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Abstract: This paper reports the conceptual design of a household kitchen food waste composter.
Several conceptual approaches, such as Quality Function Deployment (QFD), Concept Generation,
and Concept of Evaluation using PUGH Method are implemented. The component selection is
applied using House of Quality method, and the final design is presented and selected using PUGH
Method. Design 1 is selected as the best composter design. The material selection and the cost of the
components are also presented. The conceptual design approach highlights its benefit as the
preliminary method in designing the food waste composter.

Keywords: conceptual design approach, food waste composter, food waste

1. Introduction

Malaysia has undergone a drastic increase in the growth
of Municipal Solid Waste (MSW). The generation of 1.17
kilogram per capita per day in 2018 had almost doubled
over the previous thirteen years). By excluding the
generation of MSW from construction and manufacturing
activities, food waste made up about 44.5% of the overall
household MSW generated, which was the largest
proportion, followed by plastic waste and diapers.
However, more than half of the waste generated was sent
to landfills, while about 40% of them could have been
recycled?.

According to the Food Recovery Hierarchy from the
United States Environmental Protection Agency (EPA),
composting is a preferable method of handling food waste
to produce a nutrient-rich soil conditioner than direct
disposal to landfill or even incineration. This is because
harmful by-products are potentially produced through
landfills? and incineration, such as the emission of
greenhouse gases in a great amount; hence, causing ozone
thinning. Apart from that, some researchers® applied bio-
conversion as a method for designing composting plants.
In Malaysia, there is no efficient management or

separation of food waste from the other categories of
MSW, with the reliance solely on landfills or incineration
for disposal as other waste. Thus, Malaysia needs other
initiatives to manage food waste more effectively in an
environmentally-friendly manner?.

There are two common types of composting methods
used in food waste composting, which are aerobic
composting and anaerobic digestion. The key difference
between these two methods is the presence of oxygen in
aerobic composting to start the composting process,
whereas anaerobic digestion begins the process with the
absence or limited supply of oxygen. Aerobic
microorganisms decompose organic waste to produce
compost criteria at near maturity® and by-products such
as water, ammonia, heat, and carbon dioxide. Meanwhile,
for anaerobic digestion, anaerobic microorganisms break
down the waste and produce intermediate substances like
carbon dioxide, hydrogen sulphide, methane, and a
potentially foul odour. However, in general, aerobic
composting works at a higher rate of composting
compared to anaerobic digestion, with both methods of
composting being conducted under respective optimal
conditions like temperature, pH, carbon to nitrogen ratio,
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and moisture content®).

To encourage the composting of food waste, marketable
food waste composters have already been introduced in
the market such as Zera Food Recycler”) and Food Cycler
FC-30%. A composter is designed to be installed in every
house to inculcate awareness on zero solid waste for a
greener earth.

Primarily, most household waste composters are
designed in a rectangular shape to provide convenience
for the end-user since they would take less space in the
kitchen. The conceptual design approach highlights the
significance of illustrating factors that might not be
considered by humans while fulfilling some requirements
set up by the end-users. This concept tailors the product
design to the required needs in wide industrial areas, such
as transport design®, energy generation'®, and
desalination  process'”; some researchers have
investigated the integration of TRIZ (Theory of Inventive
Problem Solving) method into this design concept*?.

The initial step in this conceptual design approach is by
conducting a survey, where the customer needs are
highlighted to meet requirements'®. This survey is
significant to provide a high-quality product that satisfies
the customer. The functional structure of the products is
then developed and applied in the reintegrated products'®
and also in the development of a sticker removal machine
1% which divides the main function into smaller
department functions. The functional structure details the
process between the input and output of a product'®.
Based on the morphological chart'®, which relates to the
combination of various functions'”, the divergence of
products is designed. The final product utilisation of the
decision-matrix method (PUGH method) is applied to
select the best product design, as generated in the selection
of the plant layout'®. Besides, the same method is
compared with KANO-MODEL Technique and the work
of both methods is concluded to be helpful as a tool for
market survey analysis'®.

Therefore, this study illustrates the conceptual design
approach in designing alternative composter design by
describing the clarity of components in detail and by
selecting the final product out of several designs to be
shown later.

2. Methodology

The earliest design process involved the basic
calculation of the food waste volume capacity, the heating
capacity, and the power needed from the auxiliary
components. The theoretical calculation concept had been
applied in other design processes, such as in calculating
the thermodynamic process to design a geothermal power
plant?®® and solar AC system?D, with the combination of
simulation through designing a micropump??, and
designing a wind turbine for low Reynolds number®?,

This conceptual design applied the Morphological
Chart to select the auxiliary component involved in the
composter. Meanwhile, the House of Quality corresponds

to the composter design that matches the end-user’s needs.

To design the composter, the volume capacity of the
composter is designed for six persons per household. The
composting chamber with an automated mixing system to
mix the compost in intervals during the composting
process are usually designed with rotating mixing
mechanisms, such as a mixing shaft and blades or a
rotating composting chamber. As such, the cylindrical
design of a composting chamber ensures even mixing of
the whole compost material. Thus, the volume of the
composting chamber is shown in Eq. 1.

V=mxr1r?xh (69)

The composter is equipped with an electrically
controlled motor to allow the automation of the
mechanism in providing auto-stirring of the compost
material. The motor horsepower is significant in ensuring
the generation of sufficient torque throughout the process.
According to Chiplunkar et al.?® the steps for selecting a
suitable horsepower are shown in Eq. 2 to 5.

Torque, t=F xr 2
The motor horsepower is calculated using Eq. 3.
Power, P =Txw ?3)

The installation of a heating system on the food waste
composter is unnecessary, but it can be found in most food
waste composters marketed in countries with a climate
temperature lower than the desirable composting
temperature, which is approximately 55 to 60 °C. Among
the countries involved are Qatar, India, and the United
States, with a temperature range from -3 to 45 °C.
Benjawan et al.? claimed that the ambient temperature of
the food waste composter did not have a direct
relationship with the rate and the quality of the compost.
Besides, the heating mechanism was vital in providing a
stable and optimal temperature, which maximised the rate
of composting while producing a higher quality of the
compost outcome.

The power consumption of the heating coil is equal to
its heat generation per hour to maintain the desired
temperature in the composting chamber throughout the
composting process. Chiplunkar et al.?? designed a
kitchen waste composter with a capacity of 10 to 15 kg.
The power consumption of the heating coil is calculated
by adopting the heat generation formula, as shown in Eq.
4.

Q=mc(T, - Ty) 4
The initial temperature of the heating coil is taken at room
temperature, 25 °C (298 K), and the final temperature of
the heating coil is taken at the optimal composting
temperature, 60°C. The density of the Nickel-Chromium
heating coil is 1.225 kg/ m% whereas the mass of the
heating coil (Nickel-Chromium) is illustrated by Eq. 5.

m=pV )
The power consumption of the heating coil is defined as

the heat generation per hour in an equilibrium system.
This applies the conservation of energy at which the
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energy input is equal to the energy output. The energy
input refers to the power consumption, while the energy
output is the heat generated by the heating coil that causes
an increase in the interior temperature of the composting
chamber. Therefore, the power consumption of the
Nickel-Chromium heating coil is calculated using Eq. 6.
P=Q/T (6)

The vyield strength of the kitchen food waste is
important to determine the motor horsepower and the
specifications of gear to be used for the shredding
mechanism. A bovine trabecular bone is selected as the
hardest food waste that can be found in a common
household kitchen. According to Kaplan, S. J. et al.?® the
yield strength of a bovine trabecular bone in compression
was 12.4 + 3.2 MPa. Therefore, the maximum vyield
strength value of 15.6 MPa is used for the design so that a
higher torque can be produced by the shredder motor. The
shredder is used to shred most of the kitchen food waste
into smaller particles for higher efficiency of the
composting process. The minimum required force for the
shredding process can be calculated by taking into account
the maximum vyield strength of kitchen food waste as
shown in Eq. 7.

g = Fmin/A (7)

Moreover, the stress is equal to the yield strength of the
kitchen food waste. The minimum force is determined as
the minimum force required to overcome the yield
strength of the kitchen food waste. Therefore, the force is
calculated as the product of yield strength of the kitchen
food waste and the cross-sectional area of the shredder
blades.

Theoretical calculation

<
A\
House of Quality

v
Function Structure

1

v
Morphological Chart

M
Screening and design selection
(PUGH method)

v
Geometry modeling

Fig.1: Flowchart of the conceptual design process

By taking into account the assumption on the maximum
yield strength of the kitchen food waste and the minimum
force required to overcome its yield strength, the
horsepower and the power consumption of the shredding
motor are calculated using Eq. 2 and 3. The preliminary
design process is summarised as in the flowchart shown
in Fig. 1.

3. Results and discussion

This section explains the steps used in the conceptual
design of the food waste composter. The later structural
analysis will be done to further investigate the strength of
the composter.

3.1 Design Elements

The composter design elements have been identified
based on the customer requirement and summarised in Fig.
2. The main components of the composter are the control
panel, the mixing mechanism of the waste, the ventilation
system, the heating mechanism used to heat the waste, and
the main body of the composter bin to store the waste. The
safety features and the additional auxiliary parts are also
included in this figure. This figure transforms the design
elements into more specific customer requirements.

3.1 House of Quality, HOQ

The customer requirements and engineering
characteristics are tabulated accordingly to form a House
of Quality (HOQ). According to the rank score?”) as shown
in Fig. 2, the heating coil with a sensor is rated as the most
important engineering characteristics, with a raw score of
146 comprising 14.3% of the relative weight. This
indicates that the product development should be
prioritised to fulfil the engineering characteristics based
on the rank order. For this project, the sequence of rank
order for the engineering characteristics is the heating coil
with a sensor, material toughness, shredder, corrosion
resistance, mixing blade, ventilation, power consumption,
the product volume, timer, and lock sensor. The lock
sensor is classified as the lowest rank order because it
comprises the least relative weight of the total score, with
a value of 4.4%.

Five selected competitors served as the benchmark for
the evaluation based on the customer requirements in this
project. The five competitors include the compost bin for
Indian kitchen?®, a small-scale kitchen waste composting
machine??, a kitchen waste composting machine?®, Thai
household composter?® and an organic fertiliser®® from
composting food waste; all are assessed from their level
of satisfaction to fulfil the respective customer
requirements. Based on the evaluation parameters in
this HOQ, the small-scale kitchen waste composting
machine is ranked as the highest among the other
competitors, with a raw score of 107. This indicates that it
has a higher connection with the customer requirements in
this project and it should be prioritised in the sequence
when the benchmarking is performed for reverse
engineering on the related working mechanisms.

3.2 Function Structure

The operational process of the kitchen food waste
composter is analysed and broken down to form general
and detailed function structures to indicate inputs and
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outputs, as well as the sub-processes involved in the
composting of food waste. A general function structure is
generated, as shown in Fig. 4. After these series of sub-
processes, the major process of converting the kitchen

food waste into compost is achieved by producing output
which includes composted material and switching off the
LED indicator.

Correlation Matrix Legend

NI ++ | Strong Positive
y x + + + Positive
- + + _,_)/_
+ * + + None
Direction of Improvements ™ na| na | ™M|na|ld | L |nal na|na - Negative
Units na | nfa | na [Jm#| nfa| m [KkWh nfa| n/a | n/a . Strong Negative
5 Engineering Characteristics Competitor Ranking
& 3 " T < 5 g - 2 - = 8 Competitor Rankings
= = = = .~
5| 8 g |z = £ = <5 28 S Sz 1 Poor
Customer Requirements g g |8 5| & E H 3 g @3 £= 5] € S 3 o
> L < > 1= @D 5 |= B < S £ =2 =3 = o
8| = | = 2|8 £18318 8 S 35 s £ 25 g2 g
sl |25 |5 |E]le|l8]8%]|a g3 =38 e 27 =2 |5 B8 5 Excellent
£l 8 |28 |S|2|lE|lsl2lssls = S o = £ 8 T3S (28 4 =
S <} = g o = | x [ 2| © < e 2 c < a =
sl 5|2 |2 |E|5|23|2|c|8glg| @8 |a88| ¥5 FE |OEgE3
E|lS|S |6 |=|>|>]|&|3|x g|F < = o == [SNs) 88 [ii&=se
Safety 5 3 3 9 1 Relation Matrix Legend
Composting speed 5 9 9 3 5 9 Strong
Types of food waste 5 9 3 9 1 1 3 3 1 1 3 Medium
Automated stirring 4 3 9 1 313 9 3 3 3 3 1 Weak
Automated heating 4 3 (13]3|3 9 3 3
Automated cutting 4 9 9 9 1|3 3 3 3
Without odour and pest 4 9 1 9 5 3 1 3
Cost 5| 3 3|1 9 3|3 3 1 3 5 3
Light weight 3 3 9 3 5
Composting capacity 3 3 3 1193 3 3 5 3 3
Raw Score| 123 | 105 | 135 | 136 [101| 87 | 94 | 45 | 146 | 51 73 107 91 58 53
Relative Weight %| 12.0 | 10.3| 13.2 {13.3| 9.9 85| 9.2| 4.4| 14.3| 5.0
Rank Order| 4 5 3 2 6| 8 7 110 1 9
Fig. 2: House of Quality?”
Food Waste Composter
1
L 1 1
Function Safety Additional
I I |I I 1 I 1 I 1 l_|_|
Controll | Mixing | - | | Heating Storagel Inlet & outlet | | | | | | | - |
| panel mechanism Ventilation mechanism bin mechanism Door lock Sensors Base Timer
Electric Propeller Exhaust Coil Rectangular Hinge Mechanical Thermistor Mounted || |Electrical
switch type fan heater shape catch base timer
Touch | Helical | Aerationl Plate | _| Slidi | Magneticl _I | H Analog |
idin .
screen blade fan heater Cylindrical 9 catch Thermostat Wheels timer
shape
Push Blender Natural Rod R - Door _I | Suction PLC
e evolvin .
button blade ventilation heater Hexhagona 9 latch Thermocouple cup timer
(hole) Shape

Fig. 3: Product specifications
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Transfer kinetic

Convert human energy to insert
Human energy ——»{ energy into kinetic K
v gyenergy food waste into

composter

Transfer kinetic Convert electrical

LED indicator

Stored food waste energy to switch on energy into kinetic

the composter energy

Electrical energy

Transfer kinetic
energy to break

down food waste
into smaller particles

Composting process

————— »ED indicator
——— Composted material

Transfer kinetic
energy to mix the
compost material

Transfer kinetic
energy to ventillate
the composting
chamber

Convert electrical

energy to heat the

Transfer heat

energy into heat
energy

composting
chamber

Fig. 4: Composter function structure

3.3 Morphological Chart 3 Hinge Sliding Revolving
The morphological chart shows the design concept of 3 % G
each component that is used in the conceptual designing 2 s 2
. . < < o\
of the kitchen food waste composter. Several options of B8 DS
the components have been highlighted here as the basis of E=2
the composter. Three options have been used for each
component function. This includes the control panel, inlet " Mechanical Magnetic Safety Door
and outlet mechanism, safety features, mixing mechanism, e catch catch Lock
ventilation mechanism, temperature sensor, timer, s 2(8; ) — .
composting chamber, heating mechanism, heating > @j/ — L
element, and the base of the machine. The detail of each "}E = 4 l
function is shown in Table 1. X
Table 1. Morphological chart for some of the components = E Propeller Helical blade | Blender blade
c
used for the kitchen food waste composter®") § g w&:& | ﬁ,
fa Design Concept for Components .
S c Aeration fan Natural
é_ Option 1 Option 2 Option 3 S E ventilation
S =g (Hole)
S 5%
<8
Electric switch Touch Push button =
T .
S @ Thermistor Thermostat Thermocouple
o = =}
S 8 =
o & ”

3.4 Conceptual Design

The design concepts for components from each of the
sub-problems as discussed in the morphological chart are
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combined to form different designs of a complete solution,
which serve as a draft of design ideas before selecting the
final concept and proceeding with the technical drawing.
The possible combinations of the designs are illustrated in
Fig. 5(a) - (d), respectively.

In Design 1, the major mixing component includes a
straight bevel gear assembly that transfers torque from the
motor to produce a rotational force onto the helical blade
to start the mixing process. For the shredding mechanism,
the same motor is used by connecting it with a pulley
system to transfer the torque onto the two complementary
shafts, with blades arranged in a position to shred the food
waste inserted into the chamber. Composted material is
withdrawn from the composting chamber through a
welded sliding passage into the collection bin to be
removed from the kitchen food waste composter.

Shredder

Helical blade
mixing shaft

Collection bin

Motor with gearbox

(@)

Straight bevel
gear

Pinion gear F
with rack

Heating base F

(b)

Ventilation slot

Motor with
gear

Inlet with safety lock

e
----

————
e

Heating
base

Internal
B heating

Mixing
| blade

Composting
bowl

Heating
base

(e)
Fig. 5: a) Design 1, b) Design 2, c) Design 3, d) Design 4
and d) Design 5 of the food waste composter

3.5 Selection of Design (PUGH Method)

The evaluation of the proposed conceptual designs is
discussed based on the PUGH Method. For this project,
the criterion includes the presence of functions such as
heating, shredding, mixing, timer, safety lock, ventilation,
collection bin, mobility, and temperature control. The
datum concept used in this analysis is the current
conventional method of composting food waste, i.e.,
anaerobic composting that has been widely implemented
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until today. The performance of each design with respect
to each of the criteria is tabulated in Table 2 and the total
score is calculated by multiplying the performance score
with the particular important level of the criterion.
Symbols ‘+,” *- and ‘S’ indicate score values of ‘1°, *-1’
and ‘0’ respectively. For example, the total score of
Design 1 is calculated as follows: By using the PUGH
Method, Design 1 has recorded the highest score of 27
under evaluation based on the criteria of this project
compared to the other four alternative designs; therefore,
Design 1 is selected to generate the final concept. On top

of that, the scoring table is also tabulated to determine the
selection of the composter design, as shown in Table 3.
The total weightage of each design criterion is given per
100% according to its importance. Then, the rating of each
design is given within the range of 1 to 5, where 1 shows
the lowest score by each design. Based on the score gained
by each design, Design 1 is the final selection based on the
total maximum score of 5.

Table 2. Concept Screening

(5
Sl el 2| S| 2] )8
Criteria g 2 =2 =2 = =2 =2
s | 8| &8 | &8 | & &) &
Heating 5 0 + + + + +
Shredding 5 0 + - - - +
Mixing 5 0 + + + + +
Timer 3 0 S S S S S
Safety Lock 5 0 S + + S S
Ventilation 5 0 + + - + +
Collection bin 1 0 + + - -
Mobility 1 0 + + + +
Temperature control 5 0 + +
Total Score 27 22 10 15 25
Table 3. Concept Scoring
c - Food Waste Composter
% & E,, . Design 1 Design 2 Design 3 Design 4 Design 5
é % g §, Rating | Score Rating Score Rating Score Rating Score Rating Score
o
Heating 15 5 0.75 5 0.75 5 0.75 5 0.75 5 0.75
Shredding 15 5 0.75 0 0 0 0 0 0 5 0.75
Mixing 15 5 0.75 5 0.75 5 0.75 5 0.75 5 0.75
Timer 5 2 0.10 2 0.10 2 0.10 2 0.10 2 0.10
Safety lock 5 2 0.10 5 0.25 5 0.25 2 0.10 2 0.10
Ventilation 15 5 0.75 5 0.75 0 0 5 0.75 5 0.75
Collection 5 5 0.25 5 0.25 0 0 0 0 0 0
bin
Portability 5 5 0.25 5 0.25 5 0.25 5 0.25 5 0.25
Temperatur 15 5 0.75 5 0.75 5 0.75 5 0.75 5 0.75
e control
Inlet & 5 5 0.25 5 0.25 5 0.25 5 0.25 5 0.25
outlet
mechanism
Total score (/5) 4.7 4.1 3.1 3.7 4.45
Rank 1 3 5 4 2
Continue? Develop No No No No

3.6 Geometry Modelling
In this section, the proposed design of this project is

drawn using CATIA software, based on Design 1 with the
implementation of several improvements to maximise the
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performance of the design in serving its functionality.

An isometric view of the working mechanism, which
includes the shredding mechanism, the mixing
mechanism, and the heating mechanism, is illustrated Fig.
6. Two shafts which consist of three-hook blades with
separators placed alternately in the housing act as the
major components that allow shredding of the inserted
food waste to be fragmented into smaller pieces for a
higher rate of the composting process, as shown in Fig. 7
and 8.

In Fig. 9, the major components of the mixing
mechanisms include a helical blade and a bottom blade
driven by a detachable motor, which demonstrated the
effectiveness of the mixing mechanism to promote even
mixing of the food waste pieces. Meanwhile, Fig. 10
shows the heating base attached to the bottom part of the
composter.

“~ Frame assembly

Shredding mechanism [

Mixing
mechanism
with heating
base :

Outlet mechanism
Fig. 6: Isometric view of the major working mechanisms

Frame assembly

Shredding mechanism

Mixing mechanism
- with heating base

Outlet mechanism ]

Fig. 7: Shredding mechanism and its components

Circle separator

Shafts

Gears

Bearin
- 3ihook blade

Fig. 8: Arrangement of blades and separators of the
shredding mechanism

Mixing bowl Helical blade

Shiding passage Heating base

Motor Motor holder

Fig. 9: Mixing mechanism and its components.

Helical blade Bottom blade

Coupling gears

Heating base

Motor
Fig. 10: Heating base complementary to the bowl
3.7 Flow of Working Mechanism

The flow of the working mechanism of the designed
composter is illustrated in Fig. 11.

_ 404 -



A Preliminary Conceptual Design Approach of Food Waste Composter Design

Open inlet

Start HEATING

i

No

duration

Is

No

waste composter is presented. This details the lowest
effective cost, which also applies in designing a roof
insulation®., An estimation of the fabrication cost of the
customised parts without the labour cost is tabulated in

Is
duration
=1
hour?

|
Insert food
waste
L]

Close inlet )

Press START
button

Is inlet
locked?

x

M Food waste particles
fall into bow!

Start MIXING

Yes
— Display ‘ERROR’

Stop Shredding

Start SHREDDING

Fig. 11: The flowchart of the composter working mechanism

3.8 Material Selection

Three functional mechanisms include mixing,
shredding, and heating are crucial in its material selection
as these mechanisms define the feasibility of the machine.
Therefore, the suggested materials, but not limited to these

Table 5.

Table 5. Fabrication cost

mechanisms, are illustrated and discussed in Table 4.

Table 4. Material suggestion for crucial components

Mechanism | Component | Material Justification
Shredding | Separator Stainless -Corrosion
steel resistant, high
strength
Shredding | 3-hook Stainless -Corrosion
blade steel resistant, high
strength
Shredding | Shaft Stainless -Corrosion
steel resistant, high
strength
Mixing Helical Stainless -Corrosion
Blade steel resistant, high
strength
Mixing Base Blade Stainless -Corrosion
steel resistant, high
strength
Mixing Bowl Steel with -Economical,
ceramic heat-retaining
coating ability,
corrosion
resistant
Heating Heating base | Nickel- -steady supply
chromium | of heat, quick
heating

3.9 Fabrication Parts
In this part, the economic view of designing the food

. . Cost (RM)
Mech C t | Unit
echanism omponen ni Min, Mox
Shredding Bearing 4 40.00 | 100.00

Pulley 1 30.00 | 50.00
driver
Pulley 1 30.00 | 50.00
driven
0.3 V-Belt 1 5.00 10.00
Gear 2 300.00 | 500.00
2.0 HP 1 200.00 | 300.00
Motor

Mixing 0.25 HP 1 50.00 80.00
Motor
Mechamcal 1 15.00 20.00
Timer
Load cell 1 20.00 50.00

Outlet Stopper 1 3.00 5.00
shaft
Actuator 1 20.00 50.00
Hinge 1 10.00 | 20.00

Frame Hinge 1 10.00 20.00
Safety lock 1 8.00 20.00
Roller 4 2000 | 80.00
assembly
Switch 1 2.00 5.00
Total 763 1360

4. Summary

The principles of design were implemented in this study
to conceptually design the food waste composter. The
customer requirements were then linked to the composter
design requirement, which was presented using the House
of Quality. Then, the detailed product specifications was
identified to support the design requirement. The function
structure was further used to show the process flow that
had occurred within the composter from the major process
to the more detailed sub-processes. By using the
morphological chart, each item or component involved in
the design of the composter was identified and visualised
in detail. Hence, five possible composter designs were
proposed. The final selection was made using the concept
of screening and scoring. Apart from that, the materials of
the composter parts were suggested with the cost of the
fabrication.
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Nomenclature

MSW Municipal Solid Waste

TRIZ Theory of Inventive Problem Solving
Force (N)

Inner radius of the cylinder (m)
Height of the cylinder.

Power (W)

Heat generated (J)

Mass (kg)

Specific heat capacity or air (kJ/kgK)
Temperature (°C)

Volume (m?®)

Area (m?)

>< 409 30 70T =S =" T

Greek symbols

T Torque (Nm)
r Radius (m)
P Power (W)
® Radial velocity (rad/s)
a Yield strength (Pa)
P Density (kg/m?®)
Subscripts

min Minimum

Shredder blade
1 Initial

final
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