted to date by various researchers have yielded similar LRV values despite

widely ranging protocols regarding influent concentration. The effect of this protocol

irregularity is left as an open question.

3.4.3 Preliminary test

Similarly to the wall thickness tests, a preliminary test was done to determine the

amount of throughput needed to pass through a clean disk before the flow rate and bacteria

removal would stabilize. Unlike for the wall thickness tests, for this preliminary test and for the

subsequent rice husk size tests, the disks were not soaked in clean PBS before conducting the

experiments. This change of protocol was made in an effort to reduce the amount of

throughput needed for flow rate and LRV to stabilize.

The disks used for the preliminary tests were produced at MIT out of material from PHW

as described in Section 3.4.1 and had a rice husk size range of 590-850I1m. The bucket was filled

with 3L of E. coli broth and raised to 2.74m above the bottom of the lower disks. Samples of the

influent and effluent were collected and plated at throughput increments as shown in Figure 3-

14. Flow rate was measured continuously using a scale as shown in Figure 3-15.
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3-14: Bacteria removal with respect to throughput (preliminary test).

0.6

0.5

0.4

E

.20.2
U.

0.1

0

Flow rate with throughput

*

0 50 100 150 200 250 300 350 4C0

Throughput (mL)

Figure 3-15: Flow rate with respect to throughput (preliminary test).

The results for this preliminary test were different in some ways than for the wall

thickness preliminary test. Bacteria removal stabilized in a similar amount of time, but the

change from the initial LRV to the final LRV was much less dramatic than for the previous test
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setup. Flow rate stabilized much faster than for the pre-soaked case, though in this case it

decreased over time instead of increasing. The author does not know the cause of this. Based

on the results from this test, the author continued with the protocol of not pre-soaking, and

300mL was allowed to pass through each disk before all subsequent experiments.

3.4.4 Protocol

The rice husk size tests were conducted as follows: At the start of each round, four disks

with the same rice husk size were screwed onto the four-prong attachment. The valves on the

attachment were opened and 300mL of liquid was allowed to pass through each disk as

measured by collecting the effluent in bottles below the samples as shown in Figure 3-12. Once

300mL had been collected in the bottles, samples of influent and effluent were collected in

sterile test tubes to be plated and flow rate was measured and recorded. After collecting the

influent and effluent samples and measuring flow rate, the bucket was lowered and the

remaining height left in the bucket was recorded in order to calculate the hydraulic head over

each disk at the time of sample collection.

3.5 Hydraulic head test

The hydraulic head tests were performed identically to the rice husk size tests except

that after the first flow rate and bacteria samples were taken, the bucket was lowered from

2.74m to 2.13m. 50mL were allowed to pass through each disk in order to let the system

stabilize before a second set of samples was collected. The same procedure was repeated as

the bucket was lowered in increments of 61cm until it reached 30cm above the bottoms of the

disks. The samples for these experiments had a rice husk size range of 590-850pm.
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3.6 Wall strength test

The wall strength tests were conducted with unused disks from the rice husk size tests.

These disks were reduced to a wall thickness of 0.74cm using sandpaper (Figure 3-16) in order

to increase the importance of bending as opposed to shear as the failure mechanism.

Figure 3-16: Strength test disks with their respective rice husk sizes (microns). All samples

have the same wall thickness.

During the wall thickness tests, the disks were held in a vice so that one half was

supported and the other half was free (Figures 3-17 and 3-18). A worm gear jack was used to

lower a load cell onto a specified point on the free end of the disk as a displacement sensor

recorded the position of the worm jack.
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Figure 3-17: Worm gear jack, load cell and displacement sensor.

Figure 3-18: Disk clamped in the vice (close-up).

This disk geometry is not ideal for bending tests, and beam-shaped samples would yield

more accurate results. However, the purpose of this test was to get a baseline set of data for
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the relationship between rice husk size and filter strength, an area where no data were

previously available. The author thus used the resources available to her within her time

constraints. In Section 4.5 the data from these tests are reported as load at failure instead of

moment at rupture due to the unorthodox geometries of the disks.

3.7 Droplet test

The purpose of these experiments was to learn more about the paths that the water

takes when it flows through the filter. Experiments were conducted at the IDE office in Phnom

Penh, Cambodia using filters that were made during regular production at Hydrologic. During

this experiment, freshly made filters were submerged in buckets of water such that the water

could seep up from the bucket and into the filter through the walls (Figure 3-19). A video

camera was used to record the number of independent droplets that emerged over time.

droplets

water

Figure 3-19: Droplet test setup.

This method for determining the number of paths through the filter was developed by

this author, and the experiment was quick and easy to conduct. The filter was submerged from

the bottom as opposed to being filled from the top to make it easier for the observer to record

the number of droplets. While eventually, the droplets merged, it was observed that large

areas of the filter surface had no droplets after much time, indicating that there are distinct

paths through the filter, even if the distinct paths are not visible during regular operation.
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3.8 Mercury intrusion porosimetry

Mercury intrusion porosimetry is a technique for learning about the internal pore

structure of a material. For this technique, a sample is placed in a sealed chamber containing

mercury vapor. Since mercury is non-wetting on most surfaces, it resists entry into the pore-

network of the material. As the pressure in the chamber is increased, mercury vapor is forcibly

pushed into the porous material, and the volume of absorbed mercury with respect to chamber

pressure is recorded. The pressure data is then converted to pore sizes using Washburn's

equation:

2c-
P = -cos 0

Tc

Equation 3-1

where P is pressure, c-is surface tension, #)is contact angle and rc is the capillary radius. The

information gathered in this way can be used to draw many conclusions about the internal

structure of the material. More information about mercury intrusion porosimetry can be found

in Webb [22].

Filter samples were taken from unused samples from the rice husk tests. They were

broken into pieces to fit into the sample holder (Figure 3-20). In addition, a sample from a filter

made in January, 2013 at the Pure Home Water factory in Ghana was also tested. Breaking the

filter samples into pieces possibly affects the results of the test. This is because one of the main

uses of mercury intrusion porosimetry is to determine the characteristic pore length, the

minimum pore size through which the mercury must pass in order to breach the sample. Since

the broken pieces were not at full wall thickness, the results may not be indicative of the values

for a full filter.
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Figure 3-20: Sample for the mercury intrusion machine.

The mercury intrusion tests were conducted courtesy of the Institute for Soldier

Nanotechnologies at MIT using a Micromeritics AutoPore IV 9500. Sample pieces were placed

into a penetrometer as shown in Figure 3-21 and pressure was increased from 0.53psi, the

pressure associated with a pore size of 400pm, to 30,000psi, the pressure associated with a

pore size of 0.007pm.

cap

sample
mercury

cup

mercury in capillary

oil

t openingto which
pressure is applied

Figure 3-21: Penetrometer containing a filter sample.

3.9 Scanning electron microscope (SEM)

Scanning electron images were obtained for samples from filters produced at the

Hydrologic factory in Cambodia. Images were taken of the rough, internal surface produced by

breaking off a piece from the full filter (Figure 3-22). The images were taken using an FEI XL30
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SEM in the MIT Center for Materials Science and Engineering. The FEI XL30 has a resolution of

3.5nm. Images for this study were taken at 250x and 2500x magnification at 15.0kV using

Gaseous Secondary Electron (GSE) detection. A working distance of 10.4mm and a spot size of

3.Onm were used. More information about SEM imaging can be found in Jeol [23].

Figure 3-22: Sample for the SEM.
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Chapter 4: Results

This chapter presents the data collected by this author using the experimental methods

described in Chapter 3. The results presented in this chapter fill the gaps in the

parameter/performance matrix introduced in Chapter 2. Additional data relevant to the

theoretical discussion of the CPF are presented in Chapter 5. Tables containing the

experimental data for this chapter and others can be found in Appendix C.

This chapter contains results for the relationships between:

" Wall thickness and flow rate;

e Wall thickness and bacteria removal;

e Rice husk size and flow rate;

" Rice husk size and bacteria removal;

* Rice husk size and strength.

4.1 Wall thickness and flow rate

The author first addresses flow rate with respect to wall thickness. Sample preparation

and protocol were conducted as described in Section 3.3. All samples used in this experiment

were produced at the Hydrologic factory in Cambodia and consisted of 26.4% rice husk by mass

with a rice husk size of 400-1000im and an average surface area of 600mm 2 . The hydraulic

head above the disks was 30cm. Data from four disks are plotted in Figure 4-1.
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Flow rate with wall thickness
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Figure 4-1: Flow rate with respect to wall thickness.

This data confirms that flow rate through the CPF is proportional to the inverse of the

wall thickness. This is easier to see when the same data are plotted with respect to the inverse

of wall thickness as shown in Figure 4-2.
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Figure 4-2: Flow rate with respect to the inverse of wall thickness.
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This inversely proportional relationship between wall thickness and flow rate shows that

the CPF acts in a way that is consistent with Darcy's law for laminar flow through porous media

given by

KAh
Q =

Equation 4-1

where Q is volumetric flow rate, Kis hydraulic conductivity, A is the cross-sectional area, h is

the hydraulic head in meters and L is wall thickness. Darcy's Law is useful in that it allows a

hydraulic conductivity to be calculated that is independent of the geometry of the sample or

hydraulic head used in the experiment. The fact that the CPF is consistent with Darcy's law with

respect to wall thickness has often been assumed but not experimentally demonstrated in the

published literature about the CPF.

4.2 Wall thickness and bacteria removal

The author next addresses bacteria removal with respect to wall thickness. Sample

preparation and protocol were conducted as described in Section 3.3. All samples were

produced at the Hydrologic factory in Cambodia and consisted of 26.4% rice husk by mass. The

three series in Figure 4-3 represent three separate filter disks with rice husk ranges of 400-

500pim, 400-1000pim and 500-1000pim. These three disks were chosen in order to determine if

the relationship between bacteria removal and wall thickness held across different disk

compositions. The average surface area of the disks was 600mm 2 , and the hydraulic head

above the disks was 30 centimeters. Two of the disks started at 20mm wall thickness and the

third one started at 15mm wall thickness. The results from this experiment are plotted in Figure

4-3.
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Figure 4-3: Bacteria removal with respect to wall thickness.

The relationship between wall thickness and bacteria removal appears to be linear with

the slopes varying according the size of the disk's rice husk. This implies that bacteria are

caught throughout the thickness of the sample. All curves have an x-intercept at approximately

2.8mm indicating a minimum thickness that allows for bacteria removal.

4.3 Rice husk size and flow rate

Flow rate with respect to rice husk size is addressed next. Sample preparation and

protocol were conducted as described in Section 3.4. All disks were produced at MIT out of clay

and rice husk from the Pure Home Water factory and consisted of 20% rice husk by mass. The

hydraulic head above the samples at the time the data was collected ranged from 2.77-2.88m.

Before plotting, flow rates were normalized to a hydraulic head of 2.74m in order to make the

results comparable. Each point in Figure 4-4 corresponds to a single disk and is plotted at the x-

value that represents the average rice husk size of the disk.
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Flow rate with rice husk size
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Figure 4-4: Flow rate with respect to rice husk size.

In Figure 4-4, flow rate is plotted on a logarithmic scale in order to show the full range of

the measured flow rates. The data suggests an exponential relationship between rice husk size

and flow rate. Another interpretation is that there are two regimes for flow rate, one relatively

low (approximately 0.003mL/s) and the other relatively high (approximately 0.43mL/s) with a

transition occurring at a rice husk size of about 6501im. This interpretation is sketched in Figure

4-5.
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Figure 4-5: Flow rate with respect to rice husk size interpreted as distinct regions.

The flow rates reported in various studies of the CPF range widely for many reasons, but

mainly because the geometries of the filters studied are not consistent. Referring to Darcy's

Law in Equation 4-1, hydraulic conductivity, K, for a sample can be calculated based on flow

rate, geometry and hydraulic head. Calculating hydraulic conductivity removes the geometric

dependence of the results allowing for comparison across filters of different geometries.

Figure 4-6 shows the data from Figure 4-4, plotted as hydraulic conductivities. The

hydraulic conductivity values presented in Figure 4-6 can be compared to values calculated in

the literature for full filters. For example, Miller [201 calculated hydraulic conductivities in the

range of 0.00175-0.00432m/hr for full filters produced during regular production at PHW.

These values fall in the middle of the range found by this author during the rice husk size tests.
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Figure 4-6: Hydraulic conductivity with respect to rice husk size.

4.4 Rice husk size and bacteria removal

Next, bacteria removal with respect to rice husk size is addressed in Figure 4-7. This

data was collected concurrently with the data in Figure 4-4 using the same filter disks and

according to the same protocol as described Section 3.4. Each point represents a single disk.

For each disk, three measurements were taken of the influent and effluent with the top and

bottom values discarded in order to reduce the influence of contamination or user error which,

at times, resulted in a zero or too numerous to count result. The remaining values were used to

calculate the LRVs which are plotted in Figure 4-7.

58



-J.

0
E
0

L4~

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

Bacteria removal with rice husk size

0 200 400 600 800 1000

Rice husk size (micron)

Figure 4-7: Bacteria removal with respect to rice husk size.

Figure 4-7 suggests a linear correlation with a negative slope. In light of the flow rate

results in Figure 4-4, another interpretation is that bacteria removal switches from a zone of

high removal (approximately 2.6 LRV) to a zone of low removal (approximately 0.75mL/s) at a

rice husks size of approximately 650im. This interpretation is sketched in Figure 4-8.
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Figure 4-8: Bacteria removal with respect to rice husk size interpreted as two distinct regions.
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4.5 Rice husk size and wall strength

Lastly, wall strength with respect to rice husk size is addressed in Figure 4-9. The disks

were prepared and the experiments were conducted as described in Section 3.6. The results

are presented as the applied load at rupture with each point corresponding to a single filter. All

samples were made out of clay and rice husk from the Pure Home Water factory in Ghana and

consisted of 20% rice husk by mass. Wall thickness for all samples was 7.4mm.
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Figure 4-9: Strength with respect to rice husk size.

The strengths of the disks appear to reduce with increased rice husk size, flattening out

as rice husk size increases, with a mathematical description of the shape of the curve left to be

determined.
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Chapter 5: Theoretical models

Experimental data can only take us so far and often does not tell us which directions of

inquiry to follow to make the most progress. Developing theoretical models to describe

observed behavior forces us to address many questions about the subject of study. This

chapter contains a discussion regarding the internal structure of the CPF and how an

understanding of that structure can be translated into theoretical models of its performance.

The objective of this chapter is to build fine-grained models of flow rate, bacteria

removal and strength as functions of the three manufacturing parameters. In this endeavor,

the author was largely starting from a blank slate, as models of filter performance with respect

to the manufacturing parameters are lacking in the literature. For this reason, the author

sought to present full models for these three performance metrics, however imperfect, which

could serve as a starting point to be disputed and improved upon by future researchers.

Before building these models, it is first necessary to relate the manufacturing

parameters to the physical properties of the filter (Figure 5-1). Where the manufacturing

parameters represent choices made at the factory during production, the physical properties

are measurable characteristics of the filters as they come out of the production process.

Together, the physical properties determine filter performance. Only when a better physical

understanding of the filter exists, can we hypothesize about how the filter works.

Manufacturing Parameters Physical properties Performance Metrics

Percentage combustible -- >I Porosity Flow rate

Combustiblesize -> Characteristic pore size - Bacteria removal

WaII th ickn ess ->Wallthickness Strength

Figure 5-1: Manufacturing parameters, physical properties and performance metrics.
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5.1 Characteristic pore size

5.1.1 Overview

While models of porous media often involve a term for characteristic pore size,

determining an appropriate size for the CPF is a challenge. A variety of methods have been

developed to determine pore size distributions in porous media including visual imaging, resin

molding and capillary filling techniques including mercury intrusion porosimetry. In a paper

published in 2004, Nimmo explores a variety of these methods in the context of the pores in

soil [24].

Based on the experimental results showing a strong dependence of flow rate on rice

husk size (Figure 4-4), we can conclude that the characteristic pore size is related to rice husk

size. However, while the "rice husk size" corresponds to the associated mesh size used to sieve

the rice husk particles, this size would not be accurate to use as the characteristic pore size for

a number of reasons. By this author's observations, the rice husk particles are not spheres or

cubes but are rather square flakes whose height is approximately 100pm regardless of the

other two dimensions (Figure 5-2). A possible explanation for the constant height is that the

rice husk particles, regardless of size, come from the shell of the rice which has a uniform

thickness. The flat shape of the rice husks means that the characteristic pore size should be

smaller than the mesh size.

100pm

Figure 5-2: Flat flake dimensions of a rice husk particle.

Second, the rice husk leaves behind a residue after it combusts, further reducing the

expected pore size. This occurs because it contains other materials including silica in addition

to carbon. Third, the filter shrinks during firing, and the chemical reactions that cause the clay

to harden also cause the pores inside the filter to change in shape and size and to coalesce.

While not explored in detail in this study, this dependence on firing parameters has been

studied by others, including Gensburger [15]. Fourth, the CPF material is heterogeneous and
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the path through the filter likely traverses both the pores left by the rice husk particles as well

as the intrinsic pores in the clay. In addition, since the pores in this complex network are not in

alignment, this means that the openings between the pores will be smaller than the pores

themselves.

Because of these complexities of the material, additional data is needed to understand

the pore structure and how it relates to rice husk size. Therefore, scanning electron microscopy

(SEM), visual microscopy and mercury intrusion porosimetry were used by the author to gain

additional information about characteristic pore sizes. Informed by these results, geometric

arguments are made for the analytical relationship between rice husk size and characteristic

pore size.

5.1.2 SEM and visual microscopy

Images of a piece of a filter produced at Hydrologic were taken using an SEM at MIT as

described in Section 3.9. The filter was produced with 26.4% rice husk with rice husk size

sieved through a 1000lpm mesh such that the rice husk particles inside the filter ranged from 0-

1000lpm. The SEM images are shown in Figures 5-3 and 5-4. Figure 5-3 reveals smaller pores on

the scale of several microns as well as larger pores on the scale of hundreds of microns. This

author thinks that the smaller pores are the microscopic pores intrinsic to the clay formed by

the open spaces in the alignment of clay particles during firing. The author thinks that the

larger pores are the voids formed by combustion of the rice husk. The long, flat dimensions of

the larger pores reflect the long flat dimensions of the rice husks.
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Figure 5-3: SEM image of a filter produced at Hydrologic using rice husk as the combustible.

Figure 5-4 is a close-up of the same sample as Figure 5-3. This image better shows the

intrinsic micron-scale pores in the clay. By visual inspection, this author observes these pores

to be in the range of 2-5pm.

Figure 5-4: SEM image of the same filter (close up).
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An optical microscope was used to provide a third view of the same filter sample (Figure

5-5). Like Figure 5-3, this image shows many pores on the order of several hundred microns,

comparable to the size of the rice husk.

Figure 5-5: Microscope image of the same filter.

These three images reveal the range of pore sizes present in a single filter sample,

highlighting the challenges of determining a single characteristic pore size for flow, filtration

and strength models.

5.1.3 Mercury intrusion porosimetry

In order to gain a better understanding about the internal structure of the CPF, mercury

intrusion porosimetry was conducted on pieces from six filter samples of different rice husk

sizes. These samples were produced at MIT using materials from Pure Home Water as

described in Section 3.4.1. Using the data from the mercury intrusion experiments, many

aspects of the samples' internal structure could be determined. The data are available, upon

request, from the author.
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Four traits of the internal structure of the CPF were of particular interest to this author.

These traits are defined as follows:

* Characteristic length: Characteristic length corresponds to the minimum diameter

through which mercury needs to pass in order to breach the sample. More information

about characteristic length can be found in Webb [22]. Characteristic length is reported

in units of microns.

* Permeability: The ability of a sample to allow fluids to pass through it. Permeability is

dependent on the characteristics of the fluid as well as the characteristics of the porous

media. It is reported here in units of mDarcy which are approximately equivalent to

0.001 pm2

* Porosity: The volume percentage of void space in the sample.

e Tortuosity: The ratio between the length of a continuous path traversing the sample

and the wall thickness of the sample.

Values of characteristic length, tortuosity, porosity and permeability were calculated for

each sample using the software that accompanies the AutoPore IV mercury intrusion

porosimeter. The following plots show these values plotted against the rice husk sizes of the six

samples.

Characteristic length is plotted in Figure 5-6 along with a linear trend line. It appears

that characteristic length is linearly correlated with rice husk size, a result that this author finds

surprisingly simple given the complexity of the material.
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Figure 5-6: Characteristic length as calculated by the AutoPore IV mercury intrusion

porosimeter.

The permeability of the samples to mercury vapor is plotted in Figure 5-7. This author

was also surprised at this apparently linear relationship with respect to rice husk size. This

result is in sharp contrast to the exponential increase of hydraulic conductivity, which is linearly

proportional to permeability. An explanation of this result is left for future work.
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Figure 5-7: Permeability as calculated by the AutoPore IV mercury intrusion porosimeter.
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The porosity of the filter samples is plotted in Figure 5-8. Since all samples tested

contained the same percentage rice husk, it was expected that porosity would be constant for

these sample. However, the data in Figure 5-8 suggest a slight increase in porosity with

increased rice husk size. One possible explanation for this is that the smaller rice husk particles

may leave behind a larger percentage of residue during combustion. This effect is slight enough

that this author considers porosity to be constant with rice husk size for the purposes of her

analysis.
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Figure 5-8: Porosity as calculated by the AutoPore IV mercury intrusion porosimeter.

Figure 5-9 shows tortuosity as a function of rice husk size. This relationship appears to

be an exponential decay that settles at a constant value at approximately 400lm rice husk size.

Since the sample with the smallest rice husk size was not included in this author's flow rate or

bacteria removal experiments, tortuosity is treated as a constant in the analysis of this thesis.
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Figure 5-9: Tortuosity as calculated by the AutoPore IV mercury intrusion porosimeter.

5.1.4 Geometric analysis

While visual images and mercury intrusion provide observations about the characteristic

pore size and the internal structure of the CPF material, an analytical relationship between rice

husk size and characteristic pore size is still needed if we want a theoretical model of filter

performance. Three relationships are suggested below based on geometric arguments. The

"hydraulic diameter" and "fractional diameter" interpretations assume that flow through the

filter is dominated by flow through the pores left by the rice husk particles. The "intrinsic clay

pore" interpretation assumes that flow through the filter is dominated by flow through the

intrinsic clay pores. These interpretations of characteristic pore size are described below.

Hydraulic diameter:

As described in Section 5.1.1, the height of the rice husk particles is approximately

100lim regardless of the other dimensions. It has been observed by this author as well as

others that the rice husks align themselves such that their long dimensions run parallel to the

surface of the filter. This is likely caused by the pressing process when the clay is stretched into

the final filter shape, thus pulling the rice husks along the axis of stretching. Figure 5-10 shows

a photograph of a filter from Hydrologic with horizontal striations.
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Figure 5-10: Filter cross-section with horizontal striations.

Based on this observation of rice husk alignment, the path that the water takes through

the filter is expected to look something like the sketch in Figure 5-11 with the water jumping

from pore to pore on through the thickness of the filter. The level of tortuosity of the filter is

reflected in the windiness of the path.

Figure 5-11: Schematic of rice husk path.

If flow is expected to be dominated by lengthwise movement as shown in Figure 5-12,

the use of hydraulic diameter for characteristic pore size would be applicable. That is

4A 4D*100pm

P 2D + 2 * 100pm

Equation 5-1
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where d is characteristic pore size, A is cross-sectional area, Pis perimeter and D is rice husk

size. Here d and D are both expressed in units of microns.

Fluid flow

Figure 5-12: Lengthwise fluid movement.

Fractional diameter:

If flow through the pores left by the rice husk is more like Figure 5-13, the characteristic

pore size would have to be evaluated differently. It is conceivable that the characteristic pore

size would be some fraction of the rice husk size, called the "fractional rice husk size" in this

thesis. Since the mercury intrusion data shows characteristic length to be equal to

approximately one twelfth of the rice husk size, the factor of one twelfth is used to define

fractional rice husk size as

D
d = -

12

Equation 5-2

I Fluid flow

4I
Figure 5-13: Vertical fluid movement.

While Figures 5-12 and 5-13 show extreme cases, the true flow path though the pores

left by the rice husks may lie somewhere in the middle.
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Intrinsic pore size:

A third option for characteristic pore size assumes that water flows through a

combination of rice husk pores and intrinsic clay pores arranged in series. If this is the case,

since the clay pores are so much smaller than the rice husk pores, the flow should be

completely dominated by the intrinsic clay pores. Based on the Figure 5-4, a characteristic

intrinsic clay pore size is estimated by this author as approximately 2.5pm. Thus this value of

characteristic pore size is given by

d = 2.5pm.

Equation 5-3

Figure 5-14 shows these three interpretations of characteristic pore sizes plotted against

their corresponding rice husk sizes.
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Figure 5-14: Possible interpretations of characteristic pore size.

The three interpretations of characteristic pore size have different behaviors with

respect to rice husk size. The hydraulic diameter values are relatively flat compared to the rice

husk size, only spanning 13% of their average value over a threefold increase in rice husk size.
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On the other hand, the fractional diameters vary more, spanning 83% of their total value over

the same increase in rice husk size. Meanwhile, the intrinsic clay pore size is constant with rice

husk size and so small that it barely shows on the chart. Considering the uncertainty for

characteristic pore size, the three options are evaluated in the following models.

5.2 Porosity, wall thickness and flow regime

5.2.1 Porosity

Porosity, the volume percentage of void space in the sample, has been previously shown

to be linearly correlated with percentage rice husk [16] [17]. Miller's findings are depicted in

Figure 5-15 [17].

Nted Una Plot
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Figure 5-15: Porosity with respect to percent rice husk. Reprinted from [17] Figure 7-5.

Based on Miller's fitted line plot in Figure 5-15, this author uses the following

relationship in her subsequent analysis:

e(P) = 0.16 + 1.3P

Equation 5-4

where E is the total porosity by volume and P is the percentage of rice husk by mass

represented as a fraction of unity. The coefficient of P captures the difference in density
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between the clay and the rice husk as well the residue volume left in the pores when the rice

husk combusts. The constant term likely reflects the porosity caused by the intrinsic clay pores

whose existence is independent of the presence of rice husk. While these coefficients may vary

with changes in manufacturing parameters such as clay type and firing profile, the form of the

relationship is expected to remain the same.

5.2.2 Wall thickness

While the filter shrinks during firing, manufacturers typically size their molds based on

the desired size of the fired filter. Because of this, the manufacturing parameter of wall

thickness is considered by this author to be equivalent to the physical property of wall

thickness. When modeling flow rate and bacteria removal, wall thickness is multiplied by a

factor of tortuosity in order to better reflect the distance that the water travels through the

filter. When modeling strength, the wall thickness is not multiplied by tortuosity.

5.2.3 Verifying laminar flow

While not a physical property, it is important to determine whether flow in the filter is

laminar or turbulent in order to know which models to use. Determining the flow regime can

be achieved directly by calculating the bulk Reynold's number. However, given that there is no

definite velocity or pore diameter to use, this approach is inadequate. Therefore an indirect

experiment was conducted using the hydraulic head tests as described in Section 3.5. Figure 5-

16 shows flow rate as a function of hydraulic head for two filter disks. Both disks were

produced using clay and rice husk from the Pure Home Water factory in Ghana and consisted of

20% rice husk by mass. Wall thickness of both samples was normalized to 20mm and surface

area was normalized to 430mm2 . The rice husk size was 590-850pm.
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Figure 5-16: Flow rate with respect to hydraulic head.

Given the near linear relationship apparent in Figure 5-16, it is presumed that flow rate

is linearly proportional to hydraulic head, a relationship that holds only for laminar flow. The

author thus concludes that flow through the CPF is in the laminar regime.

5.3 Effect of incomplete combustion

The effect of incomplete combustion of the rice husk within the CPF is an active area of

debate among CPF researchers and manufacturers. Questions remain about how bacteria

removal and flow rate are affected by the inhomogeneity caused by incomplete combustion of

the rice husk. Figure 5-17 shows a cross-section of a filter made at Hydrologic which exhibits

incomplete combustion.
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Figure 5-17: Filter cross-section showing incomplete combustion.

The cross-section contains five distinct bands. The central black band contains rice husk

that has turned into-carbon without fully combusting. In the two green bands, the rice husk is

fully combusted, but the clay does not appear to be fully fired. In the two outer red bands, the

clay is fully fired and the rice husk is fully combusteds.

The measurements in the wall thickness tests reported in Figures 4-1 and 4-3 were

taken from disks cut from full filters produced at Hydrologic as discussed in Section 3.3.1. The

red, green and black layers are visible in the prepared disks as shown in Figure 5-18.

s The colors "green" and "red" are used to describe the bands because they are the terms generally used to
describe unfired and fired ceramic respectively.
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Figure 5-18: Filter disk with red, green and black bands caused by incomplete combustion.

The data from Figures 4-1 and 4-3 showing bacteria removal and flow rate with respect

to wall thickness can be plotted against the locations of the bands in those particular samples

(Figure 5-19). While the data is limited, based on Figure 5-19, this author concludes that the

bands from incomplete combustion have no observable effect on flow rate or bacteria removal

throughout the thickness of the CPF. One possible explanation is that, while a carbon layer is a

highly visible indicator that the rice husk has left a residue after firing, in the case where the

rice husk is fully fired, the rice husk still leaves a residue of ash. It is possible that the carbon

from incomplete combustion is not much different from the ash from complete combustion in

terms of influence on performance. However, since the ash is white, it is less striking to the

viewer and so causes less alarm. More data is needed to confirm these findings. In the

meantime, since the bands are taken to not have any effect, they are left out of the theoretical

models presented in this chapter.
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Figure 5-19: Bacteria removal and flow rate for the three filters in Figures 4-1 and 4-3 plotted

against the red, green and black bands caused by incomplete combustion.
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5.4 Flow rate model

With values for the physical properties and a few assumptions about the filter in place,

it is now possible to begin modeling CPF performance. We start with a theoretical model for

flow rate. Given the incomplete data available, a definitive model as a function of the

manufacturing parameters cannot be reached. However, this author works through the process

of developing a model with the intent that it will be useful as a starting point for future models.

5.4.1 Carman-Kozeny

In the scenario where water travels through the filter via the pores left behind by the

rice husk, the CPF can be modeled as a bundle of pipes traversing the filter (Figure 5-20). The

Carman-Kozeny model introduced in Section 2.2.2 describes this type of flow. The author thinks

that this model is fitting because paths such as the one illustrated in Figure 5-11 can easily be

imaged as pipes. The Carman-Kozeny model is derived here and then modified to better reflect

the behavior of the CPF. The scenario where water travels through the intrinsic clay pores will

be discussed in Section 5.4.2.

d

A

Figure 5-20: Pipe model of the filter.

To model the volumetric flow rate through a filter, we start by calculating the flow rate

through a single pipe. Laminar, pressure-driven flow in a circular pipe is described by
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Poiseuille's equation which is in turn derived from the Navier-Stokes equation. Poiseuille's

equation is given by

dwd4AP

128pl

Equation 5-5

where q is volumetric flow rate, dis the diameter of the pipe which is also the characteristic

pore size of the filter, AP is the pressure drop from one end of the pipe to the other, y is

dynamic viscosity and 1 is the length of the pipe. The upper limit of the number of pipes

spanning the filter (equivalent to the number of "paths" as introduced in Section 3.7) is given by

AE 4AE
N = = d2

4

Equation 5-6

where N is the number of pipes, A is the cross-sectional area of the sample and e is porosity by

volume. This value of N is calculated by dividing the void fraction of the sample cross-section by

the cross-sectional area of a single pipe. Multiplying q by N gives the Carman-Kozeny equation

for total flow rate Q through the sample

EAPAd 2

32pl

Equation 5-7

This is the same as Equation 2-1 but rearranged and with capillary radius, rc, replaced with

characteristic pore size, d.

However, this author is skeptical of the value of N calculated when d is interpreted as

the hydraulic diameter or the fractional diameter of the rice husk. This calculation of N seems

to be a gross over-estimation, with the estimated number of paths for the small disks

numbering in the thousands, a situation that goes against this author's observations of the CPF.

This value also predicts flow rates significantly higher than those observed experimentally in

Figure 4-4, further bringing the value of N into question. Thus this author breaks from the
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Carman-Kozeny model to determine a scaling factor for the number of paths which will make

for a more accurate value of N and overall flow rate.

The author uses the droplet test as described in Section 3.7 to determine a new

estimate for N. Figures 5-21 and 5-22 show filters produced at Hydrologic in Cambodia under

regular manufacturing conditions. The filters were submerged in buckets of water such that

the water could seep up into the filter through their walls as described in Section 3.7.

Figure 5-21: Droplets appearing on the inside surface of the filter.

Figure 5-22: Droplets appearing on the inside surface of a second filter. This filter has a

higher density of distinct droplets indicating a different internal structure.
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The number of distinct droplets visible on the inside surface of the filter in Figure 5-21

was recorded over time, reaching a maximum of 263 before the droplets started to coalesce.

Each droplet was interpreted by this author to represent a single path that the water could take

through the filter. While coalescence of the droplets could indicate that one cannot determine

a full count of the number of paths through the filter, it was observed by this author that large

areas of the filter surface were droplet-free even after many droplets had appeared on the

surface. The coalescence was caused by the distinct droplets getting bigger and joining, not by

the whole surface being covered with individual droplets.

The number of distinct droplets visible on the surface of the filter in Figure 5-22 was also

monitored over time, but the author found that there were too many small droplets to count

accurately using the available images. The author estimates that there were thousands of

distinct droplets on its surface.

Since the surface areas of the full filters shown above are approximately fifty times

larger than the surface area of the disks used in the flow rate experiments conducted for this

thesis, it is expected that the number of distinct pipes through each small sample is on the

order of five to fifty. Thus, for this model, a scaling factor of 1/100 is multiplied by N to

calculate

N 4AE 4AE

100 100wd 2 
- D2

Equation 5-8

Since fractional diameter is equivalent to 1/12 the rice husk size, dividing N by 100 is like using

D 2in the calculation of N as opposed to d adding credibility to this modeling decision. Equation

5-8 produces values of N'on the order of ten. Multiplying q by N' and replacing 1 with LT

where L is sample wall thickness and T is the tortuosity of the pipe, we get

Q = qN' =d200LT
3200pLT

Equation 5-9
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where Q is the volumetric flow rate through the sample. We can substitute in E = 1.3P where

P is percentage rice husk by mass and e is the volumetric porosity attributed to the rice husk

pores to get

d 2APAP

Q 2460pLT'

Equation 5-10

This model is in qualitative agreement with the experimental data for percentage rice

husk, P, wall thickness, L, and pressure drop, AP (Figures A-4, 4-1, 5-16) since it predicts flow

rate to be proportional to pressure drop and percentage rice husk and inversely proportional to

wall thickness. The relationship between flow rate and the cross-sectional area of the sample,

A, while not tested experimentally, is assumed to be correct. The agreement between the

experimental data and rice husk size is less clear and will be addressed in Section 5.4.3.

5.4.2: Packed bed

When calculating predicted flow rate in the scenario where the water flows through the

intrinsic clay pores, it is necessary to use a different model for flow rate that is more suitable

for packed beds. Instead of modeling the filter as a bundle of pipes, the filter is modeled as a

consolidated granular media according to the equation

0.015APEd 2A
Q = y

Equation 5-11

where d = 2.5 microns and e = 0.16 represents the porosity due by the intrinsic clay pores.

This model for flow through a packed bed is further explained in [25].

5.4.3: Comparing the models to the data

Figure 5-23 shows the predicted flow rates calculated from Equations 5-10 and 5-11

using the different interpretations of characteristic pore size, d. These calculated flow rates are

plotted with respect to rice husk size along with the flow rate data from Figure 4-4.
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Figure 5-23: Measured and calculated flow rate with respect to rice husk size.

In Figure 5-23, it appears that none of the proposed pore sizes coupled with the models

fully describe flow through the CPF. The hydraulic diameter and fractional diameter

approximately capture the flow rates for the medium and large rice husk sizes, and the intrinsic

clay pores approximately capture the flow rates for the smaller rice husk sizes. Based on these

results, this author concludes that at least two distinct regions with different flow

characteristics exist.

5.5 Bacteria removal model

Moving on from flow rate, we now address bacteria removal. There is little literature

about the fine-grained details of filtration for porous media consisting of a solid material with

6 Asupin:AP = 27000Pa, A = 0.00043M2
1P p- 0.2, L = .02m, p = 0.OOO7Pa -s, T = 7.
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distinct pores such as the CPF. Therefore, the author bases her filtration analysis in theory

developed for granular media filtration, proposing a modified version to describe the CPF. As

with the flow rate model, the proposed filtration model is far from complete and is meant to

serve as a starting point for future work.

5.5.1 Possible filtration mechanisms

Many possible mechanisms for bacteria removal in the CPF have been proposed. Key

candidates are presented below:

* Diffusion: Applicable only for very small particles, diffusion is the result of Brownian

motion of a particle within the filter which brings it into contact with the filter walls to

which it may stick.

" Turbulence and inertia: In turbulent flows, particles are trapped when their momentum

pushes them into surfaces within the filter.

" Sedimentation: Based on the density difference between the contaminant and the fluid,

contaminants which are heavier than the fluid settle onto the floors of the pores within

the filter.

" Mechanical screening: If the hole-size through which the water travels is smaller than

the size of the contaminant, the contaminant will be stopped at the opening of the hole.

* Adsorption: Adhesion forces between the contaminants and the filter walls cause the

contaminants to stick inside the filter. Since these forces are short-range, sticking only

occurs when the contaminant is already close to the filter wall.

Some of the proposed mechanisms can be eliminated in the case of bacterial removal.

Diffusion is eliminated as the bacteria are too large to be noticeably affected by diffusion.

Turbulence and inertia are also eliminated as the flow was determined to be laminar.

Sedimentation:

Sedimentation is seriously considered because it is a dominant removal mechanism in

most biological filtration systems [26]. Sedimentation is heavily dependent on the flow rate of

the water through the filter as shown in Figure 5-24.
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Figure 5-24: Schematic of the sedimentation mechanism of filtration.

In Figure 5-24, vo represents the flow velocity within a pore, and v, represents the

settling velocity of the contaminants. The settling velocity is determined by the relative

densities of the contaminant and the fluid, the dynamic viscosity of the fluid and the

contaminant size. The faster the flow velocity and the larger the pore diameter, the less likely it

is that a contaminant will reach the bottom of the pore before it reaches the exit. The amount

of contaminant that is caught in the filter due to sedimentation is thus related to the ratio

between the flow velocity, vo, and the settling velocity, v,, as well as the diameter, d, of the

pore.

If sedimentation is an active mechanism of filtration in the CPF, it implies that increasing

flow rate through the filter will decrease bacteria removal, regardless of how the flow rate was

increased. In order to test the importance of the sedimentation mechanism, this author

measured bacteria removal as a function of hydraulic head using the methods described in

Section 3.5. Increasing hydraulic head increases flow velocity as was shown in Figure 5-16.

Since sedimentation is dependent on the relative velocities of the fluid flow and the settling

speed of the contaminants, an independent relationship between hydraulic head and bacteria

removal would eliminate sedimentation as a removal mechanism.

Figure 5-25, contains data collected concurrently with the data collected for Figure 5-16.
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Figure 5-25: Bacteria removal with respect to hydraulic head.

Figure 5-25 shows a minimal net difference in bacteria removal between the lowest and

highest hydraulic head values. Between the two extremes, however, there is a downwards

slope with increased hydraulic head followed by a jump back up to the original level. This could

indicate two different regimes for bacteria removal as a function of hydraulic head, one of

which is sedimentation. More data is needed to understand this relationship. For the purposes

of the analysis in this study, sedimentation is neglected as a filtration mechanism.

Mechanical screening:

Mechanical screening is also considered as a mechanism for bacteria removal. While

the characteristic pore lengths determined by mercury intrusion (Figure 5-6) are larger than the

size of the bacteria, it is still possible that some of the bacteria removed within the filter are

taken out of solution via mechanical screening. This would be due to the heterogeneous nature

of the filter material. If the material of the filter looks something like Figure 5-26, a bacterium
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may pass through the filter if it happens to approach a larger hole such as the one labeled "A".

On the other hand, it may get stopped if it happens to approach a smaller hole such as the one

labeled "B". In this way, it is possible that some bacteria could be screened mechanically even

if the characteristic pore length for the sample is greater than the diameter of the bacteria.

A B

Figure 5-26: A schematic of the CPF material as a heterogeneous mesh.

While mechanical screening is left as a possible mechanism of CPF filtration, this author

does not focus on it in the filtration model that follows. This author chose instead to base her

filtration model on the adsorption mechanism of filtration. Since adsorption works at close-

range, contaminants are only removed from solution when they collide with the pore walls as

they make their way through the filter. Given the complexity of the path that the water takes

through the filter, as evidenced by the high tortuosity, there are many opportunities for the

contaminants to collide with the pore walls as the path narrows, widens, twists and turns. A

basic model of adsorption depends only on the relative sizes of the pores and the contaminants

to determine the likelihood of collision. This means that the model can be a relatively simple,

geometric description that can serve as a good starting point for future refinements.

This author proposes a model of filtration that is loosely based on a model developed by

Iwasaki as discussed in [26]. Iwasaki's model was developed for granular media such as a

packed bed of sand. The author considered using Iwasaki's model directly instead of modifying

it for the CPF geometry. However, Iwasaki's model includes a strong dependence on porosity

for determining removal. This is in contrast to the findings in the CPF literature described in

Table 2-1 which found a lack of correlation between porosity and bacteria removal. This

suggests that Iwasaki's model needs to be modified to be applicable for the CPF. In 5.5.2,
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Iwasaki's model is briefly described followed by a description of a modified model proposed by

this author.

5.5.2 Iwasaki model

Iwasaki's model was developed for a granular media filter which he treats as a collection

of individual spherical grains that each act independently to remove contaminants from the

fluid. Figure 5-27 shows a single grain such as a piece of sand illustrating the adsorption

mechanism (called "interception" in [26]). In this scenario, any particle in a streamline which

passes through the area W will be intercepted by the grain.

Flow

4I
w

x

Figure 5-27: A single grain from the Iwasaki model of filtration. Reprinted from [26].

If we say that fluid flow is in the x-direction, then a thin layer of height Ax containing

some number of individual grains can be defined within the filter (Figure 5-28).
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Figure 5-28: A thin layer of length &x.

Iwasaki's model equates the total removal of contaminants within that layer to the

quantity of contaminants removed by a single grain multiplied by the number of grains in the

layer.

[Total removal] _ [removal by] [number of grains]
within a layer] [one grain][ in a layer J

Equation 5-12

Iwasaki fills in the terms in Equation 5-12 as can be seen in detail in [26]. The total

removal within a layer is then integrated through the wall thickness of the filter to give a total

removal for the filter:

Cout 3(1 - E)al

Cin 2 de

Equation 5-13

where

Cout is the concentration of contaminants exiting the filter

Cn is the concentration of contaminants entering the filter

E is porosity

de is grain diameter

L is wall thickness

a is the fraction of particles that collide with the collector that are adsorped. This is called

the "removal constant" and is related by surface chemistry. It can range from zero to one.
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7 is the percentage of particles approaching a grain which collide with it. This is called the

"collision percentage" by this author and is determined by geometry.

Yao and Tien [26] calculated j7 associated with adsorption to be equal to

77=3 (db 2

2 dc)

Equation 5-14

where dbis the diameter of the contaminant and db << dc.

The Iwasaki model shows some similarities with the experimental data for the CPF.

Both this model and the data show increased contaminant removal with increased wall

thickness and decreased contaminant removal with increased pore or grain size. However,

while the Iwasaki model predicts removal to be dependent on porosity, this is not so for the

CPF, and the model must be modified.

5.5.3 Modified Iwasaki

Unlike a granular media filter which consists of many packed grains, the CPF is a solid

material with many holes distributed throughout the volume. This author thus modifies

Iwasaki's model using a single cylindrical pore left behind by a rice husk particle as the starting

point (Figure 68). This cylindrical pore has diameter d and height df, and the contaminant has

diameter db. As with granular media, a contaminant particle approaching the pore may be

intercepted and adsorped as shown in Figure 5-29.
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Figure 5-29: A single pore for the modified Iwasaki model of filtration. A contaminant

that collides with the pore wall may be adsorped.

A thin layer of length Ax would look like Figure 5-30.

Ax_ _

Figure 5-30: A thin layer of length Ax for the modified Iwasaki model.

Similarly to Iwasaki's model, total removal within a layer can be conceptualized as

[ Total removal] [removal by number of pores
within a layer] [ one pore I [ in a layer]

G R n

Equation 5-15
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where G is the total removal within a layer, R is removal by one pore and n is the number of

pores in a layer. The number of pores in the layer is understood to only include pores in the

paths that traverse the full filter.

If the pore in Figure 5-29 were viewed from above, it would look like the ring shown in

Figure 5-31. Removal of contaminants by one pore is given by the area of the grey ring shown

in Figure 5-31 multiplied by the concentration of contaminants, C, at x and the removal

constant a as described above. This calculation in based on the assumption that contaminants

whose centers are within the grey ring will collide with the pore wall while the contaminants

towards the center of the pore will pass through.

db

Figure 5-31: A ring along the inside surface of a pore.

Removal by one pore, R, is thus given by

= d2 in(d - db)2 rdbd
RCa- Ca.

Equation 5-16

where dbis the diameter of the bacteria, d is the cylinder diameter and db << d. R has units of

particles/length.

The number of pores in a layer, n is given by

Ax
n = N'-

Equation 5-17
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where N'is the number of paths through the filter as described in Section 5.4.1. The Ax/dh term

describes the number of cylinders that would fit vertically into a layer of height Ax.

The left hand side of Equation 5-15, G, is defined as the change in contaminant

concentration per unit volume multiplied by the cross-sectional area of the layer. Since this

model assumes that the water flows through paths made by a series of pores, the cross-

sectional area of the layer is interpreted as the cross-sectional area of a single pore multiplied

by the number of paths through the filter. Thus, by definition,

wd 2

G = -N' 2AC
4

Equation 5-18

where G is the total removal of a layer. Equating Equation 5-18 with the product of Equations

5-16 and 5-17,

wd 2  rdbd Ax
-N'--AC aCN'-.

4 2 dh

Equation 5-19

Simplifying and rearranging, we get

AC dbca
-= -2 Ax

C dhd

Equation 5-20

Integrating over the full wall thickness of the filter and taking into account tortuosity

Cout 2da
-1n = LT

Cin dhd

Equation 5-21

where LT is the wall thickness multiplied by tortuosity. Cjn is the concentration of

contaminants entering the filter and Cout is the concentration of contaminants leaving.the

filter.

The left hand side of Equation 5-21 describes the logarithmic reduction of contaminants

as a natural log. In order to convert this to our definition of LRV, which is in base ten, we

multiple both sides of Equation 5-21 by logio(e). We can also set T = 7 and db = 2pm (the
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approximate diameter of a bacterium) to produce a first order approximation of bacteria

removal in the system

La
LRV = 1.22 x 10-5 --

dhd

Equation 5-22

where a is left in as the removal constant, which is determined by the chemistry of the bacteria

and the filter material.

5.5.4 Choosing pore size values

The next step is to determine values for d and dh. The diameter, d, describes the cross-

sectional area of the cylindrical pore shown in Figure 5-29. The height, dh, refers to the height

of the cylindrical pore. One option is to model removal according to the alignment of the rice

husks shown in Figure (5-12). In this case, we can say that d is the hydraulic diameter and dhis

the rice husk size, D (Figure 5-32).

d=4A/P

d =DI
Figure 5-32: Lengthwise alignment of the rice husk.

Another option is to model the alignment of the rice husks as show in Figure (5-13). In

this case, we can say that that d is a fractional diameter defined in Equation 5-2 and df is the

rice husk height (Figure 5-33).
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d

si=============2 d=100pim

Figure 5-33: Stacked alignment of the rice husk.

The option of characteristic pore size equal to the size of the intrinsic clay pores is not

applicable for an adsorption filtration model since the intrinsic pores are on the same order of

size as the contaminants. More experimental work is needed to determine if the sizes of the

intrinsic clay pores are relevant to the level of contaminant removal. If they are, the filtration

model should be modified to include mechanical screening. For now, however, this

interpretation of characteristic pore size is not included in the analysis.

Figure 5-34 shows measured and predicted bacteria removal with both interpretations

of the characteristic pore sizes (hydraulic diameter and fractional diameter) and a removal

constant of a = 1. This value of a was chosen in order to show the upper limit of removal

possible for the two interpretations of characteristic pore size. However, the value of a can

range over several orders of magnitude [26]. Figure 5-35 shows the same data as Figure 5-34

but with a = 0.01 for comparison.
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Bacteria removal with rice husk size
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34: Predicted and measured E. coli removal with rice husk size.

Removal constant, a=1.

Bacteria removal with rice husk size

* measured
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+ * fractional diameter
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Figure 5-35: Predicted and measured E. coil removal with rice husk size.

Removal constant, a=0.01.
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Figure 5-34 shows that the measured removal values are within the range of possible

removal values predicted by Equation 5-22. The level of agreement between the measured and

the calculated values depends on the value of a. This value would need to be determined

experimentally in order to know if an adsorption-based model is indeed descriptive of the

system.

5.6 Strength model

Wall strength is explored in this section one parameter at a time.

5.6.1 Rice husk size

A basic model for modulus of rupture of a brittle material is based on the Griffith's

criterion for fracture:

omax -

Equation 5-23

where ormax is the modulus of rupture, Gc is the strain energy release rate, a is half the crack

length and E is the Young's modulus of the material. This model is normally used to determine

the critical crack size that will result in failure of a brittle material. In the case of the CPF, we

can set a equal to the rice husk size. In order to compare Equation 5-23 with the data first

presented in Figure 4-9, we combine E, Gc and a geometric conversion factor into a constant C

such that

C
Fmax = -

Equation 5-24

where Fmaxis the load at rupture. By fitting Equation 5-24 to the data, we find C _ 35,000. In

Figure 5-36, Equation 5-24 is plotted against the experimental data from Figure 4-9.
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Strength with rice husk size
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Figure 5-36: Predicted and measured strength with respect to rice husk size.

Figure 5-36 shows that Equation 5-24 is likely not a correct model for strength with

respect to rice husk size as the experimental data for strength reduces with increased rice husk

size much faster than predicted by the model. This is likely because the CPF contains many

more pores than the Griffith's model was meant to support and the interaction between the

pores is not reflected in the model. In addition, without determining the values of E or Gc, the

order of magnitude agreement between the model and the data cannot be evaluated.

5.6.2 Percentage rice husk

While this author was unable to find previous theoretical studies regarding the strength

of ceramic pot filters with respect to percentage rice husk, literature exists relating the strength

of concrete, another brittle material, to its porosity. A 1983 paper by Kendall et al [27] presents

data and analysis of this relationship. They suggest using Feret's Law

omax = C(1 - 1.95_) 2

Equation 5-25

where 0 max is the modulus of rupture, E is porosity and C is a constant set to equal 10 by this

author in order to obtain a good fit. Figure 5-37 shows data from Watters' thesis [19] adapted

by this author and plotted against Equation 5-25.
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Strength with percentage rice husk
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0, .5
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Percentage rice husk

Figure 5-37: Predicted and measured strength with respect to percentage rice husk. Adapted

by this author from [19] Figure 5-2.

While the apparent correlation is promising, much more work is needed to test the

validity of this model.

5.6.3 Wall thickness

Watters theorized that the moment at rupture of the CPF is proportional to the square

of its wall thickness as described in Section 2.2.4 [19]. He compared this result to his

experimental data as shown in Figure 5-38. He found that, experimentally, moment at rupture

more closely followed wall thickness to the power of 2.6 than it followed a quadratic

relationship. However, this author thinks that the quadratic description of strength with respect

to wall thickness is still promising and should be further evaluated.
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Figure 5-38: Modulus at rupture with respect to wall thickness.

Reprinted from [19] Figure 5-6.

5.6.4 Strength model

Since the first two elements of the strength model presented above are incomplete, no

integrated model for wall strength is presented here, and the area is left open for future

investigations.
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Chapter 6: Discussion

6.1 Full parameter/performance matrix

This chapter addresses design implications for the CPF informed by the data and analysis

from the previous chapters. The relationships between the manufacturing parameters

(percentage rice husk, rice husk size and wall thickness) and the metrics of performance (flow

rate, bacteria removal and strength) are consolidated from the data in Chapters 2 and 4 and the

strongest of the theoretical conclusions from Chapter 5 into the complete

parameter/performance matrix shown in Table 6-1. Contributions by this author are attributed

to Servi. Superscripts have the same meanings as they did for Table 2-1 with the new

superscript 4 indicating that the result was arrived at theoretically.

Table 6-1: Full parameter/performance matrix combining prior art and new results.

Performance metrics
Flow rate Bacteria removal Strength

Percentage Gensburger[151: positive linear Gensburger[151: no correlation Plappally[,16: negative correlation'

L rice husk Miller{17]: positive linear Miller[171: no correlation3  Watters[19]: negative correlation

Rayner[14] : positive correlation Servi: no correlation4

PIappally[16]: positive correlation

ED Lantagne[18]: positive correlation

Miller{20): positive correlation2
-L Servi: positive linear4

Rice husk Rayner[14]: positive correlation Rayner[14]: negative correlation Servi: negative correlation

size Servi: exponential or positive step Servi: negative linear or negative
step

4-'
(U

Wall Servi: inversely proportional Rayner[14]: positive correlation Watters[19]: power relationship

rg thickness Servi: inversely proportional4  Servi: positive linear Watters[191: quadratic'

Servi: positive linear4

6.2 Optimization method

6.2.1 Justification

In this chapter, the author converts the generalized relationships in Table 6-1 into a set

of equations describing filter performance and uses optimization on those equations to

formulate design recommendations. One might argue that the equations for the relationships

between manufacturing parameters and performance metrics could be used directly to choose
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an optimal set of parameter values. For instance, by trial and error, one could find the

combination of parameter values needed to achieve a certain bacteria removal goal or strength

target. However, with three manufacturing parameters and three metrics of performance, it is

not easy to intuitively determine the best combination of parameter values for optimizing all

three performance metrics. This will be even more true if more manufacturing parameters or

performance metrics are added to this matrix. For this reason, formal optimization is used to

find the best possible values of the manufacturing parameters in order to maximize the

performance metrics.

6.2.2 Method

Microsoft Excel Solver was used for all optimizations in this chapter as it uses a standard

algorithm and is considered an adequate solver. The plots in this section were produced by

iteratively running optimizations in which a bacteria removal value and a minimum allowable

strength were specified, and the solver was asked to find the parameter values corresponding

to the maximum flow rate possible given those constraints. Thus, each point on the plots in

Section 6.5 represents the maximum flow rate that is achievable at the given bacteria removal

and strength.

The three metrics of performance and the three manufacturing parameters are listed

below with their associated variables and units. The units for strength with be explained in

more detail in Section 6.4.1. A screenshot of the solver is shown in Figure 6-1.

Metrics of performance:

" Flow rate: Q [L/hr]

" Bacteria removal: B [LRV]

" Strength: S [multiples of PHW strength]

Manufacturing parameters:

" Percentage rice husk: P [fraction out of 1]

" Rice husk size: D [prm]

e Wall thickness: L [mm]
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Figure 6-1: Screen shot of the Microsoft Excel Solver.
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6.3 Optimization assumptions

Before running the optimizations, it is necessary to convert the information in Table 6-1

into equation form. Where in the previous chapter, the objective was to determine a

meaningful theoretical relationship between parameters and performance, this chapter is more

pragmatic, and the subsequent equations are developed empirically based on the author's best

interpretation of the available data.

Four different sets of assumptions are described below with separate optimizations run

for each. These four optimizations were run so that the final results would not dependent on a

single interpretation of the available data. After running the four optimizations, the results

were synthesized into a single set of design recommendations which are presented in Section

7.1.1. The four sets of assumptions are as follows:

6.3.1 Optimization 1: Continuous model, bounded parameters

The information in Table 6-1 is simplified as shown in Table 6-2 with the relationships

between the independent variables (percentage rice husk, rice husk size, wall thickness) and

the dependent variables (flow rate, bacteria removal, strength) written inside the appropriate

cells.

Table 6-2: Simplified parameter/performance matrix based on continuous assumptions.

Flow rate Bacteria removal Strength

Percentage
rice husk

Rice husk
size

Wall
thickness
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When making Table 6-2, the author was presented with multiple options for each cell.

She made the decisions as follows:

" Percentage rice husk/flow rate: The author chose a positive linear relationship based on

the wealth of data in the studies conducted by Gensburger [15] and Miller [17] as well as

the convincing logic of the theoretical explanation from Section 5.4.

" Percentage rice husk/bacteria removal: While less data exists for this relationship, the

cited studies have many data-points supporting that no correlation exists between these

two variables.

" Percentage rice husk/strength: The author approximated this relationship as negative

linear despite this not being quite accurate. This was done because the author does not

feel there is enough information available at the moment to propose a more nuanced

equation for this relationship. However, for the purposes of this optimization, in the range

of percentages of rice husk considered, the author thinks that a linear fit is close enough

that it will not compromise the conclusions of the optimization.

" Rice husk size/flow rate: For Optimization 1, this author chose the continuous

explanation for this cell, describing the relationship between rice husk size and flow rate

as exponential. Due to the uncertainty associated with this cell, this assumption will be

changed for Optimizations 3 and 4.

" Rice husk size/bacteria removal: Similarly, for Optimization 1, this author chose the

continuous explanation for this cell, describing the relationship between rice husk size and

bacteria removal as negative linear. Due to the uncertainty associated with this cell, this

assumption will also be changed for Optimizations 3 and 4.

" Rice husk size/strength: For the same reason as for the percentage rice husk/strength

relationship, the author approximated this relationship as negative linear despite this not

being quite accurate. However, within the range of rice husk sizes under consideration in

this study, the author thinks that the approximation will not compromise the conclusions

of the optimization.
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e Wall thickness/flow rate: The author chose an inversely proportional relationship for this

cell due to the strength of both the data and the theoretical model as presented in

Sections 4.1 and 5.4.

" Wall thickness/bacteria removal: The author chose a positive linear relationship for this

cell based on the strength of both the data and the model as presented in Sections 4.2

and 5.5.3.

" Wall thickness/strength: The author chose to use the quadratic relationship for strength

as a function of wall thickness. While Watters' [19] data did not confirm this to be the

case, the logic of the model holds more weight to this author than the experimental data.

" Constraints on the parameters: For this optimization, the allowable values for the

manufacturing parameter are confined to the ranges for which experimental data exists.

This was done to avoid the uncertainties introduced by extrapolation.

6.3.2 Optimization 2: Continuous model, unbounded wall thickness

The same relationships as shown in Table 6-2 are used, but instead of bounding all three

parameter values, wall thickness is allowed to take on any value. This was done in order to

explore the role of wall thickness as a limiting factor of the CPF design.

6.3.3 Optimization 3: Discrete model, bounded parameters

The information in Table 6-1 can also be simplified as shown in Table 6-3, this time using

a discrete relationship for rice husk size/flow rate and rice husk size/bacteria removal. This

choice was made to reflect the step function interpretation of these performance metrics with

respect to rice husk size. The values of the manufacturing parameters are bounded in the same

way as for Optimization 1.
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Table 6-3: Simplified parameter/performance matrix based on discrete assumptions.

Flow rate Bacteria removal Strength

linear no correlation negatively linear

Percentage
rice husk

Rice husk step step negatively linear

size

inversely linear quadratic

Wall proportional
thickness

6.3.4 Optimization 4: Discrete model, unbounded wall thickness

The same relationships as shown in Table 6-3 are used, but instead of bounding all three

parameter values, wall thickness is allowed to take on any value.

These four sets of assumptions will be shown to produce different results which all

share common features. It is likely that none of these sets of assumptions is completely

accurate, but rather that together they can teach us something useful about the CPF design.

6.4 Scaling

Before putting numbers to the relationships described in Tables 6-2 and 6-3,

appropriate scaling must be done so that the numerical results of the optimizations are a

reflection of reality. Since each CPF factory produces filters which differ in many manufacturing

parameters besides the three examined here, it is not possible to say that a certain set of these

three parameters will give an exact value for flow rate, bacteria removal or strength for a

specific filter made at a specific factory. However, the general relationships between these
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three parameters and CPF performance should be consistent across factories. In this chapter,

calculated flow rates and bacteria removals are scaled to approximate the performance of the

current filters produced by the Pure Home Water factory. We can estimate that the Pure Home

Water filters are made with parameter values of P = 20%, L = 20mm and D = 800 microns.

Average flow rates at that factory are approximately 4L/hr and bacteria removal before the

application of silver is approximately 1 LRV. Thus, the equations for flow rate and bacteria

removal that follow are scaled to predict 4L/hr and 1 LRV for the above set of parameter values.

However, even if the results presented here are roughly scaled to reflect the

performance of the Pure Home Water filters, the absolute numbers presented in this chapter

should still be not taken literally. The intention is only to demonstrate trends in filter

performance based on manufacturing parameter values.

6.4.1 Scaling strength

While scaling flow rate and bacteria removal is relatively straight-forward given the

wealth of data surrounding those two metrics of performance, scaling strength is more difficult.

In order to scale the strength results presented in this chapter, this researcher conducted

strength tests on filter disks produced at the Hydrologic factory in Cambodia and filter disks

produced at the Pure Home Water factory in Ghana. The results from these tests are plotted in

Figure 6-2 with each bar representing an individual disk.
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Figure 6-2: A comparison of Hydrologic and PHW filter strengths.

Figure 6-2 shows a significant difference between the strengths of the filters produced

at Hydrologic and those produced at Pure Home Water. Table 6-4 compares the values of the

manufacturing parameters for the three types of filters shown in Figure 6-2. However, the

values of the three parameters give no clues for the observed differences in strengths. This

highlights the need for tighter parameter specifications (especially regarding rice husk size) as

well as the need for further study of the effects of other manufacturing variables.

Table 6-4: The manufacturing parameters of the Hydrologic and PHW filters.

percentage rice husk wall
rice husk size thickness

Hydrologic 26.4% <1mm 0.74cm
Pure Home Water, A 20% <1.5mm 0.74cm
Pure Home Water, B 20% <1mm 0.74cm

The results in Figure 6-2 show why absolute values of strength cannot be determined

based on only three manufacturing parameters. Hence, for the purposes of the equations in

the following sections, strength is expressed as multiples of current Pure Home Water strength.

Thus, a strength value of S = 1 indicates that strength is equal to the current Pure Home Water

filters.
110



6.5 Optimization results

6.5.1 Optimization 1: Continuous model, bounded parameters

We can now formulate equations based on the first set of assumptions. Constants were

calculated by hand by this author by inspecting the available data. This is considered adequate

by the author because the optimizations are meant to show trends of filter performance, not to

produce exact values. Constraints on the valid parameter ranges were chosen such that no

extrapolation from existing experimental data was needed.

The equations for this optimization are as follows:

Flow rate:

Q = 0.108 (P - 0.1) x 1.0112D

L

Equation 6-1

valid for

0.1 < P < 0.6

400 < D < 950 (micron)

3 < L < 20 (millimeter)

Thus, a filter with P = 0.2, L = 20mm and D = 800 microns is predicted to have Q = 4L/hr.

Bacteria removal:

B = 0.000387(950 - D) x (L - 2.8)

Equation 6-2

valid for

400 < D < 950 (micron)

3 < L < 20 (millimeter)

Thus, a filter with P = 0.2, L = 20mm and D = 800 microns is predicted to have B = 1LRV.
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Strength:

S = 0.000083(0.4 - P) x (950 - D) x L2

Equation 6-3

valid for

0.2 < P < 0.35

400 < D < 950 (micron)

10 < L < 23 (millimeter)

Thus, a filter with P = 0.2 L = 20mm and D = 800 microns is predicted to have S = 1.

The plot resulting from Optimization 1 is shown in Figure 6-3. It was produced by using

Equations 6-1, 6-2 and 6-3 with Microsoft Excel Solver. As described in Section 6.2.2, each point

in Figure 6-3 was determined by using the solver to maximize flow rate at the given levels of

bacteria removal and strength. Manufacturing parameters were limited to the ranges

of 400 < D < 950 micron, 10 < L < 20mm, 0.2 < P < 0.35 to avoid any extrapolation from

the experimental data. Figure 6-3 also contains a label for point A, the point corresponding to

the current PHW filter design. Full tables of the parameter and performance metric values for

this and the following optimizations can be found in Appendix D.
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Figure 6-3: Optimization 1: Continuous model, bounded parameters.

Figure 6-3 shows some of the limits of the CPF design. Most striking is the speed at

which flow rate reduces with increased bacteria removal. Because of this, there is not a lot of

room for improved performance in this scenario and most manufacturers will choose to stay on

the left hand side of the curve in order to ensure adequate flow rate. Figure 6-4 shows some of

the parameter values for the curve in Figure 6-3 corresponding to strength, S = 1.
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Figure 6-4: Continuous model, bounded parameters. Plotted with the parameter values.

As can be seen by these parameter values, the increase in bacteria removal is achieved

by decreasing the rice husk size, D. At the same time, wall thickness, L, is always maximized

subject to the imposed constraint of 20mm. While not shown in Figure 6-4, strength increases

are increased by lowering the percentage rice husk, P. Because wall thickness is always

maximized, this result suggests that wall thickness is a limiting factor in the design.

6.5.2 Optimization 2: Continuous model, unbounded wall thickness

We explore the idea of limiting factors through this next optimization which uses the

same governing equations as Optimization 1 but does not have an upper bound on wall

thickness. The limits of 400 < D < 950 micron and 0.2 < P < 0.35 still hold. Figure 6-5

shows the results of Optimization 2. Point A, the current PHW filter design, does not have a

corresponding point on any of the curves on this plot because under this set of assumptions,

that point would not have the maximum flow rate possible for its bacteria removal and

strength.
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Continuous, unbounded wall thickness
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Figure 6-5: Optimization 2: Continuous model, unbounded wall thickness.

In this case, without constraints on wall thickness, flow rate and strength for higher

levels of bacteria removal can be increased substantially. The different strength curves are

seen to converge for higher values of bacteria removal indicating that these two aspects of

performance are correlated at these higher values. Figure 6-6 shows some of the parameter

values for the curve in Figure 6-5 corresponding to strength, S = 1.

115

12

10

L.

.2
LL

8

6

4

2

0



Continuous, unbounded wall thickness
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Figure 6-6: Continuous mode, unbounded wall thickness. Plotted with the parameter values.

As seen in Figure 6-6, in this scenario, bacteria removal is increased primarily by

increasing wall thickness, L. These wall thicknesses are so large that they are not feasible for

ceramics manufacturing. However, the lesson that increasing wall thickness improves overall

performance is still useful to know. In this optimization, percentage rice husk converges to its

maximum limit of 0.35 and rice husk size converges to 862im as bacteria removal is increased.

This indicates that, in this scenario, percentage rice husk is a limiting factor. Increasing wall

thickness also contributes substantially to increased strength which is why the strength curves

converge as bacteria removal increases.

6.5.3 Optimization 3: Discrete model, bounded parameters

For Optimization 3, the step-function relationships for flow rate and bacteria removal

with respect to rice husk size are used. It is important to test these assumptions because they

represent a different interpretation of the data available to us. The original constraints on the

manufacturing parameters from Optimization 1 are included.
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A model for flow rate can be built as follows with the values of the constants determined based

on the experimental data:

Q 8 P for D 5 650 microns
L

Equation 6-4

(P-O0.1)Q = 800 L for D > 650 micron
L

Equation 6-5

for

0.1 < P < 0.6

400 < D < 950 (micron)

3 < L < 20 (millimeter)

A filter with P = 0.2, L = 20mm and D = 800 micron is predicted to have Q = 4L/hr.

A filter with P = 0.2, L = 20mm and D = 400 micron is predicted to have Q = 0.04L/hr.

This reflects the hundred-fold difference in flow rates between the regions of smaller and larger

rice husk size.

A model for bacteria removal can be presented as follows:

B = 0.15(L - 2.8) for D 650 microns

Equation 6-6

B = 0.04(L - 2.8) for D 650 microns

Equation 6-7

for

400 < D < 950 (micron)

3 < L < 20 (millimeter)
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A filter with P = 0.2, L = 20mm and D = 800 micron is predicted to have B = 2.58LRV.

A filter with P = 0.2, L = 20mm and D = 400 micron is predicted to have B = 0.688LRV.

Equation 6-3 is again used to describe filter strength. The same constraints of

400 < D < 950 micron, 10 < L < 20mm, 0.2 < P < 0.35 are imposed on the manufacturing

parameters in order to avoid any extrapolation from the experimental data. A plot of

Optimization 3 is shown in Figure 6-7 with point A corresponding to the PHW filter.

Discrete, bounded parameters
25 ,

Multiples
20 of PHW

strength:

15
0.25

10+
o|

5
A

0 0.5 1 1.5 2 2.5 3

Bacteria Removal (LRV)

Figure 6-7: Optimization 3: Discrete model, bounded parameters.

In this case, filters with a rice husk size above 6501m have flow rates in the higher range

(9 to 23L/hr) while filters with a rice husk size below 650lim have flow rates in the lower range

(0.1 to 0.2L/hr). The blank area between the two regimes is an artifact of the sharp transition

used in this model. Figure 6-8 shows some of the parameter values associated with Figure 6-7.
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Discrete, bounded parameters
15

D = 650
P = 0.23 Multiples
L =15 of PHW

strength:
10 D = 760

P = 0.24--d 1

L = 20
-

D = 400 D = 400
P = 0.23 P = 0.34
L=11 L=19

0 A
0 0.5 1 1.5 2 2.5 3

Bacteria Removal (LRV)

Figure 6-8: Discrete model, bounded parameters. Plotted with the parameter values.

As with Optimization 2, bacteria removal is increased by increasing wall thickness, L.

Decreasing rice husk size also increases removal but causes flow rates to plummet to almost

zero. Because of this, with the limits imposed on wall thickness, there is not much room in this

scenario for design improvement

6.5.4 Optimization 4: Discrete model, unbounded wall thickness

For this optimization, we remove the limit on wall thickness while keeping the same

governing equations as for Optimization 3. The limits of 400 < D < 950 micron and

0.2 < P < 0.35 still hold. Figure 6-9 shows the results of this optimization. Point A, the current

PHW filter design, is again included for reference. The parameter values associated with the

strength, S = 1 curve are shown in Figure 6-10.
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Figure 6-9: Optimization 4: Discrete model, unbounded wall thickness.
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Figure 6-10: Discrete model, unbounded wall thickness. Plotted with the parameter values.
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In this scenario, the rice husk size never leaves the larger range and, like with

Optimization 2, bacteria removal is increased solely by increasing wall thickness. Again, the

wall thicknesses are impossibly high for filters made out of ceramic. In Figure 6-9, the different

strength curves collapse into a single line indicating that strength is not a limiting factor.

Percentage rice husk is always maximized indicating that it could likely be increased further

without hurting performance.

6.5.5 Synthesis of the optimizations

The results from the four optimizations show similar features. These optimizations

show that when reducing rice husk size is relied upon to increase bacteria removal, flow rate is

heavily penalized. This problem is circumvented by allowing wall thickness to increase, though

the optimal wall thickness values are substantially larger than can be supported by the ceramic

manufacturing process. The design implications of these optimizations are found in Chapter 7.

One of the objectives of this chapter is to demonstrate the use of optimization in the

study of the CPF. While the design appears to be rather limited with just these three

manufacturing parameters, with more parameters, it is expected that more and promising

solutions will emerge.
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Chapter 7: Conclusions, recommendations and future work

The goal of this thesis was to improve our understanding of the effects of manufacturing

parameters on filter performance and so help the millions of people who lack access to safe

drinking water. Chapters 2-6 addressed this goal through experimental studies, theoretical

analysis and optimizations. This chapter synthesizes these findings into a set of design

recommendation. These recommendations are followed by suggestions for future work and a

summary of the contributions of this thesis.

7.1 Design recommendations

7.1.1 Choice of manufacturing parameter values

In this study, we considered three aspects of filter performance: flow rate, bacteria

removal and strength, and three manufacturing parameters: percentage rice husk, rice husk

size and wall thickness. The best choice of manufacturing parameter values depends on the

relative importance of the different performance goals to the given manufacturer. As can be

seen in Figures 6-3 to 6-10, improving one aspect of performance reduces performance in the

7
other areas . Therefore, the design recommendations must be tailored to the manufacturers'

goals.

The author's design recommendations are as follows:

* If you want to increase bacteria removal, the best way is to increase wall thickness.

Considering that increasing wall thickness makes firing more difficult and the filter heavier,

wall thickness should only be increased within reasonable bounds likely determined by trial

and error. If wall thickness cannot be increased further, but higher bacteria removal is still

needed, it may be necessary to decrease rice husk size, even though this would substantially

decrease flow rate.

7 The exception is for very high bacteria removal levels which also exhibit high strength values

(see Figure 6-5 especially).
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* If you want to increase flow rate, the best way is to increase percentage rice husk. If flow

rate is still significantly slower than desired, it may also be necessary to increase rice husk

size, though this would be at the expense of bacteria removal.

e If you want to increase strength, the best way is to decrease percentage rice husk and/or

increase wall thickness. If additional strength is still needed, it may be necessary to

decrease rice husk size, though this would substantially decrease flow rate.

While the above are not the only ways to achieve these goals, they are the best ways to

achieve them via manipulation of the three manufacturing parameters as informed by this

author's current understanding of the CPF.

7.1.2 Controlling rice husk size

In order to keep a consistent flow rate between filters produced at the factory, the size

of the rice husk should be tightly controlled. This recommendation is made in light of the

sensitivity of flow rate to rice husk size as shown throughout this thesis. Keeping rice husk size

consistent is important in order to avoid high rejection rates at the factory due to highly varying

flow rates. If a factory is having quality assurance issues, the cost of removing rice husk

particles that are too large or too small is likely to be negligible in comparison to the cost

savings from having a higher percentage of filters pass quality control.

Control of rice husk size can be achieved in two ways:

* Sieve the rice husk at the top and bottom of a narrow range of sizes (a few hundred

microns). This method ensures that even if the distribution of rice husk sizes is inconsistent

within the allowable size range, the range is narrow enough that the inconsistency will not

significantly affect performance.

" Use a wider range of rice husk sizes (closer to a thousand microns) but carefully control the

distribution of sizes within that range. This may mean sieving the rice husk into a few

narrow ranges and then mixing rice husk from each pile in the desired ratio.

The former method would be easier to implement but involves discarding more rice husk due

to the narrower acceptable range. In addition, the implications of using a narrow range of rice
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husk sizes as opposed to the wider ranges currently used at the factories has not yet been

determined making it unclear at this time if this method will produce the desired results. The

latter method would be more difficult to maintain, though if achievable, it would improve

consistency with the least change in current production.

7.1.3 Additional design recommendations

* Monitor wall thickness and percentage rice husk: While it may go without saying, wall

thickness and percentage rice husk should also be tightly controlled. Most factories already

achieve this, although issues such as press misalignment should be monitored.

" Hydraulic head and surface area: While many factories already consider hydraulic head and

surface area when designing the shapes of their filters, the results from Section 5.5.1

confirm that hydraulic head can be increased without hurting bacteria removal.

* Completeness of rice husk combustion: While complete combustion may be desired, the

findings in Section 5.3 suggest that it is not necessary to prioritize this aspect of the CPF

manufacturing process.

7.2 Future work

The study of the CPF is an active one, and this author has identified a number of areas

where additional work is needed. This work can be organized by the original objectives of this

thesis.

7.2.1 Objective one: Relationships between manufacturing parameters and performance

* Expand the matrix: A number of studies of the CPF have emerged over the last few years

which explore the relationships between manufacturing parameters and aspects of filter

performance other than the ones studied in this thesis. The parameter/performance matrix

should thus be expanded to include columns and rows for these other variables of study,

and these new cells should be populated with the results from these existing studies. An

example of an expanded matrix is shown in Table 7-1.
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Table 7-1: Extended parameter/performance matrix.

Performance metrics

Bacteria Bacteria
removal removal Virus Protazoa Turbidity

Flow rate without silver with silver removal removal removal Strength ...

Percentage rice

husk or sawdust

Rice husk or

sawdust size

Combustible

shape
Maximum firing
temperature
Clay

chemistry

Clay powder size
and shape

Wall
thickness

e Fill in the gaps: Additional experimental and theoretical studies should be conducted to

continue to fill in the gaps in the expanded matrix and to strengthen the results in the

existing cells of the matrix. When adding to the existing cells in the matrix, a wider range of

parameter values should be studied in order to determine the upper and lower limits for

parameters such as percentage rice husk and wall thickness. In the case of new areas of the

matrix, efforts should be made to study parameters in such a way that the results are

continuous and expandable. For instance, instead of studying clay from one country versus

clay from another country, effort should be made to continuously vary the composition of

the clay (possibly by mixing two types of clay in a series of different ratios) in order to find

an analytical relationship between clay characteristics and filter performance.

* Further investigate rice husk size: This author identified rice husk size as an extremely

important and inadequately understood manufacturing parameter. This author would like

to see significant work towards understanding this parameter, including strengthening the
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results in this thesis and investigating the effects of the distribution of rice husk sizes within

a wider size range.

* Investigate parameter interactions: The interactions between manufacturing parameters

should be studied. While this author only looked at one parameter/performance

relationship at a time, the interactions among parameters is expected to be meaningful.

7.2.2 Internal mechanisms

A number of questions surrounding the internal mechanisms of the CPF were addressed

in detail in Chapter 5 of this thesis. Substantative investigations into these questions were

conducted in this thesis, but more work is needed to provide definitive answers. Through

addressing these questions, a more definitive understanding of the CPF can be built which can

be used to make further improvements to the design. Outstanding research questions are

presented below along with suggestions for directions of future work:

" Does increasing flow rate reduce bacteria removal? If so, flow rate cannot be increased

without hurting removal effectiveness, regardless of the way in which it is increased. In this

thesis, the author found no net change in removal over a wide range of flow rates varied by

adjusting the hydraulic head. However, removal levels varied within the range tested, and

more data is needed to understand this effect.

" Does incomplete combustion harm or help bacteria removal and flow rate? CPF

manufacturers spend significant effort trying to control the completeness of firing. A better

understanding of the effects of incomplete combustion will help channel those efforts more

effectively. In this thesis, the author found no correlation between incomplete combustion

and bacteria removal and flow rate. More data is needed to verify or refute this finding. In

addition, the effect of incomplete combustion on strength was left untested.

" How does hydraulic head affect flow rate? A linear relationship between hydraulic head

and flow rate implies laminar flow. This in turn affects the flow rate and filtration models

which should be considered when modeling the CPF. While this study determined a linear

relationship, more data would help to verify this finding.
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* How does rice husk size translate into pore size and shape? Understanding this

relationship could explain the differences between rice husk and sawdust and could suggest

an ideal rice husk size to use. In this thesis, the author proposes three possible pore size

models based on hydraulic diameter, a fractional diameter and intrinsic clay pore size. She

also suggests that two or more pore size regimes may exist as a function of rice husk size.

Further exploration of this topic is needed as pore size greatly impacts CPF performance.

* What is the correct scaling factor (if any) for the Carman-Kozeny model of flow rate? The

Carman-Kozeny model for flow through a porous media seems to be a logical model to use

for the CPF. However, without knowing if and how large a scaling factor should be used, it

is not possible to verify the applicability of the model. In this study, the author used the

droplet test to determine a scaling factor of 1/100. However, a more rigorous study is

needed to solidify this aspect of the flow rate model.

e What is the value of the removal constant of filtration, a? In a collision-based filtration

model or any filtration model besides mechanical screening, filtration effectiveness is scaled

by a removal constant. Because of this, increasing the removal constant increases

contaminant removal efficiency. This author did not investigate the value of a and a full

study of its value, how it can be increased and the effects of increasing it is needed.

* How is tortuoisty affected by rice husk size? Changes in tortuosity have large effects on

both flow rate and bacteria removal. This author's preliminary results show tortuosity to be

constant for rice husk sizes above 400im. However, further analysis and explanation of this

finding is needed. In addition, a study of the effects of percentage rice husk on tortuosity

would be valuable. If tortuosity can be manipulated, it will have implications for both flow

rate and bacteria removal.

7.2.3 Design recommendations

e The design recommendations in Section 7.1 should be tested in a laboratory and in a pilot

factory setting.
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* As the parameter/performance matrix is expanded and improved, optimizations such as the

ones described in Chapter 6 should be rerun with the new information in order to yield

additional design recommendations.

7.3 Summary of contributions

Numerous contributions to the field of ceramic pot filters were made in this thesis

through asking new questions about the CPF and making progress in determining the answers

to those questions. The contributions are listed below:

" Choosing important variables for study: Three manufacturing parameters and three

metrics of performance were identified as important for study. The three parameters are

percentage rice husk, rice husk size and wall thickness. The three metrics of performance

are flow rate, bacteria removal and strength. Both wall thickness and rice husk size were

previously largely unstudied. Similarly, strength was relatively unstudied (Chapter 1).

" Creating a framework for the relationships between variables: The manufacturing

parameters and performance metrics were organized into a matrix, effectively showing the

current state of knowledge and the areas where more work is needed (Chapter 2).

" Consolidating results from the literature: Previously determined relationships between

variables were consolidated from the literature into the matrix (Chapter 2).

" Collecting new experimental data: The author collected new experimental data for five

cells of the matrix:

* Wall thickness/flow rate;

* Wall thickness/bacteria removal

e Rice husk size/flow rate;

e Rice husk size/bacteria removal;

* Rice husk size/strength.

Through this effort in combination with the consolidated results from the literature, all of

the cells of the three by three parameter/performance matrix were populated (Chapter 4).
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" Compiling a set of questions about the CPF internal structure and mechanisms: In order to

build a theoretical model of the CPF, a number of questions about the internal structure

and mechanisms of the CPF were addressed (Chapter 5).

" Building theoretical models for flow rate, bacteria removal and strength: Preliminary

models for flow rate, bacteria removal and strength were proposed and tested against the

experimental data (Chapter 5).

" Designing and running optimizations: The experimental and theoretical relationships

between manufacturing parameters and performance metrics were translated into

equation form. An expandable method for running optimizations for the CPF was

introduced and four optimizations using different sets of assumptions were run (Chapter 6).

* Design recommendations: The findings from the experimental data, the theoretical

analysis and the optimizations were consolidated into testable design recommendations

(Chapter 7).

As ceramic pot filter production continues to scale-up, it is hoped that the work

presented this thesis will help to push the design forward.
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Appendix A: Studies from the literature included in Table 2-1

A.1 Percentage rice husk and flow rate

Rayner [14]: "Flow rate was increased with an increased burn-out material to clay ratio by

weight and with increased particle size of the same ratio." This result is shown in Figure A-1

reprinted from [141 with the original caption. The numbers in the legend refer to the US sieve

numbers of the meshes between which the rice husk or sawdust was sieved as described in

Table A-1, reprinted from [14] below.

Figure A-1: Average flow rate in relation to particle size and ratio with clay from Indonesia

and rice husk (RH) or sawdust (SD). Reprinted from [14] Figure 18.

Table A-1: Sieve size conversions. Reprinted from [14] Table 1.

US sieve Tyler equivalent Opening (mm)

8 8 2.38

16 14 1.19

30 28 0.595

60 60 0.25
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Gensburger [15]: "Flow rate is linearly related to rice husk quantity." This result is shown in

Figure A-2 reprinted from [151 with the original annotations.

Results - Rice Husk Quantity Variations
First and Second Batch Series (Without Silver)

Flow rate is linearly related to rice husk quantity

Pearson correlation coefficient

2- r 0.924

201 - - -

*r : 0.980
*

15-

0~~ 1, 11~ 12e1314n1

10

12lc 1 efes (WtSesn

Rice Husk Quantity Ir the Clay WMx (kg I batch of 6 pots)

Figure A-2: Rice husk quantity and flow rate. Reprinted from [15] page 11.

Plappally [16]: "Average cumulative discharge... is seen to increase with increases in amount of

sawdust." This result is shown in Figure A-3, reprinted from [16] with its original caption. The

filters in this study were made with sawdust, not rice husk as the combustible. The numbers in

the legend refer to the ratio of clay to sawdust, for example the "65-35" filter is composed of

35% sawdust by mass.
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Figure A-3: Measurement of discharge from three distinct filters for a duration of 24 hours.

Reprinted from [16] Figure 3.15.

Miller [17]: "As the percentage of rice husk increases, the flow rate increases." This result is

shown in Figure A-4, reprinted from [17] with its original caption. This author interprets the

linear regression to mean that Miller interpreted the data as having a positive linear

relationship between percentage rice husk and flow rate.

Fitted Line Plot
flow rate (Ljhr) 8.794 + 0.8364 % Rice Husk

10 12 14 16 18 20 22
%Rice Husk

S 1.44416
R-SQ 86.6%
R-Sq(ad]) 86.1%

24 26 28

Figure A-4: Flow rate vs. percent rice husk. Reprinted from [17], Figure 4-17.
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Lantagne [18]: "Higher percentage sawdust [leads] to higher flow rates." This result is shown in

Figure A-5, reprinted from [18] with the original caption. The filters in [18] were painted with

silver and used sawdust as the combustible.

8

7-

6-+- 40% clay / 60% sawdust

-- 45% clay / 5S% sawdust
- 5-50% clay / 50% sawdust

of 55% cay / 45% sawdust

4-60% clay / 40% sawdust
Controh 55% clayj 4 sawdust

2

I

Week 1 Week Week 3 Week 4 Week s

Figure A-5: Flow rate in clay: sawdust ratio testing filters. Note: Results presented are

averages of triplicate samples. Reprinted from [18] Figure Sa.

Miller [20]: "A series of two-sample T-tests assuming unequal variances with 95% confidence

showed a direct relationship between increasing flow rate and increasing percent combustible

by mass for filters 1 through 6 with rice husk. A similar relationship was not found for filters 7

through 12 with sawdust, however, the two filters with the highest percent combustible by

mass, 11 and 12, had statistically higher flow rates than the other four filters with lower

percent combustible by mass." These results are shown in Figure A-6 reprinted from [20] with

its original caption. The filters from this study were painted with silver.
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Figure A-6: Flow
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Saw Dust

11

rate of filter pairs 1-12, increasing percent combustible by mass, sorted by

combustible type. Reprinted from [20] Figure 5-52.

A.2 Percentage rice husk and bacteria removal

Gensburger [15]: Gensburger found "no correlation" between rice husk percentage and

bacteria removal. This result is shown in Figure A-7, reprinted from [15] with the original

annotations.
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Results - Rice husk quantity variations
Second Batch Series (without Silver Nitrate)

Box-and-whisker plots
6 -

r (flow rate, LRV) = -0.056
=> No correlation

4

2 --

1-

. Min Outlier x Max Outlier

0
B23 (9.7 kg) B24 (11 kg) B25 (12 kg) B21 (13 kg) B26 (14 kg)

Batch No. (kg rice husk per batch of 6 pots)

Figure A-7: Bacteria removal with mass of rice husk. Reprinted from [15] page 15.

Miller [17]: "The results...showed that, in a simple regression test, none of these production

variables [including percentage rice husk] predict how well a CPF removed total coliform

bacteria." These results are shown in Figure A-8, reprinted from [17] with the original caption.

Miller's experiments used total coliform instead of E. coli as the indicator for bacteria removal.
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Figure A-8: Total coliform LRV vs. percent rice husk. Reprinted from [17] Figure 4-1.

A.3 Percentage rice husk and strength

Plappally [16]: "[There was a] non-linear decrease in fracture toughness...with increase in the

volumetric content of sawdust." This is shown in Figure A-9, reprinted with the original caption.

The filters in this study were made with sawdust and fracture toughness was used instead of

moment at rupture to indicate strength.

0.8

S 0.7

0.6

2 0.5-' .
- 04 . - specimen1

00.3 ..-..-- Specimen 2

5 0.2
-&--Specimen 3

S0.1

0

20 30 40 50 60

Volume fraction of Sawdust in the CW %

Figure A-9: Fracture toughness as a function of the volume fraction of sawdust for the three

different T-specimens of clay ceramicware containing 25,35 and 50% sawdust by volume,

respectively. Reprinted from [16] Figure 4.6.
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Watters [19]: "All four categories [of filters] display a decreasing relationship between the

amount of combustible and bending strength." These results are shown in Figure A-10,

reprinted from [19] with the original caption.

3.00 4.00

Combustible Mass (kg)

Sawdust, No Grog

5.00

.i.a.

.5
0
2

a.
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4.0

2.0

0.0

2.

'7

00

0

S - -----

3.00 4.00

Combustible Mass (kg)

OSawdust, Grog

Figure A-10: Modulus of rupture vs. combustible mass, separate categories. Reprinted from

[19] Figure 5-2.

A.4 Rice husk size and flow rate

Rayner [14]: "Flow rate was increased with an increased burn-out material to clay ratio by

weight and with increased particle size of the same ratio." The results from this study can be

seen in Figure A-1.

A.5 Rice husk size and bacteria removal

Rayner [14]: "A smaller particle size with sawdust seemed more reliably effective and seemed

better able to accommodate more variation in [burn-out] ratio than disks manufactured with

larger particle sizes." This result can be seen in Figure A-11, reprinted from [14] with the

original caption. The mesh sizes in Figure A-11 are explained above in Table A-1. While the
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conclusions presented are for sawdust, no conclusions were reached for similar data gathered

for filters made with rice husk because, "none of the disks manufactured with rice husk met

both LRV and flow-rate criteria."

Log reduction values of disks manufactured with
clay from Indonesia and sawdust

7 0.8

6 0.7

5 0.6 g
>4 0.5 -

i3 -a30.3 go
2

1 0.1
0 0

1-8 1-9B 1-1OB 1-1OB 1-25 1-11 1-12 1-13 1-28 1-21
1.8 1.8R __ _

30/60 Disk Set 16/30 8/16

Figure A-11: Log reduction value of disks manufactured with Indonesian clay and sawdust.

Reprinted from [14] Figure 28.

A.6 Rice husk size and strength

No studies were found.

A.7 Wall thickness and flow rate

No studies were found.

A.8 Wall thickness and bacteria removal

Rayner [14]: "A reduction in disk thickness resulted in a reduction in [bacteria removal]

effectiveness." This result is shown in Figure A-12, reprinted from [14] with the original caption.

In Figure A-12, wall thickness decreases from left to right for each set of disks.
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Figure A-12: Log reduction value of disks manufactured to different thicknesses. Reprinted

from [14] Figure 30.

A.9 Wall thickness and strength

Watters [19]: "The R2 value for the given power relationship exceeds the R2 values obtained by

assuming a linear, exponential, or order-2 polynomial relationship, suggesting that the power

relationship is the best fit for the data." Watters' data along with a trend line for the power

relationship and one for the theoretical quadratic relationship are shown in Figure A-13,

reprinted from [19] with the original caption. The derivation of the theoretical quadratic

relationship is found in Equation 5-1 of Watters' thesis [19].
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Figure A-13: Moment at Rupture vs. thickness for samples manufactured from recipe #4.
Reprinted from [19] Figure 5-6.
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Appendix B: Bacteriological testing details

B.1 Standard method for culturing E. coli K12

The following standard method was modified from a protocol written by Andrew Jones,

a graduate student in the Mechanical Engineering Department at MIT:

Standard method for culturing E. coli K12

Chemicals/Organisms:
* Tryptone (8.Og)

e NaCI (0.5g)

e LB media plates (10)

e LB broth (500 mL, supports 109/mL E. coli)

- Freeze-dried E. coli K12 8 (1 vial)

* Distilled water (1.0L)

Equipment:
e Refrigerator (40C)

* Incubator (37 0C)

* Autoclave (121"C)

e Hood

Metal/Glassware:
e Glassware (>1L)

* Test tube (>5mL)

* Vial (>10mL)

e Test tube holder

* Pipettes (0.5mL, 5mL, 10mL)

e Sterile mix-sticks

Prepare the freeze-d
-

ried K12

Mix Tryptone (8.0g), NaCl (0.5g) and distilled water (1.0L) in a 1.5L

glassware.

Autoclave the mix at 1210C for 15 minutes

8 ATCC product code: 10798 Escherichia coli
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To be done in the hood:

e Pipette 0.5mL broth into the vial containing E. coli K12

e Mix the liquid in the vial into a slurry

e Add this slurry to 4.5mL additional broth

e Incubate broth on a shake table at 37"C for 8 hours

e Store broth at 40C, the broth will keep for one month

Streak a plate

Prepare broth

e Dip a sterile mix-stick into the broth and streak it onto the plate

e Incubate plate at 37 *C for 8 hours

e Store plate at 4*C, the colonies will keep for one month

e Pipette 1OmL LB broth into vial

e Dip sterile mix-stick into a colony on the plate

e Dip mix-stick into the broth

e Incubate the broth on a shake table at 37*C for 24 hours

e Store broth at 4"C, the E. coli will keep for 1 month

e When nearing the end of the month, streak a plate with E. coli from the

broth and repeat the above steps
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B.2 Agar plate preparation

The following protocol was modified from [28]:

Agar Plate Preparation
(Makes approximately 40 plates)

Making the LB agar
1. Add 500 mL of dH20 to a IL Pyrex jar.

2. Add to this:

5.0 g Tryptone

2.5 g yeast extract

5.0 g NaCl

7.5 g agar

3. Mix powder well to bring into solution.

4. Autoclave at liquid setting for 20 minutes making sure to loosen top.

5. Let agar cool to approximately 55 0C (you should be able to pick up the jar without a glove).

Pouring the Plates

1. Make sure the bench top has been wiped down with bleach/EtOH.

2. Remove sterile Petri dishes from plastic bag (save the bag for storage).

3. Pour a thin layer (5mm) of LB agar (~1OmL) into each plate being careful to not lift the cover

off excessively (you should be able to just open up enough to pour).

4. Swirl plate in a circular motion to distribute agar on bottom completely.

5. Let each plate cool until solid (approximately 20 minutes) then flip so as to avoid

condensation on the agar.

6. Store plates in plastic bags in fridge, upside down to avoid condensation on the agar.

Time to make two batches:

10 minutes to mix ingredient

90 minutes to autoclave

45 minutes to cool

20 minutes to pour
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Appendix C: Experimental data

Wall thickness / Flow rate
Percentage rice husk: 26.4%

Rice husk size: 400-1000micron

Surface area: 600 mmA2

Hydraulic head: 30cm

wall
thickness flow rate

sample (mm) (mL/s)

23e5 18.8 0.0133
23e5 17.6 0.01529
23e5 15 0.01987
23e5 10 0.03531
23e5 5 0.089
23d4 18 0.01108
23d4 16 0.01402

23d4 14 0.01851
23d4 12 0.02547
23d4 10 0.04256

23d4 8 0.05726
23d4 6 0.07282
23d4 4 0.08886
23e7 19 0.01064

23e7 18 0.01333
23e7 16 0.01518
23e7 14 0.0202

23e7 12 0.02698
23e7 10 0.03736
23e7 8 0.04741

23e7 6 0.05887
23e7 4 0.1018

23c5 20 0.01345
23c5 17 0.01501
23c5 12 0.02383
23c5 9 0.03624
23c5 3 0.1632
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Wall thickness / Bacteria removal
Percentage rice husk: 26.4%

Surface area: 600 mmA2

Hydraulic head: 30cm

rice husk wall
size thickness measured median

sample (micron) (mm) LRV LRV

3d4 400-500 20 2.26 2.14

34 400-500 20 2.13
3d4 400-500 20 2.19
3d4 400-500 20 2.14

3d4 400-500 20 2.1

3d4 400-500 16 1.61 1.64
3d4 400-500 16 1.64

3d4 400-500 16 1.67
3d4 400-500 12 0.93 1.12

3d4 400-500 12 1.12

3d4 400-500 12 1.16
3d4 400-500 8 0.64 .0.64

3d4 400-500 8 0.76

3d4 400-500 8 0.59

3d4 400-500 4 0.8 0.14

3d4 400-500 4 0.14

3d4 400-500 4 0.2

3d4 400-500 4 0.02

3d4 400-500 4 -0.16

23c5 400-1000 20 1.62 1.4

23c5 400-1000 20 1.4

23c5 400-1000 20 1.1

23c5 400-1000 17 1.19 1.32

23c5 400-1000 17 1.4

23c5 400-1000 17 1.32

23c5 400-1000 12 1.19 0.7

23c5 400-1000 12 0.51

23c5 400-1000 12 0.7

23c5 400-1000 9 0.63 0.57
23c5 400-1000 9 0.52 _
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23c5 400-1000 3 0.17 0.02

23c5 400-1000 3 0.02
23c5 400-1000 3 -0.39

2e4 500-1000 14 -309._64, -

2e4 500-1000 14 6

2e4 500-1000 14 0.64

2e4 500-1000 12. 0.28
2e4 500-1000 12 0,28
2e4 500-1000 12

2e4 500-1000 10 028

2e4 500-000 10 0126
2e4 500-1000 10 0.3

2e4 500-1000 30 35

2e4 500-1000 8

2e4 500-1000 8 _ 0.35

2e4 500-1000 6 0.42 0.

2e4 500-1000 6 0.427
2e4 500000 6 .12

2e4 500-1000 3.5 0.1 0.1

2e4 5001000 3.5-

2e4 500-1000 3.5

rice husk wall
size thickness measured median

sample (micron) (mm) LRV LRV
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Rice husk size / Flow rate
Percentage rice husk: 20%

rice husk wall hydraulic
size thickness area flow rate hydraulic conductivity

sample (micron) (mm) (mmA2) (mL/s) head (m) (m/hr)
121 355-420 20.21 431 0.0037 2.74 0.0002269

122 355-420 20.23 411 0.003 274 0.00019441

123 355-420 20.34 403 0.0039 2.74 0.000257&
124 355-420 19.53 432

131 420-590 19.8 435 0.0041 2.67 0.000252
132 420-590 20.39 417 0.0031 2.67 0.0002018
133 420-590 19.12 440 0.0032 2.67 0.0001844

134 420-590 20.34 439 0.0038 2.67 0.0002381

141 590-710 20.39 413 0.0374 2.68 0002487

142 590-710 21.04 434 0.0158 2.68 0.0010321
143 590-710 19.67 460 0.0115 2.68 0.0006609
144 590-710 21.11 412 0.0188 2.68 0.0012983
151 710-850 21.78 430 0.5783 2.75 0.0383739
152 710-850 20.95 439 0.55 2.75 0.0343937

153 710-850 20.52 419 0.4087 2.75 0.0261929
154 710-850 21.28 435 0.4277 2.75 0.0273731
161 850-1000 20.26 437 0.512 2.78 0.0306998

162 850-1000 20.49 453 0.344 2.78 0.0201543

163 850-1000 21.64 437 0.3695 2.78 0.0236646
164 850-1000 20.25 473
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Rice husk size / Bacteria removal
Percentage rice husk: 20%

rice husk wall
size thickness measured median

sample (micron) (mm) LRV LRV
121- 355-420 20.21 2126 2.26

121 355-420 20.21 2.44'

121 355-420 20.21 2 21

122 355-4D 20.23 3.86 3.86

122 355-4ZO 20.23 3.8
122 355-420 20:23 3.95
123 355-420 20.34 2.80 3.04

123 355-420 20.34 3.04

123 355-420 20.34 3.33

131 420-590 19.8 1.72 1.70

131 420-590 19.8 1.67

131 420-590 19.8 1.70

132 420-590 20.39 2.31 2.62

132 420-590 20.39 2.81

132 420-590 20.39 2.62

133 420-590 19.12 2.07 2.13

133 420-590 19.12 2.23

133 420-590 19.12 2.13

134 420-590 20.34 1.63 1.63

134 420-590 20.34 1.63

134 420-590 20.34 1.98

141 590-710 20.39 2.50 2.30

141 590-710 20.39 2.16

141 590-710 2039 2.30

143 590-710 19.67 4.45 3.68

143 590-710 19.67 3.68

143 590-710 19.67 2 15

144 590-710 21.11 2.24 2.38

144 590-710 2111 2.99

144 590-710 21.11, 238

151 710-850 21.78 0.70 0.47

151 710-850 21.78 0.41 _1
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152 710-850 20.95 0.35 0.35

152 710-850 20.95 0.31
152 710-850 20.95 0.80
153 710-850 20.52 0.77 0.77
153 710-850 20.52 0.73

153 710-850 20.52 0.78
154 710-850 21.28 0.82 0.82

154 710-850 21.28 0.68

154 710-850 21.28 1.07

161 850-1000 20.26 0.83 0.83
161 850-1000 20.26 0.91

161 850-1000 20.26 0.50
162 850-1000 20.49 0.83 '0.76
162 850-1000 20.49 0.76,

162 850-1000 20.49 0.59
163 850-1000 21.64 0.94 0.89
163 850-1000 21.64 0.83

163 850-1000 21.64

rice husk wall
size thickness measured median

sample (micron) (mm) LRV LRV

Rice husk size / Strength
Percentage rice husk: 20% (Approximate calculations

Wall thickness: 7.4mm not reported in the text)

rice husk load at max
size rupture moment width stress

sample (micron) (N) arm (m) (m) (Mpa)

11 208-355 2069 0.01432 0.0220 150

12 355-420 898 0.01706 0.0220 78
13 420-590 1083 0.01495 0.0239 75
14 590-710 499 0.0136 0.0234 32
15 710-850 333 0.01233 0.0241 19
16 850-1000 207 0.0164 0.0228 16
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Factory / Strength
Wall thickness: 7.4mm

rice husk percentage
size rice husk max force

sample (micron) (%) (N)

Hydrologic 1 0-1000 26.4 2363

Hydrologic 2 0-1000 26.4 506

Hydrologic 3 0-1000 264, 2051

Hydrologic 4 0-1000 26:4 1890

Hydrologic 5 0-1000 264 1664

PHW 1 0-1500 20 588

PHW 2 0-1500 20 528

PHW 3 0-1500 20 676

PHW 4 0-1500 20 557

PHW 5 0-1000 20 680

PHW 6 0-1000 20 479

PHW 7 0-1000 20 630

PHW 8 0-1000 20 718

Throughput: first prelim test
Percentage rice husk: 26.4%

Rice husk size: 400-1000micron

Surface area: 600 mmA2

Wall thickness: 20.06mm

Hydraulic head: 30cm

flow rate median
sample (mL/s) LRV

23c5 0.01047 1.97

23c5 0.01137 2.00

23c5 0.01184 1.74

23c5 0.01238 1.14

23c5 0.01288 1.40

23c5 0.01359 1.32

Throughput: second prelim test
Percentage rice husk: 20%

Rice husk size: 590-850micron

Surface area: 412mmA2

Wall thickness: 24.67mm

Hydraulic head: 2.74m

flow rate median
sample (mL/s) LRV

321 0.45 2.17144635

321 0.29 2.18078638

321 0.26 2.0546691

321 0.24 1.84354421

321 0.24 1.89906154

321 0.24 1.80413009

321 0.24 1.83070699
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Hydraulic head
Percentage rice husk: 20%

Rice husk size: 590-850micron

wall f low
thickness area hydraulic -ate median

sample, (MM) (mm^2) head (m) (mL/s) LRV

2 12.38 375 2.74 0.62 3.07

324 12.38 375 2.13 0.A45 2.84

324 12.38 375 1.52 0.30 1.89
324 12.38 375 0.91 0.13 2.84

324 12.38 375 0.30 0.03 3.46
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Appendix D: Optimization data
D.1 Optimization 1

For S>=0.5
set B solver finds F D P L

B F D P L
0.6 10.4 860 0.23 20
0.8 9.7 830 0.27 20

1 8 800 0.3 20
1.2 6.2 770 0.32 20

1.4 4.7 740 0.33 20

1.6 3.5 710 0.34 20
1.8 2.6 680 0.34 20

2 1.9 650 0.35 20
2.2 1.3 619 0.35 20

2.4 1 589 0.35 20

2.6 0.7 559 0.35 20

2.8 0.5 529 0.35 20
3 0.4 499 0.35 20

3.2 0.3 469 0.35 20
3.4 0.2 439 0.35 20

For S>=0.75

set B solver finds F, D, P, L

B F D P L

0.8 6.2 830 0.21 20

1 6 800 0.25 20

1.2 5 770 0.27 20
1.4 3.9 740 0.29 20

1.6 3 710 0.31 20

1.8 2.3 680 0.32 20

2 1.7 650 0.32 20

2.2 1.2 619 0.33 20

2.4 0.9 589 0.34 20
2.6 0.7 559 0.34 20
2.8 0.5 529 0.35 20

3 0.4 499 0.35 20

3.2 0.3 469 0.35 20

3.4 0.2 439 0.35 20
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For S>=1
set B solver finds F, D, P, L

B F D P L

1 4 800 0.2 20

1.2 3.8 770 0.23 20

1.4 3.2 740 0.26 20

1.6 2.6 710 0.27 20

1.8 2 680 0.29 20

2 1.5 650 0.3 20

2.2 1.1 619 0.31 20

2.4 0.8 589 0.32 20

2.6 0.6 559 0.32 20

2.8 0.4 529 0.33 20

3 0.3 499 0.33 20

3.2 0.2 469 0.34 20

For S>=1.5

set B solver finds F, D, P, L

B F D P L

1.6 1.6 710 0.21 20

1.8 1.4 680 0.23 20

2 1.1 650 0.25 20

2.2 0.9 619 0.26 20

2.4 0.7 589 0.27 20

2.6 0.5 559 0.28 20

2.8 0.4 529 0.29 20

3 0.3 499 0.3 20

3.2 0.2 469 0.31 20

For S>=2

set B solver finds F, D, P, L

B F D P L

2.2 0.6 619 0.22 20

2.4 0.5 589 0.23 20

2.6 0.4 559 0.25 20

2.8 0.3 529 0.26 20

3 0.2 499 0.27 20
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D.2 Optimization 2

For S>=1
set R solver finds F Dl P L

B F D P L

1 9.8 897 0.31 52
1.5 8.4 881 0.25 59

2 6.5 864 0.35 63
2.5 5.2 863 0.35 77

3 4.4 863 0.35 92
3.5 3.8 863 0.35 106

4 3.3 862 0.35 121

4.5 3 862 0.35 135

5 2.7 862 0.35 149

For S>=2
set B solver finds F, D, P, L

B F D P L
1 6.9 916 0.28 78

1.5 6.9 895 0.32 73

2 6.1 883 0.34 80
2.5 5.2 863 0.35 77

3 4.4 863 0.35 92

3.5 3.8 863 0.35 106

4 3.3 862 0.35 121

4.5 3 862 0.35 135
5 2.7 862 0.35 149

For S>=3
set B solver finds F, D, P, L

B F D P L

1.5 5.7 905 0.3 90

2 5.5 891 0.33 90

2.5 5.0 882 0.34 98

3 4.4 863 0.35 92
3.5 3.8 863 0.35 106

4 3.3 862 0.35 121

4.5 3 862 0.35 135
5 2.7 862 0.35 149

153



For S>=4
t BD lrI~~ fidc F D L

B F D P L

1.5 4.9 913 0.29 108

2 4.9 898 0.31 103

2.5 4.6 888 0.33 106

3 4.2 881 0.35 115

3.5 3.8 863 0.35 106

4 3.3 862 0.35 121

4.5 3 862 0.35 135

5 2.7 862 0.35 149

For S>=5

set B solver finds F, D, P, L

B F D P L

2 4.5 904 0.3 115

2.5 4.3 893 0.32 116

3 4 885 0.34 122

3.5 3.7 878 0.35 130

4 3.3 862 0.35 121

4.5 3 862 0.35 135

5 2.7 862 0.35 149
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D.3 Optimization 3

For S>=0.25
set B solveir finds F DP, ,

B F D P L
0.3 22.9 651 0.31 10

0.5 17.8 651 0.35 15
0.688 13.6 651 0.35 20

1.1 0.2 600 0.32 10
1.9 0.1 400 0.35 15

2.3 0.1 400 0.35 18

For S>=0.5

set B solver finds F, D, P, L

B F D P L

0.3 15.6 650 0.21 10

0.5 15.9 651 0.31 15

0.688 13.6 650 0.35 20

1.1 0.2 400 0.29 10

1.3 0.2 400 0.32 11

1.5 0.1 400 0.33 13
1.7 0.1 400 0.35 14

1.9 0.1 400 0.35 15

2.1 0.1 400 0.35 17
2.3 0.1 400 0.35 18

2.5 0.1 400 0.35 19
2.5 0.1 400 0.35 19

For S>=1
set B solver finds F, D, P, L

B F D P L

0.5 11.4 650 0.23 15

0.688 9.3 760 0.24 20

1.3 0.1 400 0.23 11

1.7 0.1 400 0.31 15
2.1 0.1 400 0.32 17
2.5 0.1 400 0.34 19
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D.4 Optimization 4

For S>=1

set B solver finds F, D, P, L

B F D P L

0.5 11.4 651 0.23 15

1 9.71 653 0.35 28

1.5 6.75 652 0.35 40

2 5.15 652 0.35 53

2.5 4.17 652 0.35 65
3 3.5 652 0.35 78

3.5 3.01 652 0.35 90

4 2.65 652 0.35 103

4.5 2.36 652 0.35 115

5 2.13 652 0.35 128

For S>=2

set B solver finds F, D, P, L

B F D P L

1 8.23 650 0.3 28

1.5 6.75 652 0.35 40
2 5.15 652 0.35 53

2.5 4.17 652 0.35 65
3 3.5 652 0.35 78

3.5 3.01 652 0.35 90

4 2.65 652 0.35 103

4.5 2.36 652 0.35 115

5 2.13 652 0.35 128

For S>=4

set B solver finds F, D, P, L

B F D P L

1.5 5.8 651 0.3 40

2 5.0 651 0.34 53

2.5 4.2 724 0.35 65

3 3.5 791 0.35 78

3.5 3.0 832 0.35 90

4 2.7 859 0.35 103
4.5 2.4 877 0.35 115

5 2.1 891 0.35 128
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Glossary
Adsorption: The adhesion of particles to a surface.

Agar plate: A petri dish filled with a growth medium for culturing micro-organisms.

Bacteria removal: The percentage of bacteria removed by a filter, often expressed as a

logarithmic reduction value (LRV).

Biocide: A substance which damages a harmful organism through chemical or biological means.

Bubble point test: A test where air is forced against the inside of a submerged filter. The

pressure corresponding to the first bubbles seen on the outside of the filter is used to

calculate a characteristic pore length.

Bulk Reynold's number: A dimensionless number used to determine whether flow through

porous media is laminar or turbulent.

Capillary radius: When modeling a porous media as a bundle of pipes, the capillary radius can

be used to describe the radius of one of those pipes.

Characteristic pore length: A measure of characteristic pore size that corresponds to the

minimum diameter through which a liquid needs to pass in order to breach the sample.

Characteristic pore size: The size in units of length that best describes the dimensions of the

pores in the filter.

Collision percentage: The percentage of particles that approach a filter surface that collide with

it.

Colony-forming unit (cfu): The number of viable bacterial cells in a unit of liquid typically

reported as cfu/mL.

Combustible: A material incorporated into the unfired ceramic pot filter (CPF) that combusts

upon firing leaving a void in its place. In this study, ground rice husk is used as the

combustible. Saw dust has been used in other studies.

Continuous model: A model of a system that assumes behavior varies smoothly with changes in

the variables.

Diffusion: When particles are brought into contact with a filter surface as a result of the random

movement of particles suspended in a fluid (also called Brownian motion).
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Discrete model: A function whose adjacent points are not necessarily on the same curve.

Disease burden: The total impact of public health problems on society including the financial

cost, mortality, morbidity and other indicators.

Disk: In this study, a small circular sample cut from the bottom of a ceramic pot filter or

produced specially for use in the experiments.

Escherichia coli K12: A rod-shaped bacterium commonly found in the lower intestine of warm-

blooded organisms. The K12 strain is non-toxic for humans.

Effluent: Fluid flowing out of a filtration system. In this case, water that has passed through the

ceramic pot filter.

Fecal-oral route: The route of transmission of diseases in which pathogens in feces are passed

to new hosts through the mouth, often from drinking contaminated water.

Filtration mechanism: The process by which contaminants are removed from the water.

Mechanisms include sedimentation, adsorption and screening among others.

Fine-grain model: A model that addresses the micro-structure of the system.

Flow rate: Volume of liquid per unit time exiting the ceramic pot filter.

Fractional rice husk size: An interpretation of characteristic pore size as a fraction of the rice

husk size.

Granular media filtration: Water filtration that works by passing liquid through a layer of sand

(or other media) such that particles suspended in the liquid are caught in the media.

Half crack length: The length of a crack within a brittle material. Given an applied stress, if the

half crack length exceeds a critical value, the material will fracture.

Hydraulic conductivity: The ease with which a fluid can move through a porous media

measured in units of length per unit time. Hydraulic conductivity is independent of

characteristics of the fluid.

Hydraulic diameter: A measure of a characteristic diameter of an irregular shape. It is defined

as four times the cross-sectional area divided by the perimeter.

Hydraulic head: A measure of water pressure at a point. It is reported in units of length

corresponding to the height of water above the point.
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Improved water: Water from a source which is protected from outside contamination,

especially fecal matter.

Incomplete combustion: Occurs when there is not enough oxygen to allow the fuel to react

completely. The result is a carbon residue.

Inertia: In turbulent flows, collision of particles with the internal surface of the filter caused by

momentum.

Influent: Fluid flowing into a system. In this case, contaminated water before it has passed

through the ceramic pot filter.

Intrinsic clay pores: Microscopic pores in a ceramic material that arise from open space in the

alignment of the clay particles during firing. These pores exist independently of the

pores produced by introducing a combustible.

Laminar flow: Fluid flow whose motion is dominated by viscous forces. Flow in porous media is

almost always laminar due to the small sizes of the pores and the low flow rates.

Load cell: A device that is used to convert a force into an electrical signal.

Load at rupture: The amount of force applied to the ceramic pot filter disk that resulted in

material failure within the disk, expressed in units of force.

Logarithmic reduction value (LRV): A measure of the removal of micro-organisms from

contaminated water. An increase of one LRV corresponds to an order of magnitude

increase in contaminant removal.

Lysogeny/Luria (LB) broth: A nutrient-rich liquid in which to cultivate bacteria.

Manufacturing parameter: A manufacturing choice made when producing the ceramic pot

filter. In this study, the manufacturing parameters of interest are percentage rice husk,
rice husk size and wall thickness.

Maximum firing temperature: The maximum temperature reached in the kiln when firing the

ceramic pot filters.

Mechanical screening: Separation of particles based on size by pushing them against a mesh.

The particles that are larger than the holes in the mesh will be stopped.
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Mesh: A woven material with many small holes that can be used for separating out particles

based on size.

Modulus of rupture: The level of internal stress that results in the failure of a brittle material,

expressed as force per unit area.

Moment at rupture: The amount of torque applied to a brittle object which results in material

failure within the object, expressed as force multiplied by distance.

Non-wetting: When a liquid resists contact with a solid. When a drop does not wet to a surface,

it will not spread out on the surface but instead keeps its drop-like shape.

Parameter/performance matrix: A chart for organizing information about the ceramic pot filter

where each cell contains information about the relationship between a manufacturing

parameter and a metric of performance.

Path through the filter: Flow through a porous media can be modeled as flow through a bundle

of narrow pipes. A "path" through the filter is defined as one of those pipes.

Percentage rice husk: The mass of rice husk as a percentage of the mass of the dry ingredients

(clay powder and rice husk) used in production of the ceramic pot filter. Not to be

confused with porosity which is the volume percentage of void space within the total

volume of the fired filter.

Performance metric: A measure of the product's fulfillment of specific design goals. The

metrics of performance for the ceramic pot filter studied here are flow rate, bacteria

removal and strength.

Permeability: A measure of the ability of a porous media to allow fluids to pass through it

measured in units of length squared. Permeability is dependent on the characteristics

of the fluid as well as the characteristics of the porous media.

Phosphate buffered saline (PBS): A water-based salt solution used in biological research which

maintains an ion concentration level which is non-toxic to cells.

Physical properties: Measurable characteristics of the filter. These include characteristic pore

size, porosity and wall thickness.

Plating: Spreading a liquid sample of known quantity onto an agar plate in order to determine

the number of colony forming units (cfu) present in the sample.
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Pore height: When modeling contaminant removal, the vertical dimension of a pore left behind

by a rice husk particle.

Porosity: The volume percentage of void space within the total volume of the fired filter.

Pressure drop: The difference in total pressure between two points on a pipe. For this

application, pressure drop refers to the difference in pressure between the inside

surface and the outside surface of the filter.

Quality assurance: Efforts taken to increase the percentage of manufactured units which are

within the desired specifications. This is in contrast to quality control which is the

removal of out of specification units before distribution or sale.

Removal constant: The percentage of particles that collide with a filter surface which are

adsorped.

Rice husk: The hard, protective covering on a grain of rice.

Rice husk height: The length of the thin dimension of the rice husk, approximated in this study

as 100pim.

Rice husk pores: When the rice husk combusts during firing, void spaces are left where the rice

husk used to be.

Rice husk size: The length dimension of the openings of the mesh used to sieve the rice husk

before incorporation in the filter. Since the rice husk is sieved between two meshes

(thus discarding combustible that is too big or too small) rice husk size is the average of

the top and bottom mesh sizes. This term is not to be confused with "characteristic

pore size" which is the length value associated with the size of the pores within the

filter.

Rice husk size range: The difference in size between the top and bottom meshes that were used

to sieve the rice husk.

Scanning electron microscope: A microscope that uses a beam of electrons to produce an image

of a sample with resolution down to the nanometer range.

Sedimentation: When contaminants which are heavier than a fluid settle to the bottom over

time.

Sieving: Separating particles based on size using a mesh.
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Step function: A function that equals a different constant in different parts of the domain.

Strain energy release rate: The energy dissipated during fracture per unit of newly created

fracture surface area. The higher this value, the more energy is needed to fracture the

material.

Throughput: Total volume of fluid that has passed through the filter.

Tortuosity: The ratio between the length of the path that water must travel to traverse a

material and the wall thickness of that material.

Total coliform: A set of bacteria genera including E. coli whose presence in water indicates fecal

contamination.

Triplicate: Independent tests on three water samples from the same source are conducted.

This is done so that an average value from the three tests can be determined.

Turbid water: Water that appears cloudy due to the presence of suspended solids including dirt

and biological contaminants.

Turbulent flow: Fluid flow whose motion is dominated by inertial forces. Turbulent flows are

common when the fluid velocity is high.

Too numerous to count: When so many bacteria are present on an agar plate that it is not

possible to count the number of colonies accurately. This indicates that the incorrect

dilution was used.

Wall strength: In this case, strength is defined as the moment at rupture. Filters need to be

strong enough that they do not break when handled.

Wall thickness: The distance between the inside and outside surface of a ceramic pot filter or

the top and bottom surface of a filter disk.

Worm gear jack: A mechanism capable of exerting large forces through the mechanical

advantage produced by a worm gear.

Young's modulus: A measure of the stiffness of a material defined as the ratio of stress to

strain.

Zero readings: When no bacteria are detected in a sample of water. This indicates either an

absence of bacteria in the sample or an error in the testing procedure.
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