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ABSTRACT

Many beverage containers are potentially recyclable after use but only a poriion of these are
regularly recycled. To recover this portion that would otherwise be wasted, this thesis
investigated if an alternate beverage container design as compared te a current design would
improve the recovery of the container material after shredding and screening in a materials
secovery operation. A desirable design alternative would enable the shredded material to
concentrate into some specific size fraction during screening, allowing for easier separation, as
opposed to having the materia! scattered throughout. Four physical design characteristics were
investigated to determine if and how they affect the shredding behaviour. These factors were
size, shape (cylindrical, rectangular), geometry (open ended, enclosed), and the container
material. The selected test containers were Tetra-Pak aseptic packages, glass jars, and
expanded polystyrene (EPS) containers, primarily because they had umque testing
characteristics. The effects of the size, shape, and geometry on Tetra-Pak and glass containers
shredding behaviours were tested using a 23 factorial design. The effect of size on EPS
containers was tested by straight comparisons. The effect of the contamer material on the
shredding behaviour of all containers and the effect of the Tetra-Pak container orientation just
prior to shredding were also tested by straight comparisons. A final test investigated if specific
Tetra-Pak containers would separate out from a mixture of recyclable items due to a
characteristic - small container size - that was observed to produce a better shredded material
concentration. Except for this effect of size on Tetra-Paks, the size, shape, and geometry of a
container had little or no effect on the shredding behaviour of the containers The Tetra-Pak
orientation also had no effeci. The material type was found to have an effect but a relationship
between the material and the behaviour was not determined. The implications of the finding
that smalier Tetra-Paks produced greater concentrations of shredded matenal for potential
recovery were analyzed. It is concluded that the design of a container for improved recovery s
only one consideration in the design of an "environmentally friendly" product.
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CHAPTER ONE
Introduction

—_— g

1.0 PROBLEM STATEMENT

Many beverage containers are potentially recyclable after use but only a portion of these are
regularly recycled. The remainder are often disposed. To recover this portion that would
otherwise be wasted, one option is to construct "easier<to-recycle” beverage containers for
mechanical materials recovery systems that employ shredding and screening operations.
However, this option has received little attention in the past. Therefore, investigating how the
current physical design characteristics of a beverage container affects its shredding behaviour
and subsequent size distribution after screening may reveal if an alternate container design can
improve the recovery of the container material. If a characteristic or even a combination of
characteristics, when compared to other design configurations, can better isolare the material
into a specific size fraction after shredding, the recovery of such material can be improved.
The shredded material has been concentrated into a specific size range and thus can be more
easily captured by screening than if the material was distributed over a wide range of sizes. For
the purposes of this research, it is not important into what specific size fraction a material may
be isolated, so long as a significant portion of the shredded material is separated into some size
fraction.

1.1 RESEARCH OBJECTIVES

Based on the above problem, the overall objective is to determine if an altemnative design for a
beverage container as compared to a current design will improve the recovery potential of the
beverage container material and if so, what is this design. To fulfill this main objective, this
research must first satisfy the following objectives.

I. R is necessary to determine what factors or characteristics significantly affect the
shredding and screening behaviour of a beverage container. These factors include the
container size, shape, geometry, material, and preshredding orientation and will be
discussed in greater detail later.

II. If any of the above factors are significant, it must then be determined what is the
relationship between any such factor(s) and the subsequent shredding and screening
behaviour. It is also necessary to determine if this relationship would benefit the recovery
of the container matenial.

Furthermore, providing a relationship exists, the implications of any such relationship for that

beverage container must also be examined.

1.2 BEVERAGE CONTAINER CONTEXT

Beverage containers regulated by deposit-refund laws are often retumed for recycling while
other containers are recovered through various recycling collection programs. The rest are
usually disposed due to either the lack of recycling programs for these containers or the
inadequacy of existing recycling programs to handle such containers. The scenario is especially



relevant to containers that are intended as single-use only items. As a result, the beverage
container material, which is potentially reusable, is wasted.

The circumstances surrounding these beverage containers can be illustrated using an example
involving plastics. Many Canadian produced plastic containers now have the familiar
triangular identification label on the bottoms. When the contents are spent, the container can be
identified and appropriately sorted for recycling. Although this seems to be a highly workable
solution, in reality, this plastics coding system has several flaws (Recycling Canada, January
1992). One of the biggest problems is the sheer number of plastics available on the market.
Because mixed plastics are not suitable for many plastics recycling programs, post-consumer
used plastics must be sorted. Depending on the size of the collection base, this can be a costly
proposition. Furthermore, because the general public may not be familiar with the specific
requirements that a plastics recycling program demands, plastics that are not currently
recyclable can be mixed with the recyclable ones (Glenn, 1990). This example illustrates that a
recyclable commodity does not necessarily get recycled (Reinfeld, 1992, p.59). Despite the
efforts in identification, a community may be unable to afford an adequate plastics collection
and sorting program that will meet the demands of the plastics recycler. This may result n no
plastics collection or a mixed plastics collection that must still be sorted. It is important to
realize that while te technology to recycle a specific item may exist, true recyclability means
economically viable and widespread collection, processing, and marketing systems also exist
(CCME, 1993). And of course, there are individuals who may not recycle (Ottman, 1994,
p-33). Recyclable items may simply be disposed of as garbage.

In either of these scenarios, recyclable items either end up in a commingled stream of
recyclable items or in the waste stream. Recovering these recyclable items would be mainly
accomplished by either manual sorting or mechanical sorting, or a combination of both.
However, the heterogenous nature of both streams can impose great technical demands on
mechanized operations to separate out desired items (Glenn, 1991). Handsorting could also be
employed but may be very labour intensive and expensive, especially if a large volume of
recyclables are handled. In either case, sorting would most likely be improved if the recyclable
item was easier to isolate fromi the other materials present in the stream. This would mainly
involve changing some aspect of the item itself.

Little research has been performed to investigate how specific characteristics and design of an
item may impa.t waste generation (Conn, 1988). As a2n example of how knowledge of this
aspect can be beneficial, consider a rectangular shaped item made of a recyclable matenial. If,
because of its rectangularity, such an item was found to separate itself from other materials in
the materials recovery sorting process, this characteristic of the item would be desirable. It
may be advantageous to thus design similar items in a comparable fashion to improve the
materials recovery. This emerging cradle-to-grave attitude, known as product stewardship, is
reflected in a statement by the Canadian Council of Ministers of the Environment conceming
packaging, "All packaging will be designed, manufactured, used, and disposed of in such a
way as to minimise its effect on the environment and to achieve maximum diversiun from the
disposal options through the application of the Three R's: Reduce, Reuse, Recycle." (CCME,
1990)

Beverage containers were chosen to be studied because many of them are disposable
"packages"”, discarded once the contents are consumed. For example, in the past, there were
greater quantities of beverage containers that were reused (refillable glass containers) in the



United States. However, the American consumer prefers convenience and hence the increase in
nonrefillable beverage containers (Miller, May 1992). In the United States in 1986, containers
and packaging made up an estimated 30.3% of the discards to municipal solid waste (MSW)
afier materials recovery was performed. (Franklin Associates Ltd., 1988) The US. EPA
estimates that 33.8% of MSW in 1986 is packaging and containers (Erwin and Healy, 1990).
Furthermore, beverage containers are diverse in nature. The configurations and materials of
currently available beverage containers, both of which are key design parameters, vary
considerably. Selecting beverage containers for this research therefore offers a broad range of
research possibilities.

It is obviously not possible 1o research all possible combinations of beverage containers and
their respective characteristics and materials recovery methods. Therefore, the research will be
limited to investigating selected non-returnable beverage containers. The familiar retumable
drink bottles (metal and glass) and aluminum cans that require a deposit generally have
significant recovery rates. Screening was chosen as the sorting method because it is ane of the
common methods to separate out materials (Tchobanolglous, 1993, p.258). Shredded matenals
would thus be separated based on differences in size. Size reduction is often done by most
materials recovery facilities and waste facilities to improve the handling of the recyclable or
waste material. However, many forms of size reduction exist. Slow-speed shredding is a
relatively new trend in waste processing that appears to be enjoying reasonable success
according to industry personnel. The topics of choosing non-retumable beverage containers,
size reduction, and slow-speed shredding will be discussed in greater detail in Chapter Two.
Note that this thesis will be limited to the North American beverage container situation.

Because of these limitations, applying the research results to scenarios outside of those
specified in this research may not be valid. Nevertheless, this research contributes to the
practical and scientific aspects of solid waste management. The realization that a specific
characteristic or characteristics would render a beverage container recyclable at the end of the
product's life may justify redesigning the product to incorporate that characteristic. A current
recyclable product may likewise be more recyclable if such a characteristic(s) was
incorporated or enhanced if it already existed. Furthermore, this research will detail how some
common beverage container characteristics can affect the breakage of selected beverage
containers. The results will contribute to the field of breakage theory for solid wastes. This
field appears to be not well-understood. For example, one of the breakage theories that was
used extensively in the past to describe how solid wastes break has been shown to be generally
invalid for many solid wastes (Vesilind et al., 1986).

1.3 RESEARCH OUTLINE
mainder of this thesis is divided into the following chapters.

Chapter Two explains the selection of the beverage containers chosen for testing, the selection
of the four design characteristics, the current recovery potential of these containers, and the
role of size reduction in materials recovery and separation. This chapter also examines several
of the current theories used in describing and predicting the breakage of solid wastes. Based on
the discussion of these preceding topics, the chapter concludes by developing the hypotheses
between the various physical container characteristics and their effect on the recovery of the
container material.



Chapter Three examines the experimental design developed and used to test the hypotheses.
Several different procedures were devised because not all of the hypotheses could be tested by
a single method due to the nature of the beverage containers and limitations on research
resources. Following this, the actual procedures used to carry out the design are explained.
Any procedural deviations or complications are also noted in this chapter.

Chapter Four presents the summaries of the various test data and the analyses performed to
evaluate the validity of the hypotheses. However, to perform these analyses, several other

aspects had to be examined, including the applicability of the data gathered and the selection of
a suitable method to "measure” the data. The chapter concludes with an evaluation of the

hypotheses proposed in Chapter Two.

Chapter Five discusses the implications of the findings from Chapter Four for one of the
selected beverage containers used in this research.

Chapter Six concludes this thesis and recommends several possibilities for future research.
Appendix A contains the original data and initial treatments of the data.

Appendix B details the various calculations required for the data analyses in Chapter Four.



CHAPTER TWO

Recovery Potential of Beverage Containers

2.0 INTRODUCTION

A variety of topics must be examined to determine if an altemate beverage container design
can improve the recyclability of the container. The following topics will be discussed i this
chapter.

1. Why certain non-retumable beverage containers were selected for testing and the recovery
potential of these containers.

1. What beverage container characteristics were selected for testing. These characteristics
would constitute the design of a beverage container.

Iil. Material properties of the chosen beverage containers and how they may affect the size
reduction of the containers.

IV. The role of size reduction in materials recovery. This section will focus on slow-speed
shredding as the chosen method of size reduction.

V. Existing theories relating to the breakage of solid wastes and how they could possibly be
useful to this research.

V1. The hypotheses, developed from the preceding topics, that relate the characteristics of a
beverage container, its behaviour during shredding, and the subsequent recovery of the
container material.

2.1 SELECTION OF CONTAINERS FOR EXPERIMENTATION

2.1.1 Returnable versus Non-returnable Beverage Containers

The beverage containers currently on the market can be divided into two categories: retumnable
and non-retumable. Returmnable containers are subject to deposit-refund regulations while non-
retumable containers are not. As an incentive to retum the beverage container for reuse, the
consumer pays a deposit amount at the point of purchase that can be later redeemed at a depot
when retuming the empty beverage container. Many of these retumnable containers are thus
recovered for reuse or recycling. For example, the Province of Alberta currently has moderate
to high retum rates on refundable containers. These rates are shown in Table 2.1.

Because the existing systems governing retumnable beverage containers appear to be effective,
focussing on examining the recoverability of non-returnable beverage containers would be of
greater benefit to the field of solid waste management. While some of these containers can be
recycled currently with existing technology, no monetary incentive exists to motivate
consumers to retumn the spent containers. Furthermore, some of these containers, such as
aseptic packages, are single use items only. In addition, this scenario is complicated by the fact
that certain beverage containers, such as "styrofoam” cups, although made of a recyclable
material, have few recycling systems or markets in place to process the used comtainers. As a
result, the great majority of such containers are disposed. However, altemate container designs
may improve these containers' recovery and thus allow existing recycling programs to accept



such containers. If certain characteristics prove very effective in isolating the desired container
material, it may even be possible to separate out such containers from a waste stream.

Aluminum Cans 77.60%
Bi-Metal] Cans 33.358%
Glass Bottle Fund

500mlL or less 56.81%
S0Iml. to IL 61.61%
Over 1L 42.83%
Plastic (HDPE/PVC) ]
S500ml. or less 43.80%
50iml. to 1L 39.81%
Over 11 43.20%
Plastic (PET)

500ml. or less 64.58%
50Iml. to 1L £5.28%
Over 11. 87.01%
Liquor and Wine 82.47%*
Imported Beer Cans 99.86%*
Imported Beer Bottles 74.03%*

TABLE 2.1: Rates of Return as of October 13, 1992 for the Province of Alberta
(*) Sales figures from September 1992.
Source: Alberta Recycling Branch, Alberta Environment.

2.1.2 Selection of Specific Beverage Containers for Testing

Based on the previous discussion and the context of this research, the following criteria were
used to determine which containers would be chosen for testing. The container should:

1. Be non-retumable.

2. Not be currently recycled through existing recycling programs and thus more likely to be
disposed.

3. Be made of a material that is potentially recyclable using existing technology, otherwise
there would be little present use in recovering the material.

4. Possess a characteristic(s) that is unique and may therefore affect how the container shreds
and screens.

Point four is importan: because one of the objectives is to determine if a particular design
characteristic(s) of the beverage container will improve the recoverability of that container. If
all the chosen beverage containers were similar, it is unlikely that any differences in wie
recoverability of the shredded materials would result. Furthermore, unique characteristics from
various beverage containers could be potentially quite different from one another. The greater
the difference, the more likely the effect of a particular characteristic wall be clearly observed.



After considering these criteria, three types of containers were selected: Tetra-Pak aseptic
packages!, expanded polystyrene (EPS) cups, and glass jars (not returnable glass bottles). All
three containers either match all or most of the critena.

Tetra-Paks are multi-layered aseptic packages used to hold beverages. They are currently non-
retumable, not accepted in most recycling programs, are potentially recyclable, and are one of
the few rectangular shaped containers on the market. The aseptic packaging material is highly
flexible. The aseptic packages also come in two distinct sizes: 250 mL and 1000 mL.
Furthermore, the 250 mL aseptic packages are entirely enclosed during use except for the
small drinking straw hole.

EPS containers also fulfill the first three requirements, although some urban centres have
started recycling programs for used polystyrene containers. The EPS containers chosen
however are the familiar foam "coffee” cups. These are unique because one end is fabricated
entirely open for drinking and they are always cylindrical. The vertical angle of the cup will be
ignored for the purposes of this research. EPS is also a brittle material.

Glass jars are also non-retumable but are usually accepted by most recycling programs. Glass
jars are also made of a brittle material. However, of the various non-retumable beverage
containers materials, glass is generally the heaviest and densest of all materials. Furthermore,
glass is commercially available "* many configurations and sizes. Glass jars can thus be
compared against the other two ccatainer types.

2.1.3 Selection of Physical Design Characteristics

The three selected containers - Tetra-Paks, EPS containers, and glass jars - each have unique
characteristics. These unique characteristics of size. shape. geometry (open mouth or noi).
and container material can be generalized into categories. It is observed that almost all
beverage containers can be described by the following categories.

1.  Size. Many beverage containers come in a variety of sizes. This is usually quantified by
the volume of beverage the container holds.

2. Shape. Most beverage containers are cylindrical. However, certain containers are square
or rectangular, such as milk cartons or aseptic packages. There are very few containers
that are inbetween these two shapes.

3. Geometry. Beverage containers are either enclosed or open at one end. Prior to use, It
can be expected that such containers are sold closed but after use, the container may be
disposed as an open container. There are varying degrees of enclosure; some containers
may be quite wide at one end but have narrow openings.

4.  Material. Each beverage container is obviously constructed of some material. Many are
single material containers while other may be composite material containers. The
materials can also range from the very flexible to the very brittle and can vary in density.

These categories are the various physical design characteristics that may affect the shredding
and screening behaviour of the beverage containers. These design characteristics would
therefore be the physical basis of any altemative container design. Furthermore, the chosen

1Tetra-Pak is the company name for the largest North American inanufacturer of aseptic packages.
Throughout this thesis, the term Tetra-Pak will be used to refer to aseptic packages.



beverage containers represent the extremes of these categories. For example, testing a
rectangular container against a cylindrical container would iliustrate what difference, if any,
shape has on the recovery of the container material.

2.2 RECOVERY POTENTIAL OF SELECTED CONTAINERS

It is worthwhile to examine the presen® materials recovery situations of the chosen containers:
Tetra-Paks, EPS containers, and glass jars. Although they physically possess the extremes of
the characteristics to be tested and are therefore ideally suited for this research, this section will
evaluate their recovery and recyclability from a practical viewpoint. The current efforts to
recycle these containers will be described and the quantities available of each container for
recycling will be analyzed.

2.2.1 Tetra-Pak Aseptic Packages

Aseptic packages have been heralded as one of the most significant food science developments
within the last half-century. These packages, consisting of multi-layers of paper, polyethylene,
and aluminum foil, include the 1 litre box and the 250mL "drink box". The drink bax offers
convenience, excellent beverage preservation, and ease of transport due to its rectangular
shape. In fact, compositc material containers generally require less matenal for their
production. However, numerous concemns have been raised about the disposability (i.e. lack of
recycling options) of these juice boxes (CCME, 1990). Until recently, no service or market
was available to recover the spent drink boxes. These were disposed of with other nan-
recoverable wastes. Consumers' concemns include the feeling of guilt - the boxes are generally
thrown away, unlike retumable glass and aluminum beverage containers. The State of Maine
in 1990 banned the aseptic box, classifying it as unrecyclable due to its multi-layered
composition. As of mid-1993, aseptic packages have not been placed under deposit-refund
legislation, although there has been some discussion about doing so. Thus, in order to develop
and demonstrate a successful post-consumer recovery market for the aseptic packages, used
drink boxes have been collected on a limited scale for the production of plastic lumber.
Another venture is to recover the paper content from the packages for pulp. However, these
markets for used drink boxes have still not fully develcped.

As an example of the recovery situation regarding aseptic packages, a company collects
aseptic packages (specifically Tetra-Paks) from schools in the metropolitan Edmonton area of
Edmonton, Fort Saskatchewan, and St. Albert. These Tetra-Paks are drained, bailed, and
delivered to a local plastic lumber manufacturing company. At of the time of this thesis
research, this operation is the only one of its kind in Canada. Tetra P2k Inc. delivers 1070
tonnes of multi-layered Tetra Pak material to Alberta per year for the construction of the
aseptic boxes. Sixty percent, or 642 tonnes, are formed into the 250mL drink boxes for
consumption in Alberta. The cities of Edmonton, Fort Saskatchewan, and St. Albert have a
combined population of 670 965 out of the total Alberta population of 2 545 553. A complete
population count for the County of Strathcona was not obtained. Assuming a constant per
capita consumption rate of Tetra Paks within Alberta and assuming that all drink boxes formed
are actually bought and used, the three municipalities above would use 26.4% of the 642
tonnes, or 169 tonnes, of the total 250mL Tetra Paks consumed in Alberta on a yearly basis,
pro-rated based on the population distribution.



Approximately 4.53 to 7.26 tonnes, of Tetra Paks? are collected per month. Assuming these
are only 250mL drink boxes and that any seasonal fluctuations average to a reasonably
constant rate, 54.4 to 87.1 tonnes of the Tetra Paks, or a linear average of 70.8 tonnes, are
recovered annually from the 169 tonnes used by the three municipalities. The collection
program through the schools translates into a recovery rate of approximately 32% to 52%, or
an average 42%, of all 250mL drink boxes in these three municipalities.

Capturing al/l used Tetra Paks is unlikely to generate a significant increase in the mass of
material recovered compared to the amounts actually landfilled. The Province of Alberta
generated 1 830 800 tonnes of waste in 1987 (Stanley Associates Engineering Ltd., 1988). If
all 1070 tonnes of Tetra Pak material sent to Alberta was thrown into the waste stream, it
would constitute only 0.058% of the total waste generated. These calculations assume the
present waste quantities are similar in magnitude to the value reported for 1987.

The preceding calculations show that the quantity available for collection, when compared to
the total waste stream, is diminutive. For comparison, in 1988, newspapers alone made up
7.4% of the MSW by mass in the U.S. (Miller, June 1992). However, attempting to recover
aseptic packages would appeal to environmentally concemed consumers. The future of aseptic
package recycling will also depend on present and future developments for used aseptic
packages (e.g. pulp recovery, more uses for plastic lumber).

2.2.2 Expandable Polystyrene Containers (Cups)

As with the Tetra-Paks, environmental concemns about polystyrene food service items have
increased over the last several years. The efforts to recycle polystyrene appear to be still in the
beginning stages. A recent venture to recycle polystyrene packaging by a major fast food
retailer was discontinucd in favour of paper packaging. Despite this apparent set back,
polystyrene recycling efforts have started in major centres throughout North America,
including a full-scale polystyrene recycling plant in metropolitan Toronto. This program and
others typically use source-separated polystyrene items; the majority of other contaminants
have already been removed.

The 1990 Canadian consumption of expandable polvsryrene beads used for disposable cups
was 6% of 157 000 tonnes of total polystyrene, or 9420 tonnes. (Chenucal Economics
Handbook, 1991) These cups produced from EPS beads are the familiar foam cups. However,
the two other major forms of polystyrene, straight or crystal polystyrene, and impact grade
polystyrene, are also used to produce dispcsable cups. No percentages of cups produced from
each polystyrene have been found in the literature, but in Western Canada, it is roughly
estimated that 75% of the typical "coffee cups” are manufactured from expandable polystyrene
beads. For North America, this percentage is roughly 65% (Barry Middleton, June 7, 1993).
By applying the 65% ratio, the total number of cups made from all types of polystyrene would
be [135% x 9420 tonnes] or 12 717 tonnes. Canadians disposed of approximately 30 million
tonnes of garbage in 1989. (Ministry of Supply and Services, 1991) The total garbage mass
includes all types of municipal wastes, including construction wastes. Assuming the 1989
Canadian amount of garbage was approximately the same for 1990, the disposable cups would
constitute 0.042% of the total solid wastes. This is a very small portion of the total MSW.

2 Combibloc brand produced containers have becn assumed to contribute an insignificant weight.
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Locally, the amount of waste plastics in the City of Edmonton is 36580 tonnes per year (CMG,
February 1991). The residential plastic waste is 19374 tonnes, and the commercial waste is
12915 tonnes. In the residential waste stream, polystyrene makes up approximately 7% to 12%
of the total plastic present. Assuming a mean value of 9.5% and applying this average to both
the residential and commercial plastic wastes, 3067 tonnes of polystyrene are disposed of each
year. From above, 6% of all polystyrene consumed in Canada was used to produce expandable
polystyrene foam cups. Since expandable polystyrene is estimated to make only 75% of all
disposable cups in Westem Canada, and assuming the 6% value is valid in Edmonton, the
mass of disposable cups is [6% x 1.25 x 3067 tonnes] or 230 tonnes of polystyrene cups per
year.

An altemative method to determine the amount of polystyrene cups is to examine data from the
Blue Box program in Edmonton and estimated polystyrene amounts from institutions and
industries (CMG, March 1991). The Blue Box program collects about 363 kg of polystyrene
per day, selected institutions, such as hospitals and colleges, would collect about 324 kg per
day, and selected polystyrene industries would make available 39 kg per d~y. A total of 265
tonnes of polystyrene per year, would be available. Again, using the 6% and 1.25 factors, the
total mass of polystyrene cups is 19.8 tonnes per year. Because this second calculation is based
on the Blue Box program and selected institutions, considerably more polystyrene is available
than would actually be collected.

In 1986, Edmonton landfilled 655 900 tonnes of solid waste (including construction debris)
(Stanley Associates Engineering Ltd., 1988). At that time, 230 tonnes of polystyrene cups
would have only constituted 0.035% of the total solid wastes. This figure agrees roughly with
the national values calculated previously. Considering that the total amount of plastics
landfilled in Edmonton in 1987 was 153 000 tonnes, the amount of polystyrene cups appears
insignificant in terms of waste tonnage.

An article by M.B. Hocking compared the merits of the polysiyrene foam bead cup against
those of the paper cup (Hocking, 1991). He presents a life-cycle analysis for both cups and
points out several important considerations.

a. For cups of the same size (8 0z.), the polystyrene cup weighs one-quarter of the paper cup.

b. The fuel requirement for the manufacturing of both cupe is approximately the same.

c. More petroleum feed stock is required for the production of the polystyrene cup. Similarly,
the paper cup requires wood pulp feed stock for its production. In both cases, there are
environmenta! considerations (damage?) due to the exploration and extraction of the raw
material.

d. The polystyrene cup requires significantly less steam and electricity than the paper cup and
also less cooling water requirements for its manufacture.

e. Paper cup manufacturing involves chlorine, chlorine dioxide, sulphur, and sulphur dioxide
emissions. These emissions have been reduced in recent years due to improved technology
and processes. Polystyrene cup manufacturing emits pentane, which contributes to volatile
hydrocarbon levels. Sulpbur dioxide emissions are slightly less.

f  For cold beverages, both cups perform adequately. However, hot (water) beverages
significantly weaken the st:ffness of a paper cup, reducing its usefulness. Polystyrene cups
behave similarly regardless of the beverage temperature.

g. Because of its surface, the paper cup, once used, cannot be easily washed for reuse. The
polystyrene cup, since its structure is not altered by beverages, can be reused.
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h. Both cups are recyclable, but the properties in (g) allow polystyrene cups to be more easily
recycled since it can be cleaned more readily. Furthermore, the paper cup requires an
adhesive to bond the components. This can complicate the recycling operation. Conversely,
the polystyrene cup is a single material.

. Polystyrene is one of the plastics that most readily breaks down into its primary constiuent.

J.  Should incineration be chosen as the recovery method, polystyrene cups produce almost
double the recoverable heat of paper cups based on mass. However, because polystyrene
cups are significantly less dense, more cups are required to make up the heat generation.

k. When landfilled, the paper cup can biodegrade under ideal anaerobic conditions. This will
contnibute to leachate and methane gos generation. The polystyrene cup, however, is not
biodegradable.

The article does not endorse the use of the polystyrene cup, but as demonstrated, the
polystyrene cup has some advantages. Based on these arguments, attempting to recover
polystyrene cups (perhaps even all polystyrene food ware) is worthwhile because of their ease
in cleaning and rej-rocessing for recycling, especially since there are circumstances, typically
for sanitation and convenience, which warrant disposable food ware. Conversely, the article
also states, "More extensive recycling of paper would thus effect a far more significant
reduction of the waste stream volume than would an equivalent fraction of any or all of the
other packaging materials in the municipal waste stream.” (Hocking, 1991) This agrees with
the earlier calculations of polystyrene cup waste quantities.

Despite the apparent recoverability of polystyrene cups, there are certain obstacles to
polystyrene recycling in general. One of the main problems is the transportation of the
collected polystyrene to the reprocessing operation. Hauling such light matenal is usually not
economical, hence shredding, compacting, and/or baling may be necessary, especially for long
transport distances. (Gruder-Adams, May 1991) Furthermore, colour separation of the post-
consumer polystyrene and the destruction of pathogens from food ware are also issues. Most of
the recovered polystyrene is mixed in colour, and as a result, becomes lower-grade, dark
coloured objects intended for non-food applications (e.g. office desk stationary). (Clayre, June
10, 93.) Most polystyrene cups are white coloured and thus would not present a problem by
themselves. However, to make the recycling of polystyrene economically worthwhile, the cups
would undoubtedly have to be mixed with other polystyrene items. Unless these other items are
also colour separated, the effort to single out polystyrene cups may be wasted. Furthermore, all
polystyrene that is destined for recycling must be cleaned of contaminants, such as food and

paper.

While the polystyrene cup offers many advantages, the polystyrene recovery situation is
similar to that of the Tetra-Pak: low quantities of waste when compared to the overall waste
stream and developing recycling markets.

2.2.3 Glass Jars

Glass jars are not necessarily beverage containers only but can also hold a variety of food
stuffs and beverages. For this research, the glass jars that will be tested are the common type
of containers that would be thrown out as waste or else routed to a recyclables collection
system, such as a blue box program, instead of being sent to a bottle depot. As was shown in



12

Table 2.1, retumnable glass bottles have reasonably high rates of recovery, ranging from 43%
to 74%.

Unlike Tetra-Pak or even polystyrene, glass recycling has been in place for some time. Source
reduction has even been practised through the use of refillable glass bottles. In 1988, 6.3% or
10.2 million tonnes of the U.S. municipal solid waste stream was glass (Miller, May 1992).
This figure is at least one order of magnitude higher than those of EPS or Tetra-Pak. However,
1t should be noted that this is a weight comparison. It is possible that glass, being brittle, will
more than wikely break during landfilling and so reduce that volume it occupies.

Glass is a highly recyclable material and although recycling technologies have existed for some
time, glass recycling still has several notable difficukuies. Glass recycling can suffer from
contamination. The mixing of various glass bottle colours (green, amber, flint) and other
materials, such as ceramics or heat-resistant glass, can pose problems for reusing glass.
Furthermore, glass containers generally have a low value per ton. Paying to have scrap glass
shipped to a distant market could prove too expensive for a recycling/collection operation.
Despite these setbacks, glass containers, including refillable ones, had a 31% recycling rate in
1991 in the U.S. (Miller, May 1992).

2.2.4 Summary of Selected Containers' Recovery Potentials

Eventhough the quantity of polystyrene and Tetra-Pak is minute compared to the entire
municipal solid waste stream, disposing such containers means losing potentially recoverable
resources while adding to the growing solid waste problem of landfill shortages. This is
particularly true since Tetra-Paks and EPS containers are generally single-use, disposable
items. As mentioned in Chapter One, the use of non-reusable beverage containers is increasing.
And although not widespread, recycling markets for Tetra-Paks and EPS containers have
startad recently.

The three chosen containers possess suitable physical characteristics for testing. The case for
including the aseptic package centres on several major points: it has only two dominant sizes,
all packages possess the same rectangular shape, distinguishing it from the majority of other
cylindrical beverage containers, it is one of the few composite material containers, and the
packaging material is quite ductile. All these points make the aseptic package unique. Testing
glass jars in this research is justified mainly because it offers a distinct physical contrast to the
other containers. Futhermore, it is made of a common and established material in the recycling
market. Lastly, all of the characteristics that can be found in almost all beverage containers
can be tested with these three containers. EPS beverage containers are typically used as an
"open mouth" contiiner. Tetra-Paks are usually used as an "enclosed” container, are pliable,
and are uniquely rectangular. Glass containers are brittle and the majority are cylindrical.
These reasons, combined with the merits from the potential recovery discussion above, indicate
that the three chosen beverage containers are suitable for testing in the context of this research.

2.3 MATERIAL PROPERTIES

It was discussed earlier that the beverage containers' materials could affect the performances of
the beverage containers during materials recovery operations. Furthermore, given the many
types of container materials available, the material that a container is constructed out of is one
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of its unique characteristics. Based on the criteria established earlier, unique charactenistics
should be tested. However, little information was available on the behaviour of the materials
used in the selected beverage containers undergoing post-consumer recovery. Nevertheless,
some general guidelines were applicable and would later prove helpful in the analysis of the
gathered data. The properties are discussed with respect to size reduction, which will be
explained in a later section.

2.3.1 Expandable Polystyrene

In general, polystyrene has a stress-strain curve typical of a brittle material. Fracture normally
occurs before the yield point? of the material. Expandable polystyrene containers would thus
be expected to crack prior to any significant deformation in the overall shape. (This can be
demonstrated by squeezing a foam cup.) The mechanical properties, such as tensile or shear
strengths, of foamed polystyrene are a linear function of the density of the matenal (Svec,
1990, p.1990). The mechanical properties are also affected by the material cell size and by the
orientation of the container.

2.3.2 Aseptic Packages - Composite Materials

Very little information was available on the overall mechanical properties of the aseptic
package. However, since three different materials are used in its construction, the properties of
the individual materials give some idea of how the overall container would behave.

polyethviene
Inner surface: impermeable 4 aluminum
, SRR LR - polyethylene
- carton
outer surface polyethylene

Loyer thicknessas not shown to scale
FIGURE 2.1: Cross-section of Aseptic Packaging Material

The carton is made of cardboard-like material, providing stiffness to the container. It is also
foldable to allow sheets of aseptic packaging material to be formed into packages.
Interestingly, one reference noted that larger cardboard sizes were not as strongly aficted by
shredding as were smaller sizes (Hasselriis, 1984, p.105). The inner and outer polyethylene
sheets are of course flexible. The inner layer is primarily an impermeable layer while the outer
layer helps seal the box and provides extra protection. The aluminum layer serves as a barrier
against light and oxygen and is very thin and pliable. Because all three layers are very pliable,
aseptic packages should exhibit ductile behaviour.

3The yield point is the lowest point on a stress-strain curve at which strain increases without a further
increase in stress.
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2.3.32 Glass

'The properties of any particular glass container are situation specific. For example, strength is
nct a material constant such as density or thermal expansion. Instead, the strength depends on
the container size, preparation, load duration, and surrounding media (Zarzycki, 1991, p.679).
The practical strength of glass is determined more by surface flaws than any other factor.
(racks, microcracks, and faults contribute to the discrepancy between the theoretical strength
and the r¢. | strength, which can be several orders of magnitude lower.

Given the brittle nature of glass and the fact that glass containers found in the recyclable or
MS'Y streams would have already been handled and exposed to extemal stresses, it is
reason.bie to expect glass containers to break readily if subjected to any significant impact.

2.4 S1-E REDUCTION

After selecting the beverage containers and the physical characteristics that will be tested, the
next step is to determine how the beverage containers will be handled in the research. While it
is unlikely that the research procedures would duplicate exactly what such beverage contamers
would undergo practically, it would be advantageous to model realistic conditions as much as

possible.

The current trond for many materials recovery facilities is use a combination of both manual
sorting and mechanical unit operations to separate materials (Tchobanoglous, 1993, p.254).
Size reduction is one of these unit operations. Collected waste matenals are mechanically
reduced in size by shredding, grinding, or other similar means.

Size reduction produces a more uniform product that is generally smaller in size than the
original product (Tchobanoglous, 1993, p.255). However, the case for uniformity is disputed
by an extensive study conducted in 1977 (Trezek, 1977, p.1).

Sizc distributions of shredded refusc typically span three to four orders of magnitude. This
evidence contradicts the visual claims that state that afier refuse is shredded. the size of the
product is tcnds to be uniform. Actually. from the resource recovery point of view. it is fortunate
that uniformity in sizc does not occur. as will be discussed, cortain materials tend to fall into
various sizc rangc bands. and as such. they can be separated.

Despite the contradiction, the last portion of this statement - that shredding results in better
separation - actually supports the need for modelling size reduction in this res:arch. Size
reduction alsi performs the following important tasks to aid in the recovery of r-:":nals for
recycling (Hasselrnis, 1984, p.87).

i. Bags and containers are broken to release their contents.

ii. The tendency of materizls to tangle is reduced.

iii. Additional removal operations, such as magnetic separaters or air-<classifiers, are not as
effective if large, bulky objects interfere with the removal process. Size reduction produces
an easier-to-handle waste stream.
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Based on thesc reasons, size reduction should be included when testing for the recovery of
materials from beverage containers. Screening, which results in a size distribution of the size
reduced material, would therefore be the means to "measure” the interaction between the size
reduction process and the beverage container Th= next task was to select the appropriate size
reduction method and thus equipment.

Until recently, hammermills were the most common devices to size raduce wastes (Vesilind et
al., 1986). A hammemmill consists a high speed rotating shaft with affixed stationary or
swinging hammers. There may or may not be a grate to control the size of the output. Much of
the research conducted in the 1970's to 1980's on how waste materials break involved testing
with a hammermill. Consequently, during the initial stages of this research, a laboratory scale
or pilot scale hammermill was sought to size reduce the chosen beverage containers. However,
several of the major suppliers of size reduction equipment indicated that shear shredders,
specifically slow-speed shredders, were more suited for materials recovery facilities (Glass,
July 27, 93.) There appears to be a general consensus that the more pliable and fibrous
materials encountered in a commingied recyclables stream would be more effectively size
reduced by a shredder (Vesilind, Aug. 19, 93.; Whaley, Sept. 23, 93.) and that slow-speed
shredders have fewer operating problems. High speed hammermills can suffer from rapid
hammer wear and can emit significant quantities of dust and particles. Given these
considerations, a slow-speed shredder was eventually rented to shred the beverage containers.

2.5 THEORIES RELATING TO THE BREAKAGE OF SOLID WASTES

Up to this point, what beverage containers should be tested, the charactenistics that would be
important, and the principle handling method of these containers have been established. The
next important stage is to determine if some relationship exists between the physical design of
an object and how it subsequently size reduces. Such a relationship (if it has already been
proven) may therefore be able to predict how a beverage container will break. This would be
useful in helping to design the experiment and would also provide some indication of the
experimental results that could be expected.

Almost no information was found conceming the relationship between the shape or geometry
of an object and the subsequent recovery of its material after size reduction. However, research
has been conducted into how waste materials, in general, could be expected to break during
size reduction, specifically from hammermilling. Several theories attempt to predict the size
distribution of waste materials after breakage based on either the size before and or afier the
breakage, the material itself, or a combination of both. Such theories would be important
because they could provide a theoretical basis from which to evaluate and somehow
incorporate the influence of the physical design of an object on its shredded material size
distribution. The following discussion will focus on the Rosin-Rammiler relationship and the 1
breakage theory.

2.5.1 Rosin-Rammier Relationship
The Rosin-Rammler relationship is widely used to predict the size distribution of size-reduced

material. This relationship is a universal law for all powders, regardless of the material or
method of size reduction (Vesilind, 1986) and was originally developed for broken coal.
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The Rosin-Rammler relationship is written as:

Y =1-exp[-x/x,]" i

In this relationship, x, is the characteristic particle size at which 63.21% by weight of the
sample passes, x is the particle size, Y is the fraction by weight less than size x, and n is an
empirical constant. Plotting the size distributions of broken materials on double logarithmic
versus logarithmic paper generally produces straight lines. If this is done, the slope of the
resulting size distribution curve is n, the empirical constant. To use this relationship to describe
the size distribution for any broken material in any given situation, the constant n and the x,
variable must first be experimentally determined. Low n values indicate the broken material is
distributed over a wide size range whereas high n values indicate a more uniform size
distribution over a narrow size range.

The Rosin-Rammler relationship was used initially to describe the various size distribution
curves obtained in this research. The slopes, or n constants, were compared to determine if the
factors of shape, size, or geometry influenced the shredding and subsequent size distribution of
the beverage containers. However, the Rosin-Rammiler relationship was later dropped in favour
of a more direct method of describing the size distributions. This is discussed in Chapter Four.

2.5.2 I1 Breakage Theory

One of the more prominent theories is the I1 breakage theory. This theory was originally
developed by B. Epstein in 1948 and further contributed to by S. Broadbent and T. Calicott. It
was also originally developed for the breakage of coal and has been applied to the size
reducuion of municipal solid waste (Vesilind and Rimer, 1981; Trezek, 1977). The principle
behind this theory can be summarized by the following statement (Vesilind et al. 1986,
p.1111).

... some fraction of particles of a given size in the feed will be broken while others will not
undergo breakage. The product in any specific size category will then be made up of particles
from the unbroken fraction plus particles that arrive at this particular product size from the
breakage of larger particles.

For each size of particles fed into the size reduction process, one function, the breakage
Sunction, describes the broken particles' size distribution, or more accurately, "... the fraction
by weight of products that have a size less than x when particles of original size y are broken
once" (Vesilind and Rimer, 1981, p.104). The breakage function used in this theory is written
as

- 1-exp(=x/y) 2]
* I-exp(- )

in which By, is the cumulative fraction by weight of the broken material smaller than any size
x that resulted from the breakage of size y matenial, y is the original size of the material, and x
is the size of matenial after breakage.
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For each size of particles fed in at each stage, another function, the T1 term, or selection
function, describes what proportion of particles will be selected to break according to the
breakage function. In its original development, this theory held the I'l term as a constant. Later
research into this theory (for example, refer to Vesilind and Rimer, 1981) revealed that this
selection function can change because at different particle sizes, particles may break in
different proportions. This situation can be accounted for by using a selection function term, s,
for each separate size interval. However, this theory is not completely predictive because the I'l
(or s) term must first be determined for each material type tested. Once it has been calculated
experimentally, it can then theoretically be used to predict how other items of the same matenial
may break. The product for any given grade (size range) is made up of broken particles that
were selected to break from previous grades and from within that same grade but did not fall
through to the next grade. Because of this additional change through the grades and a possible
nonconstant I'T term, a series of product equations results. The I1 breakage theory consequently
lends itself to matrix calculations. For example, these equations can be written as:

p,=b,s, f))+(U-5)],
p: =(bys, f, +b,,8,1,)+U-5,)/;
ps =(bys,f, + by,Syf, +byy8, f)+(1-5,) 15

Each successive equation represents the product in each decreasing grade inferval (i.e. between
any two grades). Again, the product at any grade is made up of broken particles that were
selected to break from previous grades and from within that same grade but did not fall
through to the next grade. The total product also contains the particles that have fallen to that
grade interval but did not break. In this example, b, represents the portion of the particles that
end up between grades; the material breaks from grade ! and falls to grade 2. b;; represents
material that broke but did not fall to the next grade interval. The fterms are the portion of the
material that fell to that grade interval but did not break. The selection function, s, governs
how much material is selected to break. Conversely (1-5) indicates how much was selected to
not break. The I breakage theory is partially emprical in nature because for each matenial
type, the selection terms must be first calculated from the above product equations using both
the experimental data (actual product size distribution data) and the breakage function
calculated b terms.

A study by Vesilind, Pas, and Simpson in 1986 found the I'T breakage theory to be generally a
poor predictor/descriptor of how waste materials may break down. Woodchips, paper
(newspaper and cardboard), plastic (expandable polystyrene and polyurathane), aluminum, and
glass were each tested separately. A pilot scale hammermill and test screens were used. The
study compared the actual size distributions of the milled materials against the size
distributions predicted by the breakage function and according to their results, only glass
produced a curve that was similar for both cases. Their study suggests that the actual B,
breakage function used in this theory may not be accurate for the other materials. This is
plausible because glass, like coal, is a brittle material. The rest of the matenials, wood,
aluminum, plastic, have higher degrees of ductility. Their study also confirmed that the size
reduction process is not adequately described by a constant I1 term. The estimated s terms
(selection function terms throughout) decreased with decreasing particle size, indicating that
particles are more difficult to break as their size decreases. According to the results presented
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in their 1986 article, it appears that for all the materials tested with the exception of glass, the
estimated selection functions vary between a low of 0.20 and a high of 1.00 for the first rwo
upper particle size ranges for every material type, while the remaining lower size ranges vary
between 0.0 and 0.28, with the zero value appearing very frequently. Glass had estimated
selection function values that decreased continuously with each smaller particle size range.

An earlier study by Trezek (1977) and discussions by Vesilind and Rimer (1981) indicated that
modifications to the breakage function may produce better results. For example, the breakage
function was modified to the following form

— l - exp[ —(x /xo)"]
“7 1-exp(-1) B3l

This is the modified Broadbent-Callcott equation. All terms are as defined previously except
for n, which is a positive index varying between 0.845 and 1.0. According to Trezek (1977),
this equation was found to produce good results in describing the second or third grinding of
municipal solid wastes (as opposed to the hammermilling of separate components as studied
by Vesilind et al. in 1986). Trezek also found that another form of the breakage function
modelled after the Gaudin-Meloy distribution equation, produced good results in describing the
primary grinding of solid waste. This equation can be written as

B,.,=1-(1-x/x,y 4]

To test if the breakage of the various waste components, as performed by Vesilind et al. in
1986, could be better described, the modified Broadbent and Callcott equation [3] was applied
to the original data in the study because the Vesilind et al. study shredded each refuse
component twice. Thus, the product of the first shredding was used as the feed for the second

shredding.

Styrofoam was selected as the component to test because expanded polystyrene will also be
tested in this research. The data for the product (after second shredding) (Simpson, 1984), the
values as predicted by the unmodified Broadbent-Callcott breakage function [2], and the values
predicted using the modified Broadbent-Callcott equation [4] with n=0.845% were plotted in the
following figure. In these calculations, only the breakage function itself and not the product
equation was considered. As Vesilind et al. points out in the 1986 study, the selection function
itself is highly dependent on the breakage function and thus the breakage function should first
be determined to be adequate.

“Because no other data existed. the value of 0.845 was arbitrarily used.
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"COMPARISON of STYROFOAM PRODUCT SIZE DISTRIBUTION DATA versus
BREAKAGE FUNCTION PREDK TIONS ?
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FIGURE 2.2: Comparison of Actual Data to Breakage Functions Descriptions
Source: Application of IT Breakage Theory to Refuse. Simpson, 1984,

From this plot, it appears that neither of the breakage function equations serve as a good
descriptor of the actual distribution of styrofoam. The modified Broadbent-Callcott equation,
using the n index equal to 0.845, also predicted distribution values greater than 100%, which is
not physically possible. Figure 2.2 suggests that at some intermediate size range, the actual
distribution of the product particles changes. Nonconstant selection terms may therefore
account for this shift. From the Vesilind et al. 1986 study, the estimated selection functions for
expanded polystyrene were:

Geometric Mean of Sieve (mm) | Selection Function Estimated Selection Function
50.8 s; 1.00
28.6 S5 071
14.3 PR 0.00
7.1 S 0.14

TABLE 2.2: Estimated Selection Functions for ¥PS
Source: Evaluation of IT Breakage Theory for Refuse Components. Vesilind et al. 1986.

These values will be modified and used in the product feed equations based on the original
work by Simpson for the Vesilind et al. study to determine if the product predicted (which
combines both the breakage and selection functions) using these newly estimated selection
functions matches the actual particle size breakdown for EPS. Because the Vesilind et al. study
concluded that the errors for each product equation were generally small, the error term will be
ignored for these calculations. Note the following comparison will use the original Broadbent-
Callcott equation [2].
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Because the first two selection functions are significantly different from the last two, each pair
of selection functions were averaged. Thus any calculations calling for s or s, and s3 or S4
used the values of 0.855 and 0.07 respectively. Recalculating the original product equations
and comparing them against the original product values gives the following table.

Geometric Mean of Sieve Actual Product Calculated Product Using
(mm) Selection Functions
50.8 0.02 0.0543
28.6 0.25 0.210
14.31 0.59 0.501
7.14 0.12 0.139
3.57 0.02 0.0853

TABLE 2.3: Comparison of Actual and Calculated Products

From this table, using two different selection functions to represent the two main groupings of
particles results in calculated products that are reasonably close to the actual products.
However, this analysis appears partially flawed. For the separate refuse components analyzed
in the 1986 Vesilind et al. study, the Broadbent-Calicott equations were found to inadequately
describe the actual breakage pattern. Despite this failing, the breakage equations are needed in
the product equatsons, along with empirical data, to calculate the selection function terms. The
"best" selection function terms are then used to calculate the most descriptive product equation.
In short, an inadequate parameter (the breakage function) is necessary to calculate the
parameter (the selection function) that is necessary for predicting the size distribution. This
“adjustment” does not affect the breakage function itself, but the product equation. The original
problem conceming the adequacy of the breakage function does not appear to be addressed.
One possibility to overcome this apparent deficiency is to incorporate the selection function
concept wrthin the breakage function itself.

Due to the inability of the various Broadbent-Callcott equations themselves to accurately
describe material breakage, the unresolved problem of how to best modify the IT breakage
theory, and the constrzints on this thesis, this theory will not be used in this research.

2.6 HYPOTHESES

This chapter developed the reasons for selecting Tetra-Paks, EPS containers, and glass Jars for
testing. These containers possess suitable properties that make them unique and thus ideal for
testing. At the same time, they also represent common attributes found in almost all other
beverage containers. It was concluded that the physical characteristics of size, shape,
geometry, and material are the important factors that may affect how a beverage container is
shredded and consequently how well its material can be recovered. As stated in Chapter One,
the purpose of testing these factors using these containers is to determine if a characteristic or
even a combination of characteristics can better isolate the container material into a specific
size fraction after shredding. This could lead to an altemative beverage container design that
would subsequently improve the recovery of the container material.
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The following hypotheses conceming the influence of the above factors on the shredding of the
beverage containers are based upon interpreting the limited information available and the
possible st redding scenarios.

1.

4.

Size - specifically, the volume of the container.

The smaller the size of the container, the smaller the pieces of material should be after
shredding. This is hypothesized for two reasons: 1) smaller containers have less material to
begin with and 2) smaller containers would probably be more easily caught in a shredder
and tomn apart. Conversely, larger containers may result in a greater size range of shredded
materials, from large to small pieces. Smaller containers should therefore result in a more
concentrated distribution of shredded material. Two common volumes will be tested, 250
mL versus 1000 mL, because all three container types are commercially available in these
formats.

Shape - whether the container is rectangular or cylindrical.

Cylindrical containers may "roll" on top of the shredder blades for some brief period of
time until a large enough mass of containers is accumulated to push the initial containers
through. This may lead to incomplete shredding of the containers, affecting its subsequent
size distribution. Conversely, rectangular shaped containers, such as aseptic packages,
should allow for easier "grasping” of comers by the shredder blades. It is less likely that
rectangular containers would roll on top of the blades and so any accumulated mass of
containers above could more easily push the initial containers through, resulting in more
complete shredding and a more concentrated size distribution.

Geometry - whether the container has an open mouth or is enclosed.

Containers that are commonly found "open-mouthed”, such as EPS cups, should offer a
greater area for blades to grasp onto and shred. Such containers should result in a greater
degree of shredding and a more concentrated size distribution. Enclosed containers,
however, should offer no such advantage. In addition, enclosed containers may offer
greater structural integrity because all sides are "intact”. Open-mouth containers are not
reinforced on one side and thus may be less able to resist any shredding action.

Material used to construct the container.

The material the beverage container is constructed of should make a difference in how it is
shredded. Although this research will not rigourously study the breakage mechanics of the
containers, it is assumed that brittle materials will break into smaller pieces. Pliable or
"soft" materials may not shred uniformly and may instead be "mangled”, as opposed to
being shredded, resulting in a poor size distribution. In this research, glass represents a
very brittle material while Tetra-Paks represent a very ductile material.
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CHAPTER THREE

gerimental Design and Procedure

3.0 INTRODUCTION TO THE EXPERIMENTAL DESIGN

The experimental design was devised to test the influence of the principal factors of size,
shape, geometry, and material on the shredding behaviour of the chosen beverage containers:
Tetra-Paks, expanded polystyrene (EPS) containers, and glass jars. The design and the results
later gathered from the experiment should fulfill the design-orientated research objectives
stated in Chapter One. They are briefly restated here.

. Determine which factors significantly affect the shredding behaviour of the beverage
container.

II. Determine the relationship between any such significant factor(s) and the subsequent
shredding behaviour.

Satisfying these objectives will enable the research to later conclude if an altemate beverage
container design is more advantageous compared to other, current designs and what the
implications of this conclusion are for the beverage container.

The experimental design was divided into several major components. A 23 factorial design
was selected as the main experimental design to evaluate the effect(s) of the beverage container
characteristics throughout this research. This design was applied to both Tetra-Pak and glass
containers but not to expandable polystyrene containers. Insiead, EPS containers were tested
through simple comparisons. These tests are referred to as the preliminary tests and would
evaluate the effect of size, shape, and geometry within the same container/material type.

The following tests were also planned.

1. Materials Test. Due to the difficulty this factor would have created if it was tested along
with the others in the factorial design, a separate test would be conducted to determine if
the material the beverage container was constructed of influenced its shredding and
screening behaviour.

II. Orientation Test. It was suspected the beverage container orientation just prior to
shredding would be important in affecting how it ultimately shredded. However, no prior
information was found on this subject. This orientation factor is not considered unique to
any particular beverage container and so was not included in the development of the
hypotheses in Chapter Two. However, it may be an operational consideration for
shredding materials. This test was devised to determine the signficance of the pre-
shredding orientation on the shredding behaviour.

1l. Commingled Recvclables with Beverage Containers Test. If a particular characteristic(s)
of a beverage container was found to improve its shredding and subsequent screening
behaviour, an application of such a finding would be to determine if the characteristic(s)
enabled the container to separate out from a mixture of several materials. This test would
attempt to determine if certain beverage containers, because of their characteristics, were
indeed better isolated from other recyclables after shredding.
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Along with the EPS containers, the materials test, the orientation test, and the commingled
recyclables test would be performed as simple comparisons between changing variables.
However, because these last three tests are straightforward comparisons and could not be
planned in detail without knowing the general outcome from the preliminary tests, these three
tests are described in the later sections dealing with the experimental procedures.

This chapter will begin with a description of the factorial analysis. Afterwards, the various
experimental procedures used during the testing will be described. In general, the actual
experimental procedure was consistent throughout the research but any discrepancies or
problems have been also noted.

3.1 FACTORIAL DESIGN AND ANALYSIS

This section will detail the factorial design and analysis devised for this research. The reference

used is Statistics for Experimenters by Box, Hunter, and Hunter, 1978.
3.1.1 Overview of Factorial Design and Analysis for this Research

A 23 factorial experiment was conducted for both the Tetra-Pak and glass containers. Each
involved testing three factors at two different levels. In this case, the three factors are size,
shape, and geometry. The levels are, respectively, 250 mL and 1000 mL, cylindrical and
rectangular, and open and enclosed. The characteristics of the chosen beverage containers
therefore lend themselves ideally to a factorial analysis and vice versa. This situation requires a
total of eight runs to test all combinations of factors and levels. Only size is a continuous
variable; the other two could have varying degrees of "rectangularity” or "enclosure” but are
for the most part a discrete variable (i.e. one or the other). The levels are further coded -1 for
the lower level and +1 for the upper level.

Factors Level -1 Level +1
Size Small Large
Shape Cylindrical Rectangular
Geometry Open Mouth Enclosed

TABLE 3.1: Factors and Levels for Factorial Design

The factorial design offers the ability to test the effects caused by each factor, called the main
effects, in fewer runs than if one factor was held changed and the others were held constant.
Furthermore, it is possible to determine if any interactions between variables produce an effect
(interaction effects). The factorial design also produces a linear model that predicts the
theoretical reponse given the various factors that have a significant effect. The factorial design
for this experiment is shown in Table 3.2.

Each run represents a container configuration that would be shredded and screened to produce
a data set, which is the response variable or output. A configuration could be tested several
times, resulting in replicated data. It was discovered later that performing a consistent number
of replicates throughout the experiment was not always possible. Chapter Four discusses what
was eventually used as the response variable to characterize the resulting size distribution
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curves. For example, the size distribution curve for run six of the Tetra-Pak containers would
come from shredding and screening large, rectangular, open mouth Tetra-Pak packages.

Run Size Shape Geometry Description
1 - - - small, rectangular, enclosed
2 + - - _large, rectangular, enclosed
3 - + - small, round, enclosed
4 + + - large, round, enclosed
S - - + small, rectangular, open mouth
6 + - + large, rectangular, open mouth
7 - + + small, round, open mouth
8 + + + large, round, open mouth

TABLE 3.2: Factorial Runs

Eventhough it was considered to be an important factor, the fourth characteristic, container
material, was not included becausa it would have dramatically increased the complexity of the
current 23 factorial design to a "3%" format. There would have been four factors but only three
levels for the material factor; EPS, Tetra-Pak, and glass. Finding a third level for the factors of
shape and geometry would have involved establishing some acceptable Jdefinition for "half-
rectangular” or "half-enclosed" respectively. It was ultimately decided that each container type
should be tested for the first three factors independently and then tested against one another to
determine the effect of differant materials. In doing so, some information would be lost.
Structuring the experiment in this manner does not evaluate any potential matenial interaction
effect with one, two, or all of the other factors. This was deemed as an workable situation
given the altemative of a difficult to manage, "incomplete” factorial design.

3.1.2 Significance of Effects

Once the main effects and interaction effects have been calculated, it is important to determine
which effects, and hence factors, are actually significant in affecting the size distribution of the
shredded beverage containers. This can be performed by constructing a half-normal
probability plot of all the effects. The absolute value of each effect is plotted in increasing
magnitude on a half-normal probability plot (Johnson and Leone, 1977, p.802). Effects that
are insignificant are most likely the result of random vanation and should thus be
(approximately) normally distributed and lie on a reasonably straight line between these
insignificant effects. Effects that are significant (i.e. that are the result of more than just
random variation) should depart noticeably from the straight line.

Another significance determination method is to perform an analysis of variance (ANOVA) on
the factorial analysis. In this case, the experimental conditions would be the "treatments" and
the “"blocks" would be the replications of each configuration for the ANOVA. Both of these
techniques were used in Chapter Four to analyze the preliminary Tetra-Pak and glass tests to
determine which effects were significant.



3.2 EXPERIMENTAL PROCEDURE

Each container configuration or experimental run described in the factorial design was subject
to the same experimental procedure. In fact, almost all tests performed followad the same
general procedure, although several did have modifications. However, prior to testing, Tetra-
Pak containers, glass jars, and expanded polystyrene (EPS) cups and containers were acquired
for testing. To fulfill the factorial design, cylindrical Tetra-Pak containers had to be hand
constructed. Glass jars were generally available in all configurations required for the factonal
design. Rectangular EPS containers suitable for testing could not be purchased or fabricated
and thus this particular container configuration was not tested.

The beverage containers were shredded using a slow-speed shredder and screened using a
mechanical screen. The total weights of each experimental contamer run were taken prior to
shredding, after shredding, before and after air-drying (if applicable) to determine any losses
due to shredding and screening or handling of the beverage containers, as well as evaporation
of any fluid. The weight of each screen size was measured after screening to determine the
final size distribution of the shredded beverage container material.

The general experimental method is outlined as follows.

Beverage Containers 6 a iy Shredding @

Welighing K9 == Sleving %
FIGURE 3.1: General Experimental Procedure

3.3 ACQUISITION OF BEVERAGE CONTAINERS

3.3.1 Tetra-Pak Containers

Commercial rectangular Tetra-Pak containers were available in both the 250 mL and 1000 mL
sizes. The Tetra-Paks were used but the ones provided for testing were either whole or only
slightly deformed. They were generally considered intact for testing purposes. The 250 mL
Tetra-Paks often had the plastic drinking straws inside the package. Removing the straws
would have damaged the container and so the straws were left inside. Aside from the punctured
straw hole on the 250 mL Tetra-Paks and the cut-open spout on the 1000 mL Tetra-Paks,
these comtainers matched the rectangular. enclosed configurations. The rectangular. open
mouth configurations for both sizes were obtained by cutting the top surface (the "box lid") off
a portion of the 250 mL and 1000 mL Tetra-Pak containers from The Recycle Zone.
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Obtaining cylindrical configurations for the Tetra-Pak containers proved more difficult. No
cylindrical containers were or are manufactured. However, using supplied aseptic package
materia}, cylindrical Tetra-Pak containers were made by wrapping the aseptic packaging
material around a cylindrical form. The dimensions of the cylindrical Tetra-Pak containers
were made to closely resemble those of the rectangular Tetra-Paks and still have the same size.
The cylindrical. enclosed configurations had both cylindrical ends. Drinking straws were
included in the 250 ml., cylindrical, enclosed configuration to imitate the straws found in the
actua! aseptic packages. Open configurations were simply made without one end. The hand
made cylindrical containers also had to be joined in a similar method to the factory produced
containers. Technical personnel at a Tetra-Pak packaging plant advised that using a hot melt
glue gun to join the seams would most likely be the best and closest method for the hand made

containers.

Hand construction of the cylindrical containers proved to be a very time consuming process.
As a result, only one trial (i.e. no replicates) for the each of the four cylindrical configurations
was plaaned. Conversely, the supplied "regular” rectangular Tetra-Paks were available in large
quantities and several replicates were performed for these configurations.

Tetra-Pak Container Approximate Dimensions (mm)
250 mL rectangular 63 length by 41 wide by 106 high
250 mL cylindrical 57 diameter by 98 high
1000 mL rectangular 95 length by 63 width by 167 high
1000 mL cylindrical 87 diameter by 168 high

TABLE 3.3: Dimensions of Tetra-Pak Containers

3.3.2 Glass Jars

The 250 ml. cvlindrical and rectangular configurations, as well as the /000 mL cylindrical
configurations glass jars were purchased. The cylindrical jars are universal jars and are
similar to the "mayonnaise” type jars seen in food stores. The rectangular jars are similar to the
square jam jars. Large rectangular or square jars are apparently no longer in Western Canada.
Instead, mostly unused, second-hand 1litre square Mason brand canning jars were purchased.
Although the comers are rounded, these jars have four distinct comers with relatively flat

sides.

To satisfy the enclosed configurations, a portion of the glass jars were capped with metal twist
or thread lids. Glass lids would have been preferred because then only one material is used
throughout the prelimmnary glass tests. However, only metal or plastic lids were available.
Using metal lids could possibly introduce another material variable into the research but this
could not be avoided. Fortunately, as the analysis will later demonstrate, enclosing the glass
jars did not make a significant difference. Enough glass jars were available to perform two
trials for each ccnfiguration.



Glass Jar ﬂﬂ)mximate Dimensions (mm)
250 mL rectangular 63 width square by 104 high
250 mL cylindrical 66 diameter by 101 high
1000 mL rectangular 84 width square by 195 high
1000 mL cylindrical 101 diameter by 170 high

TABLE 3.4: Dimensions of Glass Jars

3.3.3 Expanded Polystyrene Cups and Containers

EPS cups were available in the 250 mL size. EPS containers were available in the 1000 mL
size. Although it is classified as a container, the 1000 mL size resembles a large cup. Both
sizes are cylindnical, although there is a vertical slant. Two trials were performed for each
configuration. Because no equivalent rectangular container was available, it was attempted to
make rectangular EPS containers. One suggestion was to crease the EPS containers, creating
four comers, and then heating them briefly to retain the square shape. This proved very
difficult. Not only would the EPS crack after creasing, heating also produced observable
material changes. This would alter the material properties before any testing was performed
and possibly compromise the results. Rectangular EPS configurations were thus dropped from
testing. Polystyrene lids were available to satisfy the cviindrical. enclosed configurations but
these were not purchased. Because of restrictions on the available time and resources for
testing, it was decided to test the EPS containers last. It was thought that the results from the
Tetra-Pak and glass preliminary test would help later determine which tests on EPS should be
performed.

EPS Container Approximate Dimensions (mm)
250 mL cylindrical (SM9) 80 top diam., 50 bottom diam. by 100 high
1000 mL cylindrical (135) 119 top diam., 84 bottom diam. by 157 high

TABLE 3.5: Dimensions for EPS Containers

3.4 DESCRIPTION OF TESTING EQUIPMENT

All experimental runs were conducted in the shop area at the Waste Management Incorporated
West Edmonton Landfill and Recycle Facility. A RABCO 2032 slow-speed shredder was used
to shred all beverage containers. Shredded material was screened using a SILSBERG
Engineering mechanical test screen.

3.4.1 RABCO 2032 Slow-Speed Shredder

The RABCO 2032 shredder was the only small-scale shredder available for testing purposes.
According to the supplier, this unit was designed specifically for shredding recyclables. The
unit has a 20 inch by 32 inch intake opening. Fifteen fixed blades, approximately 0.5 mches or
13 mm wide, run along the back and front lengths of the actual shredding area. A horizomial
shaft, rotating from back to front when viewed from above, has 16 staggered blades
approximately 0.625 inches or 15mm wide. Each blade on the shaft actually consists of two
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separate blades spaced 180 degrees opposite from each other. The shaft rotates at
approximately 15 rpm. The approximate clearance is 0.5 inches or 13 mm between any fixed
blade surface and rotating blade surface. Directly overhead of the blade area is a bar equiped
with 7 short stubs, rotating at approximately 8.5 rpm in a large circle, to push material down
into the blade area. This circling bar, at its lowest point, will slightly overlap with the rotating
blades. All beverage containers to be shredded were loaded into the shredder from the top.

The exact force of the shredder is not known but all operating conditions were held constant
throughout, except where noted. The shredder is equipped with an air mechanism that allows
difficult-to-shred or large objects to pass through unshredded to prevent damage to the
shredder. This air mechanism was set at approximately 42 to 45 psi for all tests except for
several tests of the commingled recyclables stream (set at 55 psi).

3.4.2 SELSBERG Test Screen

This test screen can handle a 10 kg sample of low density material and is designed specifically
to analyze the size distribution of shredded waste. Nine screens are stacked on top of each
other Shredded material is poured intc the top (largest) screen and a lid is fastened down,
securing all screens to the moving portion of the frame base. The material is then vertically and
violently shaken to fully distribute matenial throughout the various screens. The mechanical
motion sends the screens through a vertical amplitude of SO mm. The screen operates at a
minimum frequency of 200 rpm. The operating conditions for the test screen were held
constant for all tests. The manufacturer recommends a screening time of two to three minutes.
Except for glass container test runs, all runs were limited to a total of two minutes.

Each screen measured approximately 1 m by 1 m and was either 250 mm or 150 mm in depth.
The test c=reen originally had the following screen sizes: 125 mm, 80 mm, 50 mm, 25 mm, 1§
mm, 10 mm, 6§ mm, 3 mm, and 0 mm (bottom tray). The bottom of each screen consisted of
holes of the specified size diameter. Because of the nature of the material to be tested, the 3
mm screen was removed, leaving eight screens for the experimental runs. As shown in the data
analysis, the smaller screen sizes collected insignificant amounts of material.

3.5 DETAILED EXPERIMENTAL PROCEDURE

Where possible, a 10 kg sample of beverage containers was measured for each experimental
run (container configuration). Large cardboard boxes were weighed and used as containers
during the weighing of the containers, for pouring the containers into the shredder hopper, and
for collecting the shredded material afterwards. The scale was checked for accuracy against a
known 2 kg mass prior to each day's experimental runs.

Depending on the actual volume of the 10 kg beverage container sample, all experimental runs
attempted to shred the sample in one load. If the hopper was too small, the sample was broken
into two smaller loads that were shred consecutively. The actual shredding continued until all
cantainers had been fed through the blades. Depending on the container type, the shredder was
then reversed (rotated backwards) and run forward for several cycles to free any shredded
material caught within the blades. Shredded material that was too deeply embedded between
the blades and could not be removed by the "reverse and run" procedurs was left. Forcibly
removing such material would tear the trapped material, altering its shredded size. However,
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this material would often dislodge and mingle with the next batch of shredded beverage
containers, contaminating the following batch's results. Where possible, any visible
contaminants were removed by hand after shredding. However, as shown by the data, the
dislodged contaminants (loss due to shredding) usually amounted to only several hundred
grams or less.

The shredded material was then poured into tho top of the mechanical screen. The screen was
operated for a maximum of two minutes. If necessary, the screening was divided into two |
minute loads. Approximately half of the shredded batch was poured into the test screen,
mechanically shaken for one minute, and then the remaining shredded material was poured into
the test screen and the entire load was shaken for the final minute. It was observed early in the
testing that low density materials such as the shredded Tetra-Pak material could patentially
trap the smaller shredded pieces within the larger screen sizes by overpacking the upper
screens, effectively reducing the amount of space available for agitating the pieces. This
condition will be discussed in greater detail later.

After screening, each screen was individually weighed on the scale. The total weight of the
screen, after subtracting the weight of the screen itself, determined the mass of shredded
material in that size fraction. There was almost always a loss after screening due to handling
and infrequently a mass gain duc to contamination. The total of all individual size fraction
masses was used as the total mass when calculating the percentile size distribution. When all
size fractions had been weighed, a sample of that shredded batch was taken. The screens were
then cleaned and restacked for the next experimental run.

Experimental runs were performed in no particular order. However, due to limitations on
access to the facility and the equipment and supply availability, especially for the glass
containers, several of the replicate runs had to be performed consecutively.

Due to the time constraints of hand fabricating the cylindrical Tetra-Pak containers, it was not
possible to perform replicates for all desired Tetra-Pak container configurations. Several of the
rectangular Tetra-Pak experimental runs also resulted in unusual and unexpected size
distributions. If warranted, a parrial baich experimental run of a container type was
performed. This partial batch, subjectad to the same experimental conditions as the ather runs,
rangad from 2 to § kg in mass.

3.5.1 Procedures Specific to Testing Tetra-Pak Batches

All Tetra-Pak batches were reversed and run four times after shredding to free any shredded
material lodged between the shredder blades.

The rectangular aseptic packages usually had juice remaining in the boxes. This was especially
true for the 250 mL size boxes. The 1000 mL containers were typically dry. To prevent
excessive weighing discrepancies due to fluid loss during screening, the shredded 250 mL juice
boxes were allowed to air-dry prior to screening. Because access to the facility was not
available at all times, the time allotted for air-drying varied. It was observed, however, that
time periods longer than "ovemight drying" (approximately 18 hours) resulted in little
difference in the amount of fluid evaporation.
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The majority of the Tetra-Pak tests, especially for the 250 mL size boxes, were screened in two
loads to avoid excessive entrapment of shredded pieces in the upper screens. It was noted that
the 1000 mL size containers did not have the same degree of "packing” in the upper screens as
the 250 mL size containers. In fact, for the /000 mL, rectangular, open. Tetra-Pak
configuration, replicate one was screened in one load while replicate two was screened in two
loads. Replicate one, surprisingly, had more material distributed to the lower screen sizes.
Overpacking, however, did appear to be a concem for the /000 mL, cylindrical. open. Tetra-
Pak configuration and a second partial batch was performed for this run. Because of these
discrepancies, all later Tetra-Pak runs were screened in two loads. Earlier runs that produced
unusual distributions were retested and screened in two loads to eliminate the possibility of
error to overpacking. However, as will be discussed later, simply screening the shredded
material in one load did not warrant eliminating the batch data from the entire data set.

3.5.2 Procedures Specific to Testing Glass Containers

It was generally nox required to reverse and run the shredder to loosen any trapped glass pieces
after shredding. If needed, the shredder was only reversed and run once.

Because of the brittle nature of glass, screening the shredded glass pieces was restricted to 15
seconds for the first glass test performed. The normal 2 minute mechanical screening would
undoubtedly fracture the glass into even smaller pieces, resulting in a size distribution non-
representative of the shredding process. Replicate one of the /000 mL. cyclindrical. open.
glass configuration was screened for 15 seconds. However, even this short time period was
found to result in excessive breakage. This data has since been disregarded. Instead, for all
glass tests, the screens were shaken by hand in side-to-side rocking motion to distribute the
glass throughout the screens and then subject to a 1 to 2 second mechanical screening period to
ensure there were no pieces overlapping and thus trapping smaller pieces. This procedure
appeared to minimize the amount of additional breakage while thoroughly screening the
shredded glass.

3.5.3 Procedures Specific to Testing Expanded Polystyrene Cups

As with the Tetra-Pak containers, all of the expanded polystyrene (EPS) containers were
reversed and run four times after shredding and subsequently screened in two loads.

Because of the very light density of the EPS cups, thousands of cups would have been required
for a 10 kg sample. Instead, for each respective size, approximately the same number of cups
as Tetra-Pak containers were tested. Nine hundred of the 250 mL size EPS cups and 300 of the
1000 mL EPS cup-containers were used.

3.6 CONTAINER MATERIALS COMPARISON

This test was devised to evaluate the difference in shredding behaviour due to the materials
used for each beverage container. As discussed earlier, including this factor in the factorial
analysis would have proved difficult to effectively manage. Instead, a separate test was
conducted to compare one material agains. another.
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Since glass and EPS are difficult to mold, Tetra-Pak containers were specifically constructed
for this test, which were then shredded and screened as all other preliminary tests were
conducted. The Tetra-Pak containers for the actual materials test were made by wrapping a
Tetra-Pak sheet around a /000 ml.. rectangular. open, glass jar. The resulting construct was
dimensionally similar to the jar, except for the mouth end; the curves of the glass jar proved
too difficult to duplicate. These containers were then shredded and screened in the same
manner as all the other tests. Any difference between the shredding data of the Tetra-Pak
containers and that of the /000 ml, rectangular. open, glass jar should then be due to
material differences only, assuming small deviations in dimensional comparisons are
insignificant. Chapter Four provides more details on this test.

3.7 EFFECT OF BEVERAGE CONTAINER ORIENTATION TEST

It was suspected that the orientation of a beverage container just as it was shredded would
affect its subsequent shredding behaviour. The pre-shredding orientation of the beverage
container is assumed to depend mainly on the random placing of the container after being
poured into the shredder. The main tests on Tetra-Pak, glass, and EPS cups therefore used a
large number of containers that were simply poured into the shredder hopper to duplicate this
randommess in orientations and thus hopefully eliminate any onientation bias. However, a series
of tests were conducted specifically to determine what effect the orientation would have on the
shredded material. The orientation of the container is a procedural consideration that while not
unique to a specific container in the random case, may still impact the outcome of this
research. In this respect, the orientation of a container may be as important of a factor as the
four physical characteristics. If a specific orientation was found to produce a higher degree of
material isolation after shredding than the others, this may suggest aligning the beverage
containers for improved materials recovery in a materials recovery operation.

The orientation test was performed three times. In each case, six 1000 mL rectangular,
enclosed Tetra-Paks were used. Each was spraypainted a different colour so that the shredded
material could be tracked and related to its original orientation prior to shredding. Originaily,
the six Tetra-Paks were to be randomly poured into the shredder and its arbitrary resting
position considered its pre-shredding orientation. However, it was found that several of the
boxes had the similar orientations. Other boxes would cverlap each other and once the shredder
started, would shift in orientation. As a result, the six containers were placed in specific
orientations, as illustrated in Figure 3.2, along the fixed and rotating blades of the shredder.
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FIGURE 3.2: Pre-shredding Position of Tetra-Paks in Orientation Test
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The pre-shredding positions are described in the following table. Note that the colour/position
combination varied for the othei cwo tests.

CONTAINER COLOUR PRE-SHREDDING POSITION
QOrange Side, Narrow.
Red End, Corner (Spout Down)
Black End, Narrow
Green End. Corner (Spout Up)
Blue Side, Broad
Yellow End, Broad (Spout Up)

TABLE 3.6: Pre-shredding Positions for Orientation Test

Shredding of the containers occurred almost immediately after the shredder was started. The
shredded material was collected and pieces were regrouped according to colour. The types of
breakage were described. All experimental procedures up to this point were videotaped and
photographed. The shredded material was then mechanically screened. The quantities in each
screen size were quite small and were therefore bagged and weighed using a laboratory
analytical balance.

3.8 COMMINGLED RECYCLABLES AND BEVERAGE CONTAINER
TEST

The objectives of this research were to determine if a particular characteristic(s) of a beverage
container would improve its shredding and subsequent screening behaviour. If a
characteristic(s) was found to have such an effect, an application of such a finding would be to
determine if the characteristic(s) enabled the container material to separate out from a mixture
of several materials after shredding. Such a mixture could be found in, for example, a recovery
operation that collects a commingled stream of various recyclable items that must be later
separated for processing. To test this, a series of four shredding and screening tests were
performed which combined 250 ml. rectangular. enclosed Tetra-Paks with a typical
commingled recyclables mixture. 250 mL size Tetra-Paks were selected for the following
reasons.

1. The preliminary tests results from the shredded and screened 250 mL size Tetra-Paks
were observed to have a reasonably high degree of isolation compared to the 1000 mL
Tetra-Paks, particularly into the 125 to 80 mm and 80 to 50 mm size ranges. This
observation that size appeared to produce a higher degree of isolation indicated that size
was most likely a characteristic that would improve the recovery of the beverage
container material.

2. Large quantities of Tetra-Paks were easily available. This was especially important since
the test had to be repeated several times.
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3.8.1 Quantities of Commingled Recyclable Items for Testing

The breakdown and test materials for the commingled recyclables stream was provided by the
FEdmonton Recycle Society (ERS) which operates the curbside recycling program i north
Edmonton.

Based on a 13 month average from 1993 to 1994, the percentages for material types received
by the curbside program were calculated. Both the paper and metal categories were subdivided
mto additional categories based on the sales of these collected materials to recyclable matenals
markets. At the time, no further subdivisions based on collection amounts were available.
However, the sales figures provide an approximate estimate of these breakdowns and correlate
roughly with the total material type collected.

MATERIAL TYPE PERCENTAGE COLLECTED
Paper and paper items 82.2%
Glass 5.0%
Metal (all types) 9.3%
Plastics (all tvpes) 3.5%
TABLE 3.7: Percentage of Material Typc Collected by Edmonton Recycling
Society
PAPER As Percent of Paper Only As Percent of Total
Newspaper 71.9% 59.1%
Mixed Waste 9.6% 7.9%
Cardboard 10.1% 8.3%
Phone Books 6.1% 5.0%
Milk Cartons 2.3% 1.9%
METAL As Percent of Metal Only As Percent of Total
Aluminum 3.5% 0.33%
Steel 96.5% 9.0%

TABLE 3.8: Percentage Paper Type and Metal Type Collected

The test batches were limited to approximately 10 kg because of the large amount of
newspaper present, which qualified as a loosely packed, light density matenal for using the test
screen. Aluminum constitutes a very small percentage of the total metal. Consequently, no
attempts were made to mode! the aluminum collected. Based on a 10 kg sample size, the
approximate following quantities were weighed out for each test run.

For the purposes of testing, mixed waste was considered to be various ty,es of bond paper,
publications, glossy prints, and magazines. Cardboard also included boxboard, such as cereal
boxes and packaging boxes. No phone books were actually tested in the experimental runs.
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MATERIAL TYPE MASS (kg)
Newspaper 5.9]
Mixed Waste 0.79
Carboard 0.83
Phone Books 0.50
Milk Cartons 0.19
Glass 0.50
Meial 0.93
Plastic 035

TABLE 3.9: Test Quantities of Recyclable Materials

3.8.2 Quantities of Tetra-Pak to Test with Commingled Recyclables

Tetra-Paks are not currently collected by the ERS as part of their recycling program. However,
from Chapter Two, approximately 169 000 kg of Tetra-Pak are used in the metropolitan
Edmonton area annually. The ERS does not collect from all of metro-Edmonton, but for order-
of-magnitude calculations, this discrepancy was ignored. From March 1993 to March 1994,
the ERS collected 13 504 579 kg of recyclabe materials. If the above quantity of Tetra-Pak
were included in the ERS collection quantities, it would constitute 1.2% of the total collected.
This percentage of a 10 kg sample would be only 0.120 kg, a quantity too smal! to effectively
test in the experimental runs. Instead, 1.0 kg of 250 mL. rectangular, enclosed T etra-Paks
were used in each test run.

3.8.3 Commingled Recyclables Testing Procedure

Approximate quantities of each item were weighed out as listed in the previous table. Each 1.0
kg load of Tetra-Pak was spraypainted a different colour to allow for tracking of the Tetra-Pak
after shredding and screening. All test materials, including the Tetra-Paks, were placed in a
large box and handmixed. The test batch was then poured into the hopper and shredded. After
shredding, the test batch was screened and each individual test screen weighed. The Tetra-Pak
pieces were then separated from the other items and the test screens reweighed. These
differences gave the size distribution of the Tetra-Pak matenal.

Due to some initial, unusual results, the shredder air mechanism was increased to 55 psi. This
apparently made little difference in later test results.

3.9 SUMMARY OF EXPERIMENTAL DESIGN

The experimental procedure was designed to determine which physcial characteristics would
affect the shredding behaviour of the selected beverage containers and in what manner.

The preliminary tests would evaluate the effects of size, shape, and geometry within the same
container/material type. To avoid a difficult analysis, the materials comparison test would be
perfomed to evaluate the effect of the container material separately from the other three
factors.
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It was suspected that the orientation of a beverage container just prior to shredding may affect
how its shredding behaviour. To test this, an orientation test was designed to examine this
possibility. Lastly, a commingled recyclables/Tetra-Pak container test was devised. This
would evaluate if a particular characteristic that was found to favourably affect the shredding
behaviour of 2 Tetra-Pak by concentrating its shredded material would similarly separate out
the container material from a mixture of various recyclable materials.
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CHAPTER FOUR
Experimental Results and
—Data Analysis

4.0 INTRODUCTION TO THE EXPERIMENTAL RESULTS AND
DATA ANALYSIS

This chapter presents the experimental results of the various tests outlined in the experimental
design. Analyzing these results will determine if any of the various factors are significant in
affecting the shredding behaviour of the beverage containers and if so, what relationship exists
between any such factors and the shredding behaviour. By satisfying these two objectives, the
analysis will provide the basis for examining potential altemative beverage container designs.

Meeting these objectives principally involves testing the hypotheses. They are briefly restated

here.

1. Size - specifically, the volume of the container.
The smaller the size of the container, the smaller the pieces of material should be after
shredding, resulting in a more concentrated distribution of shredded material. This is
hypothesized for two reasons: 1) smaller containers have less material to begin with and
2) smaller containers would probably be more easily caught in a shredder and tom apart.
Conversely, larger containers may result in a greater size range of shredded matenals,
from large to small pieces.

2. Shape - whesher the container is rectangular or cylindrical.
Cylindrical containers may "roll" on top of the shredder blades for some brief period of
time until a large enough mass of containers is accumulated to push the initial containers
through. This may lead to incomplete shredding of the containers, affecting its subsequent
size distribution. Conversely, rectangular shaped containers, such as aseptic packages,
should allow for easier "grasping” of comers by the shredder blades, resultng in more
complete shredding and a more concentrated size distribution.

3. Geometry - whether the container has an open mouth or is enclosed.
Containers that are commonly found "open-mouthed”, such as EPS cups, should offer a
greater area for blades to grasp onto and shred. Such containers should result in a greater
degree of shredding and a more concentrated size distribution. Enclosed containers,
however, should offer no such advantage. In addition, enclosed containers may offer
greater structural integrity because all sides are "intact”. Open-mouth containers are not
reinforced an one side and thus may be less able to resist any shredding action.

4. Material used to construct the container.
The material the beverage container is constructed of should make a difference in how it is
shredded. It is presumed that brittle materials will break into smaller pieces. Pliable or
"soft" materials may not shred uniformly and may instead be "mangled”, as opposed to
shredded, resulting in a poor size distribution.

The data obtained from the various experimental runs can be found in Appendix A. A detailed
description of the calculations used throughout this chapter is located in Appendix B. The
remainder of this chapter is divided into the following main sections.
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1. The data were first scrutinized to determine if it was valid for further analyses. It was
concluded that, with a few exceptions, most of the data was generally valid.

1. Several parameters were then tried to determine which parameter would best describe each
dara set. A data set is considered to be the set of values describing the size distribution of
the shredded material from one trial (cr replicate) of a8 container configuration or
experimental run. A single parameter that would best characterize each data set was
desirable for the factorial analysis and analysis of variance. The modal interval density
was eventually used as the descriptive parameter. The modal interval densities were
checked to determine if they were normally distributed to allow for further analysis.

1I1. The preliminary tests for Tetra-Pak, glass, and EPS were then examined. The analysis of
these tests determined if the factors of size, shape, and geometry were significant. In
general, contrary to the hypothesized outcomes, most of the various characteristics did not
produce significant differences within a container material type, except for size.

IV. The materials test analyzed if the container material significantly affected the shredding
behaviour. A definitive conclusion was not possible because of inadequate data. However,
it is shown that material appears to play a critical role in defining the shredding behaviour
of any beverage container.

V. The results of the orientation tests on the Tetra-Pak containers were analyzed. It was
found that the pre-shredding container orientation appeared to have no effect.

V1. The commingled recyclables/Tetra-Pak tests revealed that the Tetra-Pak containers
appeared to separate out similarly whether as a single material or mixed with other items.

4.1 VALIDITY OF COLLECTED DATA
4.1.1 Selection of Applicable Data Sets

Chapter Three discussed the potential problem with screening light density materials such as
shredded Tetra-Pak in one load. During the early stages of experimentation, it was thought that
screening in one load may contribute to over packing and result in poorly screened samples.
However, it was generally observed that the prescribed 10 kg sample size often had a fair
amount of vertical space, or "freeboard” for the shredded materials to bounce during vertical
agitation in the top screen layer. Examining the individual percentage of materials contained
in each screen for those screaned in one load versus those screened in two loads did not reveal
any conclusive trends. Furthermore, because so few replications could be performed, as many
data sets as possible were retained. It is possible that over packing, if it is real event, may
randomly occur. Discarding such data would therefore bias the analysis.

Only three data sets were finally deemed unsuitable. Data for replicate one and replicate four
for the 250 mL. rectangular, enclosed, Tetra-Pak configuration were discarded. Replicate one
used too large a sample size - 13 kg - for the mechanical screen. Replicate four had the
shredder operating at 55 psi, instead of the 42 psi used for all other preliminary tests. Replicate
one data for 1000 mL, cylindrical, open, glass was not used. The shredded glass was subject
to screening for 15 seconds. This proved too long and resulted in additional breakage beyond
that provided by the shrededer. Subsequent glass screenings were held to 1 to 2 seconds. Both
of the discarded replicate one data for the Tetra-Pak and the glass were the very first tests
performed for either container type.
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Chapter Three stated that in several cases, due to either supply constraints or to check unusual
distributions, partial hatches were tested instead of the full 10 kg sample size. These usually
ranged from 2 to S kg in size, depending on what was available. Including these data sets
would violate the conditions of assumed normality and equal variances because the sample size
is inconsistent throughout. It was generally observed thai partial batches produced comparable,
but slightly different, distributions to the full batches. However, one of the reasons for using a
10 kg sample was to duplicate the random orientations a container may be placed i prior to
shredding. (Ten kilograms is also the recommended limit for light density material during
screening, although lesser quantities can be used.) Even with the partial batches, pouring the
containers into the shredder was observed to produce a good, if not the same, degree of
orientation randommess. For these reasons of limited supply, reasonable random container
orientation, and since only three of the sixteen Tetra-Pak preliminary tests were partial
batches, the partial batches were assumed acceptable and included in the data analysis.

4.1.2 Hand-Built Containers

For the glass and EPS preliminary tests, container variances are not a concem since all
containers were factory produced. These two container types could be expected to have equal
variances throughout. However, in order to test the Tetra-Pak containers, half of the
configurations had to built by hand. As discussed before, every effort was made to duplicate a
factory produced Tetra-Pak container. Due to time constraints, it was not possible to devise a
separate test to determine if hand-built containers were equivalent in performance to factory
produced containers. However, it was possible to make some comparisons after the preliminary
Tetra-Pak test analysis. This evaluation of the hand-built containers appears out of sequence.
It was possible only after the analysis was completed under the assumption that the variances
were aqual throughout but because this section concems the data validity, hand-built
containers will be discussed here.

Because size was later determined to be the most significant factor, shape to be only
marginally significant, and all other factors to be nonsignifcant, hand-built and factory built
containers of the same size can be compared. A visual comparison of the cumulative percent
of material retained is perhaps the easiest and most descriptive comparison. The screen size
will be measured logarithmically, compressing the horizontal scale to allow for an easier
comparison of the size distribution curves. Because the shape factor cannot be totally
discounted, seeking similar frends in curvature to indicate similar performance is the objective,
as opposed to having precisely the same curve. Comparing modal interval densities is not as
prefe.able in this case since data from only one run was available for certain configurations.
Furthermore, a statistical analysis, such as a t-test, that would incorporate these estimates
would confound the effect shape (although such an effect may be very small) with any
potential difference due to the construction technique.

The following charts present both the rectangular, factory produced containers and the
cylindrical, hand-built containers. The trend of the distribution curve is similar between the
hand-built and factory produced containers across the same sized containers. The difference in
the trend of the distribution curve when going from the smaller to larger size is also reasonably
consistent between the two construction techniques. Although not a statistical analysis, this
visual comparison suggests that the hand-built containers were constructed to behave similarly
to their factory produced counterparts.
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4.2 SELECTION OF THE RESPONSE CHARACTERIZATION
PARAMETER

Having concluded that the data are initially acceptable for the intended analyses, the next step
involved selecting a suitable means to represent the gathered data. Because the output data
gathered for each batch would be in the form of a size distribution consisting of several values, a
single parameter was sought that could represent the batch data. In the Tetra-Pak and glass
preliminary tests, the factorial design evaluates the effect of a certain combination of factors, or
container configuration, on how well the shredded container material is separated and isolated.
Whatever single parameter was chosen, it must reflect if this configuration improved or worsened
this isolation.

4.2.1 Rosin-Rammler Slope

Municipal solid waste (MSW) has been widely size characterized by the Rosin-Rammler method.
This method involves plotting the natural log of the reciprocal of the percent size distribution
retained against the log of the screen sizes. The resulting graph produces two useful parameters.
The first is the characteristic particle size, or the size through which 63.21% of the sample passes,
and the second is the s/ope of the distribution line (Hasselriis, 1984, p.102). The key parameter
would be the slope. A steep or large slope would indicate that the shredded material had a narrow
distribution and would consequently be better isolated among fewer screen sizes. Conversely, a flat
or small slope would indicate that the shredded material had a much greater distribution throughout
Various screen sizes.

The Rosin-Rammler method was first applied to the Tetra-Pak cumulative percentage retained
data. The data from each batch or configuration was transformed as described above and plotted.
From each batch, the slope was determined. If replicates were made of a particular configuration, a
mean slope and standard deviation from the replicates were determined.

After a slope or mean slope was calculated for each Tetra-Pak configuration, the slopes were used
to complete the factorial analysis. Of all the factors, the size of the container was the most
significant effect. The increase in container size from 250 mL to 1000 mL could be expected to
decrease the slope of the curve by 2.351, with a standard error of 1.00. The geometry of the
container, going from open to enclosed, improved the slope by 1.054, while the combination of
both size and geometry combined, that is, going from open to enclosed and increasing the size,
docreased the slope by 1.031. Again, the standard error for these is 1.00.

These two factors and interaction were determined to be significant using the half-normal
probability plot (Johnson and Leone, 1977, p.802) shown in Figure 4.2. There were difficulties
interpreting which data points should be included when drawing the best fit straight line in the half-
normal probability plot. For example, the first three points could be considered as the defining
points for a best fit line. However, a line that attempts to fit more of points in order to isolate the
truly signficant effects was drawn. The resulting plot indicates that while the calculated effect of
size on the isolation of the shredded containers confirmed that size appeared to make a difference
during experimentation, the importance of geometry and the size/geometry interaction was
unexpectad. On the following half-normal plot, these latter effects were "somewhat close” to the
straight line, but it was debatable if these effects could be
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considerad truly insignificant. In fact, it was observed during experimentation that the shape factor
appeared to make a more significant difference than geometry.

These unexpected results could have been the result of using the Rosin-Rammler method. Although
used in the characterization of municipal solid waste, the transformations involved - the reciprocal
and natura! log functions, and the log graph scale - could render the slope insensitive to the effects
of the factors. Furthermore, the slopes were hand-estimated from the mid-section of each curve.
Extreme portions of the curve of each graph often had little or no meaning because either none of
the shredded material had been accumulated or elsc all the shredded material had been zlready
accumulated in preceding screens. Estimating the slope from log-scaled axes is unlikely to be the
most accurate mothod. These reasons, combined with the difficulties in drawing a confident
straight line in the half-normal probability plot, led to using a second characterization parameter.

4.2.2 Linear Slope Method

Instead of using the logarithmic transformations required previously in the Rosin-Rammler
approach to plot the data, the data were simply plotted as the cumulative percentage retained
against the screen sizes. The slope of each curve, termed the linear slope since no transformations
were required for the data or the scales, was calculated by hand. As with the Rosin-Rammler
method, a mean slope and standard deviation was determined for replicates of the same

configuration.

These slopes were then used in the factorial analysis. From the same half-normal probability plot
(Figure 4.2), size was again determined to be the most significant factor. Increasing the container
size from 250 mL to 1000 mL decreased the slope by 1.446 %/mm. The shape factor was also
significant. Going from a cylindrical to rectangular container improved the slope by 0.442 %/mm.
The standard error of both effects is 0.220. Estimating the best fit straight line in the half-normal
probability plot was not as difficult.

Although the resuits of using the linear slope more closely match what was observed during
experimentation and should be considerably more sensitive than the Rosin-Rammler slope, the
linear slopes were still estimated. Furthermore, the slope provides an estimate of how narrowly or
widely the shredded material is distributed but does not give a direct measure of the concentration
or isolation of the shredded matenal.

4.2.3 Modal Density Parameter

Because the spacings of the screen sizes do not have consistent ranges, collecting 70 percent of the
shredded material over a range of, for example, 45 mm (from the 125 mm screen to the 80 mm
screen) is not equivalent to collecting 70 percent of the shredded material over a 30 mm range
(from the 86 mm to the 50 mm screen). The latter case displays a higher concentration of material,
implying better isolation.

To correct this, the densiiy of shredded material for each size interval was calculated (Kennedy
and Neville, 1986, p.18). This would measure the material by a percentage per mm size range in
any particular size range, effectively allowing for "fair comparisons” between various size intervals
and hence different batch data sets. The above examples would give densities of 1.556 %/mm and
2.333 %/mm. Density parameters were thus calculated for all tests.
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For some tests, amounts were found in the 125 mm screen. As the top screen, there was no limit on
how large an item could be in this screen. This open-endedness would prevent calculating an
interval density. In such cases, the /argest dimension of the largest item that could possibly be
found in the size interval was used as the upper size limit for the 125 mm screen interval. For
example, a 1000 mL rectangular, open, Tetra-Pak could conceivably be shredded and opened up
into a single sheet (minus one end because it is an open canfiguration). Thus, the diagonal of this
sheet would be the largest dimension. This assumes that no other information was available. In the
case of the /000 mL rectangular, enclosed. Tetra-Pak, the longest dimension after shradding was
known because these same containers were used in the orientation tests and additional length
measurements had been made. However, the percentages collected in this top screen were usually
small compared to the amounts collectad through the middle and/or lower size ranges. Any
inaccuracies in calculating the top interval density are assumed to not significantly affect the
analysis.

From the various interval densities calculated for each batch, the highest interval density, or mode,
was selected as the single numerical parameter to represent the batch results. Thus, the modal
interval density described the maxiinum concentration or isolation of shredded material that could
be expected from that particular container configuration. The modal interval density was finally
chosen as the parameter to use throughout the analysis. It offers several advantages over the slope
parameters that were calculated previously.

1. Using the modal interval density allows for unbiased comparisons between other intervals and
other container configurations. Unusually large or small percentages are viewed in context to
the screen interval they are found in.

2. Rt is not dependent on judging which data points are significant, as is the case when
determining the slopes from charts.

3. The results of the factorial analysis are easier to understand. For example, the model may state
that increasing the size of the container decreases the density interval by X %/mm. This
directly relates the effects on the concentration or isolation of shredded material. The slope
parameters, however, would only give a relative measurement of how narrow or broad is a size
distribution.

4. Determining the modal interval density also determines the corresponding screen (size range).
Knowing what screen will collect the most material could be important for practical
applications.

4.3 NORMAL DISTRIBUTION OF MODAL INTERVAL DENSITIES

Although using the modal interval densities has several advantages, this use also requires a
separate check be made to determine if the these modal densities are approximately normally
distributed. If so, the further analyses which depend on the conditions of normality can be carried
out.

Because the highest interval density from each size distribution has been selected to represent that
particular size distribution, the remainder of the data from the distribution no longer impacts the
analyses (although it may be important in materials recovery applications). Instead of determining
if these original size distributions were normally distributed, it is now necessary to determine if the
modal interval densities from all the data sets are themselves approximately normally distributed.
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There are sixteen modal interval density values from the Tetra-Pak preliminary test data, fifteen
values from the glass preliminary test data, and only four values from the EPS preliminary test
data.

If the modal interval density values are normally distributed, they should form a straight line that
passes through the centroidal point (mean value of the variate, SO percent probability) when plotted
on normal probability paper (Kennedy and Neville, 1986, p. 198). Furthermore, greater attention is
given to the points in the centre of the plot, as opposed to those at the extremes. To construct these
normal probability plots, the modal values for each container type were ranked in increasing
magnitude and assigned to various percentiles. This is essentially the same technique used in
constructing the half-normal probability plot and was necessary because the modal interval
densities no longer depend on the original cumulative percentage frequency of shredded material
(which would have served as the y-axis percentile in the original size distributions).
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FIGURE 4.3: Normal Probability Plot for Tetra-Pak Modal Interval Densities

In Figure 4.3, the mean of the sixteen modal interval densities is at 1.389 %/mm. The best fit
straight line appears to intersect the centroidal point of the plot, confirming that the Tetra-Pak
modal interval densities do appear to be normally distributed.

The modal interval densities from the glass data also appear to be normally distributed, as shown
in Figure 4.4. The mean value of the glass modal interval densities is 2.745 %/mm. The best fit
straight line also appears to intersect the centroid of the plot. However, it shouid be noted that these
values span a much smaller density range than the Tetra-Pak values.
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4.4 RESULTS ON PRELIMINARY TETRA-PAK CONTAINER RUNS

4.4.1 Factorial Analysis for Tetra-Pak Containers

The modal interval densities for all container configurations were used in the factorial analysis for
the Tetra-Pak containers. The factorial analysis, as described in Chapter Three, produced the
following linear model.

7=1.499 — 0.420x, — 0.200x, +0.076x, + 0.222x,x, — 0.018x,x, - 0.095x,x; + 0.059x,x.x;

18]

The standard error of each effect is ¥0.1957, except the for constant which is ¥0.0979. In the
above equation, T represents the model outcome, the constant is the average value of all
configurations (or runs), which is subsequently altered by adding or subtracting the x-terms. Recall
that the actual effect of each factor, when going from the -1 to +1 level, is double the magnitude of
the coefficient for that factor listed in the equation.

For those configurations with replicated runs, the mean of the highest interval densities were used
in the factorial analysis. A standard deviation for that configuration was calculated. Available
standard deviations from the various configurations were used to calculate the standard error of
each effect. Runs which have no replication have no standard deviation and consequently no
degrees of freedom. This is subsequently reflected in the final standard error of effects calculation.
See Appendix B for the detailed calculations.

Again, using the half-norma! plot (Figure 4.2) for Tetra-Pak, the significant effect was size. The
effect of shape was perhaps marginally significant. Increasing the size of the container from 250
mL to 1000 mL would decrease the interval density by (2 x -0.420) or 0.841 %/mm. The average
moda! density from all runs is the constant, or 1.499%/mm. This average is derived from the
testing of four large and four small container configurations and thus represents a midpoint.
Therefore, the 0.841 %/mm change represents a deviation of 0.420 %/mm to either size level from
the midpoint. This would represent a midpoint-to-extreme change of approximately 28%.

Given this evaluation, the model appears as
n=1.499-0.420x, - 0.200x, (6l

with the remaining terms eliminated because they were judged insignificant. Using this model, the
theoretical or predicted value for each run was calculated. The actual modal interval densities used
in each run (not the average used in the factorial) were compared against their respective predictive
values to calculate the residuals. Analyzing these residuals should point out if the model is
reasonably accurate (Kennedy and Neville, 1986, p.546) and if the necessary underlying
assumptions, such as if the errors are normally distributed, are valid.

The following two residuals plots in Figure 4.6 were generated. The first is a scatter plot of the
residuals versus the predicted modal interval densities. If the residuals appear unrelated to
responses, the model is probably appropriate (Box et al., 1978, p.186). The plot indicates the
residuals seem to cluster into two areas: above 0.88 and below 1.7. However, the second plot
indicates that the residuals are approximately normally distributed, indicating that the errors are
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for the factorial analysis calculations

and result in a better model. This transformation was performed and the resulis are shown in

Figure 4.7.

ensity if present) of each run by using

RESIDUALS versus MODEL VALUES: Tetra-Pak Factoris! Analysis

normally distributed and that the other effects were most likely due to "random noise” (Box et al.,
Because Figure 4.6a indicates that the model may not be appropnate, one possibility is to
transform the modal interval densities (or average modal d

1978, p.334).
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Although the vertical displacement of the data clustering in the scatter plot is reduced, the same

data trend that was seen in Figure 4.6 is also present. Again, the normal plot in Figure 4.7
produces an approximate straight line, aihough the normal plot in Figure 4.6 prior to the

logarithmic transformations appears to produce a better straight line. Because there is no

conclusive evidence to suggest otherwise, the data will be deemed acceptable and the model

generated as being appropriate.

TR
ot L

INRERRENN
Pl
3 _ b U
K] Py :
§ . |
- | w I,IU-+-
oo
3]
*H 1 H : m
} } I ; .
.m . ;ﬂlmaﬁ
_““., 1 | _ i !
2 P L I
2L o
izl oo -
18! .i,z,-,,.‘.lm,i_i%u-A} i
HENEREREEE.
“mq n m M-_ll_l . :
mw N i , | _
I T
g

e e o e ——— e e
: .

! lOGAIlITHM of TETRA-PAK FACTORIAL ANALYSIS

SR

-
R
w
-l
< |

_ B i . - T!,}iw.\
> R 4
£ R
% et
W | . w_m! .'
2 w« ) |.%.H.;w:
28 : _...w g
o _
= 81 ;17?71.?1.
3 i e S
II
o]
z

— 1

S S O S ;
! e
R
A )
S s
T
.lllY.l\|T|+l‘|\ ol
et b

1 1;1.1&|b|ll_1[|r.,“

I.r» ISR SR

- f;}!ﬁ D S G

[ 3]

3

e

Residunle

[B]

Logarithms

18,

Residual Plots from Tetra-Pak Analysi

FIGURE 4.7



49

4.4.2 Analysis of Variance for Tetra-Pak Containers

As a last check on the conclusions reached in the previous section, a two-way analysis of variance
was performed on the Tetra-Pak data. For the purposes of the ANOVA, the configurations were
considered the treatments while the replicates were considered as blocks. However, several of the
Tetra-Pak configurations had three replicates, others had two replicates. while others had only one
run. Since there were eight configurations, and the maximum number of usable replicates in any of
the configurations was three, there were potentially twenty-four modal interval densities. Only
sixteen modal interval densities were actually available from the data. To facilitate the ANOVA,
the remaining eight modal interval densities were estimated using a procedure outlined in Hicks,
1982 and referred to by Kennedy and Neville, 1986. Refer to Appendix B. A missing value is
estimated by determining what value will minimize the sum of the squares of the errors. This can
be done for "... any reasonable number of missing values." (Hicks, 1982, p.75) No reference has
been found as to what constitutes "reasonable”. Afterwards the analysis is carried out as before,
resulting in an approximate ANOVA with the degrees of freedom for the error term reduced by the
number of estimated values. However, this ANOVA should be considered alongside the half-
normal plot, and not as a stand-alone analysis.

The subsequent one-sided F-tests revealed that at both the 0.05 and 0.01° significance level, all
factors and interactions, including the replications, were insignificant except for size. Size was
significant at both levels. Shape was significant only at the 0.05 level but only produced a F_ -to-
Fap ratio of 1.087, just slightly above 1.0. Shape was not significant at the 0.01 level. These
findings confirm the interpretation of the half-normal plot.

4.4.3 Summary of Preliminary Tetra-Pak Tests

Based on the results of the factorial analysis and the ANOVA results, the size of a Tetra-Pak
container is important in determining the isolation of shredded material into any given size interval
while the other factors are not. The smaller size apparently results in a greater concentration of
shredded material. This supports the earlier assertion in Chapter Two that larger cardboard sizes
are not as affected as smaller cardboard sizes. Shape is only marginally important.

Source of Deg. of ARy MS Fralr= Sig. @ Sig. @

Variation Free., d.f. (S8d.f) | MSMSError 0.05? 0.01?
Replicates 2 0.5026 0.251 1.549 No No
| Size 2 4.379 2.190 13.519 Yes Yes
Shape 2 1.810 0.905 5.586 Yes No
Size/Shape 4 1.459 0.365 2.253 No No
Geometry 2 0.243 0.122 0.753 No No
Size/Geom. 4 0.001 0.00025 0.00154 No No
Shape/Geom 4 0.252 0.063 0.389 No No
3-factor 6 0.066 0.011 0.0679 No No

Error 6 0.972 0.162

TABLE 4.1: ANOVA Results for Preliminary Tetra-Pak Container Tests

5The commonly used 0.05 and 0.0] significance levels were accepted as the test levels in the absence of
other information.
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4.8 RESULTS OF PRELIMINARY GLASS CONTAINER RUNS

4.8.1 Factorial Analysis for Glass Containers

The results of the glass container runs were handled in the same manner for the factorial analysis
as the Tetra-Pak data. Since almost all runs had two replicates, the mean of the modal interval
densities was calculated along with the corresponding standard deviat:on. Only one run did not
have replicated data. The factorial analysis produced the following model.

n=2.719-0.151x, - 0.056x, + 0.067x, + 0.149x,x, — 0.028x,x; — 0.013x,x; — 0.093x,x.x;
17

The standard error of each effect is ¥0.0999, except for the constant, which is ¥0.05. The actual
effect of factor is double the magnitude of the respective coefficient for that factor when going
from the -1 to +1 level.

According to the half-normal plot in Figure 4.8 for these effects, the only significant effect is from
the size factor. Increasing the glass container size from 250 mL to 1000 mL will decrease the
modal interval density by 0.301 %/mm. From the half-normal plot, it is difficult to ascertain if the
size/shape interaction factor is important. If so, the combination of increasing the size and
switching from cylindrical to rectangular glass containers increases the modal interval density by
0.299 %/mm. Unlike the Tetra-Pak model however, in which the significant effect of size would
produce a midpoint-to-extreme change of 28 %, the effect of size for glass would affect the
constant by only 0.151 %/mm to either extreme size level. This is only a change of approximately
6%, suggesting that while size may be important relative to the other factors, it may not be that
important on an absolute scale. Again, the residuals from the factorial analysis were calculated.
However, these plots assume that only the size factor is significant. The plots of these residuals
are shown in the Figure 4.9.

The clusterings in Figure 4.9A about the predicted values appear to show a distinctive clustering®
but no distinctive pattern within a cluster. Figure 4.9B, however, produces a reasonably straight
line with one exceptional point in the far left comer. This suggests that the model could be
adequate and that the assumptions of normality are most likely valid. An additional check should
be performed to confirm the earlier conclusions about the significance of size and the size/shape
interaction. As with the Tetra-Pak analysis, an ANOVA will be performed on the glass analysis.

1t appears as if there is a distinctive clustering. but this is also due in part to the fact only one factor is
oonsidered significant. In the calculation of the model values, the modcl values alternate between one of
two numbers (the constant + one factor). Thus all residuals would be compared to only two numbers
instead of across the entire horizontal axis.
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FIGURE 4.9: Residual Plots from Glass Jar Factorial Analysis

4.5.2 Analysis of Variance for Glass Containers

Because one of the glass container data sets had to be discarded, one configuration had only one

run while all others had two replicates. The same technique used in the Tetra-Pak ANOVA was
also used for glass to estimate the missing modal interval density.



§3

Based on a one-sided F-test at the 0.05 and 0.01 level of significance, all factors were insignificant
except for the size factor and size/shape interaction factor. Note that the sum of squares of error,
SSE, has six degrees of freedom ((8 runs -1) x (2 replicates -1) - 1 estimation). The size and
size/shape interaction factors were both significant at the 0.05 level but insignificant at the 0.0l
level. This closely matches our interpretation from the factorial analysis and the half-normal plot
that even if these two effects appear significant, the significance is most likely limited.

Source of Deg. of SS MS Fealc = Sig?@ | Sig?@
Variation Free., d.f. (SNd.f) | MSMSError | 0.05 0.01
Replicates 1 0.0346 0.0346 0.876 No No
Size 1 0.334 0334 8.456 Yes No
Shape 1 0.061 0.061 1.544 No No
Size/Shape 1 0.28 0.28 8.304 Yes No
Geometry 1 0.059 0.059 1.494 No No
Size/Geom. 1 0.019 0.019 0481 No No
Shape/Geom 1 0.001 0.001 0.0253 No No
All Factors ] 0.121 0.121 3.063 No No

Error 6 0.237 0.0395

TABLE 4.2: ANOVA Results for Preliminary Glass Container Tests

4.5.3 Summary of the Preliminary Glass Tests

These results suggest that none of the tested factors, other than perhaps the material properties of
glass itself, are important in determining the modal interval density for glass. The size factor and
the interaction of size and shape appear to have little effect. Furthermore, since the geometry factor
has apparently no effect, the presence or absence of metal lids appears to have not made any
difference.

4.6 RESULTS OF EXPANDED POLYSTYRENE CONTAINER TESTS

Because no EPS containers were available in rectangular form and hand-making such containers
proved too difficult, no factorial experiment was performed. Instead, of the available EPS
containers, two configurations similar to those tested for Tetra-Pak and glass were chosen. Two
replicates were run for each of 250 mL. cylindrical, open and 1000 ml.. cylindrical. open. These
tests would provide additional data as to how different materials performed and also test the effect
of size, which earlier had been observed to be the most important factor for Tetra-Paks.

The F-test was performed to determine if there were any significant differences between the two
variances because of the different sizes. F, is significantly lower than F,, indicating there is no
difference, although the accuracy of this test suffers from having only one degree of freedom for
both configurations. Next, a two-sample t-test was performed to evaluate if the means of the two
EPS containers are ditterent.
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Size (ml.) Mean Largest Interval Standard Variance, Degrees of
Density (%/mm) Deviation, s s? Freedom, d.f.
250 1.492 0.054 0.00292 1
1000 1.692 0.034 0.00116 1
Feal: Numerator d.f. | Denominator d.f. Significance Frabulated
2.526 ] 1 0.025 (for 0.05) 647.8
TABLE 4.3: F-Test on Results for EPS Containers
Combined Combined Std. Standard Sample | Sample teale
Variance, s,.2 Deviation, s, Deviation, sy ny ns
0.002038 0.04514 0.04514 2 2 4 ‘30
Total d.f. Significance ! Significant?
2 0.05 4.303 Yes
2 0.01 9.925 No

TABLE 4.4: t-test on Results for EPS Containers

Based on this comparison, the means are different at the 0.05 significance level, but just barely so;
the ratio of t-to-ty,, is 1.02. At the 0.01 significance level, there is no real difference between
the means. This suggests that size is not an important factor in the shredding behaviour of EPS
containers. Visually examining the plot of the two container types in in the following figure also
supports this reasoning. The curves are very close together, again strongly suggesting that the
container size has little influence on the shredding. Note that the values plotted are the average of
the two replicates of the cumulative percent retained data, as in a typical size distribution curve,
and not the interval densitics. Thus, for an EPS container, the size of the container does not
significantly affect how it will shred.
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4.7 RESULTS OF MATERIALS COMPARISON TEST

4.7.1 Selection of Test Data

The previous preliminary tests concluded that the physical characteristics of size, shape. and
geometry have little effect on how a container shreds, as is the case with glass and EPS. Only the
Tetra-Pak containers appeared to be affected by the size of the container. Given the general
insignificance of these first three factors, and considering the earlier discussion about the material
of the container in Chapter Two, the last physical characteristic, the material, may the signficant
factor that affects the shredding behaviour especially since all three container/matenal types seem
to produce different size distributions.

To evaluate the effect of the container material, special Tetra-Pak containers were hand-built by
wrapping aseptic packaging material around a 1000 mL, rectangular, glass jar. Aside from small
dimensional differences at the ends of the containers, the two different container types were similar
except for the material. Any differences in shredding behaviour should therefore be due to the
differences in the container material. Initially, it was thought that the existing data from the /000
mlL, rectangular. open. Tetra-Pak configuration was not usable. Although volumetrically similar,
these post-consumer Tetra-Paks have different dimensions. Moreover, by wrapping the aseptic
material around a tested glass jar, it was possible to use the preliminary test data for this glass jar
in materials test.

Approximately 5.0 kg of these specially constructed Tetra-Paks were shredded and screened. lts
modal interval density is 1.196 %/mm. Only one separate test run was performed. Due to time
constraints, no replicates could be performed. However, the other two /000 ml.. apen. Tetra-Pak
configurations from the preliminary tests produced similar modal interval densities. Since it was
determined that size is the significant factor, it should be possible to compare these three 1000 mL
sized Tetra-Pak container results.

Tetra-Pak (Mean) Modal Standard | Number of | Standard Error of
Configuration Interval Density | Deviation | Replicates Mean
(Test) (%/mm)
Materials Test 1.196 N/A 1 N/A
1000 mL, rect, open 1.079 0.644 3 0.372
1000 mL, cyl, open 0.962 0418 2 0.296

TABLE 4.5: Comparison of Similar Tetra-Pak Container Data

The modal interval density for the materials test configuration lies within the range of the two other
configuration means, 1.079 %/mm F 0.372 %/mm and 0.962 %/mun ¥ 0.296 %/mm. Although this
comparison is not rigid test, it does signify that the modal interval density from this separate non-
replicated Tetra-Pak materials test can be used with a reasonable degree of confidence.

As mentioned previously. no rectangular EPS containers could be purchased or constructed. For
the purposes of comparing materials, the /000 ml., cylindrical, open, EPS configuration data will
be used. Because shape was not a significant factor for the other two container/material types, it is
unlikely that shape would be an important factor for EPS containers. Furthermore, the mechanical
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properties of polystyrene foam depend mainly on its density (Svec, 1990, p.190). However, it
should be kept in mind that in these materials comparisons, the EPS containers tested have a

cylindrical shape.
4.7.2 Calculation of Density of Container Material

A quantitative and objective parameter would be needed to identify the container material in order
to accurately correlate a relationship between the shredding behaviour and the material, assuming
such a relationship exists. It was originally thought that the modulus of elasticity” would best
describe the material. However, depending on what orientation the container was in while being
shredded, the modulus of elasticity would most likely vary. All possible orientations and their
subsequent moduli would have to be evaluated in separate laboratory experiments. Furthermore,
some of the cylindrical shapes, such as the sloped EPS containers, would complicate the testing
process. Therefore, the modulus was not used as a material parameter.

Instead, the density of the container material was chosen to describe the material. Density is a
unique parameter and is unlikely to affected by the orientation of the container. This also follows
the description that EPS mechanical properties depend primarily on its density. The density of the
three container types - the materials test Tetra-Pak, the glass jar, and the EPS container - were
calculated by first weighing three or four containers of each type. Determining the volume of the
containers proved more difficult than initially thought due to the thinness of the Tetra-Pak material,
the curves of the glass jar, and the sloped surface of the EPS container. The volume was finally
calculated by measuring the vertical displacement of each container when submerged in a water
filled beaker. Thirteen millimetres of vertical displacement was equivalent to 250 mL of water; this
refinement was necessary since the beaker gradations were inadequate. Note that the containers
examined below are only those selected for this materials comparison test.

Material/ Mean Density Standard Standard Error Modal Interval

Container (g/ml) Deviation of Mean Density (%/mm)

Tetra-Pak 0.749 0.067 0.034 1.196

Glass Jars 2.492 0.022 0.013 2.730
EPS 0.0544 0.0013 0.0007 1.692

TABLE 4.6: Materials Comparison Test Data

The modal interva! density was plotted against the material density in Figure 4.11. While the points
are located quite differently from one another, this plot does not reveal any trend between the
modal interval density and the container material density among the three container material types.
However, from observing the behaviour of the different container/material types during testing, it is
apparent that the modal interval density appears to vary with the degree of ductility inherent in the
material. This ironically suggests that the E modulus, however imperfect, may have been the
preferable material characteriziation parameter. Figure 4.12 plots the modal interval density
against a "description” of the ductility -r brittleness of the container/material type.

7The modulus of elasiticity is the slope of the stress-strain curve for a material.
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FIGURE 4.12: Modal Interval Density versus Description of
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It should be noted that in Figure 4.12, the Tetra-Pak modal interval density is actually composed of
+wo different sets of values: 1) the Tetra-Pak material test data itself, and 2) the two modal interval
densities from the 1000 mL, rectangular, enclosed, Tetra-Pak configuration. Since only size was
considered truly signficant, shape marginally significant, and geometry insignificant for Tetra-
Paks, including the preliminary test data was possible.
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4.7.3 Summary of the Materials Test

Comparing the shredding behaviour of one material against ancther confirms that the different
container materials do produce different modal interval densities. It appears that the modal interval
density increases as the brittleness of the material increases. More information than what is
available from this research and a better material identification parameter are needed to reach a
conclusive relationship.

4.8 RESULTS OF THE ORIENTATION TESTS

Since it was suspected that the orientation of the container prior to shredding could affect how the
container was shredded, these tests were conducted to determine if specific orientations affected the
shredding behaviour. The shredded containers were described in two manners: 1) visually
describing the breaks in the Tetra-Paks and 2) screening the Tetra-Pak as was done for the
preliminary tests. The screened data was again analyzed for the largest interval densities. As
previously detailed, the largest dimension of the largest piece found in each test set was the upper
range limit for the top 125 mm screen size for calculating the interval densities. However, all the
greatest interval densities were found below the 125 mm screen.

The six orientations described in Chapter Three were tested in three different sets. The final results
are listed in Figure 4.13. No one orientation produced the largest interval density in the same size
range throughout the three test sets. The largest interval densities were spread over two screen size
ranges, from 125 mm to 80 mm and 80 mm to S0 mm. The ANOVA calculates that the F,; is less
than Fy,, at the 0.0 significance level, rejecting the altemative hypothesis that a real difference
exists between the various orientations. To confirm the validity of this ANOVA, two plots of the
residuals, or the differences between the average or "model" value and the actual values for each
orientation, were plotted. Figure 4.14A shows no particular trend among the scatter plot of the
residuals against the predicted values while Figure 4.14B demonstrates that the residuals, with the
possible one exception of the far left value, are approximately normally distributed. These two
plots indicate the ANOVA results were valid and that the assumptions necessary for ANOVA (e.g.
normal distribution of the errors) are upheld. As a further confirmation, the logarithms of the
largest interval densities found in the orientation tests were also calculated, analyzed, and the
residuals similarly plotted. It was possible that the logarithms may have revealed additional
information. This was not the case. Both residual plots generated from the logarithms were similar
to those in Figure 4.14.

The visual descriptions of the major breaks were also examined. No consistent breakage trend
could be found throughout all three sets for cach orientation. Based on these data, the orientation of
a Tetra-Pak container prior to shredding does not appear to affect its shredding behaviour.
However, this assertion is not necessarily valid for other beverage containers. For example,
Chapter Two discussed that the behaviour of glass was dependent on the specific circumstances of
the situation surrounding the glass. This would include the container orientation. More research
would need to be conducted to determine if this is true.



Set One Set Two Seot Three
Orientation Largest ...iIn Size Lergest ...in Sire Lergest ... In Size
Densi

before Shnddlﬂ W% Ry_'g Dmd% R?.._"% % Ru_ng
Corner, end 1 125 t0 1. 1250 to

Broad, side 1938 0t 1.847 12510 80 2202 12510 80
Corner, end 1.720 80t SO 24688 801050 2222 12510 80
Narrow, side 2222 125t0 80 1423 801w S0 1485 12500 &
Narrow, end 2185 80 to S0 0.803 12510 80 1523 8010 &0
Broad, end 1840 8010 S0 2222 125t0 80 2222 12510 80
No consistent, recurring size renge for the Iom dcndz basad on these sets.
SUMMARY
Qroups Count____sum__ A Verlance
Row 1 3 63888 2.1280 02300
Row 2 3 5.8852 1.9851 0.0341
Row 3 3 64188 21388 0.1417
Row ¢ 3 51303 1.7101 0.1977
Row § 3 4.5110 1.5037 04783
Row 6 3 63844 2.1281 0.0266
ANOVA
Source Variation 38 ar M3 ¥ Pvalue_ Fenit
Between Groups 1.0721 5 0.2144 1.1607 0.3826 310509
Within Groups 22168 12 0.1847
F <Fcrit
Total 3.2889 17 No rea! diff. between orientations.

The highest material densities occur In the 125 mm to 50 mm size range.

FIGURE 4.13: Final Results and ANOVA for Orientation Tests
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FIGURE 4.14: Residuals Plots for Orientation Test ANOVA

4.9 RESULTS OF COMMINGLED RECYCLABLES/TETRA-PAK TESTS

These tests would help demonstrate the application of the preliminary tests results to a materials
recovery operation. If a certain characteristic was found to produce a higher degree of matenial
isolation after shredding, this same characteristic may enable the container material to be more
easily separated from other materials if the container was in a mixture of items. During the
experimentation, the size of a beverage container appeared to make the most significant difference
in the shredding behaviour for the Tetra-Pak containers. Thus, 250 mL, rectangular, enclosed
Tetra-Paks were mixed with 2 typical commingled recyclables sample and tested as discussed in
Chapter Three. However, the initial commingled tests displayed some unusual resuits that
prompted a change in the experimental procedure.

The test one batch was shredded and then screened. After shredding, many of the Tetra-Paks
appeared relatively undamaged, suffering little breakage and only some compression. This was
again observed for the second test. Conversely, the Tetra-Paks from the preliminary tests were
obviously shredded. After the second test, it was decided to increase the air valve pressure to 55 psi
from 42 psi. Since the tests involved other items, such as large cans and cardboard boxes, the
shredder might allow these bulkier items to pass through with minimal or no shredding to avoid
damage to the shredder. Tetra-Paks may inadverdently pass through with these other items as a
result. The supplier of the shredder suggested increasing the air valve pressure to allow fewer items
to pass through unshredded.

Tests three and four were conducted with the shredder at 55 psi. Although a visual inspection of
the shredded material showed that more of the Tetra-Paks were shredded than in test three, some
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were still intact. Test four had intact Tetra-Paks very similar to tests one and two. In fact, a soup
can passed through literally untouched in test four. After all four tests were completed, the
distribution of Tetra-Paks among the various screen sizes were very similar for tests one, three,
and four. Changing the air valve psi appears to have made little, if any, difference. Only test two
had some observable difference and this was prior to increasing the air valve to S5 psi. This can be
seen in the following figure. However, there was no reason to discard the data from set two since
all experimental conditions, other than the altered air valve pressure, were unchanged.

Again, the interval densities for the shredded Tetra-Pak were calculated to determine the highest
interval density. To calculate the upper range for the 125 mm screen size range, the largest
dimension was the diagonal of a 380 mm by 300 mm folded newspaper. In all four tests, such
newspapers were often found relatively unshredded and so were usually the largest item with the
largest dimension. The highest densities of Tetra-Pak occured in the 125 mm to 80 mm size range
except for test four, which occurred in the 80 mm to 50 mm size range. Even then, the interval
density for the 125 mm to 80 mm size range in test four was very close to the highest interval
density. These interval densities versus the screen size ranges are plotted in Figure 4.15.

The largest Tetra-Pak interval densities from these commingled tests are 1.3072 %/mm, 0.7407
%/mm, 1.3072 %/mm, and 1.2500 %/mm, giving a mean interval density of 1.151 %/mm, with a
standard deviation of 0.275 %/mm and a variance of 0.0756. The preliminary tests that used 250
ml., rectangular. enclosed Tetra-Paks have a mean largest interval density of 1.436 %/mm with a
standard deviation of 0.128 %/mm and a variance of 0.01638. According to the following two-
sided F-test for a 0.05 significance level, Fyc is less than Fy,y, This upholds the null hypothesis
that the two sample variances estimate the same population variance. Next, a t-test was performed
to determine if the mean of the preliminary tests and the mean of the commingled tests were truly
different from one another.

COMMINGLED RECYCLABLES/TETRA-PAK TESTS: Density of
Tetra-Pak After Shredding and Screening
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FIGURE 4.15; Tetra-Pak Interval Densities for Commingled Recyclables Test
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Test Mean Interval Variance, s2 Degrees of Freedom,
Density (%/mm) d.f. -
Commingled 1.15] 0.0756 3
Preliminary 1.436 0.01638 2
Fralc Numerator d.f. Denominator d.f. Significance F
4615 3 2 0.025 (for 0.05) 39.17

TABLE 4.7: F-test on Results of Commingled Recyclables/Tetra-Pak Tests

At both significance levels, tcq is less than t,,;,. The two means are not different from one ancther,
implying that whether the 250 mL rectangular. enclosed Tetra-Pak containers are by themselves
or commingled with other recyclable items, the containers will produce similar modal interval
densities. However, this does not definitively conclude that Tetra-Paks do so because of the
container characteristics. Furthermore, eventhough shredding Tetra-Paks either alone or
commingled produced similar results, the results are not identical. In the containers-only situation
the Tetra-Paks were actually shredded but in the commingled case a fair majority were relatively
undamaged. This suggests another variable(s), possibly the interference from the other recyclables,
in the commingled situation must be investigated.

Combined Combined Std. Standard Sample | Sample trale
Variance, s,.2 Deviation, s, Deviation, s ny ns
0.0519} 0.2278 0.1740 4 3 1.6379
Total d.f. Significance [/ Siﬂyicant?
S 0.05 2.57] No
S 0.0} 4.032 No

TABLE 4.8: t-test on Results of Commingled Recyclables/Tetra-Pak Tests

4.11 CONCLUSIONS OF DATA ANALYSIS

The main objectives of this chapter were to determine if the size, shape, geometry, and material
characterstics of the selected beverage containers - Tetra-Paks, glass jars, and EPS containers -
would affect the shredding behaviour of that beverage container and if so, what such a relationship
would be. If a characteristic or combination of characteristics better isolated the container material
after shredding, the separability and subsequent recovery of the container material would most
likely be improved. Based on the various test findings in this chapter, the following general
statements with respect to these objectives can be made.

4.11.1 Preliminary Tests

These tested the effects of the size, shape, and geometry factors on the shredding behaviour of the
beverage containers within the same container/material type. The factors were each tested at two
levels: 250 mL and 1000 mL sizes, rectangular or cylindrical shapes, and whether the container
was open ended or enclosed.
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The preliminary tests on the Tetra-Paks indicate that the size of the aseptic package affects the
isolation of the container material after shredding. The 250 mL sized Tetra-Paks produce
significantly higher concentrations of shredded material than their 1000 mL sized counterparts. The
shape of the Tetra-Pak is, at best, marginally significant in affecting how the container shreds. The
geometry of the Tetra-Pak container appears to make no difference.

The shredding behaviour of the glass jars appear to be minimally affected by the size of the
container and the interaction between the size and shape of the container. In general, the size,
shape, and geometry of the beverage container appears to have no effect. This suggests that the
material itself is the deciding factor in affecting the shredding behaviour.

Both the 250 mL and 1000 mL sized EPS containers shredded similarly. Size therefore does not
appear to affect the shredding behaviour of these containers. The factors of shape and geometry
could not be evaluated because suitable containers for testing these the influences of these
characteristics could not be obtained. However, because the vther two container types are
minimally affected, if at all, by the factors of shape and geometry, it is quite possible that the EPS
containers are also similarly unaffected. This presumption is also supported by observing that both
glass and polystyrene are brittle materials. Some similarity between the performance of the two
materials during shredding could be expected. As with the case for glass, the preliminary test for
EPS suggests that the material itself may be the deciding factor.

4.11.2 Materials Comparison Test

Except for the role of size in the Tetra-Pak test, the general insignificance of the size, shape, and
geometry factors suggests another factor significantly affects the shredding behaviour of the
selected beverage containers. Based on the background information in Chapter Two and the
materials test, the material the container is constructed of is most likely the significant factor. Each
material was described using the density of the material. The materials comparison test
demonstrated that all three different containers did indeed shred differently and produce different
modal interval densities because each container was made of a different material. However, no
observable trend could be seen between the modal interval densities arnd the container material
densities. Instead, the modal interval densities were compared to a description of the ductility or
brittleness of the container material. This comparison demonstrated that the greater the brittleness
of the material, the greater the modal interval density. Further research is needed to quantify this
relationship.

4.11.3 Orientation Test

The orientation of the beverage container just prior to shredding was originally suspected to affect
how the container was shredded. While the orientation is not a physical characteristic of the
container, it may be an important consideration for actual materials recovery operations. To test
this, six different orientations using Tetra-Pak containers were used. However, the results indicate
that the pre-shredding orientation of the container does not appear to make any significant
difference in the shredding behaviour of the Tetra-Paks. Thus, at least to Tetra-Pak containers, the
orientation is unimportant. However, the orientation of the beverage container may be significant to
other beverage containers such as glass jars.
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4.11.4 Commingled Recyclables/Tetra-Pak Test

250 mL, rectangular, enclosed Tetra-Paks were mixed with a variety of other recyclable items to
evaluate if the small size, which was found to improve the concentration of shredded material in the
preliminary tests, also resulted in the separation of the Tetra-Pak material from other items after
shredding the entire mixture. The test results indicate that whether the Tetra-Paks are shredded
alone, as in the preliminary test, or are commingled with a typical recyclables mixture, the
shredding behaviour is similar. Therefore, given that:

i. the smaller Tetra-Paks produced a better concentration of Tetra-Pak material in the
preliminary tests than the other Tetra-Pak configuratiors, and

ii. the highest concentration means of Tetra-Pak material from the commingled tests and the
preliminary tests were not significantly different,

it is logica! to conclude that smaller Tetra-Paks would indeed be more effectively recovered from a

shredded and screened commingled recyclables stream. However, this cannot be concluded

definitively for two reasons.

1. As mentioned previously, the Tetra-Paks in the commingled recyclables test were observed to
be quite intact, whereas the preliminary test Tetra-Paks underwent considerably more
shredding. This suggests another variable(s) should be investigated, such as the interference
from other materials during the shredding and/or screening process.

2. An additional test is required which would compare the results from, for example, a
commingled recyclables/large Tetra-Paks against those of the commingled recyclables/small
Tetra-Paks®. Such a test wouid directly compare the effects of the different sizes within a
mixed materials sample and evaluate if the smaller size does improve the materials recovery
potential.

4.11.8 Hypotheses

Based on the test results and analyses, the second and third hypotheses postulated in Chapter Two
are disproven. The shape and geometry of the container appears to be generally insignificant in
affecting the shredding behaviour of the selected beverage containers. The first hypothesis
proposed that smaller sized containers would result in a more concentrated size distribution after
shredding than larger sized containers. This appears to be bomne out in only one instance. 250 mL
Tetra-Paks do produce a greater concentration of shredded material than 1000 mL Tetra-Paks.
However, the size factor appears to have little, if any, effect on the performance of the glass and
EPS containers. The last hypothesis asserted that the material a beverage container is made of will
affect the shredding behaviour of the coatainer. This was found to be true but a conclusive
relationship between the material type and the subsequent shredding behaviour could not be
determined.

8Unfortunatcly. no more 1000 mL Tetra-Paks were left and insufficient quantitics were available from the
supplicr at the conclusion of this experiment.
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CHAPTER FIVE
Aglicatians

§.0 APPLICATION OF THE TETRA-PAK FINDING

What are the implications for a particular product if it is discovered that a change in the physical
design can improve the recovery of the product materials after consumer use? As an example, the
Tetra-Pak package was the only container type that appeared to be affected by its physical design.
The smaller, 250 mL size container produced a higher concentration of shredded material than the
larger, 1000 mL size container. Does this finding imply that all Tetra-Pak containers should be
redesigned to the smaller size?

To examine this question, a limited life-cycle analysis will be performed. This discussion is not
intended to be a comprehensive examination of the entire product cycle of a Tetra-Pak aseptic.
Also, the scenario that follows is hypothetical and does not necessarily reflect what would actually
occur in a materials recovery operation. However, the following discussion does illustrate that the
research findings should be interpreted with respect to other important variables. This proposed
scenario incorporates the effect of physical design to maximize the concentration of desired
material for materials recovery.

8.1 TETRA-PAK CONCLUSIONS FROM RESEARCH

The factorial analysis performed on the Tetra-Pak data concluded that the average moda! interval
density is 1.499 %/mm. The transition from a smaller to larger container (going from the 250 mL
to 1000 mL size) would decrease the modal interval density by 0.841 %/mm. Because the average
density of 1.499 %/mm is actually at the midpoint size between these two container sizes (recall
that this is the average of all container runs, both small and large sizes), the modal interval density
at the smaller size would be (1.499 + 0.420) or 1.919 %/mm. Similarly, the modal interval density
at the larger size would be (1.499 - 0.420) or 1.079 %/mm. These last two densities represent the
highest concentration of shredded and screened material predicted by the model for their respective
sized materials. It is assumed that the other factors and interactions are insignificant and thus will
be omitted from this comparison. To translate these densities into more useful quantities, it is
necessary to find out over what range these densities would occur.

There were totally eight runs from all the Tetra-Pak data that used 250 mL sized containers. Four
of these runs had their modal interval densities occur in the 45 mm range while the other four runs
had theirs in the 30 mm range. The average range is therefore 37.5 mm. There were also eight runs
using 1000 mL sized containers. Six of these runs had their modal interval densities occur in the 45
mm range; two runs had theirs in the 30 mm range. The adjusted average size range is [6(45) +
2(30))/8 or 41.25 mm.

Assuming that the modal interval densities represent a realistic amount of matenal that could be
captured, the predicted recovery amounts would be as shown in Table 5.1. Thus, for a given
amount (mass) of 250 mL sized containers and using appropriate screens to separate ot the
highest concentration of shredded material, it would be possible to recover up to 72.0 % of the
original amount. However, only 44.5% of the 1000 mL sized containers could be expected to be
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recovered. Therefore, it would appear to be more "environmentally friendly” in terms of matenial
recovery to redesign all Tetra-Pak containers to the 250 mL size format.

Container Size (ml.) Modal Interval Size Range for Percent Recovery of
Density (%/mm) Density (mm) Material
250 1.919 37.5 72.0
1000 1.079 41.25 44.5

TABLE 8.1: Predicted Recovery Percentages for Tetra-Pak

8.2 APPLICATION TO THE TETRA-PAK PACKAGE LIFE CYCLE

This section compares the current situation of having both 250 mL and 1000 mL Tetra-Pak
containers against having only 250 mL Tetra-Pak containers. The life<cycle data used in the
following calculations has been adapted from the April 1991 entitled Energy and Environmental
Profiles in Canada of Tetra-Brik Aseptic Carton and Glass Bottle Packaging Systems. All life-
cycle quantities are for every 1000 L of Tetra-Pak packaged.

Based on the solid wastes generated from the current allocation between the 250 mL and 1000 mL
sized containers, the following table calculates the theoretical amount of Tetra-Pak material

recoverable.

Container Size (ml.) Solid Waste Recovery (%) Mass Recovered
(kg/1000 1) (hg)
250 71.5 72.0 515
1000 404 44.5 220

TABLE 5.2: Theoretical Recovery Amounts - Current

A total of 73.5 kg out of an original 120.90 kg, or 60.8% would thus be theoretically recovered.
Consider the case if only 250 mL Tetra-Pak containers were produced. The solid waste amount of
250 mL containers would be double the current amount to compensate for the absence of 1000 mL
containers. The quantities given are for 1000 L worth of packaging, regardless of the container
size. Thus, an extra 71.5 kg of 250 mL containers would be required to hold the same amount of
beverage as 49.4 kg of 1000 mL containers. The theoretical recovery amount would be of course
72.0%. However, an extra [2(71.5 kg) - 120.90 kg] or 22.1 kg of solid waste has been generated as
as well. While the recovery would have increased from 60.8% to 72.0%, or 11.2%, the solid waste
generated would have increased by 18.3% from the original 120.90 kg.

The consequences of improved container design for recovery results in more waste. However, there
are also the manufacturing and ancillary processes that must be considered. Several of these have
been selected as examples. The following tables compare the current situation in which both 250
mL and 1000 mL sized containers are manufactured against the alternate situation of
manufitcturing only 250 mL sized containers. It is assumed that doubling the guantity of 250 mL
contaiaers also doubles whatever quantity is required for that particular process.



Container Size (ml) Total Material Consumption (kg)
250 71.8
1000 514
Grand Total 123.2
Container Total Material Original Total Difference from Original
Size (ml) Consumption (kg) Consumption (kg) Total
250 71.8x2=143.6 123.2 16.5% increase
TABLE 8.3: Comparison of Materials Consumption
Container Size (ml) Water Consumption (m’)
250 6414
1000 4.831 R
Grand Total 11.25
Container Water Consumption Original Water Difference from Original
Size (ml) (n’) Consumption (m’) Total
250 6.414x2=1283 11.25 14% increase
TABLE 8.4: Comparison of Water Consumption
Container Size (ml) Energy Consumption MJ)
250 3567
1000 2355
Grand Total 5922
Container Energy Original Energy Difference from Origina!
SNize (ml.) Consumption (MJ) | Consumption (MJ) Total
250 3567x2=7134 5922 20% increase

TABLE 5.5: Comparison of Energy Consumption

5.3 CONCLUSION TO THE TETRA-PAK APPLICATION
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Redesigning all Tetra-Paks to the smaller 250 mL size improves the potential recovery of shredded
Tetra-Pak by 12% over the current mix of both 250 mL and 1000 mL containers. However,
producing 250 mL sized containers only would also increase the initial material consumption,
water consumption, energy consumption, and solid waste generation by various amounts, ranging
from 14% to 20%. Redesigning all Tetra-Pak containers to the smaller size does not appear
justified. There are clearly other aspects, such as the manufacturing processes, that must

considered.
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CHAPTER SIX
Conclusions and Recommendations

6.0 THESIS SUMMARY

Many beverage containers are potentially recyclable after use but only a portion of these are
regularly recycled. To recover these containers that would otherwise be disposed, this thesis
investigated if an altemnate beverage container design would improve the recovery of the container
material in a materials recovery operation, or if the container was not currently recycled, actually
allow a materials recovery operation to recapture this container material. It was assumed that the
beverage container would be shredded and screened during the recovery process. A desirable
altemate beverage container design would enable the shrefded container material to be better
isolated or concentrated into some specific size group as opposed to having the shredded material
scattered throughout many size ranges.

Three types of beverage containers were eventually chosen for testing: Tetra-Pak aseptic packages,
expanded polystyrene (EPS) cups, and glass jars (not retumnable glass bottles). Examining these
selected beverage containers revealed unique characteristics that could be generalized into the
categories of size. shape, geometry (open-ended or enclosed), and container material, These
categories can be used to describe almost any beverage container and are the vanious physical
design characteristics that may affect the shredding and screening behaviour of the beverage
containers. These design characteristics would thus be the physical basis of any alternative
container design. It was hypothesized that the smaller the size of the container, the smaller the
pieces of material should be after shredding; that cylindncal containers would result in less
complete shredding of the containers; that "open-mouthed” containers would result in a greater
degree of shredding; and that brittle materials should break into smaller pieces while pliable
materials may not shred uniformly.

With only one exception, it was concluded that in general, the factors of size, shape, and geometry
were insignificant in affecting the shredding and screening behaviour of the chosen beverage
containers. Smaller sized Tetra-Paks appeared to have higher concentrations of shredded material
than their larger sized counterparts. However, based on the background information and the data
results, the material the container is constructed of is most likely the significant factor. All three
different containers did indeed shred differently and produce different shredding behaviours; brittle
materials produced the greatest concentration of shredded material. Further research is needed to
determine precisely what is this relationship.

However, the research does demonstrate that in some instances, an altemate design may lead to
higher materials recovery. Specifically, smaller sized Tetra-Paks produced a higher concentration
of shredded material. To illustrate the implications of such a conclusion, a limited life cycle
analysis that incorporates the size-effect finding for the Tetra-Pak container was performed. It was
discovered that designing a container for the sole purpose of maximizing its material recovery
potential was not justifiable.
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6.1 CONCLUSIONS

Based on the results of the analyses and the outcomes of the hypotheses, the following conclusions
can be made in the context of this research with regards to improving the materials recovery from
shredded and screened beverage containers by using an altemate beverage container design.

I. For beverage containers similar to the glass jars and expanded polystyrene containers used in
this research, it is highly unlikely that redesigning the container in terms of size, shape, or
geometry will improve the recovery of the container material after shredding.

II. For beverage containers similar to the Tetra-Pak aseptic packages, it is highly unlikely that
redesigning the container in terms of shape or geometry will improve the recovery of the
container material after shredding. However, the effect of having a smaller sized container does
appear to increase the concentration of shredded material and could potentially lead to
improved recovery of the container material. Redesigning Tetra-Pak packages to smaller sized
formats to facilitate better recovery after consumer use is therefore a possible consideration.

HI. Redesigning beverage containers by altering the material used may or may not improve the
materials recovery. It was observed that the brittle materials, glass and EPS, produced higher
concentrations of shredded material than the shredded Tetra-Pak. However, no definite
conclusion can be drawn about the relationship between the type of container material and the
subsequent recovery of that material based on the findings of this research. More work is
needed to determine what this relationship is, assuming it exists.

Physically designing (or redesigning) an item for the sole purpose of materials recovery does not
necessarily result in the most environmentally beneficial product. Instead, the potential to improve
the materials recovery of the spent product is only one, although important, consideration of the
design process. There are clearly other considerations, such as the use of raw materials and energy
consumption, that should also be incorporated into the design process. As stated in Chapter One,
the product should be, "... designed, manufactured, used, and disposed of in such as way as to
minimise its effect on the environment..." (CCME, 1990).

6.2 RECOMMENDATIONS

At the outset of this thesis, it was thought that all four characteristics - size, shape, goometry, and
material - would play an important role. The research suggests that the material a beverage
container is constructed of is the most important factor while the others are insignificant in almost
all instances, but the data gathered is insufficient to draw a definite or quantitive conclusion
conceming the effect of the container material. Future research into this subject should be directed
towards investigating how the shredding of beverage containers is related to its matenal
composition. This would consequently entail including more materials, such as metals (e.g. juice
cans) in the tests and conducting a more detailed investigation into how the container material
would be best described. This thesis research eventually used qualitative descriptions such as
brittle or flexible. Although suitable for the current purposes, a more meaningful and/or quantitive
characteristic, such as the modulus of elasticity is most likely required for future studies.

More research into the validity of the I breakage theory would also be beneficial. Although the
theory in its present form appears inadequate for describing the breakage of solid wastes, its basic
concepts have some merit. For example, it was demonstrated that the use of a nonconstant selection
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function, while not preferred in the original theory development, does appear to more realistically
model the actual breakage. However, the theory suffers from an inadequate breakage function
which is the "starting point” for T1 breakage theory. Future research into this subject could be
directed at improving the basic premise of the theory, such as incorporating the concept of sclection
directly into the breakage function rather than using the breakage function to derive the selection

function.
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APPENDIX A
Collected Data

A1.0 INTRODUCTION TO COLLECTED DATA

This appendix contains the various size distribution data collected during the research. Also
presented are the initial treatments, such as the calculations for the modal interval densities,
performed on the data, and the analyses of variances of the orientation test data (which proved to
be an uncomplicated matter). Lengthy calculations and analyses are found in Appendix B.

Al1.1 TETRA-PAK PRELIMINARY TEST DATA

The data from the preliminary Tetra-Pak tests are shown as the percentage of material found in
each s-reen interval, as well as the cumulative percentages. The shredded matenal interval
densities, along with the computer calculated kurtosis and skewness values, are also presented.
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A1.2 GLASS JAR PRELIMINARY TEST DATA

The data from the preliminary glass jar tests are shown as the percentage of material found in each
screen interval, as well as the cumulative percentages. The shredded material interval densities are
also presented.



GLASS SHREDDING AND SCREENING DATA

SCREENING DATA SET Date Date
DATA ANALYSIS May 11, 1994 May 13, 1994
Replicate One Replicate Two Averages Density of Jemsity of
size Interval Percet Cum. % Percet Cum.% Percem Cum. % Mat'l.in  Mat’l.in
Range (mm) Size (mm) Matl.in  Mat'lin Mat'lin  Matlin Matl.in Mat'l.in Interval  interval
Interval  Interval  iInterval Interval Interval  Interval %/mm  %/mm
Container Type Tested Interval Rep. One Rep. Two
>128% 0.0 0.0 0.0 0.0 0.0 0.0 >125 0.000 0.000
Val. (ml) 250 45 12510 80 0.0 0.0 0.0 0.0 0.0 0.0] 125 to 80 0.000 0.000
Shape cyI 30 80to 50 82 82 7.4 7.4 78 7.8] 80to 50 0.273 0.247
Georetry encl 2% 50t025 39.5 47.7 34.7 421 37a 449] S0t025 1.580 1.388
Material ﬂ'lii 10 25to 15 292 76.9 32.6 74.7 309 75.8F 25t0 15 2920 2260
5 15ta10 118 88.7 12.6 87.3 12.2 88.0f 15to10 2.360 2.520
4 10106 6.2 949 6.8 94.1 6.5 94.5 10to 6 1.550 1.700
6 6ta0 5.1 100.0 5.8 99.9 5.5 100.0 6ta0 0.850 0.967
Diff. Due  Dif. Due Diff. Due Diff. Due Diff. Due Diff. Due Largest Derwities:
to Shred to Screen  to Shred to Screen  to Shred to Screen 2.920 3.260
(kg) (kg) (kg) kg) (kg) (kg) Average of Densities:
3.090
[ __-0.05 -().40{ -0.05 -0.35] -0.05 -0.38] Standard Deviation:
0.240
Comments
SCREENING DATA SET Date Date
DATA ANALYSIS May 11, 1994 Mav 13, 1994
Replicate One Replicate Two Averages Demsity of Jensity of
size  Interval  Percemt  Cum. %  Percent  Cum. % Percent  Cum. % Mat’l.in  Mat’Lin
Range (mm) Size (mm) Mat’l.in  Mat'l.in Mat'l.in  Mat't.in Mat’l.in  Mat'Lin interval  Interval
Imerval  Interval  frterval  Imerval  Interval  Interval %/mm  %/mm
Container Type Tested Interval Rep. One Rep. Two
>125% 0.0 0.0 0.0 0.0 0.0 ¢.0 >125 0.000 0.0
Val. (mt) 1000 45 12510 80 0.5 0.5 2.0 20 1.3 1.3] 125 to 80 001 0.034
Shape cyl 30 80to 50 135 14.0 10.6 12.6 121 13.3] 801050 0.450 0.353
Geometry encl 25 50t025 41 55.1 449 57.5 43.0 56.3] 50to 25 1.643 1.796
Material glass 10 251015 271 82.2 25.3 828 26.2 8250 251015 2710 2.530
5 15to10 94 7N.6 9.6 924 9.5 92.0{ 15t010 1.880 1.920
L 10t 6 4.7 96.3 4.0 96.4 14 96.4 10106 1175 1.000
6 Gto 0_ 3.6 99.9 3.5 99.9 3.6 99.9 6160 0.600 $.583
Diff. Due  Diff. Due  Diff. Due Diff. Due Diff. Due Diff. Due Largest Densities:
to Shred to Screen 1o Shred to Screen  to Shred to Screen 2710 2.530
(kg) kp) tkg) (ke) (kg) (kg) Average of Densities:
2.620
r 0.00 -0.30] 0.00 -0.20) 0.00 -0.25] Standard Deviation:
0127

Comments | or both replicates, olserved some breakage from 80mm size fraction downwarrks sfter
mechanical screening tor approx. 1 second.

DATAGLASXLS



GLASS SHREDDING AND SCREENING DATA

SCREENING DATA SET Date Date
DATA ANALYSIS 15-Apr-94 19-Apr-94
Replicate One Replicate Two Averages Deraity of Jerwity of
Size Interval  Percet Cum. % Percemt Cum. %  Percet Cum. % Matl.in  Matl.in
Range (mm) Size (mm) Matl.in  Mat'l.in Mat'll.in  Mar'l.in Matl.in  Matl.in Interval  tterval
Imerval  Interval  Interval  interval  Interval  Interval B/mm  Y%/mm
Container Type Tested Interval Rep. One Kep. Two
>125 00 0.0 0.0 0.0 00 00 >128 0.000 0.0t
Vol. (mt) 250 45 1251080 0.0 0.0 0.0 0.0 0.0 0.0} 125 10 80 0.000 Q000
Shape rect 30 80to S50 6.2 6.2 45 45 5.4 S5.4| 80to0 S0 0.207 0.150
Geometry open 25 50to25 521 58.3 48.2 52.7 50.2 55.5| S0to 25 2084 14928
Material Rlass 10 25t015 23.2 81.5 26.6 793 239 80.4] 251015 2320 2 b}
5 15t010 9.8 91.3 11.6 9.9 0.7 91.1{ 151010 1960 2320
q 10to 6 4.0 95.9 5.0 959 38 959 10106 1.150 1.250
[ 6100 4.1 100.0 4.0 99.9 4.1 100.0 6tol 0.683 0.667
Diff. Due Diff. Due Diff. Due DIff. Due Diff. Due NIff. Due Largest Demmities:
to Sheed 1o Screen  to Shred ta Screen  to Shred  to Scre n 2320 2.660
(k) kg) (kg) (kg) (kg) (ag) Average of Densities:
2.49%0
t -0.10 -0.20] .00 -0.20} -0.05 -0.20] standard Deviation:
0.240
Comments
SCREENING DATA SET Date Date
DATA ANALYSIS 15-Apr-94 19-Apr-94
Replicate One Replicate Two Averages Density of Jemity of
s« Interval  Percemt Cum. %  Percent  Cum, % Percemt Cum. % Mat'lin - Mat'l.in
Range (mm) Size (mm) Mat'l.in Mat'l.in Mat'l.in  Mat'l.in Mat'l.in  Mat'l. in tterval  Iterval
Interval  Interval Interval imerval Interval  Interval %% /mm Y /mm
Container Type Tested Interval Rep. One Rep. Two
>525 0.0 [AXV) 0.0 0.0 0.0 0.0 >125 0.6 0.0}
Vol. (mb) 1000 45 12510 80 0.0 0.0 2.1 2.1 11 1.1/ 12510 80 0.000 0.047
Shape rect 30 801050 5.4 5.4 5.2 7.3 5.3 6.4] 801050 Q180 0173
Geometry open 25 50t023 48.0 5314 48.2 55.5 48.1 54.5] S0te25 1.920 1.928
Material glass 10 25to15 27.9 81.3 26.7 82.2 273 81.8) 251015 2.790) 2.670
5 15t010 9.8 911 9.9 921 9.9 91.6} 15t0 10 1.960 1.980
4 10t0 6 4.9 96.0 3.2 96.3 4.6 46.2 10to & 1.225 1.050
6 6100 39 99.9 3.7 100.0 3.8 100.0) [ UL 1.650) 0617
Diff. Dye DIf. Due Diff. Due Diff. Due DI, Due  DIff. Due Largest Densitics:
to Shred to Screen  to Shred to Screen  to Shred 1o Screen 2.7%) 2.670
(kg (kg) (kg) (kg} (kg) (kg) Average of Demitics:
2.730
i -0.05 .0.10] 0.00 N.35] 0.03 0.23] Standard Deviation:
0.085
Comments
SCREENING DATA SET Date Date
DATA ANALYSIS 15-Apr-94 19-Apr-94
Replicate One Replicate Two Averages Dersity of Jemity of
Size Interval  Percemt Cum. % Percemt Cum. %  Percemt  (um. % Mai'lin  Mat'l.in
Range (mm) Size (mm) Mat’lin  Matlin Mat'l.in  Mat'l. in Mat’'l. in  Mat’l.in Interval  Interval
Interval Interval Imterval  Imerval  Interval  Interval Yo /mm % /mm
Container Type Tested interval Rep. One Rep. Two
>125 0.0 0.0 0.0 0.0 0.0 0.0 >125% O.000 O.000
vol. (mL} 250 45 1251080 0.0 0.0 .0 00 0.0 0.0] 125 to 80 0.000 0.0}
Shape rect 30 80ts50 6.5 6.5 8.6 86 7.6 7.6] 8hto50 0217 () 287
Geometry encl 25 S50to25 375 440 389 47.5 38.2 3586) 50w 25 i.500 1.55%6
Material glass i0 25to 35 29.5 735 27.3 74.8 28.4 74.2] 25t015 2.950 2.730
£ 15t010 13.0 86.5 12.6 87.4 12.8 87.0} t5t010 2.600 2.520
4 10to 6 7.5 94.0 71 94.5 7.3 94 3 10to 6 1.87% V77%
6 6to0 6.0 100.0 5.6 100.1 5.8 1001 Gt 0 1.000 (.93
Diff. Due Diff. Due Diff. Due Diff. Due Oif’. Due Diff. Due Largest Detwities:
to Shred to Screen  to Shred to Screen 1o Shred to Screen 2.9%0 2.730
(kg) (kg) kg) (kg) &) (kg) Average of Demities:
2.840
[ 000 ~0.10] -0.05 015 -0.03 -0.13] standard (eviation:
0.156
Comments

DATAGLAS A S



SCREENING DATA SET
DATA ANALYSIS

Size
Range (mm)
Container Type Tested
Vol. (m1) 250 45
Shape cyl. 30
Geometry  open 23
Material  glass 10
5
4
6
Comments
SCREENING DATA SET
DATA ANALYSIS
Size
Range (mm)
Container Type Tested
Vol. (mL) 1000 45
Shape cyl. 30
Geometry open 25
Material glass 10
5
3
6

GLASS SHREDDING AND SCREENING DATA

Date
March 21, 1994

Date
15-Apr-94

Replicate One Qeplicate Two Averages Demity of DJemmity o
Interval  Percet Cum. %  Percent Cum. % Percenmt  Cum. % Mat’l. in  Mat'l in
Size (mm) Matl.in  Mat'lin Mat'lin  Mat'l.in Mat'l.in  Mat'l. in Interval  interval
Inmterval  Interval  Interval  Iterval  Interval  interval %/mm  %/mm
Interval Rep. One Rep. Two
>125 0.0 0.0 0.0 0.0 0.0 0.0 >125 0.000 0.000
125 to 80 0.0 [1X¢) 0.0 0.0 Q.0 0.0] 125 to 80 10,000 (LX)
80 to 50 6.1 6.1 4.0 4.0 5.1 5.1 80to 5’0 0.203 (AR BE}
5010 25 439 49.2 40.4 44.4 418 46.8| 50t02S 1.724 1.616
25t0 15 28.4 77.6 328 772 30.6 77.4] 25t015 2.840 1.280
15t0 10 12.2 89.8 11.6 88.8 15 89.3] 15t010 2.440 2.3
10to6 5.6 95.4 6.1 949 5.9 95.2 10t06 1.400 1.525%
6ta0 4.6 100.64 5.1 100.0 4.9 1.0 6to 0 0.767 0.450
Diff. Due Diff. Due Diff. Due DIf. Due  DIff. Due DI, Due Largest PDemitics:
to Shred to Screen  to Shred to Screen  to Shred to Screen 2.840 3.2680
(kg) (kg) (hg) (kg) (kg) (kg) Average of Demitios:
3.060
{ 0.05 “0.15] .0.10 -0.10] -0.03 .0.13] standard Deviation:
0.311
Date Date
March 21, 1994 1-Apr-94
Replicate One Replicate Two Averages Dewity of Jemity of
Interval  Percemt C(Cum.%  Percemt Cum.%  Percemt Cum. % Mat’l.we Mat'lin
Size (mm) Mat’lin  Mat'l.in Mat'lin  Mat'lin Mat'l.in  Mat'l.in Interval  Interval
Interval  Interval  Imerval  iInterval  Interval  Interval Yo /mm Yo/mm
interval Rep. One Rep. Two
>125 0.0 0.0 0.0 0.0 0.0 0.0 >125 0.000 O.ANX)
125 to 80 0.0 0.0 0.5 0.5 0.3 031125 to 80 O 000 [LXUIR
80 to 50 3.0 30 8.5 2.0 58 6.0] 80 to 50 [T 3] 0283
50to 25 30.5 335 54.5 63.5 42.5 48.5] 50t 25 1.020 2180
25t0 15 39.6 731 2313 86.8 31.5 800} 251015 3960 2 130
15to 10 14.2 87.3 7.4 94.2 10.8 90.8] 15 to 10 2.840 1.480
10to 6 6.6 939 3.2 974 4.9 95.7 10t 6 1.650 0.800
6to 0 6.1 100.0 2.6 1440.0 1.4 100.0 6Gto0 1017 O483
Diff. Duc Diff. Due Diff. Due Diff. Due Diff. Due DIff. Due Largest Demwities:
to Shred to Screen  to Shred to Screen  to Sheed to Screen 3.%@
(kg) (kg) (kg) (kg) (kg) (kg) Average of Demntivs:
3.145
[ 0.00 -0.10] -0.05 -0.45] ~0.03 -0.28] Standard Deviation:
1.153

Comments Replicate One was screened for 15 seconds. All other glass tests were screened for only 110 2
seconds. The violem mechanical screening actually caused additional glass breakage.

Replicate One data was not used.

SCREENING DATA SET
DATA ANALYSIS

Size
Range (mm)

Container Type Tested
Vol. (mt) 1000 45
Shape rect 30
Geometry encl 25
Material glass 10
5
8
6

Date Date
15-Apr-94 27-Apr-94
Replicate One Replicate Two Averages Demity of Jermity of
Interval  Percemt Cum.% Percemt Cum. %  Percemt Cum. % Mat’l.in  Mat’l.in
Size (mm) Mat'l.in Mat’l.in Mat'l.in Mat'l.in Mat'l.in Mat'l.in Interval  Interval
tnterval  Imerval  Imterval  Interval  Interval  Interval Y%/mm  Y/mm
interval Rep, One Rep. Two
>125 0.0 0.0 0.0 0.0 0.0 0.0 >125 0.000 O.000)
125to 80 1.0 1.0 5.3 53 32 3.21125 to B0 0.022 018
80 to 50 8.5 9.5 10.5 i5.8 9.5 12.7] 801050 0.283% €.350
30to 25 47.2 56.7 3i8.4 54.2 428 55.5] 50t025 1.8H8 1.546
25t0 15 25.6 82.3 26.3 80.5 26.0 81.4] 25t015 2.560) 2.630
15t0 10 9.0 913 10.0 90.5 9.5 909} 15t010 1.800 2.00X)
10to 6 4.0 953 4.7 95.2 4.4 95.3 10t 6 1.000 1175
6100 4.5 99.8 4.7 99.9 4.6 99 .9 6to0 0.750 0.783
Diff. Due Diff. Due Diff. Due Diff. Due Diff. Due Diff. Due Largest Dersities:
to Shwed to Screen to Shred to Screen  to Shred to Screen 2.560 2.630
kg) (kg) (kg) (kg) kg) kg) Average of Demities:
2.595
{ -0.05 -0.25] 0.05 025] 0.00 0.00] standard Deviation:
0.049

Comments Screened for approx. 1 second. Observed some minor breakage from 80mm size down.
Replicate Two had some *slightly different® 1000m! glass jars.
Many lids relativelv undamaged from shredding operation.

DATAGLAS ALS
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A1.3 EXPANDED POLYSTYRENE PRELIMINARY TEST DATA

The data from the preliminary expanded polystyrene container tests are shown as the percentage of
material found in each screen interval, as well as the cumulative percentages. The shredded
material interval densities are also presented.



EPS CUP SHREDDING AND SCREENING DATA

SCREENING DATA SEV Date Date
DATA ANALYSIS June 8, 1994 fune 8, 1994
Replicate One Replicate Two Averages Demsity of demity of
screen  interval  Percet  Cum. %  Percemt Cum. % Percet Cum. ™ Mat'l.in  Mat'l.in
Sizes (mm) Size (mm) Mat'l.in  Mat'lin Matl.in  Matlin Matlin  Matl.in Iterval  Interval
Interval  Interval  interval  Interval  Interval  Interval %W/mm %/rwm
Comaincr Type Tested Ramge (mm) Rep. One Rep. Iwo
125 >125 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0000
Val. (ml) 250 80 125:080 5.4 5.4 7.7 77 6.6 6.6 L33 0.120 017§
Shape cyl. S0 37 tes0 459 513 43.6 513 448 51.3 30 1.530 1.453
Geometry open 2% SNic 1S 37.8 89.1 359 87.2 169 88.2 28 1.512 1436
Material EPS 15 3218 10.8 99.9 128 100.0 1.8 100.0 10 1.080 1.280
10 (81240 ¢.0 99.9 0.0 100.0 0.0 100.0 s Q.000 .000
[} "Mmie6 00 9.9 0.0 100.0 0.0 100.0 4 0.000 0.000)
0 it00 0.0 99.9 0.0 100.0 0.0 100.0 [3 0.000 0.000

Diff. Due Diff. Due

Diff. Due  Diff. Due Diff. Due  DIff. Duc

Largest Densities:

to Shred to Screen  to Shred to Screen  to Shred to Screen 1.530 1.453
(kR) ) (kg) (hg) kg) (1)) Average of (Yemnities:
1.492
L __-0.15 -0.25] 0.05 -0.25] -0.05 -0.25] Standard Deviation:
0.054

Comments £PS cups came in stacks” and were individually pulled apart before shredding. However, during
rancdom placing of cups into box for pouring into shredder, some cups would randomly orient

themselves and 2 to 5 cups would ®self-stack®.

Some stacked cups were pulied apart by hand, although most remained "as is".

SCREENING DATA SET Date Date
DATA ANALYSIS June 8, 1994 June 8, 1994

Replicate One Replicate Two Averages Density of demity of

screen  Imterval  Percemt Cum. %  Percemt Cum. %  Percent  Cum. % Mat'l.in  Mat'l.in

Sizes (mm) Size (mm) ~at’l.in  Matlin Mat'l.in  Matlin Mat'l.in  Matlin Interval  Interval

Interval  Interval  Interval interval Interval  interval %/mm  %/mm

Container Type Tested Range (mm) Rep. One Rep. Two

125 >125 0.0 0.0 0.0 0.0 0.0 0.0 0.000 0.000

vol. (mL) 1000 80 1251080 4.1 4.1 4.2 4.2 4.2 4.2 a5 0.0N 0.093

Shape cyl. 50 80to50 429 47.0 45.8 50.0 444 485 30 1.430 1.527

Geometry open 25 50t025 429 89.9 4.7 9.7 423 908 25 1.716 1.668

Material EPS 15 25to15 10.2 1001 8.3 100.0 c.3 1000 10 1.020 0.830

10 15tot0 6.0 1001 0.0 100.0 0.0 1001 5 0.000 0.000

6 16to 6 0.0 1001 0.0 100.0 0.0 100.1 4 O.000 04X}

o 6to0 0.0 100.1 0.0 100.0 0.0 100.1 [ 0O.000 0.((X)

Diff. Due Diif. Due Diff. Due Difi. Due Diff. Due DI Due Largest Densitics:
to Shred to Screen to Shred to Screen  to Shred to Screen 1.716 1.668
(kg) (kg) (kg) kg) (kg) (kg) Average of Demsities:
1.692
[ 0.00 -0.30] -0.05 -0.35] -0.03 0.33] standard Deviation:
0.034

Comments Same “self-stacking® note as with 250ml . cyl, open, EPS cups, although not as prevalent.

DATAEPSAS
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A1.4 MATERIALS COMPARISON TEST DATA AND ANALYSIS

This secticn contains the data and calculations for determining the density of the actual container
material. Also included are the size distribution data used to perform the materials comparison. The
data from the preliminary glass and expanded polystyrene data has been repeated.



TESTDATA

CONTAINER MATERIALS COMPARISON TESTS
DENSITY OF CONTAINER MATERIALS

88

Tetra-Pak Containers: Approx. 1000 mL, Rect., Open, Mat'i Test

Ht. Water

Sample Mass (g) Ht.(mm) Wd. (mm) Lg. (mm) (mm)

1 30.7345 180 83 82 23

2 29.9307 180 83 81 19

3 303576 180 83 82 290

4 303073 178 83 82 23

Meoan Value 30.3325 179.5 83 81.75 213

Std. Dev. 0.3288 1 0 0.5 0.21

Std. Error of Mean 0.1644 0.5 0 0.25 0.10

Glass Not Vol.  Density

Vol. (mL) Rod (mL) (mL) (g¢/mt)

44.23
36.54
38.46
4423

40.87
3.96
1.98

13 mm of vertically displaced water equals 250 mL in a 4 L beaker.
Glass rod used to place containers in beaker has volume equal to water height x & mm diameter.

Glass Jars: 1000 mL, Rect., Open

0.12 44.12 0697
0.10 36 44 0 821
0.10 38.36 0791
0.12 44.12 0.687

0.11 40.76 0.749

0.01 3.95 0 067
0.01 1.98 0034

Ht. Water

Sample Mass (g) Ht.{mm) Wd. (mm) Lg. (mm) (rnm)

1 474 4 9.9

2 475 10.0

3 473.8 9.8

Moan Value 474.40 9.90

Std. Dev. 0.60 0.10

Std. Error of Mean 0.35 0.06

Glass Net Vol. Density

Vol. (mL) Rod (mL) (mL) {(g/mL)

190.38
192.31
188 46

190.38
1.92
1.1

190.38 2492
192 31 2.470
188.46 2514

180 387407
1.92 0022
111 0013

13 mm of vertically displaced water equals 250 mL in a 4 L besker. No glass rod used.

EPS Containers: 1000 mL, Cyl., Open

Ht. Water

Sample Mass (g) Ht.(mm) Wd. (mm)} Lg. (mm) (mm)

1 9.1506 89

2 9.1504 8.6

3 8.9685 8.8

4 9.0472 2.0

Mean Value 9.079175 8.83

Std. Dev. 0.088404 0.17

Std. Error of Mean 0.044202 0.09

Glass Net Vol. Density

Vol. (mL) Rod {mL) (mlL) (g/mL)

171.15
165.38
169.23
173.08

169.71
328
1.64

13 mm of verticalily displaced water equails 250 mL in & 4 L beaker.
Glass rod used to place containers in beaker has volume equa! to 55§ mm x 8 mm diamater.

276 168 39 00543
2.76 162.62 0.0563
2.76 166 47 0 05639
276 170.31 0 0531

276 166 95 0.0544
000 328 00013
000 164 0 6007

MATLTEST XLS
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A1.S ORIENTATION TESTS ON TETRA-PAKS DATA AND ANALYSIS

This section contains the data and calculations used to determine if the orientation of the Tetra-Pak
container just prior to shredding affected the shredding behaviour of the containers.
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A1,6 COMMINGLED RECYCLABLES/TETRA-PAK TESTS DATA AND
ANALYSIS

This section contains the data and calculations used to determine if 250 mL, rectangular, enclosed
Tetra-Paks separated out from a mixture of commingled recyclables. It was observed during the
preliminary tests that the smaller sized Tetra-Paks produced higher concentrations of shredded
materais. This test would evaluate if the effect of size would similarly improve the separation of
these containers in a commingled situation. It should be noted that in all four separate test trials it
was observed a portion of the Tetra-Paks appeared undamaged and unshredded, suffering only
minimal deformation.
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ANALYSIS

DATA ANAYLYSIS of COMMINGLED RECYCLABLES/TETRA-PAK TESTS

Range Tetra-Pak Interval Density(%/mm) Std.Error

Screen Size Ran!o (mm! Test 1 Test 2 Test 3 Test 4 Mean Std. Dev. of [Sean
490>125 365 0.0483 0.1279 0.0322 0.0342 0.0607 0.0454 0.0227

125 to 80 45 1.3072 0.7407 1.3072 111114 1.1166 0.2671 0.1335

80 to 80 30 0.7843 0.6667 0.9804 1.2500 0.9203 0.2550 0.1275

580 to 25 25 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

25t0 15 10 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

15 to 10 5 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

10to 6 4 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 .0000

6to0 6 0.C000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

COMTEST.XLS
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APPENDIX B

Calculations
M

B1.0 SAMPLE CALCULATIONS

This appendix details the calculations used throughout the thesis.

B1.1 BREAKAGE FUNCTION CALCULATIONS

The values used to plot Figure 2.2 in Chapter Two are as follows:

Geometric Average Retained Passing Unmodified | Modified
Screen Product Cumulative Cum. (%) B-C B-C
Mean (mm)
50.8 0.02 0.02 98 100 131.7
28.6 Q.25 0.27 73 68.1 105.6
14.31 0.59 0.86 14 38.84 72.6
7.14 0.12 0.98 2 20.74 4572
3.57 ] 0.02 1 0 10.74 274

TABLE B1.1: Data for Plotting Various Breakage Functions

The screen sizes and average product are calculated from the original work conducted by Simpson
(1984) in the T breakage theory using styrofoam as one of the test components. The geometric
mean is the average screen size between two successive screens. The average product is the mean
fraction of material (from all trials) that is "retained" on the geometric screen mean after the
secondary shred. The B-C abbreviation stands for the Broadbent-Callcott equation (both modified
and unmodified). The following example illustrates how the breakage function value for a given
interval is calculated using the modified Broadbent-Callcott equation. A similar calculation is
performed for the unmodified Broadbent-Calicott equation.

1- exp[ —(14.31/25.5)°**"]

=0.726 (or 72.6
1—exp(-1) (or 72.6)

B(14.31mm, 25.5 mm)=

B1.2 ROSIN-RAMMLER CALCULATIONS

The Rosin-Rammler method used initially to characterize the curve was calculated as shown in the
following example using the data from the 250 mL. rectangular, enclosed, Tetra-Pak
configuration. The objective was to determine the slope. A small slope would indicate a narrow
distribution of shredded material, whereas a large small would indicate a wide distribution of
shredded material.



SCREENING DATA SEV
ROSIN-RAMMLER DATA ANALYSIS

Screen  interval
Sizes (mm) Sire (mm)

Container Type Tested
128 >128
Vol. (ml) 250 80 125 to 80
Shape rect 50 80 to 50
Geometry oncl 25 S0to 2%
Material T-Pak 15 251018
10 15t 10
6 10to6
1] 6100
Number of Screening Laads

Date
Aprit 1 & 8, 1994
Replicate Two

Date
May 31, 1994
Replicate Three

104

Date
fune 7, 1994
Replicate Five

Pevcent CumWt. In{1/(1-Y)]  Percent CumWt.Inl1/(1-Y)] Percent CumW. Inj1/(1-Y)]
Mat’l. in Fraction> Marl in Fraction> Mat’l. in  Fraction>
Inderval (.Y) inderval a.y) Ingerval a-v)

0.0 0.000 #DIVO! 0.0 0.000 #DIVA! 0.0 0.000  SDIVAY
70.5 0.705 0.350 59.0 0.590 0.528 56.0 0.560 Q.580
239 0.944 0.058 39.0 0.980 0.020 429 0.989 0.011

4.0 0.984 0.016 1.5 0.995 0.005 1.1 1.000 0.0

0.0 0.984 0.016 0.0 0.995 0.005 0.0 1.000; 0.000

0.0 0.984 0.016 0.0 0.995 0.005 00 1.000 0.000,

0.0 0.984 0.016 0.0 0.995% 0.005 0.0 1.000 0.000,

0.6 0.990 0.010 0.0 0.995 0.005 [1X 0 1.000 0.000)

1 2

FIGURE Bl.1: Example of Rosin-Rammler Data for Tetra-l’ak

As explained in Chapter Two, X, is the characteristic particle size at which 63.21% by weight of
the sample passes. On this double logarithmic graph, x, is the screen size wherever the curve
intersects the horizontal line at In{1/(1-Y)] equals 1.0, in which Y is 0.6321. The log; of this
entire term equals zero and is thus useful for determining the siope. By extending the straight line
portion of the curves, the x, values are: replicate two, 109 mm; replicate three, 88 mm; and
replicate five, 86 mm. The slope of the line is then calculated by

slope, n =

log{in[//(1-Y)}}

log x —

logx,

TETRA.PAK |

| 250 mL, RECTANGUI.AR ENCLOSED TETRA PAK

1 4
| - ue RMTWWH _____ _,;_, R ]
: —_®— Replicate Fm
0.1 ——r T -
= — 1 :
S e
= 1
£ [
001 ————t—— S e = T 3 O E TP i« i =l B
e — 4
=t 1 el - - % -
S —— — -
i S
0.001 | H ol -
1 10 100
Screen Size inmm

A et bbbl

. oy :
S0 B I S A S
) i

e bdd

FIGURE B1.2: Example of Rosin-Rammler Plotted Data for Tetra-Pak

A second point was chosen to perform the slope calculation. For example, for replicate two,
In[1/(1-Y)] equals 0.0576 at 50 mm. The slope is therefore

10g(0.0576)

~ log(50) -

log(109)
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Replicate Inf1/1-Y)]... e AL X M X Slope, n
Two 0.0576 50 109 3.66
Three 0.0202 50 88 6.90
Five 0.011! S0 86 8.31

TABLE B1.2: Example of Slopes Determined by Rosin-Rammler Method

The average of these slopes is 6.29, with a standard deviation of 2.384, and a standard error of
1.377. All Tetra-Pak data was initially analyzed using this Rosin-Rammler method. A factorial

analysis was later performed on these final slopes.

B1.3 LINEAR SLOPE CALCULATIONS

Because the Rosin-Rammler method produced results contrary to what was observed, it was
thought the double logarithmic scale may prevent accurate estimation of the various data points.
The next parameter used was the linear slope. This is essentially the slope from the straight line
portion of the various cumulative size distribution curves. The axes scales are linear and not
modified by exponential functions. Again, the example uses the data from the 250 mlL.
rectangular, enclosed, Tetra-Pak configuration.

—_
250 mlL, RECTANGULAR, ENCLOSED, TETRA-PAK |

- I=
T

¥

T
|
1
i)
T
i
1
i
|
i
|
:
|
1
|

+

et e ey ] g = <

@ T T T 2
F—3— | —8— Replicate Two |——-{—{—}— S X

T & = Replicate Three | =
0 S0 - 4 — Replicate Five ] =

10 4 T e
T 1

Cumulative vercent of Material
Retained
g 8
|
T
)|
i
11
i
phin
I T
' ,V
b
il
ry
t
Jlin
1]

—{-1-‘

4—4—

0 20 40 ] 80 100 120 140
Screen Size in mm

T

i
T
HH

FIGURE B1.3: Example of Linear Slope Plotted Data for Tetra-Pak

The slopes of each curve were determined by calculating the rise over the run for the straight line
portions. In this example, the slopes are
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m=—270 __js6s
c 88-125

m=2270 __ ;306
76 — 125

n, = 5270 __ 1.30
84124

n,..=— 1391

sdc\'lanun = 0153

These calculations were performed for all Tetra-Pak data. A factorial analysis was also performed
on this data. However, because of the estimation still required and the advantage of using
normalized material densities for each size range, the modal interval density was eventually
adopted as the parameter to characterize each curve. The details of determining this parameter were
outlined in Chapter Four.

B1.4 FACTORIAL ANALYSIS

The factorial analysis in the Tetra-Pak and glass preliminary tests were 23 designs in which three
factors were each tested at an upper and lower level. Thus, each test had eight runs. This design
simplifies calculating the effects.

In the following example, to determine the summations, each x-factor or x-interaction is multiplied
by the average (or single if no replicates) Rosin-Rammler determined slope for that beverage
container configuration. The columns are then summed and each sum divided by eight. The
resulting terms form the polynomial model. However, with the exception of x,, which is the
constant and average of all runs, the rest of the effects must be multiplied by two to determine the
full effect of that factor or interaction between the lower and upper levels. The standard error of
each effect is determined by using the available standard deviations and corresponding degrees of
freedom from the eight runs (Box et al., 1978, p.319). Note that the standard error of the constant
is half of the standard error of the effects.

The same calculation method as outlined for the Rosin-Rammler method was used for the linear
slope and modal interval density values.



FOR TETRA-PAK USING ROSIN-RAMMLER SLOPE PARAMETER
Vakwne Shape  Geom Intevactions

FACTORIAL ANALYSIS
[ [ ] Xo X
1 i B
2 1 1
3 1 -1
L] 1 !
5 1 -1
3 | 1
7 1 -1
a 1 1
Suvenatians
Xan Xin
4.921% -4.921%
3.629 3.629
4.168 -4.168
2.822 2.822
6.97 -6.97
3.34 3.34
6.29 -6.29
3.156 3.156
35298  -9.404
Diivide by §
MODEL PARAMETFRS
Valume
Xo X1
4.412 -1.176
FFFFCTS
-2.351

FIGURE B1.4: Factorial Analysis for Tetra-Pak, Rosin-Rammler Method

X2

A

-4.923
-3.629
4.168
2.822
-6.97
-3.34
6.29
3.156

-2.426

Shape
x2

-0.303
-0.607

x3

4.923
-3.629
4.168
-2.822
6.97
3.34
6.29
3.156

4.214

Geom
p &)
0.527

1.054

X1x2 X1x3

1 1

B B

B 1

1 -1

1 B

B 1

B -1

i 1

X1X2n X1X3in

4.923 4.923

-3.629 -3.629

4.168 4168

2.822 -2.822

6.97 -6.97

-3.34 3.34

-6.29 -6.29

3.156 3.156

0.444 -4.124
intersctions

X1x2 X1x3

0.055 -0.516

0.111 -1.03

FOR TETRA-PAK USING LINEAR SLOPE PARAMETER
Shape

FACTORIAL ANALYSIS

Valume

fun Xo Xt

1 1 -1

2 1 \

3 1 -1

4 ' 1

S 1 -1

3 3 1

7 1 -1

] 1 1
Sumwnetions

Xan Xin

-2.07 2.07

-0.888 -0.888

-1.368 1.368

-1.04 -1.04

-6 2.6

BREA St

-1.391 1.391

BRI =101

-11.569 3.289
Divicie by 8
MODEL PARAMETERS

Vokwne

Xo X1

-v.446 0.411

EFFECTS
0.822

X2

0.2

0.442

Geom Intevections

X3

-1
-1
-1

X3n

2.07
0.888
1.368
1.04
-2.6
-1
-1.391
-1.101

-0.837

Geom
x3
-0.105

-0.209

X1X2

interactions

X1x2
-0.257

-0.513

X1X3
1
1
1

-1
1
1
1
1

X1X3n

-2.07
0.888
-1.368
1.04
26
-t
1.391
-1.101

0.269

X1x3
0.034

0.067

Xx3

-1
-1
-1
-1

4923
3.629
-4.168
-2.822
-6.97
-3.34
6.29
3.156

0.698

X2x3
0.087

0.175

X2x3
t
1

-1

-1
1
1
1
1

X2X3n

-2.07
-0.888
1.368
1.04
2.6
L
-1.391
-1ao1

0.669

X243
0.084

0.167

X1X2X3n

-4.923
3.629
4.168

-2.822

6.97
-3.34
-6.29

3.156

0.543

X1x2x3
0.069

0.137

84 Slape Std. Dev.  DegFree Varance
s
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L] df. 2 s2xdt
4.923
3.629 1770 ] 3.1329 3.1329
4.168 2302 2 5.2992 10.5984
2822 1.740 1 3.0276 3.0276
6.970
3340
6.290 2304 2 5.6835 11.3669
3.156 0.3%0 1 01444 01444
Tatal s2 xdf. 28.2702
Tatal d.f. 7
Pavled Estivate of lun Variance
is Qotal S2 x d.L.)/(tatal 41} 4.038b
Total Runs, N 16
Variance of Each Efect is
&N x poaded variance  1.00965
Stanviard Error of Effect is
square root of variance

Althouh 16 runs wene made, only 7
degrees of freegom are possible since Run 4
had one immeasureable R-R slope.

Lineer Slope Sd.Dcv DegFree Vanance

X1x2x3

-1
1
1

-1
1

-1

-1
1

X1X2X3n

2.07
-0.888
-1.368

1.04

-2.6

1.n
1.391
BRI

-0.345

X1x2X3
-0.043

-0.086

n df. 2 2xdl
-2.070
-0.338 0512 1 0.2621 0.2621
-i.368 0.324 2 0.1050 9.2100
-1.040 0.703 2 0.4942 0.9884
-2.600
-1
-1.391 0.153 2 0.0234 0.0468
-1.101 0.211% 1 0.0445 0.0445
Tatal 32 x d.f. 1.5519
Tatal df. 8
Paoled Estimate of Run Variance
is qotal S2 x d.L)/(tatal df.) 0.1940
Total Runs, N 16
Variance of Each Effect is
&N x pooled varisnce  0.04850
Standard Ervor of Effect is
sguare roat of variance| 0.2202

FIGURE B1.5: Factorial Analysis for Tetra-Pak, Linear Slope
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Since the modal interval density appeared to be the parameter that best described the size
distribution curves for the purposes of this expeniment, glass data was not subjected to the Rosin-
Rammiler or linear slope methods. Only the modal interval density was used. Note that the same
calculation techniques were used when the logarithms of the densities were later analyzed.

FACTORIAL ANALYSIS FOR TETRA-PAK

FOR TETRA-PAK USING MATERIAL DENSITY PARAMETER
Shape Geom iMeractions

Xo

1
1
1
1
1
1
1
1

WNPVI LW -

Summations

Xan

2.093
0.9¢63
1.558
1.078
2.59
1151
1.436

1122

11.991

Dividie by 8
MODEL PARAMETERS

Xo
1.499
EFFECTS

FIGURE B1.6: Factorial Analysis for Tetra-Pak, Modal Interval Density

Xin

-2.093
0.963
-1.558
1.078
-2.59
1.151
-1.436

1.122

-3.363

Vaolume
X1
-0.420

-0.841

X2

1
1
1
1
1
1
)
1

X2n

-2.093

0.963
1.558
1.078
-2.59

-1.151
1.436

1122

-1.603

X2
-0.200

-0.401

X3

X3n

-2.0493
-0.963
-1.558
-1.078
2.59
1151
1.436

1122

0.607

Geom
X3

0.076
0.152

x1x2 x1X3

1 1

-1 -1

-1 1

1 -1

1 -1

-1 1

-1 -1

1 1

X1X2n XIX3n

2094 2093

-0.963 0.963

-1.558 1.558

1.078 -1.078

2.59 -2.59

-1.151 1.151

-1.436 -1.436

1022 1.122

1775 0.143
Interactions

X1x2 X1X3

0.222 -0.018

0.444 -0.036

X2X3

X2X3n

2093
0.963
-1.558
-1.078
-2.59
-1.151
1.436

1920

0.763

x2x3
-0.095

-0.19

xX1x2x3

XIX2X3n

-2.004
0961
1.558
-1.078
2.549
-1.151
-1.4146

a2z

0.475

X1xzx3
0.059

0.119

Dwerwity Sid Dev.

% /mm s
2.093
0.963 0418
1.558 0.280
1.078 0.644
2.590
1151
1.436 0.128
122 077

Oegrrve Variance
df.

14

1 01747
2 QO7HY
2 Q4147
2 VXU

1 [EXSRR NI
Tatal 32 v d (.
Tatal d.f.

Panled Edtimate of Run Vaniance
is Qatal S2 x d.L)/(tctal d.1.)

Total Runs, N

Variance of Each Effect is
4N x ponded variance

Standard Error of Hfedt is
square root of variance

w2udf

0.1747
0.1568
0.8295

0.0318
00414

1.225
L]

(18 X3

16

0.03828



FACTORIAL ANALYSIS

FOR GLASS USING MATERIAL DENSITY PARAMETER

Rum Xo

B PN awN-

Summations
Yon

3.06
2.33
2.49
2.73
3.09
2.62
2.84
2.595

21,755

Divide by 8
MODEL PARAMETERS

Xo
2.719
EFFECTS

Volume
X1

Xin

-3.00
2.33

73
.09
.62
84
2.595

[ R R

-1.205

Volume
X1
-0.151

-0.301

Shape
X2

X2n

-3.06
-2.33
2.49
2.73
-3.09
-2.62
2.84
2.595

-0.445

Shape
X2
-0.056

-0.111

Geom
x3

1
1
-1
-1
1
1
1
1

Xin

-3.06
-2.33
-2.49
-2.73
3.09
2.62
2.84
2.595

0.535

Geom
X3

0.067

0.134

Interactions
X1x2 X1Xx3
1 1
-1 -1
-1 1
1 -1
1 -1
-1 1
-1 -1
1 1
X1X2n X1X3n
3.06 3.06
-2.33 -2.33
-2.49 2.49
2.73 -2.73
3.09 -3.09
-2.62 2.62
-2.84 -2.84
2.595 2.595
1.195  -0.225
interactions
X1Xx2 XI1xX3
0.149 -0.028
0.299 -0.056

X2Xx3

X2X3n

.06
33
.49
73
.09
-2.62
2.84
2.595

W N W

-0.105

X2X3
-0.013

-0.026

X1X2%3

X1X2X3m

-3.06
2.33
2.49

-2.73
3.09

-2.62

-2.84

2.595

-0.745

X1X2X3
-0.093

-0.286

Density Std. Deov

% /mm

3.060
2.330
2.490
730
3.090
2.620
2.840
2.595

0.311

0.240
0.085
0.240
0.127
0.156
0.049

. Degfree
’ [ 2A

-t s
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Variance
2

0.0967

0.0576
0.0072
0.057¢
0.0161
0.0243
0.0024

Totsls2 x d.f.

Totsl d.1.

Pooled Estimate of Run Variance
is (total $2 x d.1.)/(101al d.1.)

FIGURE B1.7: Factorial Analysis for Glass

Tote! Runs, N

Variance of Each Effect is
4/N x pooled varisnce

Standard Error of Efiect is
square root of variance
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B1.S NORMAL DISTRIBUTION OF MODAL INTERVAL DENSITIES

The modal interval densities were analyzed to determine if they were normally distributed.
TREATMENT OF MODAL INTERVAL DENSITIES

TETRA-PAK
P 1006-0.5)/m, where mw16
Container Type Modal interval Devaities Average StdDev. ABMIYs.  Rank Ranked P (%)
250 rect. encl. 1.567 13118 1.430 1.436 0.128 1.567 1 0. 440 3.125
250 oyl encl. 2.590 2.590 2 0.667 9475
250 rect. apen 1.738 1.236 1.7Q0 1.558 0.280 1.738 3 0.99 15.625
250 oyl apen 2.093 2.003 4 1.151 21878
1000 rect. encl. 0.996 1.247 1121 0.178 0.99% 5 1.236 2825
1000 oyl encl. 1051 1151 6 1.247 34475
1000 rect. apen 0.340 1.522 1.373 1.079 0.644 0.340 7 1.258 40625
1000 cyl. apen 0.667 1.258 0.962 0.4:8 0.667 8 1311 46,475
130 9 13738 54025
Mean 1.389 Range 2.250 1.236 10 1.430 59475
Standard Error 013 Minimean 0.340 1.247 n 1.522 65.625
Median 1.342 Maximum 2.590 1.522 12 1.567 71875
Mode  HN/A Sum 22.219 1.258 13 1700 78125
Slandard Deviation 0.523 Count 16 1.430 14 1048 84,475
Sample Variance 0.27 Canfidence Level(95.0009) 0.256 1.700 15 2.003 9W.025
Kamtosis 1.425 1.373 16 2590 96875
Skewness 0.293

FIGURE B1.8: Normal Distribution Data for Tetra-Pak Modal Interval Densities

GLASS JARS
P=10G-0.5Y/m, wheee me15

Containet Type Modal interval Demsities Average  Std.Ocv. ANMID's.  Ronk Rankied Pi (%) LogRank Pi (%)
250 rect. open 2.840 3.280 3.060 0.31 3.280 1 2820 IREX) 0465 L
1000 cyl. open 2.330 2,330 2 230 10.000 0,367 10,000
1000 rect. encl. 2.560 2630 2,595 0.049 2.630 3 2540 16,667 0.404 16.067
250 rect. open 2.320 2.660 2,490 0.240 2.660 4 2560 2344 0408 iy
1000 rect. open 2.790 2,670 2.730 0.085 2.670 5 1630 0 V00 0.420 30.000
250 rect. encl. 2.950 2.730 2.840 0.156 2.730 6 2.660 36,607 .45 16 60
250 cyl encl. 2.820 3.260 3.000 0.240 3.260 7 2.670 1448 0427 43 444
1000 cyl. encl. 2.710 2.530 2,620 0127 2.530 8 270 S50 [V ER] 0000

2.840 9 2730 56.667 0.446 56,667
Mean 2.745 Range 0.96 2.560 10 2790 6y 04ah  6i iy
Standard Error 0.072 Minienum 232 2.320 n 2,840 70,000 04498 70 000
Median 2.710 Aaximum 3.28 2.790 12 2420 76667 046 6
Made  #NIA Surn 41.18 24950 11 Laso 844 0470 ety
Stanwdard Devistion 0.280 Cound 15 2.920 14 3.260 000 051 RIXETE
Sample Variance 0.078 Canfidence Level(95.000%) 0.141592 2,710 15 3.280 96 6HhT 0.51h 96 6t
Kurtasis 0.189
Skewnes 0.513

FIGURE B1.9: Normal Distribution Data for Glass Jar Modal Interval Densities

EPS CONTAINERS
Pi 100G-0.51/m, where mvd

Container Type Mods! interval Devsities Average  Sed.Dev.  All MEIYs.  Rank Rarked Pi (%) logkank Pi (%)
250 cy! open 1.530 1.453 1.492 0.054 1.45% 1 1.453 125 0.6 125
1000 eyl open 1.716 1.668 1.692 0.034 1.530 2 1.5%0 37.5 .18 175
1.692 3 1.692 615 0.228 (7]
1.716 4 1.716 B7.5 9.2%% 875

Mean 1.598 Skewnes 0.277

Standard Ervor 0.064 Range 0.263

Median 1.611 Minimum 1.453

Mode  #N/A Maximum 1.716

Standsrd Deviation 0.127 Sum 6391

Sample Variance 0.016 Count 4

Kigtoss -4.097 Confidence Level(95.000%) 0.124485

FIGURE B1.10: Normal Distribution Data for EPS Modal Interval Densities
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Bi.6 RESIDUALS AND MODEL ADEQUACY

Examples of the various residuals and model adequacy checks performed throughout Chapter Four
arc presemed in this section. Note that the same residuals calculations method was performed when
*he logarithms of the Tetra-Pak modal interval densities were analyzed.

NORMAL PROBABILITY PLOT
TO DEVERMINE SIGNIFICANCE OF EFFECTS

Efect: Rank  Percentile Fartars
0.84: 1 71 4] fram the half-normal prabahility plat and the narmal prabability
L4 2 21.4 X2 plat of the effects, factors 1 size) and 2 (shape) are significant.
0.0%5 ] 35.7 xX1X3 1t is dehatahle whether interaction 12 is significart
0.i19 4 $0.0 XI1X2X3 an the normal prohahility plat hecase there are so few
0.152 5 64.3 X3 data pains for 3 straight line camparnisan.
2191 6 786 X3 1t will he cansidered insignificant.
1444 7 9.9 X1X2
DI~ GNOSTIC CHECK: EVALUATE RESIDUALS M=1006G-0.5)/n where n=16
R Actual  Modd Res Rank i L
1 2093 2.119 0.026 0.612 1 31
Maxied s therefore... 2 0.667 1.279 0.612 0.539 2 9.4
Xo X! X2 2 1.258 1.279 -0.021 -0.483 3 15.6
1.499 0.420 -0.200 3 1.738 1.719 0.019 -0.408 4 21.9
3 1.236 1.719 0.483 -0.289 5 28.1
[ ] Xo X1 X2z Model 3 1.700 1.719 £0.019 0.152 6 4.4
4 0.340 0.879 0.539 -0.128 7 40.0
' 1.499 0.420 0.200 2.119 4 1.522 0.879 0.643 -0.026 8 4.9
2 1.499 -0.420 0.200 1.279 4 1.373 0.879 0.494 -0.021 9 53.1
3 1.499 0.420 -0.200 1719 5 2.590 2.119 0.471 -0.019 10 59.4
4 1.499 -0.420 -0.200 0.879 6 1181 1.279 0.128 0.019 H 65.6
5 1.499 0.420 0.200 216 7 1.567 1.719 0.152 o7 12 71.9
6 1.499 -0.420 0.200 1.279 7 1.3 1.719 -0.408 0.368 13 78.1
7 1.479 0.420 -0.200 1719 7 1.430 1.719 -0.289 0.47¢ 14 84.4
s 1.499 0.420 -0.200 0.879 a 0.996 0.879 0.117 0.494 15 90.6
] 1.247 0.879 0.368 0.643 16 9%.9
FIGURE B1.11: Residuals for Tetra-Pak Factorial Analysis
NORMAL PROBABILITY PLOT
TO DETERMINE SIGNIFICANCE OF EFFECTS
Efhocts onk Perantile  Factors
0.3 1 71 X1 It 1s much more difficult to ascertain which effects are significant from the
-0.186 2 1.4 XIX2X) normal probability piot. Instead, the half-normal probability plot will be used
0. 3 35.7 X2 instead. From the half-normal plot, the significant effects are from factor 1 (size)
-0.056 4 500  X1X3 and possibly from interaction 12 (size and shape), atthough this last one
0.026 S 6.3 X203 is difficult to precisely determine.
0.124 6 78.6 X3
0.2 7 929  XIN2
DIAGNOSTIC CHECK: EVALUATE RESIDUALS
Pi=100G-0.S)/n, whwre n<15
Run  Actus! Madel Res. Rerk i ~N
Maode| is therefore (assuming interaction 12 significant)... 1 2.840 27N 0.119 0.699 1 3.333
Xo Xt Xixz2 1 3.280 27 0.559 -0.359 2 10.000
2719 0.151 0.149 2 2.330 2419 -0.089 0.289 3 16.667
3 2.320 3.019 -0.699 -0.157 4 23.333
Run Xo X1 x2 Mode! 3 2.660 3.019 <0.359 0.089 5 30.000
4 2.790 2,717 0.073 -0.087 6 36.667
1 pVAL 0.151 -0.149 27N 4 2.670 2717 -0.047 £0.069 7 43.333
2 2719 051 0.149 2.419 5 2.920 27 0199 0.047 8 50.000
3 2.719 0.151 0.149 3.019 5 3.260 2rn 0.539 0.073 9 56.667
L] 2719 0.151 0.149 207 (9 2.710 2.419 0.291 cre 10 63.333
5 VALY 015 0.149 2.7 [ ] 2.530 2.419 o1 0. .. 1t 70.000
3 2719 0.151 0.149 2419 7 2.950 3.019 -0.069 0.199 12 76.667
7 219 0151 0.149 3.019 7 2.730 3.019 -0.289 0.291 13 83323
2719 -0.15% 0.149Q 2.717 8 2.560 2717 0.157 0.539 14 90.000
] 2.630 277 -0.087 0.559 15 96.667

FIGURE B1.12: Residuals for Glass Jar Factorial Analysis



Mo1004-0.8/M, where =18
Largest Densiy Residuals (Acnal - Ave) KRank Cermespending

Se1One SetTwo Sot Three Average 3e1One  Set Two Setf Three Res. ! ~  Aversge Res

Commer, end 1879 1828 2683 21209 0 251 €302 0 583 0701 1 2778 21:8 0251
Wroed, vide 1936 1847 2202 19851 -0 058 0148 0207 0411 2 8333 1 9051 0059
Corner. end 179 2468 232 21386 041 0328 0083 01302 3 13880 21388 041
Narrow, side 232 1423 1.485 17101 0512 0287 0 225 £ 287 4 19 444 17101 0812
Nerrow, ond 2185 0803 1.523 15527 0 /82 0701 0019 0251 5 25 000 1 8037 0en2
Broed, end 1.940 r¥ 77} 222 218 <188 0.004 0.084 Q5 ] WE6 21281 0188
0188 7 MUY 21200 0X2

0148 8 41867 19851 0148

0059 9 1222 21%8 0328

0019 10 52778 17100 om?

0083 11 S8333 1537 0701

0084 12 83880 21281 0084

0084 13 QWs 21 0553

0207 14 75000 19951 0 %7

0328 15 80556 21398 0083

0612 16 86111 1710t ons

0.553 17 91667 15037 0019

0882 18 97222 21281 0064

FIGURE B1.13: Residuals for Orientation Tests

B1.7 HALF-NORMAL PROBABILITY PLOTS CALCUATIONS

To determine which effects are significant, the absolute values of the effects of the factors and
factor-interactions (not including the constant) are plotted in increasing rank order on a modified
probability paper. The results of the modal interval density factorial analysis illustrate the required
procedure.

Rank, i Factor or [Effect | P={(i-0.5)/n)x100,
Interaction wheren =7
] 13 0.036 7.1%
2 123 0.118 21.4%
3 3 0.152 35.7%
4 23 0.190 50.0%
5 2 0.400 64.3%
6 12 0.444 78.6%
7 1 0.840 92 9%

TABLE B1.3: Half-Normal Probability Plot Procedure for Tetra-Pak

In this example, the notation for interaction 13 represents the interaction between factor one, size,
and factor three, geometry. The percentiles are then plotted against the absolute values of the
effects. Non-significant effects should lie approximately on a straight line between the ornigin and
and these effects. Significant effects will depart noticeably from this line. This half-normal
probability plot procedure was performed for the other two Tetra-Pak parameters (Rosin-Rammler
and linear slope) and also for the glass factorial analysis results.



Rank, | Factor or [Effect | P={(i-0.5)/n}x100,
Interaction wheren =7
! 23 0.026 7.1%
2 13 0.056 21.4%
3 2 0.111 35.7%
4 3 0.134 50.0%
$ 123 0.186 64.3%
6 12 0.299 78.6%
7 1 0.301 92.9%

TABLE B1.4: Half-Normal Probability Plot Procedure for Glass

B1.8 MISSING ANOVA CALCULATIONS

B1.8.1 Missing ANOVA Calculations for Glass

The technique used to estimate the missing value(s) to complete the analysis of varian

Tetra-Pak and glass data is presented in Fundamental Concepts in the Design of Experiments

Charles R. Hicks, 1982, pages 73 to 76. The sample calculation will be based on the data collected
for the shredding and screening of glass jars. Because only one value was missing from the glass
data, this will be easier to illustrate than the Tetra-Pak analysis.
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ce for the
i s by

Level of Factor Modal Interval Density (%/mm)

A B C Replicate Replicate
Vol Shape | Geom. One Two Total Mean
-1 -1 -1 2.840 3.280 6.120 3.060
+1 -1 -1 2.330 -y y+2.330 (y+2.330)/2
-1 +1 -1 2.320 2.660 4 980 2.490
+1 +1 -1 2.790 2.670 5.460 2.730
-1 -1 +] 2.920 3.260 6.180 3.090
+] -1 +1 2.710 2.530 5.240 2.620
-1 +1 +1 2.950 2.730 5.680 2.840
+1 +] +1 2.560 2.630 5.190 2.595

TABLE B1.56: ANOVA Calculation Table for Glass Data

Using conventional ANOVA analysis notation, in which SST is the total sum of squares, SSTr is
the treatment sum of squares (runs in this example), SSBI is the block sum of squares (replicates in
this example), and SSE is the error sum of squares, the calculations are as follows:
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SST = 8SSTr + SSBI + SSE
T’ I 2
C=—=—-16.12 +2.33+4.98+..+5.19
priabr e LA AL ]

C=105.99+5.148y +0.0625y"

a b
SST =3 3 yI-C=284+233+. . 4y"+.+ 263 -C
i=! y=1i

SST =114.15+y° -C

>

=1 _1 2 , 2 ' 2 .
SSTr =—’b———C—3[6.12 +(y+2.33)+..+ 5.19°]-C

SSTr =111.17+0.5y° +2.33y-C

b
>t
SSBI =L _C= E[(2.84+2.33+...+ 2.56) +(3.28+y+.. .+ 2.63)"]——(‘
a
SSBl =106.16 +4.94y+0.125y° - C
SSE = SST —SSTr — SSBI
SSE =114.15+y’ —=C=[111.17+0.5y* + 2.33y - C]
~[106.16+4.94y+0.125y* - C]
SSE =2.81+0.4375y° - 2.122y

To estimate the missing value, minimize SSE. Therefore, the partial derivative of SSE with respect
to y is equal to zero.

ESSE= 0

&

gSSE =0.4375(2)y~-2.122=0

y=2425
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The calculated missing y value is 2.428. This is then substituted back into the ANOVA equations
for C, SST, SSTr, SSBI, and SSE to complete the analysis.
C=118.84 SSTr =0.921 SSBI =0.0346 SSFE =0.237 SST =1.19

The degrees of freedom for SSE must be modified because missing values were calculated.

v=(a- IXb — I) — number of estimated values
v=(8-IN2-1-1=7

To calculate the individual sum of squares for each run, a technique known as Yare's Algorithm
was used. A table is constructed and the values are arrived at by successive addition or
subtraction. The same number of calculation columns as factors are required. There are the eight
values in the rorals column as shown in the following tables. The first four values in column one
are calculated by adding each successive pair in the totals column. Conversely, the last four values
in column one are calculated by subtracting each successive pair in the totals column. This is
repeated for the required number of columns. The SS (sum of squares) column is obtained by
squaring the value in column three and dividing by (2 x 8 runs) or 16.

YATE’S ALGORITHM
For Glass Data Analyzed with Missing Anova Value Technique
Experimental Total Column 1 Column2 Column3  1LD. SS
Condition
1 6.12 10.88 2132 43.61 [ 118.865
a 1044  22.29 2231 A 0.334
b 498  11.42 -0.88 099 B 0.061
ab 546  10.87 -1.43 229 AB 0.328
c 6.18 -1.36 -0.44 097 C 0.059
ac 5.24 0.48 -0.55 -0.55 AC 0.019
bc 5.68 -0.94 1.84 -0.11  BC 0.001
abc 5.19 -0.49 0.45 -1.39  ABC 0.121

Sum (not including SS of 1) 0.922
SS Replicate 0.0346

SS Error 0.237

SS Total 1.193

FIGURE B1.14: Yate's Algorithm for Glass Data
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EXCEL ANOVA RESULTS
Calculated Missing Anova Value Assumed as Real Data Point; Check Hand Calculations
Experimental Conditions
! 3 b ab < ac bc abe

Rep. 1 2.840 2.330 2.320 2.790 2.920 2.710 2.950 2.560
Rep. 2 3.280 2.425 2.660 2670 3.260 2.530 2.730 2.630

ANOVA: TWO-FACTOR WITHOUT REPLICATION; Treating Replicates as Separate Blocks

SUMMARY

Count Sum__Average Vanance
Rep. 1 8 21.42 2.6775 0.062221
Rep. 2 8 22.185 2.773125 0.102864
1 2 6.12 3.06 0.0968
3 2 4.755 2.3775 0.004513
b 2 498 2.49 0.0578
ab 2 5.46 2.73 0.0072
c 2 6.18 3.09 0.0578
ac 2 5.24 2.62 0.0162
bc 2 5.68 2.84 0.0242
abc 2 5.19 2.595 0.00245
ANOVA
Soyurce =SS ar MS T Pvaluc Font
Rows 0.036577 1 0.036577 1.111335 0.326814 5.59146
Columns 0.925211 7 0.132173 4.015918 0.043389 3.787051
Error 0.230386 7 0.032912
Total 1.192173 15

FIGURE B1.15: Computer ANOVA Analysis for Glass

The preceding ANOVA calculations were performed using built-in EXCEL spreadsheet functions.
Note that these computer calculated values are not precisely the same as the hand calculated results
for SST, SSTr, SSBI, and SSE because the calculated missing value is assumed to be an actual
value. Instead, these computer values serve as a check on the hand calculations. The final analysis
of variance results are shown in the following table.
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Source of Deg. of AR MS Feale = Sig?@ | Sig? @
Variation Free., d.f. (S84d.f.) | MS/MSError 0.0 0.01
Repli. ates } 0.0346 0.0346 0.876 No No
Size 1 0.334 0.334 8.456 Yes No
Shape 1 0.06] 0.061 1.544 No No
Size/Shape ] 0.28 0.28 8.304 Yes No
Geometry | 0.059 0.059 1.494 No No
Size/Geom. 1 0.019 0.019 0.481 No No
Shape/Geom | 0.001 0.001 0.0253 No No
All Factors ] 0.121 0.121 3.063 No No
Error 6 0.237 0.0395
Numerator d.f. Denominator d.f. Significance Level Tabulated F-value
| 6 0.05 599
] 6 0.0] 13.74 !

TABLE B1.6: Final ANOVA Results for Glass Tests

B1.8.2 Missing ANOVA Calculations for Tetra-Pak

The same technique was used to calculate the missing values for the Tetra-Pak ANOVA.

Level of Factor Modal Interval Density (%/mm)
A B C Rep. Rep. Rep.
Vol. Shape | Geom. One Two Three Mean Total
-1 -1 -1 2.003 Vs Ve | G093 yryn)3 | 20935
+1 -1 -1 0.667 1.258 V3 (1.925+y4)13 1.925+y3
-1 +1 -1 1.738 1.236 1.700 1.558 4.674
+1 +1 -1 0.340 1.522 1.373 1.079 3.235
-1 -1 +1 2.590 Ve Ve | @503, v03 | 25905y
+1 -i +1 1.151 Vs Py (1.151+ygty7)3 11514y gty
-1 +1 +1 1.567 1.311 1.430 1.436 4.308
+1 +1 +1 0.996 1.247 ya_ (2243-y9)3 2.243+y,

TABLE BL1.7: ANOVA Calculation Data for Tetra-Pak

SST = $STr + SSBI + SSE
c-L =—1——[2.o93+ 1925+, 4+ 2243+ y, +y,+.. 4y, ]
ab  (8)3) o °

(_-' = 2—14[22219 +}'1 +}'2+~~~+y8]2



a b
887 =33 37 -C=[(2.093) +(0.667) +..+y]+..+y]|-C

1=1y=1 v

SST =yl +y:. +yl +34.963-C

¥ 77
SSTr =ﬂb—-C

SSTr = g[(2.093 +y, 43, Y (1925 +y, Y +. +(4.308Y + (2. 243+, )] - C

b
T
SSBl =L — . C
a

/ ) ) ,
SST = -—3—[(2.093+0.667+...+ 0.996) + (3, +1.258+ .+ L.247) + (3, + y,+.. 43,0’ | - C
SSE = SST - SSTr - SSBI
SSE = yi +yi+yi+yi+yi+yi+ ¥+ y; +34.963

—é[(2.093+y, + 30, 41925+ v, +(2.590+ y,+35) + (L1514 v, +3-) +(2.243 4+ y,) + 50 87|

—é[124.14+(_v, F Y AV, A6 ST (Vo Y+ Y+ Yo+ Y, +4.503)° )

+—2-13[22.219+y, E T L DI VA S CAE R o

Minimize SSE. Therefore, the partial derivative of SSE with respect to each y is equal to zero. For
example,

SYE

i
&BSE
B 11666y, —0.5834v,+0.08333y,-0.1667y,+0.08333y, - 0.1667y, +0.08333y, +0.08333y, — 1.1565

7

Tl;is can be repeated for the remaining seven derivatives, producing
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0.669 = — 0.5834y, +1.1667 v, —0.1667y,+0.08333y, ~0.1667 y, +0.08333y, - 0.1667 y. - 0.1667 y,
0.5573 = 0.08333y, ~0.1667y, +1.1667 v, +0.08333y, - 0.1667 v, +0.08333y, —0.1667 v, - 0.1667
1.518 = - 0.1667y, +0.08333y, +0.08333y, +1.1667y, — 0.5834y, - 0.1667y, +0.08333 v, +0.08333y,
1.00=0.08333y, -0.1667y,-0.1667y, ~0.5834y,+1.1667y, +0.08333y, —0.1667y. —0.1667 v,
0.559 = - 0.1667y, +0.08333y, +0.08333y, - 0.1667y,+0.08333y, +1.1667y, - 0.5834y, +0.08333y,
0.0413 = 0.08333y, - 0.1667y, - 0.1667y, +0.08333y,~0.1667y, —0.5834y, +1.1667y. - 0.1667 y,
0.769 = 0.08333y, - 0.1667 y, - 0.1667 y, +0.08333y, — 0.1667 v, +0.08333y, —0.1667v- +1.1667 v,
The y values can be determined by solving this as a system of linear equations.

y, =2.3455 y,=2.4343 y, = 11776 y, = 2.8424
y, =2.9310 y, = 14041 y,=1.4928 y,=1.3365

The various sum of squares can now be determined with these calculated values. Note that the
degrees of freedom for SSE is correspondingly reduced by the number of calculated values.

C=60748 SST - 9.685 SSTr =8211 SSBI =0.5026 SSE =0.9716
Vee =(8-DN(3-1-8=6

Yate's algorithm was also used to determine the individual sum of squares for each run. Following
this, the significance or nonsignificance of each factor or interaction was determined.

YATE’S ALGORITHM
For Tetra-Pak Data Analyzed with Missing Anova Value Technique

"~ Experimental Total Column 1 Column 2 Column 3 I.D. =3
Condition

1 6.8728 9.98 17.88 38.18 ! 60.752

a 3.1026 7.91 20.30 -10.25 A 4.379

b 4.674 12.41 -5.21 -6.59 8 1.810

ab 3.235 7.89 -5.04 5.92 AB 1.459

c 8.3634 -3.77 -2.07 2.42 (o 0.243

ac 4.049 -1.44 -4.52 0.17 AC 0.001

bc 4.308 -4.31 2.33 -2.46 B8C 0.252

abc 3.5795 -0.73 3.59 1.25 ABC 0.066
-Sum (not inclamg SSofl) 8.210

SS Replicate  0.5026
SS Error 0.972

SS Total 9.684

FIGURE B1.16: Yate's Algorithm for Tetra-Pak Data



Source of Deg. of ARy MS Feale = SNig. @ Nig. @
Variation Free, d.f. (SNd.f.) | MSMSError 0.08? 0.01?
Replicates 2 0.5026 0.251 1.549 No No
Size 2 4.379 2.190 13.519 Yes Yes
Shape 2 1.810 0.905 5.586 Yes No
Size/Shape 4 1.459 0.365 2.253 No No
Geometry 2 0.243 0.122 0.753 No No
Size/Geom. 4 0.001 0.00028 0.00154 No No
Shape/Geom 4 0.252 0.063 0.389 No No
J3-factor 6 0.066 0.011 0.0679 No No
Error 6 0.972 0.162
Numerator d.f. Denominator d.f. Significance Level Tabulated F-value
2 6 0.0S 514
4 6 0.05 4.53
6 6 0.05 4.28
Numerator d.f. Denominator d.f. Significance Level Tabulated F-value
2 6 0.01 10.92
4 6 0.01 915
6 6 0.01 847

TABLE B1.8: Final ANOVA Results for Tetra-Pak Tests
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