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CHAPTER |

INTRODUCTION

Diarrheal diseases kill approximately 1.3 milliosople annually, most are children aged 0-4
years (World Health Organization 2004). Contangdatater, as a result of poor or inadequate
sanitation, accounts for substantial mortality entthe leading cause of diarrhea in developing
countries; especially urban slums. In additioer, 3t6% annual urban population growth rate in
developing nations challenges and limits the safétiie drinking water supply (Schertenleib
2004). Fecal matter carrying pathogens can engewater supply in multiple ways: storm water
runoff, septic tank leakage, sanitary sewer systsrakage and overflow, and improper disposal

of human and animal waste (Santo Domingo 2007).

Parasites that spread throughout the environmehthaiman feces due to poor sanitation include
helminthes and protozoa, with particular interesused orAscaris lumbricoides, Giardia
intestinalis, Trichuris trichiura, Cryptosporidiuspp. and Taenia spronnberg et al. 2010).
Children age 2 to 12 are the target victim3 o€huris trichiuraandAscaris lumbricoide$Smith
2001). In areas where sanitation is non-existeimedfective (Tronnberg et al. 2010), these
parasites and protozoa cause diseases such asgclibhrrhea and typhoid. The helminthes
(parasitic worm) infections in the human stomaalsea by the microbes listed above are
ascariasis, truchuriasis (whipworm), and hookwoilrhese diseases cause both physical harm
and reduce scholarly and cognitive developmenti@wt et al. 2006). We are evaluating the

concept of viscous heating to define sanitatiofiegiions. Similar devices for non-fecal



applications have been reported. Yesilata (20@2ked on the rotation of mass between two
parallel disks. We have generated heat from boitha feces and fecal simulants by applying
shear stress with extruder types of equipment.t Rigabeen sufficient to sanitize the mass. For
watery solids paper, sawdust or grass clippingsdgootentially be added to increase viscosity.
Alternatively, allowing water in the heated masvaporize and then recycling the solids may
achieve sufficient temperature rise. Once tredterlfeces will be safe to handle or transport and

can subsequently be used in energy conversionrmuégral processes.

Preliminary design was evaluated using ComputatiBhad Dynamics (CFD). These
simulation programs have the ability to solve andlyze energy and mass balances
within any geometry. For the case of a shear oeatttese equations describe the mass
flow and temperature profiles. CFD is superiositaplified assumptions; such as, one-
dimension flow analysis methods using hydrauligirald lubrication approximations,
which are required with traditional approaches f@d 1996). CFD results gave the
initial geometries specifications prior to constrag, which, in turn, reduced significant

mechanical trial and error.

1.1 BACKGROUND

Viscous heating is a well-known phenomenon; teatgiek include polymer melts and sludge
dewatering. Rock formation is also associated wighous heating in nature. A discussion of
the contribution of viscous heating in the fieldgafology, along with modeling of the effects is
presented by Burg (2005), while the contributiowistous heating in magma deformation is

studied by Hess (2008)

In viscous heating, temperature rise is causedteyrial friction at high flow velocities (Sunden,

1992). Sunden showed viscous heating effectsraetbconvective flow across a circular

2



cylinder at low Reynolds numbers. To evaluateatischeating for this application fecal
simulants were used. Structural, thermal, andoelsstic properties for potatoes (Singh et al.
2008) indicate their potential as a simulant. Yagtal. (2011) investigated laminar duct flow
heat transfer with viscous dissipation for a Newaarfluid to define temperature distribution
within annular pipes. Finite difference analydishe heat transfer mechanisms for non-
Newtonian fluids in circular tubes showed that visg dissipation leads to high temperature in
processing fluids. Heat generated decreasesshesity of the fluid and results in less

temperature rise than for a material with constéstosity (Costa and Macedonio 2005).

Hooman and Ejlali (2010) included viscous heatimg correlation to improve flow simulation.
They explained liquid viscosity decreases with é@meental temperature which results in lower
pressure drop. Although they provided a theorksicution for both no-slip and slip flow in
cases with forced convection of liquid in a michmonel flow, no experimentation was included.
However, an analytical solution for nonisotherntahfwith wall slip provides a better
understanding of temperature rise in die flow fiecwelastic fluids (Lawal and Kalyon 1997).
Since the mathematical solution indicates the tghii measure the accompanied viscosity and
this analytical solution has the advantage of apfitbn over a varied range of viscosplastic
fluids. Depending on the resultant viscosity, &ipa of the processed product might be recycled
to sustain constant viscosity. Temperature digtidn due to viscous heating is discussed by

Collins (1983).

Whipworm, Trichuris trichiura, is found in the cecum, appendix, colon and reafimfected
people (Capitola, 2012). Research shows that wdripws common in moist, shaded, and warm
tropical and subtropical areas of the world. Tgasasite infects children of all age groups.
People infected by whipworm may suffer from diaeh&nemia, abdominal pain, nausea,
vomiting, tenesmus, and rectal prolapse (Cross)1986timates are that up to 800 million

infections occur by the eggs in contaminated $wilds, or drink. A femal@&richuris trichiura



produces 2,000 to 10,000 eggs per day which passles feces and spreads in the environment.
Once ingested by food or drink, embryonated eggshtend mature. Matured females start

laying eggs within 3 months after infecting the th@ross 1996).

The eggs generally take 70 days to mature. Disaasated tdrichuris trichiurainclude
diarrhea, anemia, and dehydration. This microasgas also found in cats throughout the
United States. The eggs hatch and the larvae enatuadults nourishing on the blood in the
large intestine wall. The matured organisms layseghich are carried by the feces of the
infected individual to the environment where thay survive in soil for years. Examining either
the feces or blood in the feces allows the orgamignibe detected. Bundy et al. (1985) studied
Trichuris andAscarisin Jamaica and found more people are susceptifladhuris. The

cognitive response in children was also shown tdte(Nukes et al. 1992).

1.2 OUR PROPOSAL

Developing a Shear Reactor Assembly That Treats FalcWastes

Section |. The objective of this project is to develop a dewitat can rapidly disinfect and
dewater wet, solid human and animal waste. Sheatoes that force mass through a small
opening (die) generate significant heat and press&twmmercial devices of this type are
commonly referred to as extruders and are usedtifdy to melt plastics, cook grains and
dewater solids. The die is basically a small pliog¥freactor that generates its own heat from
friction as a result of mass being forced througbsdricted opening at high pressure. Upon
leaving the die the high pressure is relieved arnydnaoisture is vaporized and released as steam.
For example, in the case of corn extrusion, thiel $bht remains has the appearance and texture
of cooked corn chips. The temperatures and pressingerved within the die are sufficient to
destroy microorganisms; however, the additionallmacsms of shear stress moving through the

die and pressure shock as steam escapes uporgledsncontribute to microbial destruction.



The result of combining all three mechanisms is éx#ruders have the potential to be highly
effective in sterilizing wet, solid waste. The etigeness of the device depends on several
variables including temperature, pressure, resigéne within the die (die geometry,
rheological behavior and mass flow rate), moistunetent, and rotational speed of the reactor
core. Pistons can also be used in place of augdéosde mass through a die, but may be more

complicated to operate.

This idea may be considered unconventional bedaesends well-known extrusion technology
to the treatment of human and animal wastes. Mopaitantly, the technology is able to address
the solicitation requirements. The device woulduiegino water or chemicals to operate
effectively; in fact, low water content is highlgsirable to maintain high viscosity. When
constructed of quality materials the shear readanponents would have a long, useful life with
little or no maintenance. The use of a motor to gothie device is anticipated, but a hand- or
foot-cranked version may be possible if the reguiceque can be achieved through a geared
mechanism (envision the rpm achieved by an olddasil, hand-cranked, batter mixer). The size
may be small: a hand portable device could addhesseeds of a single user or small group,
while one capable of treating the waste of a spmtimunity could be the size of a small trash
canister. In either case, the devices can be Utettieely as independent, decentralized units.
Small size also allows them to be private, discageteasily moveable without drawing attention.
Small device size also allows for easy replaceriretite case of failure. The device would work
quickly, within a matter of seconds, thereby mirzimg odors and attraction to flies as compared
to waste left untreated for hours or days. The wai®oved from the waste will leave as steam;
and, if condensed, would be a relatively clean nsderce that should be evaluated for
agricultural or other uses. Due to the dewatermoggss the solid mass to be disposed will be of
reduced volume, thereby resulting in easier anersafndling and movement, if required. The

existence of paper or fiber from tissue or mengsupplies mixed within the feces is not



expected to affect the performance of the devied,raay be an aide in retaining the desired

viscosity. The extruder is expected to work equaiyl with feces from both adults and children.

Section Il. The concept is simple: forcing mass through aebelts in increased temperature and
pressure that dewaters waste while destroying migemisms. The detailed design requires
development, testing and optimization. Step 1 geidorm a preliminary design using
Computational Fluid Dynamics (CFD) to define effeetsystem variables: mass flow rate, cone
torgue of the reactor and geometry and die dimassierom these inputs, CFD can determine
temperature and pressure gradients and mass resitier within the die. The objective is a
device that is simple, easy to use and understatdan operate optimally to sanitize the input
material. There are numerous design and operatiactrs to be considered. An example issue
to be addressed is that a device that is not apgredntinuously may take the die several
seconds for the friction to induce sufficiently higgmperatures and the possibility that electric
resistance or use of a lighter may be requiredebgat the die. Another example issue is to
define the effective viscosity ranges of the feeasl, if there are limitations, interchangeable die
designs that allow the treatment over a wide ra8tep 2 is to build a bench scale unit based on
the CFD results. Step 3 is to test the unit witldedanaterials and microorganisms in order to
compare and refine the CFD simulations and addiegdicity and ease of use. Experimental
validation should include temperature-time studescentage moisture change, viscosity issues,
microbial destruction effectiveness and reliabifitydies. A detailed chemical analysis of both
the steam and the solids can be used to deternfiather the separate streams have potential
value. If experimental data indicate that a modiiien of the design is required, then Step 4 is to

build a second, more effective, prototype. Step o itest the device on natural materials.

The performance data generated during Phase leadl to effective shear reactor geometry with
defined and proven operating ranges. Data willudelextruder effectiveness at reducing and

eliminating microbes in both model and natural seshples. Whether a motor is required or



whether a hand-cranked device is possible willdternined. Ease of operation, aesthetics and
cultural factors will be important considerationsevaluating the device performance. Data will
be sufficient to determine project viability andather further investment is reasonable. While it
is anticipated that different size extruders wéltequired for different applications, during Phase

1 only a laboratory-sized device will be developad tested.

Phase Il objectives will address evaluating thértetogy in practice. These devices can be
placed in the field and evaluated to define theiual effectiveness, ease of use and acceptability.
Not only will technical performance data be colketand evaluated, but the more general aspects
of people utilizing the technology will be a sigo&nt component of Phase II. These types of
guestions include acceptance of the technologytiyiduals and communities, ease of
understanding and use of the device and identifionghat degree waste extruders are capable of

improving the quality of life for those that usemh.



CHAPTER Il

COMPUTATIONAL FLUID DAYNAMICS

2.1 GOVERNING EQUATIONS

Typically, an extruder-die design depends on tetements, an accurate viscosity model, ability
to solve 3-dimensional flow equations and an objedunction to distinguish among designs.

An accurate flow prediction requires an accuraseasity model that includes the effects of shear
rate. When the viscosity correlations are unknaiva designer must define appropriate
equations prior to model development. For examplest polymers behave as a Newtonian fluid
at low shear rates; however, they become sheanitigriluids under high shear force. A flow
analysis requires a continuous viscosity correte@gtending over the full shear-rate range
observed in the analyzed fluid. The applicabitifya model depends on the representation of the
experimental data. When a power-law expressiontigdequate, a more suitable model, such as
those by Carreau-Yasuda, Bird-Carreau and Crosgbmaequired (Gifford 1996, Vlachopoulos

2003).

Comsol Multiphysics v4.2a (C-M) — a commercial Cperkage — can be used to analyze the
temperature profile within the reactor geometr@®MSOL MULTIPHYSICS 2011). C-M can
handle steady state, transient flow with heat éguatusing finite element algorithm in both two-

dimensional and three-dimensional geometries.



The flow is governed by the tir-dependent NavieBtokes equation. Equation 1 represent:s
vector form of the conservation of momentand Equation 2 is the continuity equation for

conservation of mass. The heat transfer in thd lomain i: described by equations 3 throt

5.

— M+F (1)

0 2

— ®3)

- 4)

-— = )

The terms @ and W, are added to the general I-transfer equation to include viscous hea
and pressure work effectBhe design is created usin-dimensional axisymmetr geometry.

Since the geometry is rotationally symmetric, it @ modeled as a 2D cross section (Fil).

Figurel. Design Model Setup and Boundary Conditions



All three velocity components must be includedhie model since the velocities in the angular
direction are different. The flow equations (6otlgh 8) for a stationary axi-symmetric geometry

are described Gresho and Sani (1998):

p(ei - ) e = (5 -5+ ©
) o) o
p(ulaa_vzl+wlaavzl)+§ =n[ia"r( aaV:’) aaz‘?]-l_F ®

For this model the volumetric force componeht$, andF, are set to zero. On the inner
cylinder wall, a sliding wall boundary conditionused to specify the velocities. The velocity
components in the plane are zero. The velocitypmmants in the angular direction are computed

by equation 9.

Wy =Tw (9)
2.2 ANALYSIS OF GEOMETRY

We describe how CFD is used to devise a shearoreidett would disinfect human feces by
performing a variable analysis. Once experimetdizh have been collected the CFD can be fine-
tuned for additional analysis. The geometry ofréector is rotationally symmetric and can be
modeled as a 2D cross section (Figure 2). At theraylinder wall a no-slip condition applies.
The outlet is set to atmospheric pressure andweletity is specified at the inlet boundary in z
direction. The initial conditions of 0 Pa and 283K are used. The inlet temperature is

maintained at 293K. An Open Boundary node witlexterior temperature of 293K is used for
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the outlet, although a non-uniform temperaturerithistion is expected (Dinh 1982). The angle

of the extruder is chosen to allow multiple spadiggjs with a single experimental device. By

fixing the shell and moving the core axially thesing can be adjusted. Use of an angle for a

final device is not anticipated.

Inner rotating cylinder

Outer stationary cylinder

Figure 2. Reactor Geometry Used for CFD Studies

Outlet

The geometry is meshed using an interactive tecienid\ total of 210 triangular elements are

created within a mesh area of 1.0%16. Table 1 shows the fluid properties assumedis th

study. The simulations were performed with statrgrully Coupled solver configuration. A

Parallel Sparse Direct Solver (PARDISO) was usezbtain simulation results.

Table 1. Assumption of Fluid Properties to Simellist CFD

Density,p 1000 kg/m
Viscosity, 1 5 Pa.s
Thermal conductivity, k 0.03 W/(m.K)

Heat capacity, £

4186 JI(kg.K)
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CHAPTER IlI

RHEOLOGY AND OTHER PHYSICAL PROPERTIES

3.1 EXPERIMENTAL METHOD

In order to measure the viscosity of different typé potatoes and wheat flour, we used a
rheometer from Bohlin Instruments Model CVOR 208s&Brunswick, NJ (Figure 3). A sample
was placed in a plastic cup within a ball mill of HINKY grinder from Phoenix Equipment,
Rochester, NY to create a paste. A 2.5 ml sampkybnge was passed inside the serrated

cylinder within the rheometer. The experiment wagormed at a 150-micron gap and 40°C.

Figure 3. CVOR Bohlin Rheometer
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First the sample whose viscosity would be measwaegitaken in a plastic cup with some balls
(Figure 4). Sample was kept in the white cup @éfigure 4) and polymer balls (left of figure 4)
were added. The cup was weighed to keep the weiighin certain limit. Weighing was

performed to achieve proper rotation of the cughexgrinder.

Figure 4. Plastic Cup (left) and Balls (right) farinding Feed

The cup with the sample was placed inside the grifdm Phoenix Equipment, Rochester, NY
model name Thinky (Figure 5). The sample was gdrfde one minute and uniform paste
produced in one minute. The Thinky grinder coultbeatically be switched off after one minute

of rotation.

Figure 5. Thinky Grinding Machine
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With a syringe 2.5 ml of sample was collected fitbie cup and passed inside the serrated
cylinder (left of Figure 6) of the rheometer. Thdirder was hammered on a rubber pad to settle
down the paste inside the cylinder properly andiooed that no bubbles existed. The rheometer
was set to zero after turning on. The user mu#irate the viscometer before using it every
time. The calibration includes making the gap zerd then setting to desired gap. In our
experiment, the gap was 150 micron. The rotatiradt Strew (right of figure 6) was set for

rotating inside the serrated cylinder while perfimgithe rheology experiment.

Figure 6. Serrated Cylinder (Left) and Rotating fB(Right)

A black rubber is always put around the cylindasf{ of Figure 7) mouth and water added on
the edge to keep the moisture content of the saaguistant during the experiment. In addition,
two half circular shape plastic plates (right ofidtie 7) are used to close the head of the serrated
cylinder. The half circular plates are kept wethngbaked filter papers. This arrangement

compensates for any moisture loss from the sample.
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Figure 7. Black Rubber (Left) and Plastic Semi-Gliac Plate with Filter Paper (Right)

Once the arrangement is ready with the sampleértbigl cylinder, the arrow was pushed to enter
inside the serrated cylinder (left of figure 8). #ithe rotating shaft enters inside the serrated
cylinder, the black rubber and the semi-circulasgt plates are placed. The final Setup is shown

in the right of Figure 8.

Figure 8. Final Setup for Viscosity Measurement

A heating system from PolyScience of Niles, llism@Figure 9) is used to maintain the
temperature during the experiment. The heatintesy$s a separate unit which works to cool or

heat the sample circulating water around the smtreylinder containing sample. The metallic
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body of the serrated cylinder is conducive to tfankeat efficiently. Most of our experiments

were run at 40°C.

Figure 9. Poly Science Water Circulating Heatingt8m

The Computer attached to the rheometer was tumeduod Bohlin shortcut was clicked. The
software for Bohlin instrument was launched. Bgkihg viscometry and typing the desired

temperature, experiment was begun (Figure 10).

Figure 10. Computer Demonstration for Viscosity ®@&athering

Near the upper left corner, an icon shows the teatpee rise over time. This is due to circulation
of hot water around the serrated cylinder to redegired temperature set by the user. When the

desired temperature is achieved, start button Vigsed to begin experiment. Between the upper
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middle and upper right corner, a clock showed wlicating that how many minutes (time) were
remaining to finish the experiment. In our expense the time required for each run was near
about 25minutes. At end of the each experimenteaunshowed up. Data are saved by clicking

“OK” for future use.

3.2 FAKE STOOL PREPARATION

Fake stool was prepared by mixing rice, soybeatepaalt, and water. The composition of fake
stool is given in table 2 (Sanitation Network Scie& Technology, 2012). Boiled rice was
weighed by a digital scale from Ohaus Corp, PineoBy NJ and salt was added proportionately.
A uniform and soft paste was produced by grindgrhixture for one minute in the THINKY
grinder. The soy bean paste was weighed and gnasind the same technique and added
proportionately to the previous salt-rice pastée Folution was heated and mixed in a beaker
and excess distilled water was added to allowdefit vaporization (Figure 11). A 110 gm
mixture was prepared. The paste was heated anebisfibr twenty minutes at 90°C. After
twenty minutes, the temperature of the heater nagased to about 150°C and the condition
was sustained for about ten minutes to boil upha&ure and confirm that no granular particle
existed. We followed a two-step heating protoogl o 80-90°C and then to 150°C) to avoid

burning the mixture when subjected to 150°C diyectl

Table 2. Composition of Fake Stool

Ingredient Percentage
Salt 12.2
Rice 18.5
Soy Bean Paste 33.8
Water 35.5

Numerous bubbles were observed from the uppercidhthe mixture. The mixture was

weighed every two or three minutes. When lessaghwevas observed, less than 100 g, 5-10 ml
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water was added. The mixture was stirred contislyaduring the entire experiment. The
sample was allowed to cool to room temperature. p@féormed rheology experiments with the

final mixture.

INING

Nl — T ™

(Y HNHMUH:

-

Figurell.Fake Stool Preparation

Results show that starch from potatoes and flaembles the viscous properties of fecal matter.
Figure 12 presents viscosity data for pig caedatken caecal, and human stool compared with
several starchy materials and fake stool (Dou@eff2). The graphical representation for fecal
matter follows a trend line similar to potato atalif except for potato starch. Similar plot would
be found for wheat and maize starch paste in @l889). Based on these data, we selected red
potato as our fecal simulant. To prepare fee(ptrate the extruder, red potatoes were boiled for
at least one hour. After 10-15 minutes, the skiis wvemoved and potatoes were mashed in a
ricer. For both slip and no slip condition werstéal for red potato. No significant difference was

observed.
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Figure 12. Shear Rate Decrease with Viscosityamous Feces and Simulants
3.3 MOISTURE CONTENT OF POTATO

Moisture content of potato was determined by weighieight and volume of the potato sample.
The paste was dried for two different drying pesidded potato boiled, peeled and cut into
pieces. A small piece was taken on a Petri dishwagighed. The piece was dried for about 6
hours in an oven at 3% and again weighed. The moisture content wasiledéd from the

values of initial weight and final weight.

Table 3.Moisture Content in Pieced Boiled Potaterad Hours of Drying at 35C

Initial Weight Final Weight Moisture Content
gm gm %
4.2860 2.1666 49.44
5.2632 2.2763 56.75
5.0162 2.4009 52.14
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Red potato was boiled, peeled and mashed. Smaliranod past was taken on a Petri dish,
spread over it and weighed. The paste was driedldout 22 hours in the same oven &t @5nd
again weighed. The moisture content was calculfated the values of initial weight and final

weight.

Table 4.Moisture Content in Boiled Mashed Potateré?2 hours of Drying at 45C

Initial Weight Final Weight Moisture Content
gm gm %
3.5004 0.7801 79.43
4.858 0.9716 77
4.8896 1.0978 77.54

As can be see, from the taldlethe moisture content of potato is much lower ttheat of
the values of given in tabke This is because of not mashing the potato in #se of first set
of data. The surface area for drying was signifigdower in first trial. Drying was faster for the
readings otable4, as potato was mashed and spread over the Rétriddso drying period was

fourth times for these values in comparison tovidlees mentioned in table 4. We have assumed

moisture content as 80% for entire calculatiorhis thesis.

3.4 DENSITY OF POTATO

Density of potato was determined in two ways-betord after boiling. The purpose was to
determine whether there is any contribution ofibgibn density and calculating the volume
processed in the gap of the shell and cone ofdhetor. Raw red potatoes were peeled and cut

into rectangular shape so that they can be fitant® ml cylindrical flux.

The flux was filled with small amount of water, péal on a digital weighing scale from Fisher

Scientific, Ohaus Corp. Pine Brook, NJ (Figure 43l tarred off. The volume reading of water
in the cylinder was recorded from the calibratiéthe flux. The pieced rectangular potato was
placed inside the cylinder and again volume reatiikgn. The weight of the piece of the potato

20



was recorded up to four decimal points with thelodlthe weighing scale. Data were taken three

times for raw potato. Using the volume and maadirey density of potato was calculated before

boiling.

Figure 13. Digital Weighing Scale from Fisher Stiién

The data are given in table 5. For determiningdiresity, potato was boiled. The skin of the
potato was removed and cut into small pieces. @ral pieced was taken and experiment was

performed similar to that of the density determimrabf the raw potato. The data taken are shown

in table 6.
Table 5. Density Determination of Red Potato beRwo#ing
Initial Volume | Final Volume Difference of Weight Density Average
Volume of Density
mi ml ml gm gm/cm gm/cnt
5 6.9 1.9 1.9924 1.0486
4 5 1 1.0298 1.0298 1.045
7 9.3 2.3 2.4299 1.0565
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Table 5 and 6 display mean density determinedepotato before and after boiling. The result

from table 6, we have mean density of potato 1.Gf@&n is greater than the density

mentioned in table 5, which is higher to some ext€his indicates that the density of potato

increases because of boiling.

Table 6. Density Determination of Red Potato aReiting

Initial Volume | Final Volume Difference of Weight Density Average
Volume of Density
ml ml ml gm gm/cm gm/cni
5.2 6.2 1 1.0292 1.0292
3.2 3.8 0.6 0.6685 1.1142 | 1.0796
6.2 8 1.8 1.9717 1.0954

Water enters inside cells of potato and incredsesdlume of the potato. This contributes to

increase in density of boiled potatoes. While bgilsubmerged into water, the potato absorbs a

little amount of water which increases the finalwoe of the potato flakes.

22




CHAPTER IV

EXPERIMENTATION WITH SIMULANT

4.1 FEED PREPARATION

Take two red potatoes in a stainless steel stotkmbfill the pot with enough water so that, the
potatoes can be boiled more than thirty minutesptetaly submerged in water. Place the pot
onto the stove. Turn the switch on. Wait at lelastyt minutes and thoroughly boil the potatoes. It
is important to note that at the end of boilingg potatoes must be soft from all sides of its crust
and there are no hard or coarse parts in the pataltne best preparation will be when there is
cleavage in the skin of the potatoes after rigotmikng of at least one hour. This is to achieve
appropriate density of the potatoes. It is advisatcto microwave the potatoes. Microwaved
potatoes have harder and coarse crust which weauttifficult to be processed through the

reactor.

When the skin of the potatoes is cleaved proparhp off the stove and collect the potatoes with
ladle from hot water. Allow ten to fifteen minutislet the potatoes to be cooled at room
temperature. Then remove skins completely fronthallpotatoes. Take a ceramic bowl and grind
the potatoes with a potatoes masher properly (EBigd). When mashing is done, test with hand
whether there is any bigger or coarse particleale of course piece found, mash the potato

again.
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Figure 14. Mashing Potatoes with Masher

Take the mashed potatoes in a potatoes ricer akd ananiform paste of potato (Figure 15).
Perform this task twice recycling back the ricetbpm The uniform paste is ready to charge in

the reactor.

Figure 15.Making Smooth Paste with Ricer

4.2 OPERATING TECHNIQUES

Our first generation viscous heating unit is shawfigure 16. The machine operates with a
variable pressure (0-100 psig) for feed rate céngpacing (0.75-1.25mm) between the rotating
inner core and the fixed outer shell (type 304ndtals steel was used to build the core and shell)
and rotations per minute (rpm) (0-1800). For tgpmperation, the room temperature is assumed

constant and feed occupies the spacing compleldig. simulant mass is placed inside the feed
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chamber, the spacing is adjusted, pressure anampiset and the extruder is activated. An
electric switch opens the air valve and moves theger that pushes simulant or feces into the
gap. Once some initial mass was observed tolexishell, a rubber stop cork was used to close
the outlet for a time (hold up time) to allow thgugment and the mass to heat due to friction.
After the desired temperature is achieved the stdpis removed and mass flow is established.
The mass in the annular space has a defined httdap During experimentation temperature is
recorded by a thermocouple; an Omega HHM 31 Diditaltimeter and rpm by a digital photo

laser tachometer (Non Contact). Air pressure,isgacpm, and torque data are collected.

Figure 16. Instrumentation on Reactor to ProcessalFSludge and Simulant Solids

The plunger on the left in figure 3 moves insidgykndrical feed chamber to press the feed
inside the shell. A hole on the cylindrical chamakows the operator to charge the feed. The
plunger is air driven and can push the feed wiglaage pressure from 0 to 100 psi. In the figure,

the pressure gauge is hanged on the metallic aewvtigll. Below the gauge, the yellow regulator
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controls the pressure. On the right side of figgira Hitachi WJ200 Series 200 V three-phase
inverter is attached on the vertical wall to setitbquired rpm of the AC motor. The shaft from
the motor is connected with the cone stem by a jogveoupling joint. The rpm is set on the
digital panel. An emergency button is fixed on Weetical wall in order to stop the operation

suddenly.

The cone and the shell are shown in figure 17. fikeel shell has a spacing calibration ranging
from 0 to 1.25 mm. The cone moves inside the sheltontact with the inner cone surface,
mass starts rotating, deforms, and creates frictidme moveable bearing is attached around the
stem of the cone with a black circular plastic ribdeal. The combination aligns the cone in a
concentric position inside the cylindrical shellhe black hole shown on the shell in figure 4
serves as an outlet. The bore size is 0.32iacB.1 cm .The shell was calibrated for three

positions: 0.75, 1.00 and 1.25 mm.

Figure 17. The Cone (left) Rotates inside the lau&ight)
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The assembled components are presented in figur§Adcing between the rotating cone and the
stationary shell (right side in figure 18) is fixby the operator. A handle is moved to set the
desired spacing based on the calibration. Therspaetween the housing and rotating shaft is
increased if the metal handle is pushed forwatti¢overtical metal wall (anticlockwise direction
as you look at from the side of air cylinder (ipl&X detail installation and operating procedure

are given in appendix A and B.

Figure 18. A Typical Setup of the Cone inside lweising with Spacing Controller and Outlet

Cork (Black)

We used a Bio-safety Level 2 (BSL-2) laboratoryhia National Center for Veterinary
Parasitology at Oklahoma State University to penftests on baboon feces infected with
Trichuris trichiura. Since the baboon population is treated for thisdgtibn on occasion, the
organism loading levels were quantified by obseovatinder microscope. This analysis requires
a sample of known mass placed in water, genthatagitto allow parasite eggs to float to the

surface. Following the same procedure as usesiffarlants, the feces was placed in the extruder
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and subjected to viscous heating. After a holtimp from 3 to 4 minutes, to achieve initial
heating, the feces were allowed to pass out oéxireider at near steady state as allowed by the
sample size. Temperature data were obtained withranocouple. Samples of the effluent were

collected; remaining eggs were floated and couatet®r the microscope.
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CHAPTER V

RESULTS AND DISCUSSION

5.1 TEMPERATURE GRADIENT OBTAINED FROM CFD

5.1.1 Effect of Dimension

To evaluate the reactor geometry, the radius, feragid clearance were varied to define the
effect of dimensions on the temperature gradid@tie temperature profiles in figure 19 show an
increase in maximum temperature with greater lengtigher temperatures are observed towards
the end of the reactor. A maximum temperature0&f L is predicted with a 0.1 m reactor
length. Increase in reactor length results intgre@sidence time and increased viscous heating

that is a function of surface area.

Effect of length (with semi angle = 21°8clearance = 0.001 m)
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Figure 19. Effect of Length with Semi-Angle = 21&hd Clearance = 0.001m
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The change in the angle of the cone follows theesiend as changes in length (figure 20).

Increasing the angle of the cone increases suai@aeand viscous heating

Effect of Semi Angle (with Length = 0.1 m ; Cleacar= 0.001 m)
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Figure 20. Effect of Semi-Angle with Length = lamd Clearance = 0.001 m

A smaller clearance results in higher maximum tenaijppee, a clearance of 0.0015 m will heat the
fluid to a maximum temperature of 108°C (figure.2However, reducing the clearance limits

the amount of fluid entering the reactor resuliimgncreased operating time.
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Effect of clearance (with length = 0.1 ; semi-angl21.8)
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Figure 21. Hect of Clearance with Length = 0.1 m and Senmgfe = 21.8

5.1.2Effect of Inlet Velocity

As inlet velocity decreases, viscous heating irsgealue to longer residence time. Ani
velocity of 0.002 m/s results in a maximum d temperature of 205°C (figur2). Viscous
heating of fluid depends mainly on the angular velocity of itheer cone; higher angular veloc

and lower inlet feed velocity are necess.

A 20557

-
' I 200
150

v 20

Surface: Temperature (degC)

Figure 22 TemperaturGradient with Inlet \élocity 0.002 m/s at 500 ry
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5.1.3Effect of Angular Velocity

Viscous heating depends significantly on the anmgegocity of the inner cylinder. An increase
in angular velocity increases viscous heating. aimum temperature of 205°C is obtained at
500 rpm (figure 22). Higher temperature is obseénesvards the end of the reactor. The
temperature distribution shows an opposite trertiéangular velocity profile. The angular
velocity magnitude decreases with decrease inlefiogtthe reactor resulting in relatively higher
residence time for the fluid towards the end ofrgector. Furthermore, although the feed inlet
velocity is higher towards the end of the reactse tb decrease in radius of the cone, the higher

magnitude of the angular velocity overcomes theatfdf increase in feed inlet velocity.

For a larger diameter the shear rate would be higheiameter is proportional to the shear rate.
But with a larger diameter the surface area ottihee would be increased. As heat transfer to the
environment is proportional to the surface aretnefmetallic surface, this would lead to higher
heat transfer to the environment when the surfaoet insulated. Further simulation on CFD is
required to understand the effect of diameter efah the viscous heating. An optimized design

can be obtained by CFD

5.2 HEAT GENERATION IN SIMULANT (RED POTATO)

As the core rotates inside the housing, the magb&does pass between the two metallic
surfaces. The outlet is closed for a certain tameé the potatoes gain heat. When allowed to exit
the reactor, the elevated temperature observadlipiteduces as the mass cools due to water
evaporation and release to atmospheric presswakle T shows data for experiments at 1800 rpm
with a spacing of 0.75 mm and feed pressure offsi) As the holdup time increases the
temperature increases. Experiments were stoppasitbe temperature approached 200°C
because this exceeded the temperature requireahitize waste and resulted in more wear and
tear on the equipment. The initial temperaturé @34vas due to a previous experiment and

residual heat of the metal.
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Table 7. Temperature with Time at Constant Feeddtire, RPM and Spacing

—

Feed Feed rpm Spacing Time Temperature Outle
Pressure
psig mm seconds °C
0 34
60 64
Red 120 74
Potato 100 1800 0.75 180 6
240 162
260 190

The temperature increases linearly with the hokitug, indicating that longer holdup time would

result in higher temperature. A temperature repadinl90°C was obtained at 260 seconds hold

up time. This temperature exceeds that requirddlltall microorganisms found in human feces

Figure 10 presents results for experiments withréfaetor feed pressure at 100 psig, 1800 rpm

and 0.75 mm spacing. We performed additional exymants — not presented — at constant rpm

and spacing and found a similar linear trend fahezase. The maximum temperature in figure

23 shows the limitations of the equipment.

Figure 23. Temperature with Time at 100 psig, 1860/ and 0.75 mm Spacing
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We believe that increasing rom and decreasing spaebuld continue toward higher
temperatures. In table 7 and figure 23 resultpegsented for constant pressure, rom, and

spacing. Changing these variables for furthernyemals possible

Table 8. Temperature Rise with Spacing Changeastant Pressure, RPM and Time

Feed Feed Pressur&kPM | Holdup Time| Spacing| Temperature Outlet
psig seconds mm °C
0.75 72
Red Potata 100 1209 180 1 70
1.25 50

Table 8 presents data where spacing is varied whiesure, rpm, and holdup time are held
constant. Temperature rise was observed with dsitrg spacing. From table 8, temperature
decreases with increased spacing. These resditaia the likelihood that lower spacing, less

than 0.75 mm, will generated even higher tempegatur

75

70 A ®

65 -

Outlet Temperature (C)
(e}
o

50 - )

45 T T T T T
0.7 0.8 0.9 1.0 1.1 1.2 1.3

Spacing (mm)

Figure 24. Temperature with Spacing at 100 p2d0IRPM and 180 seconds Time
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However, the temperature requirements have bedevachso further reduction was not deemed
necessary. This table is at constant feed pres$d@0 psig, 1209 rpm and 180 seconds holdup
time. After 180 seconds, the rubber stop cork rgasoved and the mass was allowed to leave to
the environment. The mass was observed to bendatnaist, and dried quickly when open in the
air. If we summarize the results, higher hold upetiand lower spacing enhances outlet
temperature. In the next attempt, the effect of gm temperature rise is evaluated (table 9). We
see at 100 psig feed pressure, 0.75 mm spacind,8hdeconds hold up time, that the

temperature rises linearly

Table 9. Temperature with RPM change at Constargsre, Time and Spacing

Feed P::eeses(ljjre Spacing| Hold up Time rpm Outlet temperature
psig mm seconds °C
913 55
Red Potato 100 0.75 180 1209 72
1504 104

The objective is to define the conditions whereragerature of 120°C is achieved for the
effluent mass. This temperature is sufficiersdaitize the waste and operation at higher
conditions supplies additional energy with the dmdyefit being increased water evaporation
rate. The ‘cost’ for the additional temperaturpeteds on the equipment and utility costs. The
operation conditions must be based on an optinozaif these operational (energy cost) and

capital (equipment wear) related factors.
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Figure 25. Temperature with RPM Change at 100 d€@,seconds Holdup time and 0.75 mm

Spacing

5.3 RESULT OF LONGER OPERATION

In order to reach maximum possible temperatureylsim (boiled red potato and mashed) was
fed into the reactor. The reactor pressure waatsé psig and inverter reading of 60HZ. This
reading from inverter is equivalent to 1790 rpm sugad by the non contact ledger tachometer.
The smallest gap spacing of 0.75mm was maintaimedighout the operation. The stop cork
was held on the outlet and kept close for aboutsé#®nds (8 minutes). Due to high temperature
rise, the cork was not possible to hold more thamr&ites. A continuous 120 seconds (2
minutes) was observed after the 8 minutes of ojperatvhen the cork was removed. More
vapors could be observed if the reactor was allowedn more than 2 minutes. To minimize risk
of any accident, the motor was stopped after 1Qutagof operation. Figure 26 shows the burnt

mashed potatoes cling to the surface of the cdee ditsembled the setup.
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Figure 26. Burnt Mashed Potato Layer over the Cundéace

Though we found a temperature reading 6i®bnly at end of 8 minutes, we observed a
significant amount of vapor flow for about 2 minsité@ he temperature reading for different hold
up time for this experiment is given in table Ithe temperature rise is lower in the outlet
product is due to vaporization of the water corntajrin the potato and a low pressure operation.
Due to unavailability of the necessary amount espure accessories, the experiment was run at
low pressure (70 psig). While longer higher holdiope enhanced the viscous heating in the
simulant (mashed potatoes), the low pressure helpedrize a portion of water from it. The
temperature rise in table 9 was low enough in coispa to the temperature data mentioned in
previous tables. Because in previous operatiors, gfreduced by viscous heating was only used
to increase the temperature of the simulant mat&na for experimentation for longer hold time
at a low pressure, the water containing in the Eimtuabsorbed the latent heat of vaporization

37



and created the vapor. This resulted into a lowptrature rise in the paste exiting the outlet.

Since most of the heat produced by viscous heatagutilized to produce vapor and the

simulant paste absorbed lower amount of heat itrastto previous operations at 100 psig.

Tablel10. Temperature Time at 70 Psig, 0.75 mm SpaaidglZ90 RPM

Feed Feed Pressure Spacin rpm Holdup Time Outlet
Temperature
psig mm seconds °C
60 54
120 61
Red Potato 70 0.75 1790 180 69
240 78
480 95

The product from the reactor after 8 minutes rus alanost dry. When allowed to leave the

rector, almost dried paste became dried over tifaciof the shell (Figure 27) within 5 seconds.
When the reactor was disassembled, a remnantwastburnt and brown in color. We observed
small amount of dried potato chips as product. &iubbed by hands, the chip like product was

broken into parts.

Figure 27.The Cone and the Shell after 8 minut86 geconds) Run
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5.4PARASITE DESTRUCTION

The kill rate for parasite eggs is shown in tableMthough the rpm in tablll is according to

the reading correlated with power input to the e the speed might be lower because o

presence of a considerable amount of baboon h#ieisample, which is typical for baboon fe

due to their grooming habits. This affethe ability of the outlet product to achieve h

temperature.

Table 11 PercentagParasite Egg Destruction with Variablethgs

RPM | Spacing Temperatur Pretreatment Post Treatment Percentage Kkill
mm °C EPG* EPG* %

913 1.20 42 107.1 7.7 93

913 0.75 51 166.5 1.7 99

1800 0.75 86 58.0 2.8 95

*Trichuris trichiuraeggs per gram of baboon fe

Figure 28 Photomicrographs Trichuris trichiuraEggs from Helium before eing Processed

through theExtruder (400 x Magnifications)

A destruction approaching 99% was achieved foTrichuris trichiuraeggs. The temperatu

achieved for smallest spacing (0.75 mm) and thedsigrpm setting (1800 calculated,
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believed to be lower in actuality.) was not as tagtthe red potatomples. However, the ki
rate ofTrichuris trichiurawas high, indicating destruction from shear stedgre. Figure28 and
29 show photomicrographs for the destruction of Trichuris trichiura The pressure used in t
study of table 6 is not knowsince a manual, variable pressure was appliedatestlack o
available building gas in the B-2 laboratory. Repeated experiments will have anpsgent
modification to allow for controlled pressurFigure 28 shows songichuris trichiuraeggs
present in a processed sample of Baboon feThe irregularshaped large cellular materials
most likely partially digested plant material. éan be seen, there are 4 eggTrichuris

trichiura. They are football to lemon shaped, stained brown with a smooth she

Figure 29 Photomicrographs (Trichuris trichiura Eggs from Helium after Beingrocessed

throughthe Extruder (400 x Magnifications)

Figure 29shows that air bubbles because of processing thrithgdevice accompany t
destruction offrichuris truchuire. As can be seen, all the dark round structuresiabribbles ir

the 400x magnification photomicrograph notice tine particulate mattehat makes th



background appear cloudy. In the bottom (postitneat through the extruder) notice the
somewhat irregular round structures. These strestappear to be find grains of sand broken
down small enough by the extruder that make theailsnough to disperse in the flotation
solution. Air enters through the hole (feed inlghjile the plunger pushes the feed inside the
chamber. Under high rotation, air bubbles form amx with the feed. As air is not highly
viscous, there is a potentially negative effectlanhigh viscosity desired of the mixture. The
reduced viscosity due to the presence of air may centributing factor in the lower

temperatures observed with baboon feces.

5.5 EXPERIMENTS WITH ADDITIVES

Experiment was performed with a mixture of swedafmes, grass and toilet paper. The potatoes
were boiled for one hour. Grass and Toilet papeewat into small pieces by a scissor. A
mixture was produced by hand and feed into thetoeathe mixture was not completely

uniform. The experimental setting was maintainCGi fisig feed pressure, 1800 rpm and 1.25mm
gap spacing. The gap spacing was kept higher ésetbperations because of the clogging nature
of the mixture. Past experiment with smaller gagcgpg such as 0.75mm and 1 mm, clogged the

inlet and charging feed continuously was interrdpte

Figure 30.Temperature Reading for Experimentatidh ®rass, Sweet Potato & Toilet Paper
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The operation was carried out for 240 seconds keepie outlet close with the black rubber

cork. A final temperature of 145.6 °C was recorddte readout is shown in figure 30. The
reason for rising of high temperature is becausalding grass and toilet paper. The cellulose in
grass and toilet paper contributed significantiikeep the viscosity of the feed material constant
after sometimes starting the operation. As vis¢maing phenomenon is responsible to decrease
the viscosity of the feed material, the added gha$ised increase or keep constant the overall
viscosity of the mixture. The reason for choosinasg in this experiment was that, in rural
application, grass should be available in the apdtcan be used either free or at nominal cost. In
addition, a practically feasible solution alwayssveaconsideration while designing and operating
the reactor. The product looked like chicken ce¢igure 31). The funding provider, Bill &
Melinda Gates Foundation had a requirement thahemical additive could be used to process
feces. We also believe that saw dust and any sthés of paper additive might be helpful to
increase the viscosity of the feed material. Furtheology experiments using potential additives

are necessary to select materials to increase.shear

Figure 31. Product of Experimentation with Grass|ef Paper & Sweet Potato

5.6 PEANUT BUTTER EXPERIMENT

Peanut butter was fed to the reactor to observpdsature rise with a low viscosity paste. The

efficacy of viscous heating could be understooddar viscosity human feces such as diarrheal
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stool. Peanut butter was bought from local WalmEre butter was fed to the rector at an
inverter reading of 60 Hz, an equivalent rpm regdih1790. The experiments were performed
by manual pressure due to shortage of air pregsuhe laboratory. Three different spacing were

set to gather data for outlet temperature. Asbeaseen, from ablel12, as the spacing value

decreases, the outlet temperature increases. Fofjasvthe experimental result with peanut

butter.
Table 12. Experimental Result for Peanut Butter Run
Feed Pressurg  Spacing Inverter rpm Holdup Outlet Temperature
Reading Time

psig mm Hz seconds °C
Manual 1.5 60 1790 290 76
Manual 1.00 60 1790 280 113
Manual 0.75 60 1790 280 123

Peanut butter has a low viscosity in comparisaieoviscosity of potato/human feces. The butter
was melted approximately at 90 seconds of operatie to the heat produced by viscous
heating effect of the primarily charged butter anghted a diarrheal stool like liquid in the inlet
even at low temperature. Heat was transmitteddaiiper surface and other connected parts of
the reactor. Clearly the findings indicate tha tbmperate with the highest setting of the reactor
(spacing=0.75mm and rpm=1790), the temperaturettas 123°C. From table 7, for this
similar setting temperature reading of outlet 8@ 86conds is 190°C for potato, a comparatively

higher value because of higher viscosity of fedemak

5.7 REACTOR PROFILE

Vegetable dye solution was injected to determierétactor profile. The plunger was removed

and mashed potatoes were fed by the operator igajh®f the core and shell (figure 32).
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Vegetable dye solution was passed through theaeiudtt into the mashed potatoes with a
syringe. The cone was run for 15 seconds and sthxeeping the inlet closed using a thick

cotton pad. The reactor body was carefully dissedhfor each run. Photographs determined the

nature of spreading.

Figure 32. Charging Mashed Potatoes Manually bgr&tpr

Figure 33 displays the reactor profile. Simulgead in a sinusoidal or parabolic curve
indicating an infinite number of CSTRs (Continu@tgred Tank Reactors) creating a unique

plug flow profile since little color dispersed imet axial direction.

.&

Figure 33. Vegetable Dye Passing through the Res&ztDetermine Flow Pattern
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We can determine the inlet and outlet tangentikloity using the radius of the cone in the inlet
and outlet and angular velocity. From figure 34 ithlet radius;rand outlet radius,fis 0.999 and
1.4625 inch respectively. Therefore for a certaigudar speed, the inlet outlet tangential

velocity equation would be,

(V)= or (10)

(Vo)=or, (11)

Dividing equation 10 by equation 11 we have,

Vit _ ri_
(Vo)t " ro

(Vi)t_ 1.4625

Vot 099 =1.464=1.5

(Vi)=1.5(Vo)

So inlet tangential velocity is 1.5times of outi@gential velocity.

{

i s Lavejoy 211 inch
Joint
R=10.317 inch . , I
C> Connecting
Cylinder 7.44 inch

R=0.999 inch

4.131 inch

R=1.4625 inch Cone

S en——-" !

Figure 34. Dimension of the Cone and Other Rot&a#iags
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We can also get an idea of inlet and outlet aétbaity relationship using the equation of

continuity.

(V)eA=(Vo)aAo

(Vida_4o

i 12)
A=n {(ro)zinlet'(ri)zinlet} (13)
A=m {(r o)zoutlet'(ri)zoutlet} (14)

For both cases in the inlet and outlet the outdiusais summation of inner radius and spacing
So we have,

ro=ri+s

(ro)*=( risy=(r)*+2rs+s

S0 (b)*-(r)*= 2rs+$

Putting in equation 13 and 14, we have

A= 1{2(r Dines+S}

Ac= 1{2(1)outeS+S}

Equation ....becomes,

(Vi)azA_o — 2(r)ouletS+S?
Vo)a Ai 2(T{)intletS+S?

(Vi)a:(ri)outlet"'g (15)

(Vo)a (ri)inlet+§

Since,())intet™ (') outlet
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(Vi)a
m <1
(V)a < (o)a

Putting the values of Jsuer and (Diner from figure 34 in equation 1& spacing 0.75, s=0.75mm

=0.03 inch ,we have

s
(Vi)a_(ri)outlet‘l'g
= s
Voda  (ri)intetts

(Vi)a_ 0.999+0.03 _
(Vo)a 1.4625+0.03

0.69 (16)

(Vi)a = 0.69 (V5)a (17)
5.8 SHEAR STRESS ANALYSIS

The equation of shear rate is

Wherey= Shear rate

v= velocity of the moving plane

h= Distance between two parallel planes=Spacing

Outer Suxface

Cone Cross Section

Figure 35. Shear Rate Analysis
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5.8.1 COMPARISON OF INLET AND OUTLET TANGENTIAL SHE AR RATE

Inlet tangential shear rate "-ﬁlt

Outlet tangential shear rateyg);

Inlet tangential velocity, (Y=o r;

(V)¢ wr;

Inlet tangential shear raty; ); = PR (18)
Outlet velocity,(\): = I,

v
Outlet shear rateyp); :M-ﬂ (19)

h ~ h
Dividing equation 18 by equation 19, we have

@z(Vi)tzﬂ
Yo)e (Vode To

(Vi)t_1.4625_

Vo)e 0999 1.464=1.5

(vi)=1.5¢0)

So inlet tangential shear rate is 1.5times highan the outlet tangential shear rate. Tangential

shear rate decreases along the length of the reacto

5.8.2 COMPARISON OF INLET AND OUTLET AXIAL SHEAR RA TE

Inlet axial shear rate %{),

Outlet axial shear rate ¥¢)a
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Inlet axial velocity = (\)a

V.
Inlet axial ratg (Y )a ! ;l)a (20)
Outlet axial velocity=(\});
: (o)a
Outlet axial shear ratey§)a == (21)

Dividing equation 20 by equation 21, we have

Vida_Vi)a
——=—-"=0.69
¥o)a (Vo)a

(vi)a=0.69 {/0)a
5.9 VOLUME OF THE REACTOR

The volume of the reactor was determined feedingmsith a syringe in between the gap of
shell wall and the core. The outlet and other geg® covered with black electrical tape. Some
molten wax from a flaming candle was added to thrgaxct area of the bearing (figure 36). Any
gap in these areas was completely sealed so thaates comes out of the system. A 20 ml
cylinder was filled with water and with help of 8yge needle water was passed through the gap
and filled completely. The initial and final volumeading were recorded and volume inside the
reactor determined for the gap spacing of 0.75mmmyihume of the reactor was found to 15ml
for this spacing setting. Also the reactor wagfillvith water using tape without putting wax to
determine if there is any leak in the system. Asloaseen from figure 37, water is leaking out of
the system. The reactor setup was kept leanedsowetl in the laboratory for few minutes.

Water was coming out similar to drop wise condensgthenomenon. So the system not

completely air tight.
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Figure 36.Determination of Volume inside the Reacto

We conclude that the pressure applied in the fe@dt completely constant inside the reactor and
should be less than the inlet pressure at outléh the current geometry and setup of the rector,
it is not possible to determine the outlet pressfireeparate gauge might be set in the outlet to

determine the outlet pressure.

Figure 37. Water Leak from the Reactor when Charged
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5.10 SECOND PROTOTYPE

The second prototype was designed based on théngariechanism of first one (Figure 36). But
there are few exceptions such as the second orenhaixed spacing of 1mm. The feed material
is charged on the top (vertically) of the cylinded the black plunger is used to push the material
inside it. The AC motor can rotate the shaft forte @200 rpm at a variable speed. The motor
installed here was bought from general hardwaestblo pressure controlling gauge was
installed in this unit to keep the design simitareality. Around the outlet the yellow color

polymer material is to instantly remove the prodounediately from the outlet.

Plunger

Outlet (1 mm spacing)

Rotating Sha

Motor (1200 rpm)

Figure 38. Design Improvement of the Viscous kgpMechanism (Second Unit)
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The main difficulty we faced to experiment with titiés reactor was the outlet flow control .
There was not enough outlet controlling provisoprevent the flow during hold up time. Coiled

paper towel was held tightly on the outlet duratiom operation. The result is shown in table 13.

Table 13. Outlet Temperature Reading for Diffetdatdup Time

Potato Feed RPM Spacing Holdup Outlet
Pressure time Temperatur
e
mm seconds °C
Red Manual 1000 1 270 a7
Red Manual 1000 1 180 41
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CHAPTER VI

ENERGY BALANCE

To start with an energy balance, first we needetemnine the energy input and energy output of
the system. Electrical Energy is used to run tmedln Electric NEMA Design B Motor. In
addition, the work done by the plunger to pushgéneral at 100 psig) the mass inside the system
is another energy input into the system. The raali (kinetic energy) the motor shaft is used to
rotate the cone, tapered bottom bearing, lovegostar connector and other rotating parts
attached to the cone. A portion of the motor enésgysed to produce heat in the input mass
(either simulant or human feces). This heat is oleskas the temperature rise of the final product
from the reactor. A third portion of energy is disged in form of heat due to friction of metallic
joints of different parts of the system and souigtsif we balance different forms of energy input

and output, energy balance equation becomes

Input= Output

Work done by the plunger +Work done by the motdiinetic Energy of the Shaft + Heat gain

by the product + Heat transfer by the product +8ystoss

Oor, W, +Wy, = B +Q+H+E (22)

Where

W, = Work done by the plunger
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W= Work done by the motor under no load condition

E« = Kinetic Energy of the Shaft

Q, =Heat gain by the product

H= Heat transfer to the environment
E = System Loss

We would perform an energy balance for a 240 sex¢hdninutes) run at 100 psig, 1800 rpm

and 0.75mm gap spacing.

6.1 Work Done by the PlungerWw,
The work done by the plunger is equal to the prodtipressure applied to push the mass inside
the system and the volume of the mass. The volurigeanass would be equal to the volume to
the volume of the reactor. This amount of voluma kept inside the system during the operating
periods (hold up time). As we ran most of our operaand 100 psig, the calculation of work is
given below based on this pressure. Also here difmulation is give for 0.75mm spacing. For
other operating pressure, the calculation shoulcbioeected accordingly.
Pressure, P= 100 psig = (100+14.7) psia

=114.7 psia

=114.7 * 6894.757 N/fn

= 790828.66 N/
Volume ReductionAV = Volume of gap in between the shell and the core

= 15ml (For 0.75mm spacing gap)

=15 cn?

=15X10°m’
So, Work done by the plunger,,\W PAV

= (790828.66 N/M15 X 10° m®
(
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=11.86 Joule

=0.01 KJ
6.2 Work Done by the Motor,W,,
A wattmeter from was installed in the power sugpig of the motor of the reactor to account
energy balance. Mashed potatoes was charged irdbtor and experiment was performed for
100 psig feed pressure, 0.75 mm gap spacing ar@rpdd setting for a hold up time for 260
seconds (time to achieve 190°C per table 3) fordifferent condition-without charging any
feed into the reactor and with charging feedr beith cases, power consumption was recorded
every 10 seconds. A plot of instantaneous powesugetime was obtained for both no load and

load conditions (Figure 39). Energy input to thed (mashed potato) was calculated, subtracting

the two values.

® o Load Power vs Time
1.50 & | oad Power vs Time

1.40+

1.20 &

Power{KW)

1.004

A A A A
A A A kAL A
L Y
A A
0PN ORPROROGRRORORRRROS

.50

T T T T T T T
a 50 100 150 200 250 300

Time Elapsed (Seconds)

Figure 39. Power versus Time for No Load and Loadditions at 100 psig, 0.75mm spacing
and 1800 rpm
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The area under the curve of power versus time (EigQ) gives the total energy consumed. For
a 260 second run, the energy with load totaledkZ#3vhile that without load was 172 KJ; for a

difference of 71 KJ.
Work done by the motor = Energy under no load domdi
=171 KJ

The heat transfer to the environment through thialtiesurface and heat retain by the product is

the difference of energy under load and no loadlitiam.
So, Q+ H=243-171= 72KJ
Qut H=72KJ (23)

Most of the energy input to the simulant occurthmfirst 90 seconds and then a near steady
state is achieved. Most of the temperature riseirsdn this first region and then temperature

increases gradually, nearly at steady state.

6.3 Kinetic Energy of the Shaft, k

We would calculate the kinetic energy by the follagvenergy equating of a rotating object,
Ex = | o’ (24)
Where

I= Moment of inertiagr’dm

® = angular velocity (radian/second) =n2h

RPM recorded from Tachometer=1800

n = 1800/60 rotation per seconds = 30

o= 2 *n *30 =188.5 rad/sec

Now we need to calculate the moment of inertiadifferent parts of the rotating body. The

geometry was measured by slide calipers (Figurehe)rbtating setup consists of three main
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parts such as the cone, the connecting cylindetlanbbve joint. Though the lovejoy coupling
joint has a plastic star shaped connector in betywee calculation simplicity we assumed it to be
solid. Also due to very small weight, the weight and black rubber seal were also neglected in

this calculation.

The total moment of inertial | would be equal te tnoment of inertial of the lovejoy coupling
joint, connecting cylinder and the cone.

Sol = lc + lect Iy

Wherel . = Moment of inertia of cone

Icc = Moment of inertia of connecting cylinder

IL;= Moment of inertia of lovejoy coupling joint

For calculating moment of inertia we divide the eamown in figure 34 in three different parts

6.3.1Moment of inertia of cone, ¢
The cone part (hatched) is shown in figure 34. dineensions were calculated using geometric
knowledge. We borrowed following calculations fr@®er & Johnston (1990). We choose the

differential element of mass

X

r=a
Where
a = radius of the cone

h= Height of the cone
2 a? 2
dm=par-dx=pn 77 X dx
For a thin disk, we compute the mass moment ofimef the differential element with respect to

the rotating axis

1
dic=5 r’dm
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Figure 40: Cone Geometry
p=psiee=8.027 gm/crie 8027 kg/m (Murray 1997)
a= 1.4625inch = 0.0371 m
h=13.035 inch= 0.3311 m
Integrating from x=8.904 inch to x=13.035 inch, elsain
Ic=[dl,

_f13.035inch 1 a* tdx
~Jgooaincn 2 P™ pa

_f0.3311meter 1 a*

~Jo.2262 meter 3 P 72 X tdx

_1 570.3311
BT I [ ]02262

=L pn £+]0.3311°-0.2267]

0.0371*

= —* (7850 kg/ni)*(3. 1416)* ———*[0. 3311°-0.2097] m®
=0.0014 kgrh
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6.3.2 Moment of inertia of Connecting Cylinder, ¢
From Beer & Johnston (1990), the equation for tleement of inertia for a cylindrical rotation

body is as follows
lec = % mg
Were m= mass of the cylinder

a=radius of the cylinder

Volume of the cylinder, Vaa’h
So mass, mpV
= pna’h

lcc= % pna4h (25)

h=7.44 inch

a=0.317 inch

= h 4

|(- 0.634 inch—)I

Figure 41.Geometry of Connecting Cylinder

Herep=7850 kg/m

a= 0.317 inch =0.0081 m
h=7.44 inch=0.189 m
lcc= % pna4h
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= % * 7850 kg/n *3.1416*(0.0081¥*(0.189m)

=0.00001 kgrh
6.3.3 Moment of Inertia of Lovejoy Coupling Joint,I;

As the lovejoy coupling joint is cylindrical in gh@, we can use equation similar to equation 25
So the moment of inertial,;l= % pna4h

Here radius, a = 0.883 inch = 0.0224 m

Height, h=2.11 inch =0.0536 m
Iy = % pna4h
== * 7850 kg/nt *3.1416*(0.0224rf}*(0.0536m)

=0.0002 kgrh

a=0 .883 inch
H=2.11 inch

A 4

e 1.766 inch >

Figure 42.Geometry of Lovejoy Coupling Joint
Sototal moment of inertid,= I¢ + lcct 113
= (0.0014+0.00001+0.0002) kgm
=0.00161 kgrh

Recall equation 24.
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=~ *(0.00161 kgrf)* (188.5 rad/sed)

=28.60J
=0.03 KJ

6.4 HEAT GAIN BY THE PRODUCT (POTATO), Q»

Specific of potato, fetao=3.43 KI/Kg.K (www.engineeringtoolbox.com/specifieat-capacity-

food-d_295.html)
Room Temperature,,E25°C
Temperature rise,qla= 190°C
Time required to reach 190°C, t= 4min
= 240 seconds
Density of potatoes (redpotato = 1.07969ram/crﬁ
Volume of gap in between the shell and the core1¥ml (For 0.75mm spacing gap)
=15 cn?
Mass of potato processed in the reactgr=m,* V
= (1.0796gram/ ci*(15cnt)
=16.194 gram
=0.016194 Kg

Heat produced in 4 minutes,€Qyotato

= mp*C potato*( Tfinal - TO)
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= (0.016194Kg)* (3.4%2—}()*(190-25) K

=9.16 KJ
6.5 FINAL ENERGY BALANCE & SYSTEM EFFICIENCY
Recall equation 22
W, +Wp, = B +QytH+E
Where
W, = Work done by the plunger =0.01 KJ (Negligible)
W= Work done by the motor =171 KJ
E« = Kinetic Energy of the Shaft=0.03 KJ(Negligible)
Q, =Heat gain by the product =9.16 KJ
H=Heat transfer to the environment by the system&(16)KJ
=61.84 KJ
Neglecting work done by plunger and kinetic enesfjthe shaft, we have
W= Q+H+E,
System Loss, E Wy-(Qpt+Hy)
= (172-72) KJ

=100 KJ
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If the metallic surface is coated with heat insaathe heat transfer term would be zero. So under
insulated condition, #0KJ and a higher temperature rise is expectethiditcondition, the

system efficiency would be as follows,

Heat gain by the product+Heat Transfer to the Environment

System Efficiencyn =

Work done by the motor under load condition

_72
243

=29.6%
Some energy is retained by the mass, but moshidumbed out through the metal shell and core.
If the experiment stopped at 90 seconds 48% oémleegy input would go to the mass. After
viscosity of the simulant has been reduced duertipérature increase less energy is required to
maintain the same rpm. With lower viscosity, leesrgy goes to viscous heating. The longer
the system runs at steady state, the lower thepege of total energy goes into the simulant.
By the end of the full 260 second run the totatticn of energy that was input into the simulant
was 29%. This percentage would continue to drdp imcreasing run time. Clearly, if viscous
heating is the goal then the device should be stpp 90 seconds or configured to operate with
steady state flow rate of simulant. For a givam gnd geometry the simulant flow rate can be
established for a fixed percentage power input betn29% and 48%. However, if a specific

temperature is required then a singular efficienilyresult.
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CHAPTER VII

CONCLUSION

CFD studies showed the temperature gradient ingthetor depends significantly on the angular
velocity, inlet velocity, clearance, and lengtim@lations agreed with the experimental data.
Experimentation confirmed that viscous heating Xiyusion may be effective in

decontaminating fecal wastes. For each experirfigimg two variables from among rpm,

holdup time, and gap spacing allowed one variablgetcompared with the resulting temperature
change. Temperature was observed to increasaledtieasing space, increasing rpm, and
increasing contact time. Shear force and visceas are sufficient to kill diseases causing
parasites. The maximum temperature achieved wWefC1®ithin 3-4 minutes with mashed red

potatoes.

The hot moist simulant from the reactor dried iempir within 10-15 minutes. In contact with
the reactor surface, a thin film of moist potatswarned into crunchy chips. Destruction of
Trichuris Trichiuraeggs were observed despite elevated temperatotrégimg achieved,

indicating sheer stress alone as an effective nmesina

Since extrusion is proven, application of the textbgy is likely to have a place for specific
situations. Combination with other treatment textbgies may be appropriate. A primary
challenge to dewater the effluent is being adddes§ptimization of the operating conditions

can achieve sufficient temperature while minimizaggiipment wear and energy input.
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A significant factor is the requirement of highaasity to generate heat. For cases where people
have diarrhea, where urine is not separated nonwiater is added by rain or other means, this
technology requires modification to increase theglfeiscosity. Possibilities include the addition
of paper or biomass wastes or design that incltetasle of some of the drier solid waste. By
balancing the ratio of recycle to fresh feed tlguned viscosity can always be achieved; even in

the case of only water fed to the inlet.

7.1 CHALLENGES

Maintaining sufficient feed viscosity will be a rdgement of effective operation. We have tested
a mixture of grass with potato simulant as feedenmaltfor the current equipment. This does
allow observed temperatures greater than usinglaithalone. We also believe that other

biomass, such as saw dust and paper, could beagattease the viscosity of the feed mixture.

For cases where people have diarrhea, where @rimet iseparated or when water is added by
rain or other means, this technology will requira@dified design. As part of a Phase 2 project,
we will propose equipment modifications that talk &ddvantage of generated heat to evaporate
and recover water in fecal solids; which, in tusi| allow some of the processed solids to be
recycled into the feed stream for viscosity cont®y balancing the ratio of recycle to fresh feed,
the required viscosity can always be achieved. Evi#nall water feed and high recycle, viscous

heating can be sufficient to vaporize the waterstritized condensation.

Another challenge is to reduce the energy consamti rotate the inner core. This will be
addressed by considering different geometries nstcoction materials focusing on heat transfer
properties and rotational momentum. Our goal fin the optimized power requirement to

operate the equipment.

A significant challenge is to separate debris saggravel, bottle caps, coins, cloth and other

trash that would block or bind the mechanics. Wilsrequire screening or segregation. As such,

65



this technology, while highly effective for contied feed streams, will require integration with
associated technologies in practical settings. Hewats use within an integrated system will
result in sanitation of fecal waste for safe hamgilsubsequent processing or transportation.
Sanitized solids could potentially be used as aentnmaterial in agricultural applications. It may
also retain some energy for thermal or bioconverpimcesses. Evaporated water recovered from
the process would be sanitized for safe use inpmable applications, but would require further

treatment to be consumable.

7.2 FECAL SLUDGE BUSINESS

Fecal sludge is produced from different sourcesivinicludes septic tank, activated sludge
system, vault latrine and bucket latrine. The trematt of sludge is generally dictated by the
characteristics of the sludge. There are severg$ i treating fecal sludge, methods such
stabilization, thickening, dewatering, drying andiheration are been currently used to handle
fecal sludge. Some of these methods have potdatiateating a business and demand for fecal
sludge. Although it might seem that the businede@dl sludge be not a profitable one, but

considering prudent processing steps, the busiadiksly to be a cost-effective one.

First of all, in the poorest socio-economic groups,treated fecal sludge from the reinvented
toilets will reduce the possibility of spreading ttiiseases leading to cost reduction in the budget
of medical and health sectors for both family amelgovernment level. The revenue earned by
government by saving this cost would easily hefpease the ability to expend more money for

the employment and development in other sectgp®an communities.

Secondly, biogas production, electricity generatiosoil amendments whichever, process is
chosen for making business; they could be a viabteerall consideration. For example, if fecal
sludge is considered to produce biogas which cbeldsed instead of traditional natural gas for

cooking, the profit will count in no supply of naélligas to kitchen purpose by the government.

66



That means every individual family will not needpay for the gas to the government and the
government does not need to supply gas to the hawske locality. A large portion of natural
gas could be saved in this way. The natural gasthued could be used to increase the
production of fertilizer. Thus the fecal sludge ipess does not need to compete to existing
fertilizer market at all. Furthermore, more prodaoictof fertilizer will increase the revenue of the
government. Again the money saved in this way cbeldised to upgrade the life style of poor
community. Also increase in fertilize productionlweduce the retail price of fertilizer, which
will benefit for the farmers. In addition, fecal ttex has significant value as both a fertilizer and
sources of energy. Fecal sludge containing orgaaricon can be used to condition soil after
stabilization. Fecal sludge contains nitrogen amosphorous, hence, it can be used as an
alternative to commercial fertilizers. Its collestiand use could be a viable business model
around the world by process like compositing. Costing is an aerobic bacterial decomposition
process that converts fecal sludge into stablenicg@aste. The end product can be used as sall

conditioner. Similarly, anaerobic digestion carused to produce biogas.

Thirdly, with a minimal training, the cleaning pemnel (sweeper) previously involved in fecal
sludge disposal can be converted into an effidiestinician for the upcoming biogas plant. Since
a good number of manual workers are involved irkipacfertilizer and earning of these workers
would be higher than that of the cleaning persarthelrest of the workers in this sludge disposal
profession could be employed in growing fertilifactories without any training for packing
purpose. This employment will improve their earnamgl living standards. One approach for
creating a profitable business from fecal sludgeldide to run a mobile treatment facility. Our
concept involves installing a sludge treatmenttgamn a truck. The reactor would process the
sludge using viscous heating and pressure to peoasterile and stable end product. The mobile
treatment facility can connect several communifidg profit can be generated by either selling

the end product back to the communities as amaltiee fertilizer and soil conditioner either free
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or charging a processing fee. This concept doesagoiire heavy infrastructure or investment

and can be easily integrated to the current faeslit

The Gates Foundation expects technology to costles 5 cents/person/day, and intends to
drive a technology to a penny/person /day. Thardlecus is to convince others of the value of
the waste, set up appropriate business modeltsfase, link technologies for multiple overall

solutions, establish partnerships for both techgielband business ventures.
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APPENDICES

APPENDIX A

INSTALLATION OF THE SHEAR REACTOR

Figure 43. Installation of the Cone
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f the Shell

10N O

Figure 44. Installat
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Figure 45. Installation of the Cone and Shell

Figure 46. Installation of Tapered Bottom Bearing

76



Figure 47. Installation of Nut and Set Screw

Figure 48. Installation of Rectangular Joint
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Figure 50. Installation of Shivel Screw to Spad@untroller Cylinder
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Figure 51. Installation of Reactor Assembly to khator

The feed chamber is then installed on the moumtaite and the inlet piston is installed.
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APPENDIX B

OPERATING MANUAL OF THE SHEAR REACTOR

Precheck

1. Make sure the general workspace is clean and tidy.

2. Examine all cords and electrical connections faysror exposed wiring.

3. Check mobility of the motor for torque measurement.

4. Ensure all mechanical moving parts are unobstructed

5. Ensure air line, inverter and Remo (torque metennections are clear.

6. Do not operate the machine when you are hunged tir emotional. You might ruin the

experiment as well as the machine.

Emergency Shutdown Procedure

1. Inthe case of any grinding or other unexpecteaddurn the unit power off immediately
by unplugging the unit.

2. For any indications of overheating; such as tentpegaeadout, smoking, glow, etc.; turn
the power off immediately by unplugging the unit.

3. Notify others of potential hazards.

4. DO NOT start the unit again until expected by fagstaff.

5. Push emergency stop button with any noise or ersatinds. Consult with manufacturer or

authorized service person.
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Figure 52. Emergency Shutdown Button

Normal Operating Procedure

9.

Prepare formulation of mass to be evaluated folgveieparate procedure
Place the mass into the feed cell.

Move the plunger assembly past the feed port.

Adjust the spacing of the extruder for the specfimpling test.

Start the motor and observed whether all appedrs tiperating correctly.
Start the plunger and allow the feed mass to ¢héeextruder space.
Observe and record temperatures.

Observe and collect mass exiting the extruder zone.

Record torque

10. Record air pressure

11. Record Extruder spacing

12. Record temperature of outlet product
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Figure 53. Feed Inlet
Preparation of Mass (Sample)

1. Boil potatoes according to need until get thawed.

2. Wait at least 20 minutes to cool down the potatogwar ambient temperature.

3. For faster cooling sink the potatoes in cold tapewna

4. Remove all the skins from the boiled potatoes bydhéwearing gloves will be practice of
good science)

5. Put all potatoes in appropriate blender/grindethey get mashed.

6. For each experiment take mashed potatoes of 10BQ@rams approximately.
Evaluation of mass

1. Weigh a sample
2. Place in drying oven
3. After 24 hours reweigh and determine mass loss

4. Record all the masses
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Starting the Motor

1. Plug the unitinto the appropriate 230 VAC powaurse and rotate the plug after inserting
into the socket.

2. Before starting the inverter check all the eleatanection are properly and tightly
connected. (use only one hand to check the cormsjti

3. This machine is operable less than 100,000 rms Strival Amperes, 240 or 480V
maximum.

4. Push “Run” key to inverter run.

RUN Button
st | 0.78

HITACH

iy

I

Figure 54. WJ 200Series 3 Phase Inverter

5. The inverter can vary speed of the motor accortbrexperimental specification
6. Using Up and Down arrow key, the motor speed cachlamged.
7. STOP/RESET key can be used to stop the inverter.

8. Do not change any of the function codes.
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9. Do not press the Escape (ESC) key. Pressing ttepEdkey puts the controller into
programming mode. The unit power will have to peled off to reset the unit into
operating mode.

10. Do not keep hand or do not touch the coupling jeingén the rotor starts rotating if there is
no cover there. If there is a cover do not rentbeecover.
11. If the emergency stop is pressed, the motor witldn® be reset by returning the emergency

stop button to the out position and then presgiegstop/reset button on the control unit.

Air Feeding

1. Make sure the air feed line is clean and obstaek 1t might have some smashed potato
which might block the air flow.

2. Connect the air pipe to the inlet of air regulattrich is situated behind the vertical metal
board. Open the air inlet valve to allow the aietaer.

3. The air feed pressure will be shown in the presgatge. Pressure range will be 0 to 100
psig.

4. Under the pressure gauge there is yellow pressgrdator. Air feed pressure can be

controlled by the regulator. Rotate the reguladoathieve desired pressure you need.

Pressure Gauge

Pressure Regulator

Metallic Switch

Figure 55. Pressure Gauge, Pressure RegulatorveitchS
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5. There is a small metallic switch just under thdowlpressure regulator which can control the
direction of air flow. Pressing it to the rightleft will make the feed piston retract to the
loading position. Switching the lever to the migbsition will cause the piston to advance
toward the test section of the unit and compresgebd stock into the rotor.

Spacing Control

1. The rotating shaft inside the housing will be riotgtaccording to desired spacing fixed by

user. The metallic handle can be moved back arh forhave desired spacing. Use the

calibration to get desired spacing.

e

Product Outlet (Closed
by Rubber Cork)
/ - - by

Metallic Handle —

Figure 56. Flange, Product Outlet and Metallic Hand

2. The spacing between the housing and rotating shhtbe increased if the metal handle is
pushed forward to the vertical metal wall (Antidtegse direction if you look at from the
side of air cylinder inlet) and vice versa

3. Do not put your finger in the inlet while the plergs working.
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4. Do not put your hand or fingers in the outlet af thachine. The emerging product is hot
enough (200°C) to cause burns. It mistakenly todddyeskin wash skin with continuous
flow water at least 15 minutes.

Cleaning up the Extruder

1. Allow the reactor to be cold near to room tempe®atu

2. Switch off the inverter and unplug it.

w

. Unplug the air inlet pipe.

D

. Remove three screws and separate air piston.

5. Remove screws from reactor parts also.

Figure 57. Nuts & Bolts of the Reactor

1. Under the horizontal base of the equipment, thexdaur bolts to keep rigid the mounting
plates. Unscrew the bolts.

2. Remove all the bolts and nuts from the flange.

3. Thoroughly wash the feed point, reactor and flanvgigls warm water and ensure the unit is

properly cleaned.
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4. If some sticky material is found, that is not pbksito remove with one washing, keep the
reactor wet with warm water for 10 minutes and waghin thoroughly.
5. Make all the parts dry.

6. Build the unit again and get ready for next expenin
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APPENDIX C

MODEL DEVELOPMENT

We have other experimental results for variablérggs. Those are presented from table 14 to

table 26 and from figure 47 to figure 58.

Table 14. Outlet Temperature for Different HoldTi;e at 0.75mm Spacing, 1210 RPM and

100 psig Feed Pressure

Outlet
Feed Feed Pressure RPM Spacing Hold up Time
Temperature
psig mm seconds °C
0 34.5
60 50
120 62
Red Potato 100 1210 0.75
180 72
240 96
300 125
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Figure 58. Outlet Temperature for Different Hold Time at 0.75mm Spacing, 1210 RPM and
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0 =0.286t + 30.357
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Table 15. Outlet Temperature for Different HoldTime at 1mm Spacing, 1210 RPM and 100

psig Feed Pressure

200
Time t (Seconds

250

300

Outlet
Feed Feed Pressufe RPM Spacing Hold up Time
Temperature
psig mm seconds °C
0 42
60 55
Red Potatg 100 1210 1.00 120 62
180 70
215 130
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Outlet

Temperatur®,

(°C)

140 -
120 -
100 -
80 -
60 -
40 ¢

20 -

0 =0.328t + 34.076

0
0
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150

Time t (Seconds)

200
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Figure 59. Outlet Temperature for Different HoldTime at 1mm Spacing, 1210 RPM and 100

psig Feed Pressure (Corresponding Plot of Table 15)

Table 16. Outlet Temperature for Different HoldTipe at 1.25 mm Spacing, 1210 RPM and

100 psig Feed Pressure

Outlet
Feed Feed Pressufe RPM Spacing Hold up Time
Temperature
psig mm seconds °C
0 20.3
60 39
120 43
Red Potato 100 1210 1.25
180 50
240 61
260 90
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Figure 60. Outlet Temperature for Different HoldTime at 1.25 mm Spacing, 1210 RPM and

100 psig Feed Pressure (Corresponding Plot of THd)le

Table 17. Outlet Temperature for Different HoldTime at 0.75 mm Spacing, 1800 RPM and

100 psig Feed Pressure

250

Outlet
Feed Feed Pressure RPM Spacing Hold up Time
Temperature
psig mm seconds °C
0 34
60 64
120 74
Red Potatg 100 1800 0.75
180 86
240 162
260 190
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Figure 61. Outlet Temperature for Different Hold Time at 0.75 mm Spacing, 1800 RPM and

100 psig Feed Pressure (Corresponding Plot of Table

Table 18. Outlet Temperature for Different HoldTime at 0.75 mm Spacing, 1505 RPM and

100 psig Feed Pressure

Outlet
Feed Feed Pressure RPM Spacing Hold up Time
Temperature

psig mm seconds °C

0 19

60 45

Red Potatg 100 1505 0.75 120 62
180 104

240 110
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Figure 62. Outlet Temperature for Different HoldTime at 0.75 mm Spacing, 1505 RPM and

100 psig Feed Pressure (Corresponding Plot of TH)le

Table 19. Outlet Temperature for Different HoldTi;e at 0.75 mm Spacing, 1210 RPM and

100 psig Feed Pressure

Outlet
Feed Feed Pressure RPM Spacing Hold up Time
Temperature
psig mm seconds °C
0 34.5
60 50
120 62
Red Potato 100 1210 0.75
180 72
240 96
300 125
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Figure 63. Outlet Temperature for Different HoldTime at 0.75 mm Spacing, 1210 RPM and

100 psig Feed Pressure (Corresponding Plot of TEl)le

Table 20. Outlet Temperature for Different HoldTipe at 0.75 mm Spacing, 912 RPM and 100

psig Feed Press

ure

Outlet
Feed Feed Pressure RPM Spacing Hold up Time
Temperature
psig mm seconds °C
0 22
60 40
Red Potato 100 912 0.75 120 49
180 55
240 127
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Figure 64. Outlet Temperature for Different Hold Time at 0.75 mm Spacing, 912 RPM and

100 psig Feed Pressure (Corresponding Plot of T2l)le

Table 21. Outlet Temperature for Different RPM &80mm Spacing, 180 seconds Holdup Time

and 100 psig Feed Pressure

Outlet
Feed Feed Pressure  Holdup Time Spacin RPM
Temperature
psig Seconds mm °C
912 55
Red Potato 100 180 0.75 1210 72
1505 104
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Figure 65. Outlet Temperature for Different RPM)at5 mm Spacing, 180 seconds Holdup Time

and 100 psig Feed Pressure (Corresponding PlcaliET21)

Table 22. Outlet Temperature for Different RPM &80mm Spacing, 120 seconds Holdup Time

and 100 psig Feed Pressure

Outlet
Feed Feed Pressure  Holdup Time Spacing RPM
Temperature

psig Seconds mm °C

912 49

1210 62

Red Potato 100 120 0.75

1505 120

1800 134
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Outlet

Temperature

(°C)

Figure 66. Outlet Temperature for Different RPM)at5 mm Spacing, 120 seconds Holdup Time

Hold up time= 120 seconds

900

1200
rpm

and 100 psig Feed Pressure (Corresponding PlaaliET22)

1500

1800

Table 23. Outlet Temperature for Different RPM &80mm Spacing, 60 seconds Holdup Time

and 100 psig Feed Pressure

Outlet
Feed Feed Pressufe  Holdup Time Spacin RPM
Temperature
psig Seconds mm °C
761 59
912 40
Red Potatg 100 60 0.75 1210 50
1505 45
1800 64
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90 - Hold up time= 60 seconds
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707 0 = 0.0226r + 19.032 R
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Figure 67. Outlet Temperature for Different RPM)at5 mm Spacing, 60 seconds Holdup Time

and 100 psig Feed Pressure (Corresponding PlaalaeT23)

Table 24. Outlet Temperature for Different Spa@hd80 seconds Holdup Time, 1210 RPM and

100 psig Feed Pressure

Outlet
Feed Feed Pressut RPM Hold up Time Spacing
Temperature
psig seconds mm °C
0.75 72
Red Potato 100 1210 180 1.00 70
1.25 50

98




Outlet
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(°C)
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0 =-44s + 108

1210 RPM and 180 seconds
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Figure 68. Outlet Temperature for Different Spacimd 80 seconds Holdup Time, 1210 RPM

and 100 psig Feed Pressure (Corresponding PlcaliET24)

Table 25. Outlet Temperature for Different Spaand20 seconds Holdup Time, 1210 RPM and

100 psig Feed Pressure

Outlet
Feed Feed Pressure RPM Hold up Time Spacing
Temperature
psig seconds mm °C
0.75 62
Red Potato 100 1210 120 1.00 62
1.25 43
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Outlet
Temperatur®,
(°C)

70 -

60 -

50 -

40 -

30 -
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1210 RPM and 120 seconds

¢ 0 =-38s + 93.667
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Figure 69. Outlet Temperature for Different Spaaind20 seconds Holdup Time, 1210 RPM

and 100 psig Feed Pressure (Corresponding PlaaleT25)

Table 26. Outlet Temperature for Different Spa@h§0 seconds Holdup Time, 1210 RPM and

100 psig Feed Pressure

Outlet
Feed Feed Pressure RPM Hold up Time  Spacing
Temperature
psig seconds mm °C
0.75 50
Red Potato 100 1210 60 1.00 55
1.25 39
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Figure 70. Outlet Temperature for Different Spacn@&0 seconds Holdup Time, 1210 RPM and

100 psig Feed Pressure (Corresponding Plot of T26)le

As we see, temperature rise due to viscous hetidgpending on three variables at constant
pressure. Those are rpm, spacing and hold up Ameodel could be developed for a constant

feed pressure operation.

The governing model equation for a constant feedgure could be

0= f(r,s,t) where

0= Outlet temperature (°C)

r = rotation per minute (RPM)

s= spacing (mm)

t= Hold up time (seconds)

Now suppose for figure 58, we have an equatiorutdebtemperature,
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0= -22s+70 (26)
For 60 seconds Holdup Time, 1210 RPM and 100 ps&glfPressure

Differentiating equation with respect to s we have

Z—Z = —22 (Where t and r are constant at 100 psig feedsprep

Similarly we can obtain different partial valueggented from the equations of figure 47 to
figure 58. Those differential values could be usedevelop the model or correlation for out let

temperaturd®. Data are present from table 27 to table 30.

Table 27.% Values with Different RPM at 0.75mm Spacing

S r d0
at
mm RPM °C/second
912 0.375
1210 0.286
0.75 1505 0.4017
1800 0.555

Table 28.% Values with Different Spacing at 1210 RPM

r S 00
at
RPM mm °C/second
1210 0.75 0.286
1.00 0.328
1.25 0.2115
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Table 29.% Values with Different Holdup Time at 0.75 mm Spagi

S t a0
ar
mm seconds °C/RPM
60 0.0226
0.75 120 0.1118
180 0.0826
Table 30 .% Values with Different Holdup time at 1210 RPM
r t a0
as
RPM seconds °C/mm
60 -22
1210 120 -38
180 -44
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APPENDIX D

Table 31Hz (inverter readingand Tachometer Reading withouny Load

Hz (Inverter Readin( RPM (TachometeReading

60 1800
55 1653
50 1505
45 1360
40 1210
35 1061
30 912

1800 > |
k/

1600 -
RPM=30.159 HZ v
1400 P |

1200 ,l

1000 1
Tachometer "%

Reading, RPM gqq -~

600 A
400 e
200

0

O 5 10 15 20 25 30 35 40 450 55 60
Frequency, Hz

Figure 71. Tachometer Reading (RPM) vs Frequency
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APPENDIX E

ROTATING PARTS

Photo of the Rotating Parts

Name

Weight

Cone

2.746 Kg
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Love Joy

Joint 214 gm
Star Joint
Connector 12.7506 gm
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Nut

12.7087 gm

1.5775gm
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Black
Rubber 1.7926 gm

Seal
Tapered
Bottom 58.5588 gm
Bearing
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